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Central nervous system (CNS) disease is a frequent
complication of human immunodeficiency virus
(HIV)-1 infection. Identification of cellular mecha-
nisms that control virus replication and that mediate
development of HIV-associated neuropathology will
provide novel strategies for therapeutic intervention.
The milieu of the CNS during HIV infection is extraor-
dinarily complex because of infiltration of inflamma-
tory cells and production of chemokines, cytokines,
and neurotoxic molecules. Cells in the CNS must in-
tegrate signaling pathways activated simultaneously
by products of virus replication and infiltrating im-
mune cells. In this study, we examined activation of
mitogen-activated protein kinases (MAPKs) in the CNS
of simian immunodeficiency virus-infected macaques
during acute, asymptomatic, and terminal infection.
We demonstrate that significantly increased (P <
0.02) activation of ERK MAPK, typically associated
with anti-apoptotic and neuroprotective pathways,
occurs predominantly in astrocytes and immediately
precedes suppression of virus replication and macro-
phage activation that occur after acute infection. In
contrast, significantly increased activation of pro-
apoptotic, neurodegenerative MAPKs JNK (P = 0.03;
predominantly in macrophages/microglia), and p38
(P = 0.03; predominantly in neurons and astrocytes)
after acute infection correlates with subsequent resur-
gent virus replication and development of neurologi-
cal lesions. This shift from classically neuroprotective
to neurodegenerative MAPK pathways suggests that
agents that inhibit activation of JNK/p38 may be pro-
tective against HIV-associated CNS disease. (Am J
Pathol 2004, 164:355-362)

Although highly active anti-retroviral therapy has reduced
the incidence of clinical signs of neurological disease in
human immunodeficiency virus (HIV)-infected individu-
als, autopsy studies suggest that there has been no
corresponding decline in the incidence of inflammatory
lesions in the central nervous system (CNS).'® In addi-
tion, there is evidence that highly active anti-retroviral
therapy has been less effective in lowering virus replica-
tion in the CNS than in the blood, and highly active
anti-retroviral therapy resistant viruses have been identi-
fied in the CNS.*~® Further, anti-HIV drugs have widely
differing abilities to cross the blood-brain barrier and
have different bioavailabilities in the brain.”® Finally,
there is substantial evidence that the CNS constitutes a
significant reservoir for virus in HIV individuals despite
anti-retroviral therapy.’®'! These observations empha-
size the importance of developing novel therapeutic strat-
egies to suppress HIV replication in the CNS and prevent
the development of neuropathological changes.

Simian immunodeficiency virus (SIV) infection of ma-
caques provides an excellent model to investigate the
cellular mechanisms that control acute virus replication in
the CNS and lead to neurological disease in HIV-infected
people. SIV-infected macaques develop acquired im-
mune deficiency syndrome and neuropathological
changes similar to those of HIV-infected individuals, in-
cluding motor and cognitive deficits as well as multifocal
and perivascular aggregates of brain macrophages and
multinucleated giant cells, which serve as the major hosts
for productive replication of virus in the CNS."~7

To identify events during acute and asymptomatic in-
fection that lead to CNS disease an SlIV/macaque model
was needed in which the vast majority of infected animals
develop CNS disease. We developed such a model by
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inoculating pigtailed macaques with a neurovirulent mo-
lecularly cloned virus, SIV/17E-Fr, and a virus swarm,
SIV/DeltaB670.'®2° This model exhibits the classical
stages (acute, asymptomatic, and terminal) of HIV/SIV
infection on an accelerated time schedule, with more
than 90% of macaques developing inflammation in the
CNS by 84 days after inoculation. Analysis of early events
in the CNS indicated that acute (10 days after inoculation)
virus replication was accompanied by activation of mac-
rophages and microglia.”" Virus replication and macro-
phage activation markers in the CNS declined in all ma-
caques by 21 days after inoculation, despite high-level
virus replication in the peripheral blood at this time. These
findings suggest the presence of mechanisms in the CNS
that quell SIV replication and macrophage activation
early after infection. Importantly, levels of viral DNA in the
CNS were unchanged between 10 and 21 days after
inoculation, indicating that virus-infected cells were not
eliminated from the brain during this transition from acute
to asymptomatic infection. During late infection (56 to 84
days after inoculation) increased expression of macro-
phage and astrocyte activation markers and increased
infiltration of macrophages and cytotoxic lymphocytes
accompanied resurgent virus replication in the brain and
the development of encephalitis.’’?°2! Macaques with
the most severe neurological lesions exhibited the most
precipitous declines in CD4™ cell counts, the highest
cerebrospinal fluid viral load and the greatest expression
of viral RNA and protein in the brain.

