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Enhanced proteolysis of I·B® and I·B¯ proteins
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mechanism of NF-·B activation
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Moloney murine leukemia virus (MoMuLV)-ts1-mediated neuronal degenera-
tion in mice is likely due to loss of glial support and release of in�ammatory cy-
tokines and neurotoxins from surrounding ts1-infected glial cells including as-
trocytes. NF-·B is a transcription factor that participates in the transcriptional
activation of a variety of immune and in�ammatory genes. We investigated
whether ts1 activates NF-·B in astrocytes and examined the mechanism(s) re-
sponsible for the activation of NF-·B by ts1 infection invitro. Here we present
evidence that ts1 infection of astrocytes in vitro activates NF-·B by enhanced
proteolysis of the NF-·B inhibitors, I·B® and I·B¯. In in vitro studies using
protease inhibitors, I·B® proteolysis in ts1-infected astrocytes was signi�-
cantly blocked by a speci�c calpain inhibitor calpeptin but not by MG-132,
a speci�c proteasome inhibitor, whereas rapid I·B¯ proteolysis was blocked
by MG-132. Furthermore, treatment with MG-132 increased levels of multi-
ubiquitinated I·B¯ protein in ts 1-infected astrocytes. These results indicate
that the calpain proteolysis is a major mechanism of I·B® proteolysis in ts1-
infected astrocytes. Additionally, ts1 infection of astrocytes in vitro increased
expression of inducible nitric oxide synthase (iNOS), a NF-·B-dependent gene
product. Our results suggest that NF-·B activation in ts1-infected astrocytes
is mediated by enhanced proteolysis of I·B® and I·B¯ through two differ-
ent proteolytic pathways, the calpain and ubiquitin-proteasome pathways, re-
sulting in increased expression of iNOS, a NF-·B-dependent gene. Journal of
NeuroVirology (2001) 7, 466–475.
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Introduction

Moloney murine leukemia virus (MoMuLV), a murine
type C retrovirus, induces T-cell lymphoma after a
long incubation period in susceptible strains of mice
(Gardner, 1978; Peters et al, 1973). Its temperature-
sensitive mutant ts 1, a lymphotropic and neurotropic
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strain of MoMuLV with a single point mutation in the
envelope gene, causes loss of T cells and motor neu-
rons in susceptible hosts (Wong et al, 1989; Szurek
et al, 1990; Wong et al, 1991). After exposure to ts 1,
mice develop a progressive neurodegenerative dis-
ease that morphologically manifests as spongiform
polioencephalomyelopathy. ts 1-mediated neuronal
degeneration is likely due to loss of glial support
and release of proin�ammatory cytokines and neu-
rotoxins from surrounding ts 1-infected glial cells,
a hypothesis based on several observations. First,
ts 1 replicates in endothelial, ependymal, and glial
cells but not in motor neurons (Stoica et al, 1993).
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Second, in regions in which ts 1-infected brain stems
are severely affected, expression of tumor necrosis
factor-® (TNF-®), interleukin-1 (IL-1), Fas and its lig-
and increases (Choe et al, 1998). Third, as shown
in an in vitro study, ts 1 infection in astrocytes ei-
ther kills or causes astrocytes to differentiate into
macrophage-like cells secreting TNF-® and IL-1 late
in the period of infection (Wong et al, unpublished
results).

