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Vacuolar myelopathy (VM) is a frequent central nervous system complication of human immunodeficiency
virus type 1 (HIV-1) infection. We report here that transgenic (Tg) mice expressing even low levels of Nef in
oligodendrocytes under the regulation of the myelin basic protein (MBP) promoter (MBP/HIVNef) developed
VM similar to the human disease in its appearance and topography. The spinal cords of these Tg mice showed
lower levels of the myelin proteins MAG and CNPase and of the 21-kDa isoform of MBP prior to the
development of vacuoles. In addition, Tg oligodendrocytes in primary in vitro cultures appeared morpholog-
ically more mature but, paradoxically, exhibited a less mature phenotype based on O4, O1, CNPase, and MBP
staining. In particular, mature CNPase� MBP� Tg oligodendrocytes were less numerous than non-Tg oligo-
dendrocytes. Therefore, Nef appears to affect the proper differentiation of oligodendrocytes. These data suggest
that even low levels of Nef expression in human oligodendrocytes may be responsible for the development of
VM in HIV-1-infected individuals.

Vacuolar myelopathy (VM) develops in more than one-
fourth of human immunodeficiency virus type 1 (HIV-1)-in-
fected individuals (12, 14, 36, 45). The disease is characterized
by the presence of interlamellar vacuoles in white matter tracts
of the spinal cord, mainly at the cervical and thoracic level,
often associated with infiltrating macrophages around vacu-
oles. The pathogenesis of this HIV-1-associated disease is not
well understood. Infection of oligodendrocytes by HIV-1 has
been reported to be undetectable (8, 16, 25, 26, 34, 44, 53, 54)
or infrequent (15, 19, 40, 50) in the central nervous systems
(CNS) of AIDS patients. However, the more sensitive in situ
reverse transcription-PCR technique has demonstrated that
the oligodendrocytes of AIDS patients are targets for HIV-1
infection (2, 4). Furthermore, primary cultures of HIV-1-in-
fected microglial cells, the principal resident CNS targets for
HIV-1 infection, are able to transmit virus to primary human
oligodendrocyte cultures (1). Thus, oligodendrocytes appear to
be a potential CNS cell target population for infection by
HIV-1 and as such may be directly susceptible to the detri-
mental effects of HIV-1 proteins.

We previously characterized a transgenic (Tg) mouse model
of HIV-1-associated VM, where the entire genome of HIV-1
(strain pNL4-3) was expressed in oligodendrocytes under the
control of the myelin basic protein (MBP) promoter (MBP/
HIVwt) (17). These Tg mice developed VM closely resembling
that described in human AIDS, with lesions in cervical and
thoracic spinal cord associated with spastic paralysis in aged mice.

To identify the viral gene(s) responsible for inducing vacuole
formation, we began a mutational analysis of the HIV-1 ge-
nome. We first generated Tg mice harboring the MBP/HIVNef

transgene in which all of the coding sequences of HIV-1 except
nef were mutated. The rationale for this choice came from two
observations in our laboratory: that expression of HIV-1 Nef in
the immune systems of Tg mice resulted in the development of
a severe AIDS-like disease (20, 39) and that Nef was the
predominant protein detected in the CNS of MBP/HIVwt Tg
mice (17). Moreover, the finding that Nef is also expressed in
another glial cell type (astrocytes) of HIV-1-infected individ-
uals (41, 43, 52) influenced our choice.

We report here that MBP/HIVNef Tg mice develop VM which
is histologically indistinguishable from that observed in MBP/
HIVwt Tg mice. We found that even low levels of Nef expression
were sufficient to elicit disease. In addition, studies of primary
enriched oligodendrocytes in culture revealed an abnormal dif-
ferentiation of Tg oligodendrocytes. These results suggest that,
like T cells expressing Nef (20), oligodendrocyte signal transduc-
tion pathway(s) may be altered by the presence of Nef.

MATERIALS AND METHODS

Transgene construction and generation of Tg mice. MBP promoter sequences
(51) were ligated to the G mutant of HIV-1 pNL4-3 (20) to generate the
MBP/HIV-1Nef transgene (Fig. 1). Tg founders and their offspring were bred as
heterozygotes with C3H/He mice (Charles River Canada). The identification of
MBP/HIV-1Nef Tg mice was done on tail DNA by the Southern procedure by
using a 32P-labeled 1.4-kbp HindIII-SacI HIV-1 pNL4-3 DNA fragment as a
hybridizing probe as previously described (17) or by the PCR procedure with the
HIV-1-related sense (5�-CATGGAGCAATCACAAGTAG) and antisense (5�-
GGTACTAGCTTGAAGCACCA) oligonucleotides. Tg and non-Tg littermates
were housed in the same room.