Identification of viral and cellular mechanisms in the
CNS that control virus replication after acute infection,
maintain latency during the asymptomatic stage and me-
diate resurgence of virus replication and development of
HIV-associated encephalitis during late infection is criti-
cal. The dynamic signaling pathways that are activated
by virus replication and activated/infiltrating macro-
phages and lymphocytes and the cytokines, chemo-
kines, and neurotoxic products they elaborate may inter-
fere with the homeostatic signaling pathways that
maintain normal quiescent brain function. It is essential to
understand how specific CNS cells respond to the inflam-
matory environment because activation of specific sig-
naling pathways in the CNS may help control local virus
replication and/or mediate the development of neurolog-
ical lesions. To date, although a single in vivo study re-
ported dysregulation of protein kinases in CD4™ T cells
derived from peripheral blood during SIV infection (after
achieving the viral load set point),?2 no studies have
examined dysregulation of intracellular signaling path-
ways during HIV or SIV infection of the CNS.

Using our accelerated, consistent model of HIV-asso-
ciated CNS disease, we quantitated activation of three
different mitogen-activated protein kinases (MAPKSs),
ERK, JNK, and p38, in the CNS during acute, asymptom-
atic, and terminal infection. MAPK signal transduction
cascades are commonly activated in response to diverse
stimuli including cytokines, chemokines, cell-cell contact,
matrix proteins, stress, growth factors, and viral pro-
teins.?324 Activation of ERK MAPK is typically associated
with events promoting cell growth and differentiation,
whereas activation of JNK and p38 MAPK are associated

with growth arrest, apoptosis, and oncogenic transforma-
tion.25727 Our results indicate that increased activation of
ERK occurs predominantly in astrocytes and is present
as early as 10 days after inoculation. Because no signif-
icant changes in JNK or p38 activation are observed at
this time, the homeostatic balance between ERK and
JNK/p38 activation in the CNS favors activation of ERK
pathways. This response immediately precedes control
of acute SIV replication and down-regulation of proinflam-
matory responses, which occur between 10 and 21 days
after inoculation. During terminal infection (56 to 84 days
after inoculation), a period characterized by resurgent
virus replication and the development of neurological
lesions, the balance of MAPK activation is markedly
shifted in favor of JNK/p38 pathways, reflecting a failure
to sustain critical signaling mechanisms required to main-
tain homeostasis in the CNS.

Materials and Methods

Animals

Twenty-eight male, 2- to 3 year-old pigtailed macaques
(Macaca nemestrina) were intravenously inoculated with a
virus swarm, SIV/DeltaB670 (50 AlDg,), and a cloned,
neurovirulent virus, SIV/17Efr (10,000 AIDg,), as de-
scribed.?® Samples of brain tissue (basal ganglia and
adjacent subcortical white matter) from macaques eutha-
nized at 10 (n = 6), 21 (n = 5), 56 (n = 5), and 84 (n =
12) days after inoculation, and from age- and gender-
matched uninfected control macaques (n = 3 to 8) were
fixed and embedded and 5-um sections were cut for
immunohistochemical analysis of MAPKs as described
below. Of the macaques euthanized at 84 days after
inoculation, one had no morphological signs of enceph-
alitis, two had mild encephalitis, five had moderate en-
cephalitis, and four had severe encephalitis based on
morphological criteria described previously.?' Behavioral
tests were performed on six macaques euthanized at
each of 56 and 84 days after inoculation (terminal stage
of infection). These animals demonstrated motor and
cognitive changes as described elsewhere.”

