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AIDS dementia complex (ADC) is characterized by increased apoptosis, gliosis,
and oxidative stress in the CNS, as well as a compromised blood-brain barrier.
TNF-a has been shown to be elevated in AIDS dementia complex brains and
may contribute to AIDS dementia complex. To model elevated TNF-a in AIDS
dementia complex, TNF-a was infused ICV bilaterally into rats for 3 days.
TNF-a treatment increased apoptosis around the infusion site and selectively in
the septum and corpus callosum. Co-administration of the synthetic antiox-
idant CPI-1189 prevented TNF-a induced apoptosis. Both TNF-a and CPI-1189
treatment suppressed glial ®brillary acidic protein (GFAP) staining at the
infusion site. TNF-a did not signi®cantly affect the integrity of the blood-brain
barrier, but CPI-1189 treatment increased blood-brain barrier integrity at the
infusion site. No effect of TNF-a or CPI-1189 treatment was found on measures
of oxidative stress. These results support TNF-a as a key agent for increasing
apoptosis in AIDS dementia complex. Additionally, CPI-1189 treatment may
protect against TNF-a induced apoptosis and astrogliosis in AIDS dementia
complex. Lastly, the toxic effect of TNF-a and the protective effect of CPI-1189
may not be mediated primarily through manipulation of classic reactive oxygen
species. Journal of NeuroVirology (2000) 6, 478 ± 491.

Keywords: antioxidant; apoptosis; in¯ammation; tumor necrosis factor-a

Introduction

AIDS dementia complex (ADC) is a term that has
been used to classify the behavioral and neuro-
pathological changes due to HIV infection in the
CNS in the absence of any co-existing CNS
infections. Behaviorally, ADC is characterized by
diminished cognitive, motor, and social skills
(Maruff et al, 1994; Tross et al, 1988; Navia et al,
1986a). Neuropathologically, the ADC brain exhibits
ventricular enlargement, diffuse myelin pallor, and
generalized brain atrophy (Aylward et al, 1995;
Artigas et al, 1994; Navia et al, 1986b). A widening
of sulci in the frontal, parietal, and temporal
cortices has also been found (Navia et al, 1986b;
Gelman et al, 1992), as has a decrease in volume of

basal ganglia structures (caudate nucleus, putamen,
and globus pallidus) (Aylward et al, 1993; Hestad et
al, 1993; Dal Pan et al, 1992). Brain atrophy and
ventricular enlargement both correlate with the
cognitive impairment seen in ADC (Hestad et al,
1993; Jacobsen et al, 1989).

There are also cellular changes that occur in ADC
brains, both to neurons and to supportive glial cells.
Compared to HIV+ patients without CNS involve-
ment, there are greater numbers of apoptotic cells in
neocortical grey and subcortical grey matter, as well
as in white matter of HIV+ patients having CNS
involvement (An et al, 1996; Dickson et al, 1995;
Petito et al, 1995). In addition to increased
apoptosis, the neocortex and basal ganglia in
particular show an increase in astrogliosis and
microgliosis (Masliah et al, 1992; Glass et al,
1995). There is also evidence that HIV infection
disrupts the blood-brain barrier. Using immunohis-
tochemical staining for serum proteins, such as
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immunoglobulin G (IgG), increased levels of stain-
ing have been seen in the neocortex, basal ganglia,
and white matter of AIDS brains (Power et al, 1993;
Petito et al, 1992).

Since the primary hosts of HIV infection in the
brain are microglia/macrophages, the CNS cell loss,
the brain atrophy, and ultimately the behavioral
changes of ADC result from secondary effects of
brain HIV infection (Glass et al, 1995; Takahashi et
al, 1996; Smith et al, 1990). These secondary effects
are suspected to involve enhanced CNS levels of
glial-released in¯ammatory cytokines ± most nota-
bly tumor necrosis factor a (TNF-a) ± which can
potentiate the in¯ammatory response and are
neurotoxic via apoptotic and free radical mechan-
isms (Pace et al, 1995; Shoji et al, 1995; Streit and
Kincaid-Colton, 1995; Greenspan and Aruoma,
1994; Tracey and Cerami, 1993; Odeh et al, 1990).
TNF-a is suspected to be a primary cytokine through
which brain damage occurs in ADC because: (1)
ADC brains show increased TNF-a mRNA and
protein, with the highest levels found in areas
showing the greatest HIV infection (Glass et al,
1993, 1995; Wiley et al, 1986); (2) TNF-a mRNA and
the number of TNF-positively stained cells in ADC
brains are correlated with the level of cognitive
impairment in HIV-infected patients (Seilhean et al,
1997; Wesselingh et al, 1993); and (3) TNF-a may
enhance HIV replication (Wilt et al, 1995; Peterson
et al, 1992; Folks et al, 1989). Previously we found
that by mimicking the increased levels of brain
TNF-a seen in ADC, a TNF-a i.c.v. infused rat has
cognitive de®cits and correlating ventricular en-
largement similar to ADC (Bjugstad et al, 1998).

Because ADC may not evolve directly out of HIV
CNS infection, but rather from secondary effects of
the infection, such as neuroin¯ammation and
ensuing free radical formation, drug intervention
for ADC should be directed at reducing those
effects. In our TNF-a CNS infused rat model of
ADC, we found that co-administration of the novel
synthetic compound, 4-acetamido-N-tert-butylben-
zamide (CPI-1189) prevented all of the TNF-a effects
analyzed. CPI-1189 is structurally related to the
spin-trap nitrone antioxidant, a-Phenyl-tert-butyl-
nitrone (PBN); however, CPI-1189 has an improved
pharmokinetic and bioavailability pro®le (unpub-
lished observation, Centaur Pharmaceuticals, Inc.).
Our earlier study showed that co-administration of
CPI-1189 improved the learning and memory
abilities of TNF-a infused animals to the level of
controls, blocked TNF-a induced weight loss and
prevented the ventricular enlargement seen in TNF-
a infused rats (Bjugstad et al, 1998).