NF-·B transcription factors play a central role
in the regulation of genes implicated in immune
and stress responses, in�ammation, cell growth con-
trol, and apoptosis (Baeuerle and Baltimore, 1996;
Baldwin, 1996; Sonenshein, 1997). NF-·B is com-
posed of homo- and heterodimeric complexes of
members of the Rel/NF-·B family. The vertebrate
Rel/NF-·B family is composed of RelA (p65), p50,
c-Rel, p52, and RelB. In most cell types, the major-
ity of NF-·B dimers is sequestered within the cyto-
plasm in an inactive state. The molecular mechanism
responsible for the cytosolic retention of NF-·B in-
volves NF-·B’s association with the inhibitory mem-
bers of the I·B family of proteins (Beg and Baldwin,
1993; Liou and Baltimore, 1993). The I·B family of
inhibitors is mainly represented by I·B® and I·B¯
but also includes I·B° , Bcl-3, p105, and p100. In re-
sponse to a large variety of inducers (e.g., TNF-®, IL-1,
and lipopolysaccharide (LPS)), I·B® and I·B¯ are
rapidly degraded through the ubiquitin-proteasomal
pathway (Chen et al, 1995; DiDonato et al, 1996),
which allows NF-·B to translocate into the nucleus
and activate the transcription of NF-·B-dependent
genes such as TNF-®, IL-2, IL-6, MHC class I, and
inducible nitric oxide synthase (iNOS) (Baeuerle
and Baltimore, 1996; Baldwin, 1996). NF-·B is also
activated by a number of viruses such as herpes
virus, human immunode�ciency virus type I (HIV-1),
adenovirus, and MoMuLV (Pak and Faller, 1996;
Patel et al, 1998; Asin et al, 1999; Borgland et al,
2000). Also, the tax protein of the human T-cell lym-
photropic virus type I increases NF-·B DNA-binding
activity in cells (McKinsey et al, 1996; Rousset et al,
1996). HIV-1 infection of the central nervous system
(CNS) appears to involve NF-·B, either as a regula-
tor of viral transcription or in viral clearance (Dollard
et al, 1995; Wu et al, 1995); this in turn points to a
role for NF-·B in HIV-induced pathological changes
in the CNS.

Recent evidence suggests that viruses interact with
the ubiquitin-proteasome pathway (Rousset et al,
1996). For example, up-regulation of this pathway
was apparently involved in a murine immunode�-
ciency viral infection (Crinelli et al, 1997; Crinelli
et al, 1999). We also reported an increase in the num-
bers of the neuronal cells showing immunoreactiv-
ity to an anti-ubiquitin antibody in ts 1-induced en-
cephalopathy (Stoica et al, 2000). A single amino acid
substitution, Val-25-to-Ile in the envelope precursor
protein, is responsible for the temperature-sensitive
inef�cient transport of envelope protein in the en-

doplasmic reticulum (Szurek et al, 1990). This mu-
tation has been correlated with ts 1’s neurovirulence
(Szurek et al, 1990; Wong et al, 1991). In a previ-
ous study, we showed that the cytopathic effects of
ts 1 on primary astrocytes in vitro closely correlated
with the accumulation of ts 1 precursor envelope pro-
tein in the ER (Shikova et al, 1993). A recent study
identi�ed ER retention of viral proteins as a NF-·B-
activating signal (Pahl et al, 1996).

We were therefore interested in investigating the
activation status of NF-·B in astrocytes by ts 1 in-
fection and the mechanism(s) responsible for the ac-
tivation of NF-·B by ts 1 infection. In the present
study, we examined the effects of ts 1 infection on
NF-·B activation in an immortalized astrocyte cell
line (called C1 astrocytes) that has been known to de-
velop similar cytopathic effects by ts 1 infection, as
in primary astrocytes (Lin et al, 1997). We report that
infection of C1 astrocytes by ts 1 in vitro increased
the proteolysis of I·B® and I·B¯ along two differ-
ent proteolytic pathways, the calpain and ubiquitin-
proteasome pathways, leading to the activation of
NF-·B in astrocytes.

Results

ts1-induced decreases in I·B® and I·B¯ proteins
in C1 astrocytes
The time course of Rel/NF-·B and I·B protein ex-
pression in C1 astrocytes after ts 1 infection was
determined by immunoblotting using speci�c an-
tibodies to individual proteins. As shown in Fig-
ure 1A, there was no detectable difference in ex-
pression of RelA protein between mock-infected and
ts 1-infected C1 astrocytes. The levels of p50 pro-
tein slightly increasedin ts 1-infected astrocytes com-
pared with mock-infected controls. There was no
change in levels of I·B proteins in mock-infected
controls. However, the levels of I·B® and I·B¯ pro-
teins in ts 1-infected astrocytes compared with mock-
infected controls decreased over time after infec-
tion. ts 1 infection induced a signi�cant reduction
of I·B¯ level even at 24 h p.i. (P < 0:01); a similar
reduction in I·B® level occurred much later (48 or
72 h p.i.) (P < 0:01) (Figure 1B). The gradual loss of
immunoreactive I·B® protein in ts 1-infected C1 as-
trocytes was accompanied by a decrease in the abun-
dance of a slower-migrating band, presumably rep-
resenting a hyperphosphorylated form of I·B®. In
mock-infected controls, there was no change in lev-
els of hyperphosphorylated I·B® proteins that were
more abundant compared with those for ts 1-infected
C1 astrocytes.