Quantitative Immunohistochemical Analysis

Monoclonal anti-active ERK antiserum (recognizes only
dual-phosphorylated ERK-1/2 isoforms) was obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Polyclonal anti-active JNK antibody (recognizes only
phosphorylated JNK and is reactive against the pTPpY
motif present in all activated isoforms of JNK) was ob-
tained from Promega (Madison, WI). Monoclonal anti-
active p38 antiserum that recognizes only dual-phospho-
rylated p38 (all isoforms) was obtained from Sigma (St.
Louis, MO). The specificity of each antiserum for acti-
vated MAPKs in pigtailed macaques was confirmed by
Western blot analysis of primary macaque macrophages
that had been treated with lipopolysaccharide for 15
minutes as described previously?® because lipopolysac-
charide activates ERK, JNK, and p38 MAPK.?° Brain



sections from uninfected macaques and SlV-infected
macaques euthanized at 10, 21, 56, and 84 days after
inoculation were stained immunohistochemically with
each of the above antibodies, and staining was quanti-
tated in a 6-mm? section of brain from the same location
in each macaque by digital image analysis as de-
scribed.?03° Briefly, quantitation of immunohistochemical
staining on tissues was performed on 40 adjacent fields
of tissue examined at X200 magnification encompassing
a 6-mm? area of subcortical white matter adjacent to the
cingulate gyrus. Images were captured using a Sensys 2
digital camera (Photometrics, Tucson, AZ) and analyzed
using IP Lab imaging software (Scanalytics, Vienna, VA).
Images were binarized (each pixel converted to a value
of 1 for positive or O for negative) and the total percent
area occupied by positive pixels was calculated. This
provides a quantitative measure of the total area occu-
pied by positively stained cells or portions of cells in the
area evaluated.

To identify the cells that expressed activated ERK,
JNK, and p38, immunohistochemically stained tissues
were double-labeled with KP-1 (DAKO, Carpinteria, CA),
which recognizes CD68 to identify macrophages/micro-
glia, anti-glial fibrillary acidic protein (GFAP) to identify
astrocytes, and anti-neuron-specific enolase (UBI, Lake
Placid, NY) to identify neurons.®° Activation of MAPK in
endothelium was determined morphologically. Viral anti-
gen was identified with an anti-gp41 monoclonal anti-
body (kk41) obtained from the AIDS Reagent Program
(National Institutes of Health, Bethesda, MD).

Statistical Analysis

Statistical comparisons between two groups were made
using the Student’s two-sample t-test. This test compares
the means from each group while taking into consider-
ation the respective levels of variation (ie, the standard
deviations). Small P values (eg, P < 0.05) indicate that
the data in the two samples were not likely to have been
drawn from the same population; that is, the two groups
are not similar. To quantify the changes in marker value,
compared to the control group, percent change (%A)
was calculated, eg, [(day 90 — control)/control]. These
changes were designated positive or negative percent
change for each marker. The net effect of changes in all
markers was then calculated as: net response = [%A
(ERK)] — {[%A (IJNK)] + [%A (p38)]}. Representing the
protective effect of either positive percent change in
pERK or negative percent change for pJNK and p-p38.
The change in net response was presented as protec-
tive being greater than zero and detrimental being less
than zero.

Results

Increased Activation of ERK during Acute and
Asymptomatic Infection

Expression of pERK in the brains of uninfected and SIV-
infected macaques euthanized at various stages of infec-
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tion was quantitated by digital analysis of brain sections
stained immunohistochemically with antibodies specific
for activated (phosphorylated) ERK (pERK; Figure 1a).
pPERK expression in the brain increased significantly (P =
0.019) during acute infection, peaking at 10 days after
inoculation. Levels of pERK declined quickly from 10 to
21 days (P = 0.05), then maintained a relatively constant
level during asymptomatic infection. At terminal infection,
expression of activated ERK declined further, reaching
levels that were somewhat less than those in control
(uninfected) macaques (P = 0.01).

Astrocytes were the predominant cells expressing ac-
tivated ERK at all time points, and astrocytes near capil-
laries in white matter (proximal to newly trafficking cells)
were most intensely stained for pERK at 10 days after
inoculation (Figure 1b). Occasional perivascular macro-
phages and multinucleated giant cells also stained for
pERK. When co-stained with GFAP, which is a cytoskel-
etal protein in the cytoplasm, pERK appears to be
present only in the nucleus. However, higher magnifica-
tion reveals the presence of both nuclear and cytoplas-
mic pERK, which is characteristic of activated MAPKs.3'
There was no correlation between activation of ERK and
virus infection as both infected and uninfected astrocytes
and perivascular macrophages were positive for pERK
(Figure 1c), and some SlV-infected astrocytes did not
stain positive for pERK.