RNA purification and Northern blotting. Total RNAs from brains and spinal
cords were prepared and hybridized as previously described (17).
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In situ hybridization (ISH). Tissue sections were hybridized with �-35S-UTP-
labeled antisense and sense HIV-1 or CNPase (2�, 3�-cyclic nucleotide 3�-phos-
phodiesterase)-specific riboprobes as previously described (17). The CNPase
riboprobe was synthesized from full-length rat cDNA (2.3 kbp) (18) subcloned
into the EcoRI site of pBluescript SK.

Immunocytochemistry (IHC). Detection of Nef was carried out on cryostat
sections of spinal cord with rabbit anti-Nef antisera (21) (1/100) and with a
VECTASTAIN anti-rabbit peroxidase kit (Vector Laboratories). Cells of the
oligodendrocyte lineage were identified by labeling with antigalactocerebroside
(anti-[GalC]) O1 or antisulfatide O4 monoclonal antibodies (MAb) (5) and with
anti-CNPase and anti-MBP (Sternberger Monoclonals Inc.) antibodies (Abs).
For O4 and O1 labeling, cells were fixed in 4% paraformaldehyde and incubated
with the Ab for 1 h at room temperature. For CNPase and MBP immunostaining,
cells were permeabilized with 0.3% Triton X-100 after fixation with 4% para-
formaldehyde and then incubated overnight at 4°C with the antisera. An anti-
mouse horseradish peroxidase-conjugated secondary Ab (Sigma) was used.

Combined ISH and IHC. Combined ISH and IHC was performed essentially
as described previously (17). Briefly, IHC was first carried out to detect either
Nef or CNPase protein by using anti-Nef Ab or anti-CNPase MAb. Following
IHC, sections underwent ISH as previously described (17) to detect CNPase
RNA (for anti-Nef IHC) or Tg HIV-1 RNA (for anti-CNPase IHC).

Detection of proteins by Western blotting. Western blotting was carried out as
previously described (17). Briefly, the spinal cords were homogenized in RIPA
lysis buffer (1% Nonidet P-40, 10 mM Tris-Hcl [pH 8], 150 mM NaCl, 1% sodium
desoxycholate, 0.1% sodium dodecyl sulfate) with protease inhibitors (2 �g of
leupeptin/ml, 2 �g of aprotinin/ml, 1 �g of pepstatin/ml, and 100 �g of phenyl-
methylsulfonyl fluoride/ml). The homogenates were then incubated on ice for 30
min and centrifuged at 15,000 � g for 30 min at 4°C. Equal amounts of lysates
(70 �g of protein) were electrophoresed on sodium dodecyl sulfate-polyacryl-
amide gels (10% for CNPase and myelin-associated glycoprotein (MAG) and 12%
for MBP and Nef) and transferred to Millipore Immobilon P membranes. The
membranes were probed with Abs against MBP, CNPase (Sternberger Mono-
clonals Inc.), MAG (Santa Cruz), and Nef (21). Anti-mouse or anti-rabbit Alexa
680 (Molecular Probes)-conjugated Abs were used as secondary Abs. Quantifi-
cation of protein fluorescence intensity was done with the Li-Cor Odyssey In-
frared Imaging system. All values were normalized to those obtained with Abs
against actin (no. 2066; Sigma). The anti-Nef Ab was also used with anti-rabbit
horseradish peroxidase (no. A0545; Sigma).

Microscopic analysis. Mice were perfused with 4% paraformaldehyde buff-
ered with phosphate-buffered saline (PBS), and the brains and spinal cords were
dissected and embedded in paraffin. For each animal, the cervical and thoracic
spinal cord was sectioned transversely to allow evaluation of four to five different
levels. The sections were stained with hematoxylin and eosin as previously de-
scribed (17). Electron microscopic evaluation of the cervical spinal cord trans-
verse sections was performed as described previously (17).