Correlation between decreased levels of I·B® and
I·B¯ proteins in ts1-infected C1 astrocytes and
increased nuclear translocation of RelA in vitro
Analysis of nuclear and cytosolic lysates of mock-
and ts1-infected C1 astrocytes showed that the
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Figure 1 Expression and regulation of Rel/NF-·B and I·B proteins in C1 astrocytes by ts 1 infection. (A) Time course of I·B® and I·B¯
degradation in C1 astrocytes by ts 1 infection. After C1 astrocytes were mock- or ts 1-infected, whole cell lysates were prepared at 24,
48, and 72 h p.i. Whole cell lysates (20 ¹g) were then subjected to Western immunoblotting. (B) Relative decreases in levels of I·B®
and I·B¯ proteins in ts1-infected C1 astrocytes. Protein levels were expressed relative to controls at each time points to compare ts1
infection-induced changes in the protein levels using data obtained from densitometric analysis of autoradiographs. The levels of I·B®
protein in ts1-infected C1 astrocytes were lower than in mock-infected controls at 48 and 72 h (P < 0:01); in contrast, the levels of I·B¯
protein in ts1-infected C1 astrocytes were lower than in mock-infected controls at all time points examined (P < 0:01). Results are the
means § standard deviation (SD) from two independent experiments carried out in triplicate (n D 6) and are representative of those from
two independent experiments.

loss of I·B proteins was associated with increased
nuclear translocation of RelA. RelA was predomi-
nantly present in the cytoplasm of both mock- and
ts1-infected C1 astrocytes at 48 h p.i.; however, levels
of RelA in the nuclear fraction of ts1-infected C1 as-
trocytes were increased when compared with mock-
infected control (Figure 2).

Figure 2 Nuclear translocation of RelA in astrocytes by ts1 in-
fection. Nuclear (Nu.) and cytoplasmic (Cyto.) lysates were pre-
pared from mock- and ts1-infected C1 astrocytes at 48 h p.i.
Nuclear and cytoplasmic extracts (containing 20 ¹g of protein)
were subject to Western immunoblot analyses for RelA, I·B®
and I·B¯. The slower-migrating band above I·B® represents a
phosphorylated form of I·B®, as indicated by I·B®–p. Results
shown are representative of those from three independent experi-
ments.

Two different proteolytic pathways responsible for
increased I·B® and I·B¯ proteolysis in ts1-infected
C1 astrocytes
The degradation of I·B® and I·B¯ occurs primarily
via the ubiquitin-proteasome pathway. However, a
number of alternate proteolytic mechanisms for I·B®
degradation have recently been described that impli-
cate the calcium-dependent cytosolic protease cal-
pain. Having previously observed that ts1 infection
selectively decreased levels of I·B® and I·B¯ pro-
teins in C1 astrocytes and that the pattern of decrease
for I·B® was different from the one for I·B¯, we
examined the effects of proteasome and calpain in-
hibitors on the proteolysis of I·B® and I·B¯ in ts1-
infected C1 astrocytes at 48 h p.i. (Figure 3). The
proteolysis of I·B® in ts1-infected C1 astrocytes was
not ef�ciently blocked by MG-132, a highly potent
proteasome inhibitor, but was signi�cantly blocked
by calpeptin, a cell-permeable calpain inhibitor
(Figure 3A and 3B). By contrast, I·B¯ degrada-
tion was effectively blocked by MG-132 but not by
calpeptin (Figure 3A and 3B).