Suppressed JNK Activation during Acute
Infection and Rebound during Terminal Infection

Quantitative immunohistochemical analysis of activated
(phosphorylated) JNK (pJNK) in brain sections prepared
from uninfected and SIV-infected macaques indicated
that JNK activation declined significantly between 10 and
21 days after inoculation (P = 0.04), then gradually re-
bounded between 21 and 84 days after inoculation (P =
0.048; Figure 1d). Infected macaques exhibiting moder-
ate or severe encephalitis had significantly higher levels
of JNK activation than infected macaques with no or
mild encephalitis (P = 0.03). Lesion severity has been
previously correlated with increasing viral load in this
mOde|.11'20’21

Activated JNK was expressed in neurons, macro-
phages, and endothelium at each time point. At 56 and
84 days after inoculation, neuronal expression of pJNK
was particularly intense. In addition, at 84 days after
inoculation, pJNK was very prominent in cells of macro-
phage lineage with most perivascular macrophages ex-
pressing activated JNK (Figure 1e). Activated pJNK was
detectable in the nucleus and cytoplasm. Macrophages
that expressed activated JNK were not necessarily in-
fected with SIV (Figure 1f).

Increased Activation of p38 after Acute Infection

Expression of activated (phosphorylated) p38 (p-p38)
was significantly elevated at 21 days after inoculation
(P = 0.008) and remained significantly elevated through-
out the remainder of the infection period (compared to
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Figure 1. Immunohistochemical analysis of brain sections derived from control and SIV-infected macaques. a: Quantitative immunohistochemical analysis of
activated ERK (pERK); horizontal bars represent the means of each group. pERK expression was statistically different between control and 10-day groups (P =
0.019), 10-day and 21-day groups (P = 0.05), and control and 84-day groups (P = 0.01) b: Co-localization of pERK (purple) and GFAP (brown) in astrocytes
(arrows) next to a capillary (arrowhead) in brain from a representative SIV-infected macaque at 10 days after inoculation. ¢: Co-localization of pERK (brown)
and SIV gp41 (red) in macrophages (arrows) in the brain of a representative SIV-infected macaque at 10 days after inoculation. d: Quantitative immunohisto-
chemical analysis of activated JNK (pJNK); horizontal bars represent the means of each group. pJNK expression was statistically different between 10-day and
21-day groups (P = 0.04) and 21-day and 84-day groups (P = 0.048). e: Co-localization of pJNK (blue) and CD68 (red) in macrophages (arrows) in brain from
a representative SIV-infected macaque at 84 days after inoculation. f: Co-localization of pJNK (red) and SIV gp41 (blue) in perivascular macrophages (arrows
and inset) in brain from a representative SIV-infected macaque at 84 days after inoculation. g: Quantitative immunohistochemical analysis of activated p38
(p-p38); horizontal bars represent the means of each group. p-p38 expression was statistically different between control and 21-day groups (P = 0.008) and
control and 84-day groups (P = 0.022) h: Co-localization of p-p38 (red) and neuron-specific enolase (brown) in neurons (arrows) in brain from a representative
SIV-infected macaque at 84 days after inoculation. iz Co-localization of p-p38 (red) and GFAP (brown) in astrocytes (arrows) in brain from a representative
SIV-infected macaque at 84 days after inoculation. Arrowhead indicates an astrocyte that is not expressing p-p38.

uninfected controls; P < 0.02; Figure 1g). Infected ma-
caques exhibiting moderate or severe encephalitis (and
high viral load) had significantly higher levels of p38
activation than infected macaques with no or mild en-
cephalitis at 84 days after inoculation (P = 0.03).
Activated p38 was observed predominantly in neurons
and astrocytes, although some staining was observed in
endothelium at each time point (Figure 1, h and i). At 84
days after inoculation, the majority of neurons and astro-
cytes expressed activated p38, and only rare inflamma-
tory macrophages were positive for p-p38. p-p38 was
present in both the nucleus and the cytoplasm, although
immunohistochemical staining was more prominent in the
nucleus because of the co-localization of neuron-specific
enolase in the cytoplasm. No correlation was observed
between SIV infection of astrocytes and activation of p38.