Cell cultures. Oligodendrocyte progenitor primary cultures were prepared from
5-day-old neonatal mouse brains, essentially as described previously (31). In brief,
forebrains containing half of the brainstem were isolated and kept in cold PBS
containing penicillin (1000 U/ml) and streptomycin (0.1 mg/ml), while the spleen
DNA was extracted and PCR amplified to type for the presence or lack of presence
of the transgene. Brains from non-Tg and Tg animals (three to four animals for each
group) were dissociated mechanically in PBS containing antibiotics and trypsinized
for 30 min at 37°C, and cells were collected by centrifugation at 300 � g for 5 min.
The cell suspension was then passed through a 143-�m-pore-size nylon mesh and
centrifuged, and the pellet was resuspended and passed again through a 60-�m-
pore-size nylon mesh. After centrifugation, the cells were suspended, counted, and
plated in 80-cm2 tissue culture flasks precoated with poly-L-lysine (6 � 106 to 12 �
106 cells per flask) in Dulbecco modified Eagle medium containing 10% comple-
ment-inactivated fetal bovine serum. At day 5, the medium was changed for the first
time, and then it was changed every 3 days until day 11, when the preparation was
shaken overnight at 210 rpm (New Brunswick Orbital Shaker). The cell suspension
was passed through a 30-�m-pore-size nylon mesh and centrifuged, and the pellet
was resuspended and plated on a bacterium-grade culture petri dish for 45 min at
37°C. This step enriches for oligodendrocyte precursors, since the contaminating
microglial cells adhere to the plastic of bacterium-grade petri dishes. After this
incubation period, the dishes were swirled gently and the medium containing oligo-
dendrocyte precursor cells was centrifuged and the cells were counted and plated
again in poly-L-lysine-coated 35-mm tissue culture dishes. About 1.7 � 104 cells were
then incubated at 37°C in one drop of medium (0.08 ml) and allowed to adhere for
1 h before 1 ml of medium was added. The medium was changed the next day, and
the cells were fixed the day after. This population is designated a 2-day-old oligo-
dendrocyte-enriched culture. All the in vitro culture studies were performed with
such 2-day-old oligodendrocyte-enriched cultures from non-Tg and Tg mice.

Morphological assessment of cells in vitro. Quantitation of oligodendrocyte
proximal processes and their secondary branchings was performed on cells la-
beled with the O4 MAb.

RESULTS

Construction of Tg mice. The MBP/HIVNef transgene was
constructed by ligating the MBP promoter to the full-length
HIV-1MutG fragment described previously (20) (Fig. 1A). This
HIV-1 genome harbors mutations in all of the known coding
regions of HIV-1 except nef, thus expressing only one gene
product, Nef. Four independent founder lines (F25942, F26351,
F26357, and F25964) were established and routinely examined
for signs of disease.

Expression of the transgene. Expression of the transgene was
first assessed by Northern blot analysis. All four founder lines
were found to express the transgene in the CNS at different levels,
some lines expressing at relatively high levels (F26351, F25964,

FIG. 1. Structure and expression of the MBP/HIVNef transgene.
(A) Diagram of the structure of the MBP/HIVNef transgene. Thin
hatched box, MBP gene promoter sequences; open box, HIV-1 pNL4-
3 DNA fragment; thick hatched box, simian virus 40 polyadenylation
sequences. A, AatII; Bs, BsshII; R, EcoRI; S, SacI, LTR, long terminal
repeat. The Xs in the lowest bar indicate HIV-1 open reading frames
that have been mutated. (B) Northern blotting was done with total
RNA (10 �g) extracted from CNS tissues with the 32P-labeled HIV-
1-specific probe. RNA from the brain of an MBP/HIVwt Tg mouse was
the control. C, control. (C) Western blot of HIV-1 Nef protein. Protein
extracts (70 �g) from the thoracic spinal cord were evaluated with
anti-Nef Ab (1/1,000). Protein extracts from CD4C/HIVMutG Tg thy-
mus were the controls. (D) Quantitation of Nef protein in two
founders. Expression in F26357 mice was adjusted to 100%.
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and F26357) while one line expressed at low levels (F25942) in
comparison to the reference MBP/HIVwt Tg line (Fig. 1B). The
three forms of the HIV-1 transcripts could be detected in all of
the founder lines. Interestingly, the 2-kb multispliced RNA ap-
peared to be more abundant than the other species.

Nef expression, assessed by Western blot analysis, was read-
ily detected in cervical and thoracic spinal cord protein extracts
of the high-expresser F26357 line, consistent with our previous
results for MBP/HIVwt Tg mice (17), but was barely detectable
in the low-expresser F25942 Tg line (Fig. 1C). Quantitation of
Western blot data revealed a 20-fold difference in expression
between these two Tg lines (Fig. 1D).