To con�rm this result, both mock- and ts1-infected
C1 cells were treated with either MG-132 or calpeptin
for another 4 h at 48 and 72 h p.i. MG-132 treatment
enhanced the accumulation of a high-molecular-
weight ladder representing formation of multiubiqui-
tinated I·B¯ proteins in either mock- or ts1-infected
C1 cells (Figure 3C). Multiubiquitinated I·B¯ pro-
teins were more abundant in ts1-infected C1 cells
treated with MG-132 than in either nontreated ts1-
infected C1 cells or mock-infected C1 cells treated
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Figure 3 Evidence that different proteolytic pathways are involved in I·B® and I·B¯ degradation in ts1-infected C1 astrocytes. (A)
Effects of calpain and proteasome inhibitors on degradation of I·B® and I·B¯ in ts1-infected C1 astrocytes. At 48 h p.i., C1 cells were
treated with various protease inhibitors for 4 h before cell lysate preparation. Whole cell lysates (20 ¹g of protein) were then separated by
SDS-PAGE and analyzed by Western immunoblotting. The slower-migrating band above I·B® represents a phosphorylated form of I·B®,
as indicated by I·B¯–p. (B) Quantitative analysis of levels of I·B® and I·B¯ proteins in ts1-infected C1 astrocytes after treatment with
either calpeptin, MG-132, or dimethyl sulfoxide (DMSO). Protein levels were expressed relative to controls to determine the inhibitory
effects of calpeptin and MG-132 on degradation of I·B proteins in C1 astrocytes by ts1 infection using data obtained from densitometric
analysis of autoradiographs. Results are the means § SD from three independent experiments carried out in triplicate (n D 9) and are
representative of those from three independent experiments. ¤Signi�cantly different from controls (P < 0.01). CSigni�cantly different
from ts1 infection alone (DMSO) (P < 0:01). (C) Accumulation of high-molecular-weight ubiquitinated I·B¯ forms in the presence of
the proteasome inhibitor MG-132. Starting at 48 and 72 h p.i., C1 cells were treated with DMSO, calpeptin, or MG-132 for an additional
4 h before cell lysis preparation. Whole cell lysates (20 ¹g of protein) were then fractioned by SDS-PAGE and analyzed by Western
immunoblotting using a speci�c anti-I·B¯ antibody. Prolonged exposure (upper panels) shows that MG-132 treatment increased levels of
high-molecular-weightubiquitinated I·B¯ forms, as indicated by I·B¯ (ub)n (compare lanes 4 and 10 with 5 and 11, respectively). Short
exposure (lower panels) of anti-I·B¯ immunoblots (shown in upper panels) is displayed. Results shown are representative of those from
three independent experiments.

with MG-132 at the same time points. Although
the levels of I·B¯ proteins in ts1-infected C1 cells
at 72 h p.i. were lower than the levels at earlier
time points, the formation of multiubiquitinated I·B¯
proteins peaked at 72 h p.i. in ts1-infected C1 as-

trocytes. As expected, calpeptin treatment did not
notably produce multiubiquitinated I·B¯ proteins
in either mock- or ts1-infected C1 astrocytes. Also,
calpeptin treatment did not induce the accumula-
tion of a high-molecular-weight ladder of I·B® forms
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(data not shown). Together, these results provided ev-
idence that different mechanisms were responsible
for I·B® and I·B¯ proteolysis in ts1-infected C1 as-
trocytes.

Changes in levels of ubiquitin conjugates in
C1 astrocytes after ts1 infection
To determine whether the ubiquitin-proteasome-
mediated increase in I·B¯ proteolysis was due to the
increase in total ubiquitin conjugation activity, we ex-
amined levels of total ubiquitin conjugates in mock-
and ts1-infected astrocytes at 24, 48, and 72 h p.i.
As shown in Figure 4, immunoblotting analysis us-
ing a polyclonal anti-ubiquitin antibody revealed that
the level of high-molecular-weight ubiquitin conju-
gates in ts1-infected C1 astrocytes were 67 § 23.4%
(mean § SD) and 44 § 18.9% higher than those in
mock-infected controls at 24 and 48 h p.i. (P < 0.01);
however, at 72 h p.i., the level of high-molecular-
weight ubiquitin conjugates in ts1-infected C1 as-
trocytes had decreased to 78 § 25.1% of the level
in the mock-infected control. There was no observ-
able change in levels of free ubiquitin in mock- and
ts1-infected astrocytes (data not shown).