Comparison between Protective (ERK) and
Degenerative (JNK and p38) MAPK Activation in
the CNS from Acute through Terminal SIV
Infection

Activation of ERK is typically associated with cell survival
and neuroprotective events, whereas activation (greater
than basal levels) of JNK and p38 is typically associated
with apoptosis and neurodegeneration.?>27:32-34 Tg de-
termine the net phenotype with regard to neuroprotective
or neurodegenerative MAPK potential at each time after
inoculation, levels of pERK, pJNK, and p-p38 in SIV-
infected macaques during acute (10 days after inocula-
tion), asymptomatic (21 and 56 days after inoculation),
and terminal (84 days after inoculation) infection were
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Figure 2. Comparative expression of pERK (neuroprotective) versus pJNK
and p-p38 (neurodegenerative) in brains of macaques during acute (10 days
after inoculation), asymptomatic (21 and 56 days after inoculation), and
terminal (84 days after inoculation) infection. Bars represent the net effect of
neuroprotective and neurodegenerative influences based on percent change
in expression of these signaling molecules, assuming that pERK, pJNK, and
p-p38 have equal and independent influences. During acute infection, there
was a net increase in expression of pERK, whereas during terminal infection
neurodegenerative pathways, particularly p-p38, predominated.

expressed as percent change from levels in uninfected
macaques (n = 3). We compared the change in activa-
tion of the survival/neuroprotective MAPK, ERK, with the
change in activation of the proapoptotic/neurodegenera-
tive MAPKs JNK and p38 (Figure 2). During acute infec-
tion (10 days after inoculation), when there is active virus
replication and increased expression of macrophage ac-
tivation markers in the brain, protective pERK expression
predominated. During the asymptomatic stage of infec-
tion (21 and 56 days after inoculation), pERK still pre-
dominated although less so and the overall change in
activation of protective to degenerative MAPKs more
closely resembled that observed in uninfected ma-
caques. However, at terminal infection (84 days after
inoculation), sustained activation of p38, rebounded ac-
tivation of JNK and a marked decline in activation of ERK
resulted in a net response in which the neurodegenera-
tive MAPKs predominated. Collectively, these data sug-
gest that early in infection the balance of survival and
proapoptotic signals in the brain favors activation of neu-
roprotective ERK pathways. By terminal infection there is
dysregulation of these effector kinases with a net in-
crease in activation of the proapoptotic/neurodegenera-
tive MAPKs, JNK, and p38.

Discussion

In HIV/SIV infection, the CNS is a complex and dynamic
environment in which cells are exposed to inflammatory
and neurotoxic viral and cellular proteins. MAPK signal
transduction cascades are commonly activated in re-
sponse to such diverse stimuli and because MAPKs con-
trol many important cellular functions, these kinases have
been under intense scrutiny to define their roles in human
brain physiology and disease.?3262735-37 |n this study,
we examined cell-specific activation of MAPKs in this
complex and dynamic environment. These findings rep-
resent the first quantitative comparison of ERK, JNK, and
p38 activation in virus-induced neurological disease. Our
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results revealed that distinct patterns of MAPK activation
occur in distinct CNS cell types in response to SIV infec-
tion. Astrocytes were the first (as early as 10 days after
inoculation) cells to demonstrate a MAPK response to
acute SIV infection in the CNS as evidenced by an almost
threefold increase in ERK activation. Activation of ERK
early in infection likely represents a compensatory, neu-
roprotective response to SIV infection of the CNS and
may in fact initiate cellular mechanisms mediating the
down-regulation of virus replication and macrophage ac-
tivation markers in the CNS observed between 10 and 21
days after inoculation.' In contrast to the early ERK
response, during late infection, activation of JNK and p38
was observed in neurons, macrophages/microglia ex-
pressed increased activated JNK and astrocytes ex-
pressed increased activated p38.

It is important to define the cell-specific signaling re-
sponses in the complex environment of the CNS during
SIV infection. Concomitant activation of multiple intracel-
lular signaling pathways can be subject to cross-regula-
tion and/or interference, such that the expected response
to a single stimulus may not be observed in the presence
of other stimuli.®®3° For example nuclear factor-«B neg-
atively regulates activation of the JNK pathway induced
by tumor necrosis factor-a but not interleukin-1.254° Fur-
ther, viral proteins can modulate the expression of spe-
cific cell-surface receptors and regulate activation of var-
ious intracellular signaling pathways.®**' As a result,
analysis of intracellular signaling pathways, such as
MAPKs, will provide important information regarding cell-
specific responses in these complex environments and
may reveal important pathogenic mechanisms that lead
to the development of neurodegeneration.