The present study was designed to further
develop our rat TNF-a infusion model of ADC and
to characterize the potential CNS of CPI-1189 by
determining the effects of intracerebral TNF-a
infusions on: (1) the frequency of apoptosis in
speci®c brain areas that are shown to be involved

in HIV infection of the CNS; (2) the induction of
astrocytosis in these same brain areas via GFAP
staining; (3) the integrity of the blood-brain barrier
via IgG staining; and (4) measures of brain
oxyradical production and oxidative damage, via
salicylate hydroxylation and TBAR formation,
respectively. In addition, this study explored a
shorter treatment time point than our previous
study as cell culture studies show that TNF-a
induced apoptosis can peak as early as 48 ± 72 h
after exposure (Talley et al, 1995; Selmaj et al,
1991a). Thus, in order to augment the evaluation of
TNF-a induced apoptosis, i.c.v. and oral treatments
were given for 3 days, compared to 7 days in the
previous study. The ability of CPI-1189 to prevent
any TNF-a induced neuropathologic and neuro-
chemical effects was also evaluated in the context of
this compound's potential usefulness to treat ADC.

Results

Apoptosis analysis
Figure 1 shows the total effect of TNF-a and CPI-
1189 treatments on apoptosis around the infusion
site. The total effect was calculated by adding the
number of apoptotic cells from the neocortex, basal
ganglia, and corpus callosum. After 3 days of
treatment, TNF-a increased apoptosis surrounding
the infusion site, as indicated by a signi®cantly
greater number of apoptotic cells seen in the TNF/
Veh treated group compared to the Sal/Veh treated
group (P40.005). In addition, CPI-1189 prevented
the TNF-a induced apoptosis because the TNF/CP1
treated group had signi®cantly less apoptosis than

Figure 1 Total number of apoptotic cells surrounding the
infusion site as a result of intracerebroventricular TNF-a
infusions with or without oral CPI-1189 treatment for 3 days.
The number of apoptotic cells found in the neocortex, corpus
callosum, and basal ganglia were added together for each
infusion site. Data represent mean+s.e.m., and the number at
the base of each bar indicates the number of infusion sites for
that group. The abscissa indicates the i.c.v./oral treatment of the
groups. **Indicates signi®cantly greater than both Sal/Veh and
TNF/CPI. Signi®cance at P40.05.
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the TNF/Veh treated group (P40.05) and was not
signi®cantly different from the Sal/Veh group.

Figure 2 shows apoptotic cells in the neocortical
tissue near the cannula tract stained for apoptosis.
The neocortical tissue of the Sal/Veh treated animal
(Figure 2A) and TNF/CPI treated animal (Figure 2C)
is clear of apoptosis in the neocortical parenchyma,
while the animal treated with TNF-a alone, shows
several apoptotic cells (Figure 2B). An enlargement
of an apoptotic cell can be seen in the inset of Figure
2B.

TNF-a infusions also affected speci®c areas in
terms of apoptosis. While no signi®cant differences
were found in the neocortex between treatment
groups (Figure 3A), analysis of apoptosis in the
corpus callosum revealed that TNF-a induced
apoptosis in this area, as seen by signi®cantly more
apoptosis in the TNF/Veh treated group compared
to the Sal/Veh treated group (P40.03). This TNF-a
induced apoptosis in the corpus callosum was
prevented by co-administration of CPI-1189, as
indicated by signi®cantly less apoptosis in TNF/
CPI treated animals compared to TNF/Veh treated
animals (P40.03; Figure 3B) and no difference
between TNF/CPI and Sal/Veh treatment groups.

As in the neocortex, there was no signi®cant
difference in apoptosis in the basal ganglia between
groups after 3 days of treatment (Figure 3C). By
contrast, there was a signi®cant difference in
apoptosis between groups in the septum (Figure
3D). TNF-a induced apoptosis in the septum, as
indicated by signi®cantly more apoptosis in the
TNF/Veh treated group compared to Sal/Veh
(P50.03, one-tail test). Co-treatment with CPI-
1189 prevented apoptosis induced by TNF-a in the
septum, as TNF/CPI treated animals were signi®-
cantly different from TNF/Veh treated animals
(P40.03) but were not different from Sal/Veh
treated control animals.

Glial ®brillary acidic protein analysis
Analysis of overall effects of TNF-a infusion in
the region surrounding the infusion site was
analyzed by calculating the average percent area
of GFAP staining from the neocortex, basal
ganglia, and corpus callosum. This average per
cent indicates that in the overall infusion area,
treatment with TNF-a, and especially with CPI-
1189, decreased GFAP staining (Figure 4). The
TNF/Veh treated group had a signi®cantly lower
per cent area of GFAP staining compared to Sal/
Veh controls (P40.02). Co-administration of CPI-
1189 produced a greater suppression of GFAP
staining than TNF-a alone, as TNF/CPI treated
animals had a signi®cantly lower per cent of
GFAP stained area than Sal/Veh and TNF/Veh
treated animals (P40.00005 and P40.03 one tail
test, respectively). Results in the neocortical
tissue resemble that which was found for the
total area (Figure 5A). Treatment with TNF-a and

CPI-1189 decreased GFAP staining in the neocor-
tex induced by 3 days of intracerebral infusions,
as Sal/Veh treated animals had a signi®cantly
greater per cent of GFAP staining than TNF/Veh

Figure 2 ISEL detection of apoptotic cells following TNF-a
infusions and oral CPI-1189 treatment. Photomicrographs show-
ing the neocortex adjacent to the cannula tract for representative
Saline/Vehicle (A), TNF-a/Vehicle (B), and TNF-a/CPI-1189 (C)
treated animals. Note the presence of apoptotic cells in the TNF-
a/vehicle treated animal (arrows in B) and the lack of apoptotic
cells in the same brain region of the other two treatment groups
(A and C). Insert in (B) shows a single apoptotic cell at 10006
magni®cation. Bar in (A) is 25 mm in length and indicates the
magni®cation of all three photomicrographs. Abbreviations: c,
cannula tract.
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treated animals (P40.04) or TNF/CPI treated
animals (P40.004).

