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Mechanisms of minocycline-induced suppression of
simian immunodeficiency virus encephalitis:
inhibition of apoptosis signal-regulating kinase 1
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Human immunodeficiency virus (HIV) infection of the central nervous system
(CNS) can lead to cognitive dysfunction, even in individuals treated with highly
active antiretroviral therapy. Using an established simian immunodeficiency
virus (SIV)/macaque model of HIV CNS disease, we previously reported that
infection shifts the balance of activation of mitogen-activated protein kinase
(MAPK) signaling pathways in the brain, resulting in increased activation of
the neurodegenerative MAPKs p38 and JNK. Minocycline treatment of SIV-
infected macaques reduced the incidence and severity of SIV encephalitis in
this model, and suppressed the activation of p38 in the brain. The purpose of
this study was to further examine the effects of minocycline on neurodegen-
erative MAPK signaling. We first demonstrated that minocycline also decreases
JNK activation in the brain and levels of the inflammatory mediator nitric oxide
(NO). We next used NO to activate these MAPK pathways in vitro, and
demonstrated that minocycline suppresses p38 and c-Jun N-terminal kinase
(JNK) activation by reducing intracellular levels, and hence, activation of
apoptosis signal-regulating kinase 1 (ASK1), a MAPK kinase capable of
selectively activating both pathways. We then demonstrated that ASK1
activation in the brain during SIV infection is suppressed by minocycline. By
suppressing p38 and JNK activation pathways, which are important for the
production of and responses to inflammatory mediators, minocycline may
interrupt the vicious cycle of inflammation that both results from, and
promotes, virus replication in SIV and HIV CNS disease. Journal of NeuroVir-
ology (2008) 14, 376-388.
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effective not only for the conventional treatment of
bacterial infections, but also for treatment of inflam-
matory conditions (Sapadin and Fleischmajer,
2006). Recent studies have revealed that minocy-
cline can penetrate the blood-brain barrier and
exhibits neuroprotective properties in many animal
models (Elewa et al, 2006; Stirling et al, 2005),
prompting its evaluation in clinical trials for the
treatment of Huntington’s disease, multiple sclero-
sis, amyotrophic lateral sclerosis, stroke, and autism
(Brigham and Women’s Hospital; EMD Serono;
Gordon et al, 2007; Huntington Study Group;



National Institute of Mental Health). Using a simian
immunodeficiency virus (SIV) model of human
immunodeficiency virus (HIV)-associated neurolo-
gical disease (HAND), we recently demonstrated
that minocycline reduced the incidence and severity
of encephalitis in SIV-infected macaques (Zink et al,
2005). This study provided strong preclinical sup-
port for a multicenter clinical trial now underway
for the treatment of decreased cognitive function in
HIV-infected adults in the United States (National
Institute of Allergy and Infectious Diseases), and a
clinical trial in Uganda (personal communication,
Dr. Ned Sacktor).

Neurocognitive dysfunction continues to be a
problem for HIV-infected individuals, even those
treated with highly active antiretroviral therapy
(Ances and Ellis, 2007; Dore et al, 2003; Robertson
et al, 2007; Sacktor et al, 2002; Tozzi et al, 2007).
One hypothesis for this observation is that persistent
HIV infection in the brain participates in a chronic
self-perpetuating inflammatory cycle leading to
progressive damage to the central nervous system
(CNS). In this model, localized virus replication in
the brain leads to activation of resident macro-
phages/microglia and astrocytes and the recruitment
and activation of monocyte/macrophages and
lymphocytes. These cells collectively produce
proinflammatory mediators, which further activate
infected cells, resulting in the amplification of virus
replication. These processes ultimately establish a
neurotoxic environment consisting of dying cells,
viral proteins and nucleic acids, cytokines and
chemokines, as well as reactive oxygen and nitrogen
species.