Increased expression of iNOS in ts1-infected
C1 astrocytes
To ascertain whether an increase in NF-·B-
dependent gene expression coincides with enhanced
degradation of I·B as well as nuclear translocation of
RelA, levels of expression of iNOS protein, a NF-·B-
dependent gene product, in mock- and ts1-infected

Figure 5 Increased expression of iNOS protein in C1 astrocytes by ts1 infection. (A) Time course of levels of cNOS and iNOS proteins
in C1 astrocytes by ts1 infection. After C1 astrocytes were mock- or ts1-infected, whole cell lysates were prepared at 24, 48, and 72 h
p.i. Proteins (20 ¹g/lane) were fractionated by 8% SDS-PAGE and analyzed by Western immunoblotting using either rabbit polyclonal
anti-cNOS or -iNOS antibody. Nonspeci�c bands are shown, as indicated by ns. (B) Relative increases in levels of iNOS proteins in
ts1-infected C1 astrocytes. Protein levels were expressed relative to controls at each time points to compare ts1 infection-induced
changes in the protein levels using data obtained from densitometric analysis of autoradiographs. When compared with the levels in
mock-infected controls, iNOS protein levels in ts1-infected C1 astrocytes increased 5.9- and 4.5-fold by 48 and 72 h p.i. ¤Signi�cantly
different from controls at each time points (P < 0:01). Results are the means § SD from two independent experiments carried out in
triplicate (n D 6) and are representative of those from two independent experiments.

Figure 4 Effects of ts1 infection on ubiquitin conjugates in C1
astrocytes. At 24, 48, and 72 h p.i., C1 cells were lysed. Whole
cell lysates (containing 20 ¹g of protein) were then separated by
SDS-PAGE and analyzed by Western immunoblotting using a spe-
ci�c anti-ubiquitin antibody. At 24 and 48 h p.i., the levels of
high-molecular-weightubiquitin conjugates in ts1-infected C1 as-
trocytes had signi�cantly increased to 67 § 23.4% (mean § SD)
and 44 § 18.9% over those in mock-infected controls (P < 0:01),
but, by 72 h p.i., had decreased to 78 § 25.1% of the level in the
mock-infected control, as determined by densitometric analysis of
autoradiographs. Results shown are representative of those from
three independent experiments.

C1 astrocytes was determined (Figure 5A). There was
no detectable difference in expression of constitutive
form of nitric oxide synthase (cNOS) protein between
mock-infected control and ts1-infected C1 astrocytes.
The iNOS protein level in ts1-infected C1 astrocytes
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was slightly higher than that in mock-infected con-
trol at 24 h p.i. However, iNOS protein levels in ts1-
infected C1 astrocytes markedly increased by 48 and
72 h p.i. compared with the levels in mock-infected
controls. At 48 and 72 h p.i., iNOS protein levels in
ts1-infected C1 astrocytes had signi�cantly increased
5:9- and 4:5-fold over those in mock-infected controls
(Figure 5B) (P < 0.01).

Discussion

Although much is known about the activation of
the NF·B transcription factor by extracellular stim-
uli such as TNF-® and IL-1, comparatively little is
known about the mechanisms of NF-·B activation by
intracellular stimuli. In the present study, we found
evidence that ts1, a neurotropic strain of MoMuLV,
induces activation of NF-·B in astrocytes. We also
showed that at least one of the mechanisms responsi-
ble for activation of NF-·B in ts1-infected astrocytes
is increased degradation of I·B® and I·B¯ , two major
members of the I·B family.