GFAP staining in the corpus callosum after 3 days
of treatment with TNF-a alone produced no
signi®cant effect on the per cent GFAP staining
(Figure 5B), as the TNF/Veh treated group was not
signi®cantly different from either Sal/Veh or TNF/
CPI treated groups. Similar to GFAP staining in
neocortex, however, the co-administration of CPI-
1189 for 3 days decreased GFAP staining in the
corpus callosum, since TNF/CPI treated animals
had a signi®cantly lower per cent of GFAP staining
than Sal/Veh animals (P40.008). Figure 6 shows
GFAP staining in the corpus callosum of a Sal/Veh
treated animal (A) and a TNF/CPI treated animal
(B). Note the decreased incident and density of
staining in the animal treated with CPI compared to

the control animal. In the basal ganglia, TNF/Veh
treated animals again were not signi®cantly differ-
ent from TNF/CPI or Sal/Veh treated animals
(Figure 5C). However, as was the case for both the
neocortex and corpus callosum, TNF/CPI treated
animals had a signi®cantly lower per cent of GFAP
staining in the basal ganglia than the Sal/Veh
treated group (P40.02). In the septum (Figure 5D),
there were no signi®cant differences in the per cent
of GFAP staining.

IgG analysis
Analysis of the total density of IgG staining was
done by averaging the density of IgG staining from
both areas of the corpus callosum and the anterior
commisure. No signi®cant difference in IgG staining
was found in total density of IgG staining, suggest-

Figure 3 Effects of intracerebroventricular infusions of TNF-a and oral treatments of CPI-1189 on apoptosis in speci®c brain areas
surrounding the i.c.v. infusion site. Data represent mean+s.e.m., and the number at the base of each bar indicates the number of
infusion sites for that group. (A ± D) The mean number of apoptotic cells in the neocortex (A), corpus callosum (B), basal ganglia (C),
and septum (D). The abscissa indicates the i.c.v./oral treatment of the groups. **Indicates signi®cantly greater than both Sal/Veh and
TNF/CPI. Signi®cance at P40.05.
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ing that neither TNF-a and CPI-1189 grossly affected
the blood-brain barrier (Figure 7A). Looking speci-
®cally at IgG staining in the corpus callosum at the
level of the infusion site, there was no signi®cant
difference between TNF/Veh and Sal/Veh treated
animals at (Figure 7B). However, TNF-a infusions
combined with CPI-1189, produced a signi®cant
decrease in IgG staining after 3 days of treatment
compared to either Sal/Veh or TNF/Veh treatments
(P40.009 and 0.02 respectively). Thus treatment
with CPI-1189 effected blood-brain barrier integrity
near the infusion site by providing an enhanced
blood-brain barrier effect when given for 3 days.

At the caudal site of the corpus callosum, an
area away from the site of direct ICV infusions,
no signi®cant differences were found between the
groups after 3 days of treatment (Figure 7C). Also,
as shown in Figure 7D, there were no signi®cant
differences in IgG staining in the anterior
commisure between groups. This indicates that,
at a site divorced from mechanical damage but at
the coronal level of infusion, there was no effect
of TNF-a or CPI-1189 on blood-brain barrier
integrity.

Neurochemistry
Analysis of lipid peroxidation via TBAR formation
indicated no signi®cant differences between the
groups after 3 days of treatment (Figure 8A). Neither
treatment with TNF-a or CPI-1189 appeared to
induce changes in lipid peroxidative damage as
measured by this assay. As was the case for lipid
peroxidation, hydroxyl free radical formation (via
hydroxylation of salicylate into DHBA) was not

signi®cantly different between the groups treated
for 3 days (Figure 8B).

Discussion

The present study ®rst demonstrates that multiple
intracerebral infusions of the in¯ammatory cytokine
TNF-a induce apoptosis within selective brain areas
around the infusion site and that co-administration
of the novel compound CPI-1189 prevents this TNF-
a induced apoptosis. Co-treatment of CPI-1189 in
the TNF-a model also suppressed GFAP staining in
all areas except the septum. Blood-brain barrier
integrity was not affected by TNF-a infusions, but
concurrent oral treatment with CPI-1189 appeared
to provide an enhanced blood-brain barrier selec-
tively at the infusion site. Lastly, no effect of TNF-a
or concurrent CPI-1189 treatment was found on two
measures of oxidative stress, suggesting that classi-
cal oxidative mechanisms may not be the promi-
nent agent in TNF-a induced apoptosis. In addition,
CPI-1189 may be exerting at least some of its
protective actions through mechanisms not imme-
diately associated with decreasing concentrations of
superoxide anion and hydroxy radicals.

We have previously reported that long-term
intracerebral TNF-a infusions induce cognitive
de®cits, weight loss, and ventricular enlargement
(Bjugstad et al, 1998) ± all of which characterize
ADC. Moreover, we further reported that co-admin-
istration of CPI-1189 prevented all of these effects
induced by TNF-a (Bjugstad et al, 1998). The results
of the present study extend our characterization of
the TNF-a infusion model and the effects of CPI-1189
therein by investigating effects of TNF-a and CPI-
1189 on cellular, cerebrovascular, and oxidative
measures relevant to ADC. Cellularly, TNF-a in-
duced apoptosis independent of hydroxy-radical
formation and the induced apoptosis was prevented
by CPI-1189. Moreover, our results suggest that CPI-
1189 can attenuate GFAP/astrogliosis.