Although the cell type specificity of MBP/HIV transgene ex-
pression was previously documented (17), this analysis was con-
firmed with CNS tissues from the high-expresser (F26357) MBP/
HIVNef line. Brain tissue and cervical and thoracic spinal cord
specimens were evaluated by ISH and IHC. Robust Tg RNA
expression was observed in both brain (data not shown) and
spinal cord, principally in white matter tracts in cells exhibiting an
oligodendrocyte-like morphology (Fig. 2P and Q) consistent with
what had previously been documented for MBP/HIV-1wt Tg mice
(17). However, in the low-expresser F25942 line, Tg RNA was
undetectable in paraformaldehyde-perfusion-fixed, paraffin-em-
bedded CNS tissue sections and was only weakly detected in white
matter of fresh-frozen CNS tissue sections (data not shown). Nef
immunoreactivity was detected in brain (Fig. 2E) and spinal cord
(Fig. 2A and C) sections, principally in the white matter, again in
cells with an oligodendrocyte-like morphology (Fig. 2C). Double
labeling by ISH and IHC (anti-Nef) demonstrated expression of
transgene HIV-1 RNA and Nef protein in the same oligodendro-
cyte-like cells, as expected (data not shown), and was located
principally in the white matter tracts. Finally, double labeling IHC
to detect Nef protein and CNPase, an oligodendrocyte-specific
marker, showed a high degree of coincident labeling in cell pro-
cesses (Fig. 2K and N) and coincident labeling of some cell bodies
(Fig. 2N). Taken together, these results strongly suggest that the
MBP promoter is faithfully directing Nef expression in oligoden-
drocytes, both in the brains and in the spinal cords of the MBP/
HIVNef Tg mice, as reported for other surrogate genes (22, 24).

To further evaluate the partial overlap of transgene expres-
sion in oligodendrocyte cell bodies, spinal cord sections from
MBP/HIVNef Tg mice were subjected to double labeling, in-
volving the detection of Tg RNA by ISH and of that of CNPase
by IHC with anti-CNPase Abs (Fig. 2P and Q). The reverse
experiment (detecting Tg protein by IHC and CNPase expres-

FIG. 2. Detection of MBP/HIV-1Nef Tg expression in the spinal
cord by ISH and IHC. (A through H) IHC of anti-Nef immunoreac-
tivity. Shown are spinal cord sections of MBP/HIV-1Nef Tg mice
(F26357) at low (A) and high (C) power and Tg corpus callosum
(E) and non-Tg spinal cord (G) at high power reacted with anti-Nef
Ab. Normal rabbit serum (NRS) was used for the control (B, D, F, and

H). The bright field was stained with hematoxylin. (I through O)
Codistribution of Tg protein and CNPase in thoracic spinal cord trans-
section. Tg tissue (F26357) was reacted with anti-Nef and anti-CNPase
antisera and with secondary antisera conjugated to Alexa 633 (red,
Nef) and Alexa 488 (green, CNPase). Confocal images of Nef (I and L)
and CNPase (J and M) and merged images (K and N) at low and high
power are shown. A merged image of anti-mouse isotype and control
NRS is shown in panel O. (P and Q) Discordance of localization of
CNPase and HIV-1 RNA. Spinal cord sections were processed for
combined ISH and IHC by using HIV-1-specific ribobrobe for ISH and
anti-CNPase for IHC. Note that not all cells expressing the HIV-1
transgene are positive for CNPase. (R) The control section was reacted
with HIV-1-specific sense riboprobe and with the secondary Ab alone.
Magnification for panels P through R, �285.
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sion by ISH) was also performed (data not shown). With both
experiments, a minority (�5%) of cells (assessed at the cell
body) expressing HIV-1 RNA or Nef protein were seen to
coexpress CNPase RNA or protein.

Further studies have documented downregulation of CNPase
in oligodendrocytes of these Tg mice, a phenomenon most
likely explaining this lack of colocalization (see below).

Pathological assessment of the MBP/HIV-1Nef Tg mice.
Clinically, most of the MBP/HIV-1Nef Tg mice observed (n �
47) appeared normal for up to 14 months of age. However, in
the Tg lines most extensively bred (F26357 and F25942), de-
creased fertility, especially of Tg male mice from the high-
expresser line (F26357), was noticed. This line is now main-
tained by breeding female Tg mice. This phenotype suggests
that motor and/or autonomic nervous functions may be af-
fected in these Tg animals.