In the CNS milieu of virus replication and inflam-
mation observed during the development of SIV
CNS disease, a shift occurs in the balance of
activated  mitogen-activated  protein  kinases
(MAPKSs) from a marked increase in extracellular
signal-related kinase (ERK) activation early after
infection to a predominance of c-Jun N-terminal
kinase (JNK) and p38 activation during late
stage encephalitis (Barber et al, 2004). Typically,
ERK is activated primarily by mitogens and is
associated with cell growth and survival, where
as JNK and p38 are activated by diverse stress
stimuli and are associated with apoptosis and
neurodegeneration, although these roles are dy-
namic (Harper and LoGrasso, 2001; Mielke and
Herdegen, 2000). In a previous study, minocycline
treatment of SIV-infected macaques in our model not
only resulted in decreased virus replication and less
inflammation in the CNS (as evidenced by de-
creased levels of CD68+ and TIA-1+ cells in the
brain, and reduced levels of chemokine [C-C motif]
ligand 2 [CCL2] in cerebrospinal fluid), but also
decreased activation of p38 in neurons and astro-
cytes in the brain at terminal infection (Zink et al,
2005).
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Since that initial report, we have continued to
explore how this antibiotic mediates such pleiotro-
pic effects. In this study we performed parallel in
vitro and in vivo experiments to dissect the effects of
minocycline on MAPK signaling pathways. We
demonstrated the ability of minocycline to suppress
JNK activation and lower nitric oxide (NO) levels in
the brain in our SIV model and then focused on the
mechanism by which minocycline is able to sup-
press the activation not only of p38, but also JNK.
We selected an activator of p38 and JNK in vitro that
is common to many neurodegenerative pathological
processes including SIV encephalitis, nitric oxide
(NO). Minocycline inhibited NO-induced activation
of p38 and JNK by suppressing levels of activated
apoptosis signal-regulating kinase 1 (ASK1). In
parallel in vivo studies, we demonstrated suppres-
sion of ASK1 activation in the brains of infected
macaques by minocycline. Because p38 and JNK
participate in the generation of, and response to,
inflammatory mediators, these results suggest that
suppression of ASK1 activation contributes to the
neuroprotective efficacy of minocycline.

Results

Minocycline ameliorates the proinflammatory,
neurodegenerative signaling environment in the
SIV-infected brain

Our initial report demonstrated the ability of min-
ocycline to reduce the increased activation of p38 in
the brain that is characteristic of SIV encephalitis
(Zink et al, 2005). We previously showed that during
early asymptomatic infection at 21 days post infec-
tion, when we initiated minocycline treatment,
active phospho-p38 levels in the brain were
significantly elevated from basal levels and were
continuing to increase (Barber et al, 2004) (Figure 1).
Thus intervention with minocycline at this time is
able to suppress this process that is already in
progress in the infected brain. Concomitant with
increased p38 activation during the development of
SIV encephalitis (84 days), a rebound to basal levels
of INK activation also was seen following significant
suppression during the asymptomatic stage of in-
fection (Barber et al, 2004).

Here we examined the effect of minocycline on
JNK activation in the brain of SIV-infected maca-
ques using quantitative immunohistochemical ana-
lysis in subcortical white matter. Levels of
activated phospho-JNK in the brain of SIV-infected
minocycline-treated macaques were significantly
decreased as compared to those of SIV-infected
untreated animals (P =.004; Mann-Whitney test),
which were not different than those in uninfected
control macaques (P=.171; Mann-Whitney test)
(Figure 2A). A predominance of the activated JNK
was observed in neuronal axons in the terminal
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Figure 1 Schematic of changes in p38 and JNK activation seen in
the brain longitudinally throughout SIV infection, as determined
by quantitative immunohistochemistry in subcortical white mat-
ter. Solid lines depict mean immunohistochemical data obtained
from multiple SIV-infected macaques at each time point and
presented as percent activation relative to mean uninfected levels
(data adapted from Barber et al, 2004). Dashed lines indicate
decreased levels of active phoshpo-p38 (Zink et al, 2005) and
phospho-JNK observed terminally at 84 days post infection (p.i.)
in minocycline-treated SIV-infected animals (+MGC; treatment
initiated at 21 days p.i.).

SIV-infected animals (Figure 2B); detection of
activated phospho-JNK in neurons was substan-
tially decreased in minocycline-treated animals
(Figure 2C). These findings suggest that minocy-
cline inhibits the rebound of JNK activation
observed in the brain during the transition from
asymptomatic to terminal disease, extending the
initial suppression of JNK activation observed
during early asymptomatic infection. Thus, mino-
cycline suppresses activation of both p38 and JNK
in our SIV macaque model of HIV CNS disease.
To examine potential mechanisms by which min-
ocycline might suppress the activation of p38 and
JNK, we needed to select an activator of both kinases
that is associated with CNS disease in our model.
Because excessive NO production has been ob-
served in HIV CNS pathology (Boven et al, 1999;
Bukrinsky et al, 1995; Vincent et al, 1999), and is
common to the degenerative processes associated
with a number of other neurological disorders such
as Parkinson’s disease, Alzheimer’s disease, amyo-
trophic lateral sclerosis, and multiple sclerosis
among others (Duncan and Heales, 2005; Sarchielli
et al, 2003), we examined expression of NO in the
brains of SIV-infected macaques. We used quantita-
tive immunohistochemical analysis to detect nitro-
tyrosine as a stable indicator of the presence of
elevated levels of NO and the resulting production
of reactive nitrogen species (Halliwell, 1997; Pacher
et al, 2007). Adjacent sections of the same region
of subcortical white matter examined for phospho-
JNK were immunohistochemically stained for nitro-
tyrosine. Nitrotyrosine levels were significantly