Neurons, glia, and endothelial cells have all been
found undergoing apoptosis in the brains of AIDS
patients, with many such cells found in the
neocortex and basal ganglia (An et al, 1996; Petito
et al, 1995, Shi et al, 1996). Similar to our earlier
study (Bjugstad et al, 1998), we currently show that
ICV infusions of TNF-a induced an overall elevation
in apoptosis surrounding the infusion site that was
over and above the apoptosis induced mechanically
by saline (control) infusions. Additionally, we now
report that signi®cant TNF-a-induced apoptosis
occurred in some, but not all brain regions
bordering the TNF-a infusion site (i.e. septum and
corpus callosum). This is not unusual, as different
brain regions show different susceptibilities to cell
damage (i.e. lipid and protein oxidation) and
distinct methods of apoptosis regulation (Sack et
al, 1996; Dubey et al, 1995; Bernier and Parent,

Figure 4 Average per cent area of glial ®brillary acidic protein
staining around the overall infusion area after TNF-a infusions
and/or oral CPI-1189 treatment for 3 days. The overall per cent
area of glial ®brillary acidic protein staining was averaged across
the neocortex, corpus callosum, and basal ganglia. Data
represent mean+s.e.mean, and the number at the base of each
bar indicates the number of infusion sites for that group. The
abscissa indicates the i.c.v./oral treatment of the groups.
*Indicates signi®cantly less than Sal/Veh. **Indicates signi®-
cantly less than both Sal/Veh and TNF/Veh. Signi®cance at
P40.05.
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1998). The apoptotic cells seen in the corpus
callosum are most likely oligodendrocytes. Thus,
the present study provides in vivo evidence for a
link between TNF-a and cytotoxicity in oligoden-
drocytes (Wilt et al, 1995; Selmaj et al, 1991a;
Probert et al, 1997). Co-administration of CPI-1189
eliminated not only the overall increase in apopto-
sis induced by TNF-a, but also the regionally
increased apoptosis in septum and corpus callosum
induced by TNF-a. These results suggest that CPI-
1189, or similar compounds, may be able to reduce
the increased apoptosis that is seen in HIV-1
individuals having CNS involvement (An et al,
1996; Dickson et al, 1995; Petito et al, 1995; Masliah
et al, 1992).

While TNF-a positive cells can be found in close
proximity to GFAP positive cells in AIDS brains,
few studies (all of which were in vitro) have actually
looked at the direct effects of TNF-a on GFAP
expression in astrocytes (Seilhean et al, 1997).
Proliferation of astrocytes can occur after exposure
to TNF-a (Barna et al, 1990; Selmaj et al, 1990), and
cell identity has often been veri®ed using GFAP
immunohistochemistry. However, TNF-a may or
may not stimulate the expression of GFAP. Depend-
ing on whether human or murine TNF is involved,
GFAP mRNA and protein can be down-regulated
(Murphy et al, 1995; Oh et al, 1993; Selmaj et al,
1991b). A down-regulation of GFAP was seen using
`human' recombinant TNF-a in either bovine or

Figure 5 The effect of intracerebroventricular TNF-a infusions and oral CPI-1189 on per cent of glial ®brillary acidic protein staining
in neocortex (A), corpus callosum (B), basal ganglia (C), and septum (D). Data represent mean+s.e.m. per cent area of glial ®brillary
acidic protein stain, and the number at the base of each bar indicates the number of infusion sites for that group. The abscissa
indicates the i.c.v./oral treatment of the groups. *Indicates signi®cantly less than the Sal/Veh treated group. Signi®cance at P40.05.
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murine astrocyte cultures (Oh et al, 1993; Selmaj et
al, 1991b). In the present study, we used `human'
recombinant TNF-a in our rat ICV infusion model.
This may explain why we found no increase, but an
occasional decrease, in GFAP staining in our TNF-a
treated groups.

While TNF-a infusions alone, reduced astroglio-
sis in only one area speci®cally, there was a more
wide-spread and a more enhanced effect of CPI-
1189 co-administration on astrogliosis (Seilhean et
al, 1997). In the overall area surrounding the
infusion site, CPI-1189 further reduced GFAP
staining compared to TNF-a alone, suggesting a
better suppression of astrogliosis formation. This
effect of CPI-1189 was also found within speci®c

brain areas around the infusion site. In the
neocortex, basal ganglia, and corpus callosum,
CPI-1189 signi®cantly decreased the per cent of
GFAP staining. Thus, CPI-1189 seems to suppress
the astrogliotic response to repeated intracerebral
infusions. Our results are in accord with another
study in which the antioxidant, LY231617, de-
creased the induction of GFAP RNA in an ischemic
model (May et al, 1996). During a 30 min four vessel
occlusion, increased RNA levels of GFAP are
normally found in the hippocampus and caudate.
However treatment with LY231617 decreased
GFAP RNA in both areas. Our combined studies
suggest a role for antioxidants in suppressing or
delaying the formation of astrogliosis in neurode-
generative conditions.