Histological examination of the spinal cords of the animals
revealed a much higher incidence of pathology, with vacuolar
changes evident in the anterior and lateral, but rarely in the
dorsal, funiculi (Fig. 3A, C, and D), in more than 70% of the
Tg animals from four distinct Tg lines assessed (Table 1).
Despite robust Tg expression throughout the brain (F26357),
vacuolation in brain white matter tracts was infrequently ob-
served. Surprisingly, vacuolation and other signs of disease
(see below) were even apparent in mice from the low-expresser
Tg line F25942. Electron microscopy examination also re-
vealed myelin splitting (Fig. 3F), as was previously documented
in MBP/HIVwt Tg mice (17). The vacuolar changes observed in
these MBP/HIV-1Nef Tg mice were indistinguishable from
those observed previously in the MBP/HIV-1wt Tg mice (17).

Nef-expressing oligodendrocytes from MBP/HIVNef Tg mice
exhibit lower levels of MAG, CNPase, and MBP proteins. The
myelin defects observed in MBP/HIVNef Tg mice led us to
evaluate MAG, CNPase, and MBP protein levels in the cervi-
cal and thoracic spinal cord of 5-month-old mice, using quan-
titative Western blotting. MAG and CNPase protein levels
were decreased by �50% in mice (n � 5 or 6) of the high-
expresser founder line F26357 compared to those in the con-
trols (Fig. 4A through C). Such a decrease was not consistently
observed in Tg mice from the low-expresser line (F25942).
Interestingly, a similar (�50%) decrease in the level of the
21-kDa species of the MBP protein but not of the 17- to
18-kDa species was documented in mice from both the high
(n � 5)- and the low (n � 6)-expresser lines (Fig. 4A and D).
These decreases were statistically significant for MAG and
MBP but just failed to reach statistical significance for CNPase.
These results suggest that Nef may modulate the levels of
major myelin proteins.

Oligodendrocytes from MBP/HIVNef Tg mice appear mor-
phologically more mature. To further study the impact of Nef
expression on oligodendrocyte structure and differentiation,
oligodendrocyte-enriched primary cultures were prepared
from young (5-day-old) MBP/HIVNef Tg mice and their non-
Tg littermates. We used the MAb O4 against sulfatide to de-
tect cells of the oligodendrocyte lineage. O4 expression begins
early following lineage commitment and continues throughout
oligodendrocyte differentiation (37).

O4-positive oligodendrocytes from MBP/HIVNef Tg mice
were found to develop more complex networks of cellular
extensions than those from non-Tg mice. The number of prox-
imal cell processes and the number of secondary branchings

FIG. 3. Spinal cord pathology in MBP/HIV-1Nef Tg mice. (A through
D) Light microscopy comparing thoracic spinal cord transsections
from MBP/HIV-1Nef Tg mice (A, C, and D) and from an age-matched
control animal (B). Note the appearance of vacuoles, which sometimes
form clusters, in the anterior and lateral funiculi of MBP/HIV-1Nef Tg
mice (A, C, and D). Vacuolation of the dorsal funiculi is uncommon.
An inflammatory lesion in the lateral funiculus of an MBP/HIV-1Nef

mouse exhibiting significant vacuolar changes can be seen in panel D.
The bright field was stained with hematoxylin and eosin. (E and F)
Electron microscopy of non-Tg (E) and Tg (F) cervical spinal cords in
transsection. Note the splitting of the myelin sheaths in the Tg tissue
(F). Magnification for panels A and B, �77; for panel C, �174; for
panel D, �145; for panels E and F, �5,820.

TABLE 1. Incidence of spinal cord pathology in
MBP/HIVNef Tg mice

Mouse strain Ratio of no. of diseased mice
to no. of mice assesseda

Non-Tg 0/20

Tg
F25942 30/43
F25964 2/5
F26351 5/6
F26357 10/12

Total 47/66

a The mice were observed for the presence of white matter vacuoles between
8 and 20 (F25964 and F26351) or 6 and 20 (F25942 and F26357) months of age.
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arising from these proximal processes were quantitated (Fig.
5A). The extent of secondary branching did not appear to be
affected by Nef expression (Fig. 5C). In contrast, this analysis
showed that Nef expression induced a significant increase in
the proportion of O4-stained oligodendrocytes with more (5 to
8) proximal processes and a decrease in the proportion of
those with fewer (2 to 4) proximal processes (Fig. 5B). Similar
results were obtained with mice from the high (F26357)- and
the low (F24942)-expresser lines. These results suggested that
these Tg oligodendrocytes were morphologically more differ-
entiated than the control non-Tg oligodendrocytes.