increased at the terminal stage of infection in
SIV-infected macaques as compared to uninfected
control animals (P=.009; Mann-Whitney test;
Figure 3A). Immunoreactivity for nitrotyrosine was
detected throughout the subcortical white matter,
and was seen frequently in perivascular areas,
which have been previously associated with inflam-
mation and virus replication in this model (Zink
et al, 1999). In contrast, SIV-infected macaques
treated with minocycline exhibited decreased levels
of nitrotyrosine in the brain as compared to
SIV-infected untreated macaques (P =.004; Mann-
Whitney test; Figure 3B,C). As reactive nitrogen
species are known to activate p38 and JNK, these
findings indicate that NO may contribute to the
shifting pattern of MAPK activation observed in this
model during terminal infection and represents a
relevant activator of both kinases in mechanistic in
vitro studies.

Minocycline suppresses NO-induced activation of
p38 and JNK in vitro

To explore how minocycline suppresses the activa-
tion of both p38 and JNK, we first examined the
mechanism by which minocycline modulates the
activities of these MAPKs in vitro, following expo-
sure of differentiated U937 cells to the NO donor
sodium nitroprusside (SNP). Because of their simi-
larity to macrophages, which are key players in the
inflammatory neuro-environment in our SIV/maca-
que model, these cells provided a homogeneous and
well-characterized culture model. As expected, SNP
treatment (10 mM) induced activation of both p38
and JNK above basal levels in these cells. When
pretreated with minocycline, the activation of p38
in response to the NO donor was inhibited, as
determined by Western blot analysis using anti-
active phospo-p38 antibody. This inhibition was
dose-dependent for concentrations of minocycline
from 5 to 80 pg/ml, with statistically significant
decreases observed with doses of 5 pg/ml of mino-
cycline (P=.008; one-sample t test) or higher
(Figure 4). As with p38, NO-induced activation of
JNK was inhibited dose-dependently by minocy-
cline, as determined by Western blot analysis using
phospho-specific antibody to active JNK (P =.018
for 10 pg/ml, all higher doses also resulted in
significant decreases; one-sample t test; Figure 4).
Although activation of both p38 and JNK was
suppressed by minocycline, expression of these
MAPKSs remained stable with treatment.

Dose-dependent reduction in activation of upstream
MAPK kinases by minocycline

We next examined activation of the MAPK kinases
(MAPKKSs) required for activation of p38 and JNK
in the classical hierarchical cascade of MAPK
signaling pathways. Western blot analysis using a
phospho-specific antibody against MKK3 and
MKKS6, upstream activators of p38, demonstrated
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Figure 2 Quantitative immunohistochemical detection of phospho-JNK in macaque brain sections. (A) Staining for phospho-JNK in
subcortical white matter was quantitated in samples from uninfected control animals (n=4), SIV-infected animals (n=6), and SIV-
infected minocycline-treated animals (n =5). Each data point represents the mean of 20 repeated measures of phospho-JNK staining in
adjacent fields (bars represent group medians). Levels of active phospho-JNK in control animals were not significantly different from
levels in SIV-infected untreated animals (P=.171; Mann-Whitney test), whereas SIV-infected minocycline-treated animals had
significantly lower levels of phospho-JNK (P =.004; Mann-Whitney test). Staining for phospho-JNK with hematoxylin counterstaining
to aid visualization (fop) is shown in representative brain sections from a SIV-infected untreated animal (B) and an SIV-infected
minocycline-treated animal (C). Representative staining present in subcortical white matter, without counterstain, as quantitated for (A)
is shown at increased magnification (bottom). Prominent axonal staining is seen in untreated animals, and this is diminished in
minocycline-treated animals. Original magnifications 100 x and 200 x .

that NO-induced activation of these MAPKKs was
inhibited by minocycline. NO-induced activation of
MKK?7, the upstream activator of JNK, also was
inhibited by minocycline. Expression of the
MAPKKs remained stable throughout treatment
(Figure 5).