Several studies have already suggested that
phosphorylation- and ubiquitin-dependent degrada-
tion of the I·B molecule is a key event for activa-
tion of NF-·B (Zandi et al, 1997; Hatakeyama et al,
1999). Now, our data argue for differences in the pro-
teolysis of I·B proteins in ts1-infected astrocytes.
Calpeptin, a highly speci�c calpain inhibitor, was ef-
fective in blocking I·B® proteolysis in ts1-infected
C1 astrocytes, but was not ef�ciently blocked by
MG-132, a highly potent proteasome inhibitor. It
should be noted that the concentration of MG-132
used in the present study was suf�cient to signif-
icantly increase the abundance of total ubiquitin
conjugates in either mock- or ts1-infected C1 cells,
as determined by immunoblotting analysis using an
anti-ubiquitin antibody (data not shown), but inef-
fective at blocking ts1-mediated I·B® proteolysis.
Thus, it appears that the calpain protease rather than
ubiquitin/proteasome pathway is a major effec-
tor of I·B® proteolysis in ts1-infected astrocytes.
This is supported by a recent study showing that
I·B® proteolysis induced by respiratory syncytial
virus infection occurs independently of the protea-
some pathway (Jamaluddin et al, 1998), as distinct
from the previously reported proteasome-dependent
I·B® proteolysis in lymph nodes induced by MuLV
(Crinelli et al, 1999). However, it should be noted
that low-molecular-weight I·B® intermediates (<30
kDa) could be detected only in ts1-infected cells
treated with MG-132 (data not shown). The appear-
ance of low-molecular-weight forms of I·B® may
have been due to inhibition of the further degrada-
tion of �30-kDa I·B® intermediates by MG-132, as
demonstrated by another group (Han et al, 1999).
This in turn suggests that complete I·B® proteolysis
may require a combination of calpain and ubiquitin-
proteasome pathway. This concept is supported by

recent reports that two independent or combined cal-
pain/proteasome pathways are involved in the degra-
dation of various regulatory proteins including I·B®
(Han et al, 1999; Shirane et al, 1999).

The mechanism responsible for the activation of
calpain in ts1-infected C1 astrocytes remains un-
known. In vitro, calpains exposed to nonphysiologi-
cal concentrations of calcium acquire enzymatic ac-
tivity through autoproteolysis of their constituent
subunits (Sorimachi et al, 1997). Because HIV enve-
lope proteins have recently been shown to perturb
plasma membrane ion transport in astrocytes (Benos
et al, 1994), it is possible that ts1 envelope proteins
may interfere with the plasma membrane functions,
resulting in a massive in�ux of calcium and subse-
quent excessive or uncontrolled calpain activity in
ts1-infected astrocytes. The mechanismof calpain ac-
tivation by ts1 infection remains to be determined.
However, it should be noted that in vitro studies do
not always reproduce results obtained from in vivo
studies. Therefore, the biological relevance of our
�ndings from these in vitro studies should be con-
�rmed by in vivo experiments.

I·B¯ degradation differs from that of I·B®. A series
of reports have suggested a role for I·B¯ reduction in
persistent NF-·B activation (Thompson et al, 1995;
Johnson et al, 1996). Also, human T-cell leukemia
virus type 1 tax caused activation of NF-·B by in-
creased degradation of I·B¯ (Good and Sun, 1996).
Our present �nding that ts1 infection induced more
rapid and prominent reduction of I·B¯ than I·B® sug-
gests a role for rapid and enhanced I·B¯ proteolysis
in the activation of NF-·B in C1 astrocytes. It was
shown that activated NF-·B stimulates the synthe-
sis of I·B® mRNA but not I·B¯ mRNA (Thompson
et al, 1995), which may explain more slow reduc-
tion of levels of I·B® than I·B¯ in ts1-infected C1
astrocytes.

We tried to explain the mechanism of enhanced
I·B¯ proteolysis by determining the ubiquitin-
conjugating activity. Although the overall ubiquitin-
conjugating activity in ts1-infected C1 astrocytes was
higher than in control early after infection, it de-
clined to levels lower than in controls at 72 h p.i.,
a time point at which levels of I·B¯ protein in ts1-
infected C1 astrocytes reached a minimum. These re-
sults suggest that the increase in proteolysis of I·B¯
was not a consequence of the general increase in
ubiquitin-conjugating activity in ts1-infected C1 as-
trocytes. One possible explanation for the early in-
crease in ubiquitin-conjugating activity is that cells
reacted by modulating or removing the cytopathic in-
juries induced by ts1 infection.