Oligodendrocytes from MBP/HIVNef Tg mice appear less
mature. The stages of maturation of oligodendrocytes have
been relatively well defined with various oligodendrocyte-spe-
cific Abs (28, 37). Immature oligodendrocytes express sulfatide
recognized by the O4 MAb. As they mature, GalC is expressed
and can be recognized by the O1 MAb. O1-positive cells also
start expressing CNPase. More mature oligodendrocytes (O4�,
O1�, and CNPase�) also express MBP. Based on these four
differentiation markers, the immunophenotype observed for
oligodendrocytes from normal mice was consistent with that
previously published (5, 6). Expression of all of the phenotypic
markers was observed, with immunostaining being higher in
cell bodies than in processes (Fig. 5D). Moreover, the propor-
tion of cells positive for each of these markers in six indepen-
dent experiments (35 	 3%, O4; 20 	 6%, O1; 5.4 	 1.8%,
CNPase; and 4.3 	 1%, MBP [means 	 standard errors of the
means {SEM}]) was consistent with published data (6).

We next studied the maturation profile of Nef-expressing Tg
oligodendrocytes. The percentages of O4- and O1-positive
cells from MBP/HIVNef Tg mice were not statistically different
from those from their non-Tg littermates (Fig. 5E). However,

a dramatic diminution of the intensity of the lipid immuno-
staining was observed with these Abs in both low- and high-
expresser lines (Fig. 5D). In contrast, a significant decrease in
the percentages of CNPase- and MBP-positive cells was ob-
served for both low- and high-expresser mice compared to
those for non-Tg mice (Fig. 5E). A similar decrease in the
percentage of CNPase-immunostained cells was also observed
in cultured oligodendrocytes from MBP/HIVwt Tg mice, as
previously described (17) (data not shown). However, the in-
tensity of CNPase/MBP immunostaining in Tg oligodendro-
cytes did not differ from that of the controls (Fig. 5D).

Together, these data indicate that the recovery of oligoden-
drocytes (O4� and O1�) in 2-day-old enriched cultures is
comparable between Tg and non-Tg mice and that Tg oligo-
dendrocytes exhibit a deficit in galactolipid accumulation.
These results further show that the number of mature oligo-
dendrocytes (CNPase� and MPB�) is lower in Tg than in
non-Tg cultures, suggesting that Nef prevents maturation of
these oligodendrocytes, as defined by these markers. This con-
trasts with the more mature phenotype of Tg oligodendrocytes
observed morphologically.

DISCUSSION

HIV-1 Nef harbors a major determinant of CNS white mat-
ter vacuolation. In a previous study, we demonstrated that
expression of the complete HIV-1 genome in oligodendrocytes
of Tg mice (MBP/HIVwt) induces VM (17). In the present
work, we found that the expression of a single HIV-1 gene, nef,
in oligodendrocytes (MBP/HIVNef) was sufficient to induce
VM. Although it is unlikely, we cannot exclude the possibility
that Tg RNA itself or an unknown HIV-1 peptide encoded by

FIG. 4. Expression levels of myelin proteins (MAG, MBP, and CNPase) in the spinal cord of MBP/HIVNef Tg mice. Spinal cord lysates (70 �g
of proteins) from 5-month-old MBP/HIVNef Tg and non-Tg control mice were processed for Western blot analysis with Abs against MAG, MBP,
and CNPase (A). After stripping, the membranes were reacted with antiactin. The intensity of fluorescence of each band was quantified by using
the Odyssey Infrared Imaging system. The amount of each protein species was normalized to the amount of actin (B through D). The highest
protein level observed in a mouse from the non-Tg control group was arbitrarily assigned a value of 100%. All the other values from the remaining
non-Tg and Tg mice were expressed relative to this 100% set value. Significance was assessed by analysis of variance with Dunnett’s multiple
comparison test. One asterisk (*) indicates a P value of �0.05; two asterisks (**) indicate a P value of �0.01).
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a yet unrecognized open reading frame results in the observed
pathology. The development of the same disease in four inde-
pendent founder lines rules out the possibility that the ob-
served phenotype was due to an integration event. The his-
topathological CNS lesions induced by expression of the whole
HIV-1 coding sequence (HIV-1wt) (17) or of Nef alone
(HIVNef) (Fig. 3) were indistinguishable. They represent inter-
lamellar vacuoles which are concentrated in the anterior and
lateral white matter tracts of the cervical and thoracic spinal
cord. This limited distribution cannot be accounted for by the
different levels of Nef expression, which was found to be as
high in brain as in cervical and thoracic oligodendrocytes. Such
a restricted topography of the myelin deficit has also been
reported in Fyn-deficient mice (49). The cellular basis for the
preferential development of vacuoles in the cervical and tho-
racic spinal cord of MBP/HIVNef Tg mice remains unknown. It
may be related to the existence of separate lineages of oligo-
dendrocytes (47, 48).