Acute SIV infection of the CNS is characterized by
enhanced expression of chemokines and cytokines, in-
cluding tumor necrosis factor-a and interleukin-
1B,204243 yet there is little evidence of neuropathological
damage at this stage. Importantly, although many of
these factors stimulate the activation of ERK, JNK, and
p38,2344 we only observed significant activation of ERK
during acute infection, and this occurred predominantly
in astrocytes. Activation of ERK is characteristic of reac-
tive astrocytes that are beneficial for neuronal survival,
re-establishment of the blood-brain barrier, and regula-
tion of leukocyte infiltration.***¢ In our SIV model, ERK
activation in astrocytes temporally correlates with the
onset of down-regulated virus replication and sup-
pressed macrophage activation in the CNS. It is likely that
other cell types also responded to expression of chemo-
kines and cytokines in the CNS during acute infection,
but in a typical manner (rapid and transient) such that the
increase was not detectable in vivo in which it is unlikely
that every cell is exposed to a given stimulus at the same.
It is our opinion that activation of ERK in astrocytes at 10
days after inoculation reflects a sustained rather than
transient cellular response to the environment of the CNS
during acute SIV infection. Sustained activation of ERK
has been previously linked to reactive astrocytosis.*®
Because up-regulation of GFAP, a classical characteris-
tic of astrogliosis, occurs in HIV infection of the CNS and
in our SIV model between 21 and 56 days after inocula-
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tion,%%47 it seems likely that ERK activation plays an
important role in that phenotypic transition after SIV in-
fection of the CNS. ERK activation and up-regulation of
GFAP have been linked in vitro in astrocytes exposed to
tumor necrosis factor-a and in vivo in a rat model of
traumatic brain injury.*®4°

During terminal infection (from 56 to 84 days after
inoculation), when there is resurgent virus replication and
the development of encephalitic lesions, the balance of
MAPKs favors activation of JNK and p38. Essentially
every inflammatory macrophage and numerous resident
microglia expressed activated JNK, whereas the majority
of neurons expressed both activated JNK and p38 and
astrocytes expressed mainly activated p38. Increased
activation of JNK and p38 during terminal infection in
macaques with moderate to severe encephalitis likely
reflects the considerable activation of macrophages/mi-
croglia and neurodegenerative pathways in neurons and
astrocytes during SIV/HIV-associated CNS disease.*°>’
Significantly, overactivation of microglia results in apo-
ptosis, which is also characteristic of SIV/HIV-associated
CNS disease and has been widely linked to activation of
JNK and p38 pathways.?5:26:32:52-54 Eyyrther, and in keep-
ing with significant experimental evidence in the litera-
ture,3® our data suggest that the increased activation of
JNK' observed in neurons that also exhibit increased
activation of p38, may well promote an apoptotic fate for
these cells, especially in macaques with severe enceph-
alitis. Further co-localization experiments are necessary
to identify direct relationships between activation of JNK
and p38 and apoptosis.

In vivo, enhanced activation of JNK and p38 has been
observed in a number of animal models of neuronal death
and in a variety of neurodegenerative diseases in hu-
mans, including Alzheimer’s disease, Pick disease, pro-
gressive supranuclear palsy, corticobasal degeneration,
Gerstmann-Straussler-Scheinker  disease-Indiana  kin-
dred, Huntington’s disease, and frontotemporal dementia
with parkinsonism linked to chromosome 17.55°8 Thus, it
is not surprising that JNK and p38 have been referred to
as degenerative effectors of signal transduction cas-
cades in the CNS.?62?7 Activated ERK has been observed
in some tauopathies, but as an early event preceding
neurofibrillary degeneration.®®~° In this study, we clearly
demonstrate elevated activation of collective JNK and
p38 pathways in macaqgues with SIV encephalitis. These
results indicate that SIV- and HIV-associated CNS dis-
ease should be added to the list of neurological condi-
tions exhibiting dysregulated activation of JNK/p38.
Therefore, development of pharmacological agents that
inhibit pathological activation of JNK/p38 may provide a
beneficial supplement to highly active anti-retroviral ther-
apy in the treatment of HIV-associated CNS disease. One
initially promising compound, CPI-1189, demonstrated
no improvement in cognitive or functional assessments in
one short clinical trial.®'=®* However, the ability of CPI-
1189 to inhibit JNK and p38 and/or activate ERK is in-
consistent in the literature.®®%% Several potent inhibitors
of JNK and p38 pathways are currently available (and in
some cases in clinical trials).26:66.67
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