Several studies have found that AIDS patients
show signs of blood-brain barrier disruption (Petito
and Cash, 1992; Rhodes, 1991; Resnick et al, 1985).
In the present study, we found extensive IgG
staining (i.e. reduced blood-brain barrier integrity)
restricted primarily in white matter areas near the
cannula tract. While some increase in IgG staining
was expected due to cannulation-induced damage,
we saw no additional increase in IgG staining as a
result of TNF-a treatment. Co-administration of CPI-
1189 for 3 days did, however, decrease IgG staining
(i.e. increase blood-brain barrier integrity) at the site
most effected by cannula damage. It is important to
note, however, that this effect of CPI-1189 co-
administration was observed only near the cannula
infusion site. CPI-1189 did not affect IgG staining at
sites divorced from the cannula tract, suggesting
that treatment with CPI-1189 alone in uncannulated
animals would not appreciably affect the blood-
brain barrier. The fact that no increase in IgG
staining was seen in groups treated with TNF-a
alone may be explained by the cannula tracts
themselves. Any effect of TNF-a (or CPI-1189)
would have to overcome the extensive IgG staining
produced locally by the cannulation itself. Thus,
any subtle, localized effects of TNF-a treatment
could have been obscured by this mechanical
damage.

We had anticipated some effect of intracerebral
TNF-a infusions on measures of oxidative stress
since multiple studies have shown that TNF-a can
induce production of reactive oxygen species,
which can be part of the process by which TNF-a
induces apoptosis (Shoji et al, 1995; Greenspan and
Aruoma, 1994; Meda et al, 1995 and Goosens et al,
1995). In addition, treatment with antioxidants has
been reported to prevent TNF-a induced apoptosis
(Goosens et al, 1995; Shoji et al, 1995). Although all
of the aforementioned were in vitro studies, our own
in vivo studies have shown that CPI-1189, a
compound structurally similar to the antioxidant
PBN, not only prevents TNF-a induced apoptosis,
but also prevents TNF-a induced cognitive impair-
ment, weight loss, and ventricular enlargement

Figure 6 Effects of TNF/CPI treatment on glial ®brillary acidic
protein immunohistochemical staining. Photomicrographs are
from the corpus callosum of a representative Saline/Vehicle
treated animal (A) and a TNF/CPI treated animal (B). Note the
greater number and staining intensity of astrocytes in Sal/Veh
treated animal (A) compared to the TNF/CPI treated animal (B).
Bar in (B) is 25 mm in length and indicates the magni®cation of
both photomicrographs.
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(Bjugstad et al, 1998). There are several possible
explanations for TNF-a's inability to affect mea-
sures of oxidative stress (i.e. lipid peroxidation and
hydroxyl radical formation) in the present in vivo
study. First, TNF-a effects on measures of oxidative
stress may have occurred more immediately follow-
ing TNF-a infusion than the 3 ± 5 h post-infusion
time point selected for euthanasia. Second, the
block of brain tissue dissected out from around the
cannula infusion site may have been too large for
detecting neurochemical changes close to the
ventricular wall, thus masking any such changes.
Third, measures of oxidative stress other than those
selected may be more profoundly affected by TNF-a

infusions. Fourth, recent experimental evidence
suggests that CPI-1189 exerts its therapeutic effects
through attenuating key signal transduction path-
ways rather than by free radical trapping (Hensley et
al, 2000).

The mechanism by which CPI-1189 accomplishes
its protective effect is even less well understood
than how TNF-a induces apoptosis. Because the
TNF-a treatment did not increase TBARs or hydro-
xyl radicals but did induce apoptosis, which could
be blocked by CPI-1189, suppressing production of
reactive oxygen species may not be the major
mechanism mediating the anti-apoptotic action of
CPI-1189. However, our experiment could not

Figure 7 The effects of intracerebroventricular infusions of TNF-a and oral treatment with CPI-1189 on the density of IgG staining in
subcortical and deep white matter. Density values represent a mean+s.e.m. taken from two 2006250 mm images per side, and the
number at the base of each bar indicates the number of infusion sites for that group. The abscissa indicates the i.c.v./oral treatment of
the groups. (A) Average density of IgG staining in white matter. The density of IgG staining was averaged from values obtained from
both corpus callosum areas and the anterior commisure. (B) The density of IgG staining in the corpus callosum near the cannula tract.
(C) The density of IgG staining in the corpus callosum at a caudal site away from the cannula tract. (D) The density of IgG staining in
the anterior commisure. **Indicates signi®cant less than the Sal/Veh and TNF/Veh treated groups. Signi®cance at P40.05.
Abbreviations: ADU, arbitrary density units.
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exclude the possibility that CPI-1189 suppresses the
production early after the TNF-a treatment of small
amounts of reactive oxygen species, which may be
enough to induce apoptosis. It should be noted that
CPI-1189 does not interfere with the binding of
TNF-a to either its p55 or p75 binding sites
(unpublished observations, Centaur Pharmaceuti-
cals, Inc.). CPI-1189 more likely acts in the signal
transduction pathway activated by the binding of
TNF-a to its p55 binding site. In several experi-
ments, CPI-1189 was found not to affect levels of
NF-kB, but did prevent the decrease of bcl-2 (an
endogenous anti-oxidant and anti-apoptotic agent)
induced by TNF-a (unpublished observations,
Centaur Pharmaceuticals, Inc.). Current studies are
focused on characterizing how CPI-1189 prevents
this loss of bcl-2, and establishing the extent that

maintenance of bcl-2 levels is responsible for the
anti-apoptotic effect shown by CPI-1189 in numer-
ous in vitro and in vivo experiments (unpublished
observations, Centaur Pharmaceuticals, Inc.).