In astrocytes, NO is biosynthesized by the calcium-
independent inducible form of NO synthase iNOS,
which is normally not present but whose expres-
sion is activated by a variety of in�ammatory stimuli
in vitro (Lee et al, 1993; Simmons and Murphy, 1993).
Astroglial iNOS expression has been described in de-
myelinating diseases including experimental allergic
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encephalomyelitis in rodents (Koprowski et al, 1993)
and multiple sclerosis in human (Bo et al, 1994;
Cross et al, 1998). The observed induction of iNOS by
NF·B activation in ts1-infected C1 astrocytes proba-
bly results in generation of nitric oxide, a potent in-
�ammatory mediator that induces a neurotoxic ox-
idative stress on neurons in vivo (Akama et al, 1998).
iNOS is an attractive candidate for mediating NO-
associated neurologic damage by ts1 infection, be-
cause it functions independently of signals that mod-
ulate other forms of NO synthase such as cNOS. After
induction of iNOS protein, iNOS will produce NO
until certain cellular processes remove iNOS protein
or the enzymatic substrates are depleted. Thus, a large
amount of NO may be produced by iNOS. Whether
preventing or reducing iNOS expression can be of
therapeutic value in the prevention of neurological
damage associated with ts1 infection in animal stud-
ies remains to be determined.

In conclusion, results of the present study
showed that, in ts1-infected astrocytes, two differ-
ent proteolytic pathways, the calpain and ubiquitin-
proteasome pathways, are involved in the proteolysis
of I·B® and I·B¯ , respectively, leading to increase in
NF-·B-dependent gene expression.

Materials and methods

Chemicals
Sodium orthovanadate (Na3VO4), sodium ¯-glyc-
erophosphate, sodium �uoride (NaF), dithiothreitol
(DTT), and phenylmethylsulfonyl �uoride (PMSF)
were purchased from Sigma Chemical Company
(St. Louis, MO). Leupeptin, pepstatin, and aprotinin
were purchased from Boehringer Mannheim (Indi-
anapolis, IN). Iodoacetamide (an isopeptidase in-
hibitor) was obtained from Fluka Chemical Corp.
(Milwaukee, WI). MG-132 and calpeptin were pur-
chased from Calbiochem (La Jolla, CA). MG-132
and calpeptin were dissolved in dimethyl sulfoxide
(DMSO) and stored at 80±C.

Cell culture and virus
Immortalized murine astrocytes (called C1 astro-
cytes) were maintained in Dulbecco’s modi�ed
Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS; GIBCO) and antibiotics
(100 units/ml penicillin and 100 ¹g/ml strepto-
mycin) (Lin et al, 1997). All cells were grown
at 37±C in a humidi�ed incubator containing
5% CO2. Cells were passaged biweekly and used
for experimental purposes in the exponential
growth phase. ts1, a spontaneous temperature-
sensitive mutant of MoMuLV, was propagated in
TB cells, a thymus-bone marrow cell line. Virus
titers were determined by modi�ed direct focus
assay in 15F cells, a murine sarcoma-positive,
leukemia-negative cell line, as previously described
(Wong et al, 1981). For virus infection, C1 cells

(4 £ 105 cells) in DMEM containing 2% FBS and
4 ¹g/ml polybrene were seeded in 100-mm tissue cul-
ture dishes. After overnight culture, the medium was
removed, and the cells were infected with ts1 virus
at a multiplicity of infection (MOI) of 10 diluted in
DMEM containing 2% FBS and 4 ¹g/ml polybrene
and incubated for 1 h at 37±C under 5% CO2. After
virus adsorption, the medium containing virus was
removed, DMEM containing 2% FBS was added to
the culture, and the plates were incubated for vari-
ous times at 38.5±C (Lin et al, 1997). For mock in-
fection, C1 cells were treated identically, except that
the medium used was DMEM containing polybrene
only. For proteolysis inhibition study, either MG-132
(20 ¹M), calpeptin (20 ¹M), or DMSO only (less than
0.1%) was added to the culture medium of ts1- and
mock-infected cells and the cells were incubated for
an additional 4 h before cell lysate preparation. The
concentrations of proteasome and calpain inhibitors
were suf�cient to inhibit I·B® and I·B¯ proteolysis
induced by various stimuli, such as TNF-® and LPS,
as previously described (Miyamoto et al, 1998; Han
et al, 1999).