Minocycline treatment reduces activated ASK1 in
vitro

The above observations suggested that minocycline
might modulate the activity of a MAPK kinase
(MAPKKK) upstream of all three MAPKKs exam-
ined, prompting us to examine the effect of minocy-
cline on the MAPKKK ASK1, a selective activator of
both p38 and JNK pathways. ASK1 activity was
evaluated using an in vitro kinase assay that quanti-
tates phosphorylation of myelin basic protein
(MBP), an exogenous substrate for ASK1 (Figure
6A) (Dorion et al, 2002; Saitoh et al, 1998; Zhang
and Zhang, 2002). Following 3 h of treatment with
10 mM SNP, ASK1 activity was elevated
well above basal levels. In contrast, ASK1 immuno-
precipitates prepared from minocycline-treated cells
exhibited reduced phosphorylation of MBP (P =.033
for 5 pg/ml, all higher doses also resulted in
significant decreases; one-sample t test; Figure 6A).

Unlike the downstream MAPKs and MAPKKSs
examined, the reduction of ASK1 activity in mino-
cycline-treated cells correlated with a reduction in
the expression of ASK1. Immunoprecipitation
of ASK1 from cells that were labeled with Tran®°S-
Label and treated with minocycline revealed a
dose-dependent reduction in the amount of ASK1
present, paralleling the reduction in activity ob-
served in the kinase assays (P =.035 for 5 ug/ml, all
higher doses also resulted in significant decreases;
one-sample t test; Figure 6A). A similar decrease in
ASK1 levels was also observed in Western blot
analysis of whole-cell lysates when normalized to
a loading control (P =.050 for 5 pg/ml, all higher
doses also resulted in significant decreases; one-
sample t test; Figure 6 B). Because NO-induced
activation of ASK1 is necessary for activation of p38
(Han et al, 2001; Jibiki et al, 2003), it is reasonable to
conclude that reduced levels of ASK1 in the
presence of minocycline, and hence reduced
NO-induced ASK1 activity, results in decreased
NO-induced activity not only of MAPKKS,
MAPKKS, and p38, but also of MAPKK?7 and JNK.

Reverse transcriptase—polymerase chain reaction
(RT-PCR) analysis of ASK1 mRNA levels in cells
treated with minocycline did not reveal a downward
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Figure 3 Quantitative immunohistochemical detection of nitrotyrosine in macaque brain sections. (A) Staining for nitrotyrosine in
subcortical white matter was quantitated in samples from uninfected control animals (n =6), SIV-infected untreated animals (n =6), and
SIV-infected minocycline-treated animals (n =5) (bars represent group medians). Samples evaluated are serial sections of the same tissue
from each animal stained for phospho-JNK in Figure 2. Each data point represents the mean of 20 repeated measures of nitrotyrosine
staining in adjacent fields from one sample. Levels of nitrotyrosine staining were significantly increased from control at terminal infection
(P =.009; Mann-Whitney test). SIV-infected minocycline-treated animals had significantly lower levels of nitrotyrosine immunopositive
staining (P =.004; Mann-Whitney test). Staining for nitrotyrosine is shown in representative brain sections (fop) from an untreated SIV-
infected animal (B) and a SIV-infected minocycline-treated animal (C). Representative staining present in subcortical white matter, as
quantitated in (A), is also shown at increased magnification (bottom). Original magnifications 100 x and 200 x .

trend paralleling the observed decrease in ASK1
protein expression; levels remained essentially
constant (P>.05 for all comparisons; one-sample
t test; Figure 6C). These data suggest that minocy-
cline affects processes that regulate ASK1 expres-
sion post-transcriptionally.