To summarize the results of this study, we have
presented a novel rodent model for ADC based on
CNS in¯ammation induced through intracerebral
infusions of TNF-a. We have previously shown that
this model exhibits cognitive de®cits, weight loss,
and gross pathological changes similar to those seen
in ADC (Bjugstad et al, 1998). In the present study,
we extended our investigations of this model to
include cellular/neurochemical changes present in
ADC ± speci®cally, apoptosis, astrogliosis, disrup-
tion of the blood-brain barrier, and measures of
oxidative stress. We found that ICV infusions of
TNF-a induced overall and regionally speci®c
increases in apoptosis. In addition, co-administra-
tion of CPI-1189 prevented the cell loss induced by
TNF-a infusions. Both TNF-a and CPI-1189 ap-
peared to inhibit GFAP staining, although CPI-1189
appears to have a more potent effect than TNF-a.
The relatively negative results of TNF-a infusions
on IgG staining and oxidative stress in no way
compromise the validity of our model as a viable
model of CNS in¯ammation for ADC. The most
salient characteristics of ADC (i.e. the dementia,
weight loss, ventricular enlargement, and apopto-
sis) can be induced by ICV infusions of TNF-a and,
more importantly, they can be prevented through
the administration of CPI-1189. It is in that context
that clinical trials are currently underway to
determine the ef®cacy of CPI-1189 in treating/
preventing ADC.

Materials and methods

General
Young adult (2 ± 3 months old; 275 ± 300 g) Spra-
gue-Dawley male rats had stainless steel cannulas
permanently implanted into both lateral ventricles,
as described in our preceding study (Bjugstad et al,
1998). Animals were given free access to food/water
and were kept on a 12 h light/dark schedule during
the course of the study. Beginning 4 ± 5 days after
the intracerebral ventricular (i.c.v.) surgery, ani-
mals were intraventricularly infused bilaterally
with either human recombinant TNF-a (50 ng in a
1 ml infusion, which is 2.9 mmoles/ml; Calbiochem-
Novabiochem, Co.) or isotonic saline vehicle once
daily for 3 days. During this period, animals also
received concurrent twice daily oral treatment with
either CPI-1189 (20 mg/kg, which is 8.5 pmoles/kg;
Centaur Pharmaceuticals, Inc.) or methyl-cellulose
vehicle (1 ml/kg). On the last day, 3 ± 5 h after i.c.v.
oral treatments were given, animals were killed and
brains were removed. These animals had brain
tissue prepared for immunohistochemical analysis
of apoptosis, astrogliosis (GFAP staining), and
blood-brain barrier integrity (IgG staining). Because

Figure 8 The effects of intracerebroventricular TNF-a infusions
and oral CPI-1189 treatment on oxidative stress in brain tissue
surrounding the cannula site. (A) Lipid peroxidation, as indexed
by the formation of thiobarbituric acid reactive products
(TBARs), in brain tissue around the infusion site from animals
in each of the three treatment groups. (B) Hydroxyl free radical
production, as indexed by the hydroxylation of salicylate to 2,5
dihydroxybenzoic acid, in brain tissue around the infusion site
from animals in each of the three treatment groups. Data
represents the mean+s.e.mean and the number at the base of
each bar indicates the number of infusion sites for that group.
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i.c.v. surgery/infusions can cause damage affecting
immunohistochemical measures, analyses are pre-
sented in terms of increased/decreased apoptosis,
GFAP staining, and/or IgG staining beyond that
which is induced by surgery/infusion seen in the
Saline/Vehicle control animals. Parenthetically,
use of the contralateral `uninfused' side of uni-
laterally infused animals could not be done to avoid
cannula damage because of minimal infusate
transfer to the uninfused ventricle. A second set of
animals, undergoing identical 3 day i.c.v. iral
treatment procedures, had their brain tissue pre-
pared for neurochemical analysis of lipid peroxida-
tion via TBAR assay and hydroxyl radical formation
via salicylate hydroxylation. Throughout the text,
each group of animals will be referred to in
abbreviated form according to their i.c.v. oral
treatments (i.e. Sal/Veh, TNF-a/Veh, or TNF-a/
CPI). There were 9, 7 and 9 animals in the Veh/
Sal, TNF/Sal and TNF/CPI treated groups respec-
tively, which were used for neurohistology. For
neurochemistry, there were 7 animals in each
group.

Immunohistochemical analysis
On the last day of treatment, animals were
anesthetized with sodium pentobarbital (50 mg/
kg), 3 ± 5 h after the last i.c.v. infusion and
intracardially perfused with 4% neutral buffered
formalin. The brains were removed and stored
overnight in formalin. A 3 mm thick coronal slice
was then taken at the cannula site and paraf®n
embedded, keeping the melted paraf®n below
608C to avoid the occurrence of false positives
during apoptosis staining. From the slice contain-
ing the cannula site, 6 mm sections were collected
at the deepest point of cannula pentration. A
3 mm slice was also embedded and sectioned from
the dorsal hippocampal area for IgG staining. All
cannula tip locations were determined and only
those animals having at least one side with the
cannula tip clearly located within the lateral
ventricle were used in this study. Occasionally,
an animal's cannula was placed caudal enough
such that the septum could not be used. Because
of this, the number of determinations for septal
measures is lower than for other areas. As such,
analyses which involved an overall evaluation (i.e.
total number of apoptotic cells and overall GFAP
staining) did not include the septum. Immuno-
chemical analyses were performed with the mean
of two brain sections. Left and right sides were
considered independent determinations to allow
any animal with at least one cannula in the correct
location to be included in analyses.