Preparation of cell extracts
Whole cell extracts from C1 cells were prepared
as follows. Brie�y, cells were washed twice with
cold phosphate-buffered saline (PBS, pH 7.4), and
subsequently lysed with lysis buffer (50 mM Tris-
HCl, pH 7.9, 150 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM Na3VO4, 30 mM
¯-glycerophosphate, 50 mM NaF, 10 mM iodo-
acetamide, 1 mM DTT, 1.0% NP-40, 1 mM PMSF,
10 ¹g/ml pepstatin, 10 ¹g/ml leupeptin, and 5 ¹g/ml
aprotinin). After incubation on ice for 15 min, cell
lysates were cleared by centrifugation at 13,000 £ g
for 20 min at 4±C. The supernatants were kept frozen
at 80±C.

Nuclear and cytoplasmic extracts were prepared
as described previously (Asin et al, 1999), with mi-
nor modi�cations. Cells were washed with cold PBS
twice, gently scraped from the dishes, transferred to
microcentrifuge tubes, and centrifuged for 10 min-
utes at 3,000 £ g. The cells were resuspended in
5 pellet volumes of hypotonic buffer (10 mM HEPES,
pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM EDTA,
1 mM Na3VO4, 30 mM ¯-glycerophosphate, 50 mM
NaF, 10 mM iodoacetamide, 0.5 mM DTT, 0.1%
NP-40, 1 mM PMSF, 10 ¹g/ml pepstatin, 10 ¹g/ml
leupeptin, and 5 ¹g/ml aprotinin) and allowed to
swell on ice for 15 min. The nuclei were then pel-
leted at 3,000 £ g for 10 min at 4±C. The resulting
cytoplasmic supernatants were transferred to fresh
tubes and maintained on ice. The remaining pelleted
nuclei were washed gently with hypotonic buffer
and spun again, after which the supernatants were
then discarded. Two pellet volumes of nuclear ex-
traction buffer (20 mM HEPES, pH 7.9, 420 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM Na3VO4,
30 mM ¯-glycerophosphate, 50 mM NaF, 10 mM
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iodoacetamide, 1 mM PMSF, 10 ¹g/ml pepstatin,
10 ¹g/ml leupeptin, and 5 ¹g/ml aprotinin) were
added to nuclear pellets. Nuclear pellets were re-
suspended by vortexing, and the resulting nuclear
lysates were maintained on ice for 20 min with occa-
sional vortexing. All cytoplasmic and nuclear lysates
were cleared by centrifugation at 13,000 £ g for 20
min at 4±C, and all supernatants were kept frozen at

80±C. The protein content of the lysates was deter-
mined using the Bradford assay (Bio-Rad, Hercules,
CA) and bovine serum albumin as the standard.

Western immunoblot analysis
Proteins (20 ¹g) were separatedby 8–12% sodium do-
decyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE) and then transferred to nitrocellulose
membranes (Schleicher and Schuell, Keene, NH).
Kaleidoscope prestained standards (Bio-Rad) were
used to determine molecular weights. The mem-
branes were incubated for 1 h in blocking buffer
(20 mM Tris-HCl-buffered saline containing 5% non-
fat milk powder and 0.1% Tween 20) at room tem-
perature. The membranes were probed with ap-
propriate antibodies in 20 mM Tris-HCl-buffered
saline containing 2% nonfat milk powder and 0.1%
Tween 20 overnight at 4±C. Af�nity-puri�ed rabbit
or goat polyclonal antibodies for RelA (p65) (SC-
372), NF-·B (p50) (SC-1190), I·B® (SC-371), I·B¯
(SC-945), cNOS (SC-1025), and iNOS (SC-650) were
purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). A mouse monoclonal anti-¯-actin anti-
body (A5441) was purchased from Sigma. The rabbit
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