In other cell types, Nef has been found to significantly affect
cell proliferation and survival as well as to deregulate gene
expression (3, 30, 42, 46). This finding was highlighted in our in
vivo study showing that expression of Nef in cells of the im-
mune systems of Tg mice (CD4C/HIV) leads to the develop-
ment of an AIDS-like syndrome with several independent phe-
notypes (20, 23, 39).

We have performed similar work with MBP/HIVNef Tg mice
to study some of the mechanisms by which Nef-expressing
oligodendrocytes may lead to the formation of white matter
vacuoles. Nef was found to have a profound effect on the
expression of genes associated with proper oligodendrocyte
function and/or differentiation both in vivo and in vitro. In vivo,
Tg oligodendrocytes harbor reduced levels of CNPase, 21-kDa
MBP, and MAG proteins. MAG plays a role in the interaction
between oligodendrocyte processes and axons (32), and its
lower levels in Tg mice may contribute to early myelin splitting.
MPBs are a major class of myelin proteins produced in multi-
ple isoforms (9). The selective reduction of the 21-kDa MBP
species in MBP/HIVNef Tg mice is intriguing and may partic-
ipate in vacuole formation. In vitro, we also documented that
Tg oligodendrocytes from both the high- and low-expresser
founder lines exhibited an increased number of proximal pro-
cesses, a characteristic of more mature oligodendrocytes, and
at the same time exhibited a lower level of galactolipid content
and that those expressing CNPase and MBP were less numer-
ous, all features of less mature oligodendrocytes. This discor-
dant phenotype suggests a profound perturbation of the dif-
ferentiation of these Nef-expressing Tg oligodendrocytes. It is
possible that these changes reflect a reprogramming of Tg
oligodendrocytes which is responsible for the initial breakdown
of the cohesion of the myelin lamellae, leading to splitting of
these lamellae and eventually to formation of vacuoles.

A similar, but inverse, discordance has been reported in
oligodendrocyte cultures where the src-related kinase Fyn was
inhibited, either pharmacologically or with a dominant-nega-
tive Fyn mutant: these oligodendrocytes had no or few pro-
cesses, but expressed MBP and MAG (35). Fyn is expressed at
high levels in cultured oligodendrocytes (35) and was shown to
have a crucial function in oligodendrocyte differentiation (35,
49). It is therefore tempting to suggest that Fyn is activated by
Nef in Tg oligodendrocytes. Nef has been reported to associate
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with src-related protein kinases, including Fyn, and to activate
them (42). Consistent with these observations, we have found
that disease progression in CD4C/HIV Tg mice was delayed
when these Tg mice were bred on an hck-deficient background
(21). Thus, the molecular mechanism underlying the oligoden-
drocyte process outgrowth may involve the activation of the
Fyn signaling pathway.

In contrast, another signaling pathway appears to be inhib-
ited by Nef in Tg oligodendrocytes: the galactolipid biosyn-
thetic pathway responsible for the synthesis of GalC and its
derived sulfatide. Our results show that the intensity of the
immunostaining of both lipids was significantly reduced in the
presence of Nef (Fig. 5D), suggesting that Nef may inhibit the
synthesis and/or the activity of the enzyme UDP-galactose cer-
amide galactosyltransferase (33). Consistent with this hypoth-
esis, ceramide galactosyltransferase-deficient mice, which lack
expression of both GalC and sulfatide, share some character-
istics with the MBP/HIVNef Tg model, in particular the pro-
gressive development of vacuoles in the ventral region of the
spinal cord associated with myelin splitting (10, 11). Together,
these findings suggest that Nef may have an inhibitory effect on
this galactolipid biosynthetic pathway.