Reduced ASK1 activation in the brains of
minocycline-treated SIV-infected macaques

The results of our in vitro analyses strongly
suggested that the ability of minocycline to inhibit
NO-induced activation of p38 and JNK was linked to
its ability to suppress levels of activated ASK1. We
therefore examined ASK1 activation in our SIV/
macaque model in vivo. Activated phospho-Thr845
ASK1 (autophosphorylation at threonine residue
845 in the activation loop of ASK1 renders the
kinase functionally active; Tobiume et al, 2002) was
detected in brain homogenates made from fresh
frozen subcortical white matter tissue samples.
SIV-infected animals displayed a strong trend to-
ward elevated levels of activated ASK1 compared to
uninfected control animals, based on comparisons
of the ratios of phospho-ASK1 to total ASK1 for each
animal (P=.093; Mann-Whitney test; Figure 7A).
But for one outlying control animal with significant
activation, this difference would have been signifi-

cant (P=.009). Regardless, this demonstrated that
ASK1 is activated during terminal infection in the
brain. SIV-infected minocycline-treated animals had
significantly lower levels of activated ASK1 versus
SIV-infected untreated animals (P =.004; Mann-
Whitney test), demonstrating the ability of minocy-
cline to suppress ASK1 activation in the brain
(Figure 7A).

To evaluate the relative expression levels of ASK1
in the animals, Western blot analysis was performed
on equal amounts of the macaque brain homogenate
samples, and ASK1 levels were quantitated and
normalized to an actin loading control (Figure 7B).
Unlike the in vitro observations, we did not find that
decreased expression of ASK1 could account for the
decreased ASK1 activation observed. ASK1 expres-
sion in SIV-infected minocycline-treated macaques
was not different from that in SIV-infected untreated
macaques (P =.931; Mann-Whitney test; Figure 7B).
This result was upheld in quantitative immunohis-
tochemistry for total ASK1 in subcortical white
matter sections (P =.329; Mann-Whitney test; data
not shown). ASK1 expression consistently was
detected strongly in axons and astrocytes in
subcortical white matter, accounting for a majority
of the total staining, with no readily perceptible
differences in distribution between animal groups
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Figure 4 Inhibition by minocycline of activation of p38 and JNK
MAPKSs with SNP treatment in differentiated U937 cells. After4 h
of treatment with 10 mM SNP, both p38 and JNK were activated,
as indicated by phospho-specific Western blot analysis (represen-
tative blots shown). Pretreatment for 4 h with minocycline led to a
dose-dependent reduction in the activation of p38 and JNK by
SNP. Western blot analyses for total p38 and JNK expression also
are shown. Results are the means of four independent experi-
ments, with error bars illustrating the SEM. Densitometric
analysis was performed with Kodak MI software. Values are
presented as percent activation relative to activated samples (SNP
treated, no minocycline). A one-sample t test was performed to
compare the mean activation level of each treatment group to
100%. Asterisks represent the lowest dose at which a statistically
significant decrease in activation was observed compared to SNP
stimulation (*P =.008, **P =.018); all higher doses also resulted
in significant decreases.

(Figure 7C, D). ASK1 also colocalized with activated
microglia/macrophages in animals where inflamma-
tion was observed (Figure 7E). Thus, although
minocycline suppressed ASK1 activation in vitro
and in vivo, the processes involved in the complex,
multicellular, inflammatory environment of the
SIV-infected CNS lacked the simplicity of those
observed in a single cell type in culture.

Discussion

The ability of minocycline to inhibit p38 activation
has been demonstrated in many disease models
and is thought to be an important part of its
neuroprotective properties (Stirling et al, 2005).
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Importantly, recent literature continues to reveal
pathological activation of JNK, as well, in many of
the neurodegenerative diseases in which p38
activation has been observed (Borsello and Forloni,
2007; Morishima et al, 2001). This study demon-
strated that minocycline is able to inhibit not only
p38 activation, but also activation of JNK. Relative
to p38, effects of minocycline on JNK have rarely
been studied (Nikodemova et al, 2006; Wilkins et
al, 2004). In addition to the present study, how-
ever, two other reports have recently demonstrated
inhibition of JNK activation by minocycline in
models of CNS viral infection (Michaelis et al,
2007; Mishra and Basu, 2008), suggesting that
inhibition of JNK activation may also contribute
to minocycline’s neuroprotective effects. Changes
in JNK activation in the brain are characteristic of
the progression of CNS disease in our SIV model,
and the ability of minocycline to prohibit rebound-
ing JNK activation in the cells of the CNS at
terminal infection underscores the importance of
this MAPK to neuropathogenic mechanisms lead-
ing to SIV encephalitis and likely HIV CNS
disease.