Apoptosis staining
Detection of apoptotic cell bodies was done using
NeuroTACS, an in situ end-labeling kit (Trevigen,
Inc.). All reagents, unless otherwise noted, were

provided in the NeuroTACS kit. Tissue samples
were deparaf®nized and incubated with Neuro-
pore (a permeabilization and blocking reagent) for
4 h at room temperature. Samples were washed
for 2 min in phosphate buffered saline (PBS) and
placed in 3% hydrogen peroxide/methanol solu-
tion for 5 min. Samples were then placed into two
baths of Klenow labeling buffer for 2 min each.
The labeling reaction (5 n ml of 106 labeling
buffer, 45 n ml of distilled water, 1 n ml of Klenow
dNTP, and 1 n ml Klenow polymerase; n=number
of sections used) was then placed onto each
section and incubated at 378C for 1 h in a
humidi®ed chamber. Sections were then trans-
ferred to Klenow stop buffer for 5 min and washed
twice in PBS for 2 min. Streptavidin labeling
solution (100 ml PBS and 1 ml Strep-HRP) was
applied to each section and incubated at room
temperature for 15 min. Samples were washed in
PBS and placed in a DAB solution (50 ml PBS,
250 ml DAB, 50 ml 30% hydrogen peroxide) for
8 min followed by two rinses in distilled water.
Samples were then counterstained with a hema-
toxylin blue dye, dehydrated, and coverslipped.

Two brain sections were processed from each
animal and results were averaged together. Quanti-
®cation of parenchymal apoptotic cells around the
i.c.v. infusion and located in the neocortex, corpus
callosum, basal ganglia, and septum was done for
each infusion site using a Zeiss Universal light
microscope. Under 1006 magni®cation, the num-
ber of apoptotic cells within 1 ± 1.5 mm of the
cannula tract/ventricular lining was counted for
each area. Extreme values in each group (greater
than three standard deviations away from the group
mean) were not included in statistical analysis. In
addition, a total number of apoptotic cells was
calculated from the combined numbers found in the
neocortex, corpus callosum, and basal ganglia. All
data was analyzed using one-way ANOVAs with
post hoc Fisher LSD (P40.05 signi®cance) for
treatment groups.

GFAP staining
Brain sections were deparaf®nized and incubated
for 1 h at room temperature with a 1 : 400 dilution of
mouse monoclonal anti-GFAP IgG (Accurate Che-
mical and Scienti®c Corp.) in Neuropore (Trevigen,
Inc.). Sections were then washed in 100 mM Tris-
HCl buffer and incubated for 30 min at room
temperature with a 1 : 20 dilution of anti-mouse
IgG (Kirkegaard and Perry Lab, Inc.) in Neuropore.
Sections were again washed with 100 mM Tris-HCl
buffer. Color development was done using a red
label azo-dye solution provided in the NeuroTACS
apoptosis kit (Trevigen, Inc.). Samples were in-
cubated with the red label solution for 10 min in the
dark at room temperature. The reaction was stopped
by washing the section three times in distilled water
for 2 min and then coverslipped.
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The degree of astrogliosis was quanti®ed by
measuring the per cent of GFAP staining present
in a digital image. Quanti®cation of GFAP staining
around each infusion site (in the neocortex, corpus
callosum, basal ganglia, and septum) was done
using digital images from two brain sections per
animal and then averaged together. Digital compu-
ter images were taken through a light microscope
using Snappy video snapshot software (Play, Inc.).
Digital images were then analyzed for the area of
glial ®brillary acidic protein staining from total area
of the image using UTHSCSA/NIH Image Tool 1.25.
At 1006 magni®cation, two adjacent images in the
basal ganglia and in the septum were taken along
the ventricular wall of both hemispheres and from
both brain sections (a total of four 5006400 mm
images per side). Also at 1006 magni®cation, eight
images of neocortex were analyzed per hemisphere
(two adjacent images on both sides of the cannula
tract from both brain sections). The corpus callosum
was analyzed at 2006 magni®cation, with a single
image (2506200 mm) taken on either side of the
cannula tract producing two ®elds per hemisphere
per brain section. All data was analyzed using one-
way ANOVAs with post hoc Fisher LSD (P40.05
signi®cance).

IgG staining
Biostain Super ABC mouse/rat IgG kit was used for
IgG staining of brain sections at the infusion site, as
well as brain sections taken at the dorsal hippo-
campal level. The IgG kit and all reagents were
provided by Biomeda, Inc. unless otherwise in-
dicated. Sections were deparaf®nized and placed in
16 automation buffer for 3 min. They were then
placed in 1% hydrogen peroxide for 7 min and
rinsed in automation buffer for 5 min. All subse-
quent steps were done in a humidi®ed chamber at
378C unless otherwise indicated. Sections were
then incubated with a protein blocker for 10 min
and rinsed in automation buffer for 5 min. After
rinsing, the sections were incubated with anti-
mouse/rat IgG antibody for 30 min and again
washed with automation buffer. Sections were
incubated with detector reagent for 60 min, cleared
in distilled water, and incubated for 25 min with
Vega red solution (Alkaline Phosphatase Chromo-
gen Kit) for color development. After clearing with
distilled water, each section was covered with
Crystal mount and dry baked at 708C for 20 min.

General analysis of IgG staining revealed a
speci®c pattern of staining which was seen in all
three groups ± Sal/Veh, TNF/Veh, and TNF/CPI.
The brain areas (i.e. neocortex, corpus callosum,
basal ganglia, and septum) directly adjacent to the
cannula site were intensely stained due to cannula
insertion. In areas somewhat divorced from the site
of cannulation, the white matter (i.e. corpus
callosum, anterior commisure, and striations in
the basal ganglia) showed relatively dark IgG

staining. IgG staining in areas of grey matter
(neocortex, basal ganglia, and septum) that were
not directly near the cannula site, showed very light
staining. Because of the light staining in these grey
matter areas, the density of staining could not be
captured with our image analysis system, thus
quantitative analysis for group differences was done
using areas of white matter.