Perhaps the most intriguing finding emerging from our stud-
ies with these MBP/HIVNef Tg mice is that both in vivo and in
vitro phenotypes were comparable in mice from the high- and
low-expresser Tg lines. These results suggest that the threshold
level of Nef required to elicit these changes is rapidly satu-
rated. This low-threshold response to Nef may also be present
in human oligodendrocytes and may significantly impact our
understanding of the human disease (see below).

The fact that obvious myelin changes were rarely apparent in
various brain areas outside the cervical and thoracic spinal
cord does not necessarily indicate absence of CNS lesions. A
recent report on the CNPase-encoding gene (cnp1) indeed
shows that in Cnp-1-deficient mice, axonal loss and neurode-
generation occur throughout the brain as a consequence of the
dysfunction of oligodendrocytes but in the absence of apparent
myelin changes (27, 38). Further studies will be required to
determine whether Nef-expressing oligodendrocytes also affect
the function and integrity of brain neurons.

Is Nef involved in the development of HIV-1-associated hu-
man VM? Several indications suggest that the CNS disease
developing in MBP/HIVNef Tg mice may be a relevant model
for the human HIV-1-associated VM. First, in both MBP/
HIVNef Tg mice and HIV-1-infected individuals, the disease is
progressive. Second, the topography of the vacuoles is similar
in both diseases, being largely restricted to the white matter
tracts of the cervical and thoracic spinal cord. Third, in both
diseases the vacuoles arise between the myelin lamellae. Such
interlamellar vacuolation is a relatively rare phenotype in hu-
man CNS diseases, being particularly associated with rare ge-
netic Canavan’s disease (13). Fourth, multispliced RNA is the
predominant HIV-1 RNA species being produced both in in-
fected human astroglial cells (7, 29) and to some extent in
oligodendroglial cells of MBP/HIVwt/Nef Tg mice. Consistent
with the preferential accumulation of these Nef-coding multi-
spliced RNA species in vitro, in cultured cells Nef protein has
been found to be efficiently produced in vivo, in glial cells both
in murine oligodendrocytes (17) (Fig. 1C) and in astrocytes of
HIV-1-infected children (43, 52) and adults (41).

However, despite these strong resemblances, an apparent
paradox resides in the fact that the documentation of HIV-1
expression in oligodendrocytes of HIV-1-infected individuals is
controversial, with expression being reported as either present,
but rare, (4, 15, 19, 40, 50) or absent (8, 16, 25, 26, 34, 44, 53,
54). The present work may help to clarify this issue. In this
model, virtually all of the in vivo and in vitro phenotypes were
observed not only in Tg mice from the high-expresser line
F26357 but also in Tg mice from the very-low-expresser line
F25942. We therefore hypothesize that expression of low levels
of Nef in oligodendrocytes is sufficient to induce the develop-
ment of human VM. Such a low level of HIV-1 expression by
oligodendrocytes has previously been proposed to account for
the reactive hyperplasia of oligodendrocytes observed in AIDS
patients exhibiting mild myelin damage (15). In Tg mice, such
low levels of expression could not be detected by the in situ
techniques used in perfusion-fixed frozen or paraffin-embed-
ded tissues (IHC with anti-Nef Ab and ISH with HIV-1-spe-
cific riboprobes). Such low levels of Nef RNA or proteins are
also unlikely to be detectable in human tissues prepared with
the same or less stringent (postmortem) techniques. Moreover,
we also found that Nef expression leads to the downregulation
of two markers present on mature oligodendrocytes (CNPase
and MBP) which are frequently used to stain and identify
oligodendrocytes. Therefore, even if HIV-1 expression in oli-
godendrocytes is high in some HIV-1 individuals with VM,
these cells may be very difficult, if not impossible, to identify
with oligodendrocyte markers, as we found in the MBP/HIVNef

Tg mice, and are likely to be scored as nonoligodendrocytes.
Our results suggest that low levels of expression coupled with

downregulation of oligodendrocyte markers may largely explain
the difficulty of detecting HIV-1 infection of oligodendrocytes in
human patients with VM. If this hypothesis is correct, the MBP/
HIVNef Tg model will have proven to be useful in understanding
an important aspect of HIV-1-associated VM.
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