For IgG quantitative analysis, the density of stain
was evaluated in: (1) the corpus callosum at the site
of the cannula tract; (2) the corpus callosum at the
level of the dorsal hippocampus, and (3) the
anterior commisure. The caudal corpus callosum
site was used to evaluate the extent of possible
blood-brain barrier disruption away from the
infusion site, while the anterior commisure was
chosen as a control area which would not have been
directly affected by mechanical damage from the
cannula and ICV infusions. Quanti®cation of IgG
staining was done by analyzing the density of stain
(arbitrary density units ± ADU). Digital computer
images (2506200 mm) were taken through a light
microscope at 2006 magni®cation using Snappy
video snapshot software (Play, Inc.). Images for both
the rostral and caudal corpus callosum sites were
taken along the neocortical concavity. Computer
images were then analyzed for the mean density of
IgG staining within the area of the image using
UTHSCSA/NIH Image Tool 1.25. All data was
analyzed using one-way ANOVAs with post hoc
Fisher LSD (P40.05 signi®cance) for treatment
groups.

Neurochemical analyses
On the last day of ICV/oral treatment, the second
group of animals was injected i.p. with salicyclic
acid, sodium salt (100 mg/kg=0.63 mmole/kg in
isotonic saline, Aldrich Chemical Co., Inc.) 30 min
prior to decapitation for the purposes of salicylate
hydroxylation described below. After decapitation,
the brain was removed and a 363 mm cube of
tissue surrounding the cannula tract was dissected
out from each side of the brain. Each tissue cube
contained neocortical, basal ganglia, and septal
tissue, as well as corpus callosum. Samples were
quick frozen on dry ice and stored at 7808C until
neurochemical analyses could be done. The left
cannula tract tissue samples were used for TBAR
analysis and samples from the right side were used
for salicylate hydroxylation.

TBAR assay
Analysis of lipid peroxidation by thiobarbituric
acid reactive product (TBAR) formation followed
our basic methodology (Sengstock et al, 1997). A
10% tissue homogenate was made by sonicating
tissue samples in isotonic samples in isotonic saline
to which desferrioxamine (0.2 mg/ml) was added to
chelate the increased free iron resulting from tissue
sonication. A 10 ml sample was withdrawn for
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protein determination using the BCA method
(Pierce Chemical, Co.). A sample of 200 ml was
withdrawn from the remaining homogenate and
added to 300 ml of 25% tricholoracetic acid (in
distilled water), 150 ml of 1% thiobarbituric acid (in
distilled water) and 10 ml of butylated hydroxyto-
luene (in 100% ethanol). Butylated hydroxytoluene
was used as a secondary antioxidant to desferriox-
amine. Sample solutions were then vortexed and
incubated in a dry bath at 908C for 45 min. Samples
were cooled to room temperature, centrifuged
(15 000 6 g for 10 min), and absorbance of the
supernatant was spectrophotometrically deter-
mined at 535 nm using a Hewlett Packard 8450A
diode array spectrophotometer. The concentration
of TBAR products was calculated using a standard
curve of 1,1,3,3-tetramethoxypropane (concentra-
tions ranging from 0 to 20 pmol/ml) with values
expressed as pmol TBAR/mg protein. All data was
analyzed using one-way ANOVAs with post hoc
Fisher LSD (P40.05 signi®cance) for 3-day treated
groups.

Salicylate hydroxylation
To evaluate hydroxyl free radical formation around
the cannula infusion site, the oxidation of salicylate
was measured. In the presence of hydroxyl free
radicals, salicylate forms dihydroxybenzoic acid
by-products (McCabe et al, 1997). The procedure for
salicylate hydroxylation was based on the primary
methodologies of McCabe et al (1997) and Sloot and
Gramsbergen (1995). As stated previously, animals
were injected i.p. with 100 mg/kg salicylic acid
30 min prior to sacri®ce via decapitation. Following
brain removal from the cranium, a 363 mm block
of brain tissue surrounding the cannula tract was
dissected out and processed for HPLC detection of
salicylate and 2,5-dihydroxybenzoic acid (DHBA).
Tissues were sonicated to form a 10% homogenate

in monochloroacetic acid mobile phase (0.15 M
chloroacetic acid, 0.05 mM sodium octyl sulfate,
1 mM disodium EDTA, and pH to 2.9 with sodium
hydroxide and 4% v/v acetonitrile). Homogenates
were centrifuged (12 000 6 g for 5 min). The
supernatant was removed and passed through a
0.2 mm cellulose acetate Microspin centrifuge ®lter.
Samples were then kept on ice until injected into
the HPLC system. Stock solutions of salicyclic acid
and 2,5 DHBA (Aldrich Chemical Co., Inc.) for
standard curves were also made with monochlor-
acetic acid mobile phase in concentrations ranging
from 5 ± 50 ng salicylate/10 ml and 5 ± 400 pg
DHBA/10 ml.

An HPLC system was used to measure the
concentrations of salicylate and DHBA in the
standards and brain tissue samples. A reverse-phase
C18 Microsorb-MV column (3 mm, 4.66100 mm;
Microsorb, Rainin) was used to separate analytes.
Salicylate was detected using a UV-absorbance
detector with a 278 nm ®lter (Spectrasorb-UV). A
BAS LC-4C electrochemical detector (Bioanalytical
Systems), placed after the UV detector, was set at an
oxidation potential of 250 mV against an Ag/AgCl
reference electrode at 2 nA. The mobile phase, as
described above, was passed through the system at
1 ml/min at 1.63 kpsi. Sample volume was 10 ml.
Peak area was measured using Rainin Analytic
software package and was used to determine the
amount of salicylate and DHBA in brain tissue
samples. Data was analyzed as a ratio of DHBA to
salicylate (pg/ng). All data was analyzed using one-
way ANOVAs with post hoc Fisher LSD (P40.05
signi®cance) for 3-day treated groups.
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