To examine potential mechanisms by which
minocycline inhibits both p38 and JNK in vivo,
we studied NO, a known activator of both path-
ways In vitro, and demonstrated not only elevated
levels of reactive nitrogen species during SIV
encephalitis by the detection of increased nitrotyr-
osine, but also a reduction in nitrotyrosine in the
brain by minocycline. The ability of minocycline to
inhibit NO-induced activation in vitro of the
MAPKKs that activate both p38 and JNK prompted
us to examine ASK1, a selective activating kinase
for the p38 and JNK pathways that is activated by
diverse stress stimuli including endoplasmic reti-
culum stress, reactive oxygen species resulting
from tumor necrosis factor alpha (TNF-a) or lipo-
polysaccharide (LPS) stimulation, and of relevance
here, NO and nitrosative stress (Hayakawa et al,
2006; Nagai et al, 2007; Sekine et al, 2006).

Numerous reports have illustrated that NO in-
duces ASK1 activation, and have confirmed that
ASK1 is required for NO-induced activation of p38
in multiple cell types through the use of dominant
negative ASK1 constructs (Han et al, 2001; Jibiki
et al, 2003; Sarker et al, 2003; Sumbayev, 2003). We
found that minocycline treatment reduced the ex-
pression of, and hence, activation of ASK1 in vitro.
Moreover, we demonstrated for the first time that
ASK1 is activated in the brain during SIV infection,
and that ASK1 activation in vivo is decreased with
minocycline treatment. Thus, suppressed ASK1
activation is common to both our in vitro and in
vivo studies.

Interestingly, the processes leading to this sup-
pression in vitro appear at first glance to differ from
those occurring in the more complex environment in
vivo; however, recent studies have revealed
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Figure 5 Inhibition by minocycline of the activation of MKK3/6
and MKK?7 in vitro. After 4 h of treatment with 10 mM SNP,
MKK3/6 and MKK7 were activated, as indicated by phospho-
specific Western blot analysis (representative blots shown).
Pretreatment for 4 h with minocycline prior to the addition of
SNP led to a decrease in the activation of these MAPKKs. Western
blot analyses for total MKK6 and MKK?7 expression also are
shown. Results are the means of four independent experiments,
with error bars representing the SEM. Values illustrated are
percent activation relative to activated samples (SNP treated, no
minocycline). A one-sample t test was performed to compare the
mean activation level of each treatment group to 100%. Asterisks
represent the lowest dose at which a statistically significant
decrease in activation was seen compared to SNP stimulation
(*P=.040, **P=.006); all higher doses also resulted in significant
decreases.

that many of the protein interactions affecting ASK1
activation are also involved in regulating its expres-
sion levels in the cell (He et al, 2006; Hwang et al,
2005; Kutuzov et al, 2007; Liu and Min, 2002).
Therefore, it is conceivable that effects of minocy-
cline in vitro and in vivo share a common mechan-
ism that simply manifests differently in short-term
cell culture as compared to several weeks in the
brain in vivo. At least 31 different proteins have
been shown to have regulatory effects on ASK1
activation, many of which may be found complexed
with ASK1 in what has been coined the “ASK1
signalosome” (Takeda et al, 2008). Minocycline
likely modulates one or more of these interactions.
Many of these associations have been identified as
dependent upon redox status, and in this regard an
interesting observation of minocycline is its poten-
tial to act as an antioxidant in the presence of
multiple different reactive oxygen and nitrogen
species (Borderie et al, 2001; Kraus et al, 2005;
Morimoto et al, 2005; Whiteman and Halliwell,
1997). Although the specific mechanism remains
to be defined, the previously unexamined suppres-
sion of ASK1 activation nevertheless represents an
intriguing potential therapeutic target, and places
SIV CNS disease with the growing number of
neurological diseases in which ASK1 is suggested
to play a pathological role (Akterin et al, 2006;
Kadowaki et al, 2005; Ouyang and Shen, 2006;
Sekine et al, 2006).

In the context of our SIV model, the ability to
suppress ASK1 activation enables minocycline to
interrupt the vicious cycle of inflammation and
virus replication that culminates in encephalitis
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Figure 6 Effects of minocycline on activation and expression of ASK1 in vitro. (A) ASK1 was activated after 3 h of SNP treatment, as
shown by an increase in phosphorylation of MBP in in vitro kinase assay. With minocycline pretreatment, decreased phosphorylation of
MBP by immunoprecipitated ASK1 was observed (*P=.033 for 5 pg/ml, all higher doses also resulted in significant decreases; one
sample t test). A corresponding dose-dependent decrease in the amount of ASK1 immunoprecipitated from minocycline-treated cells
was quantitated in metabolic labeling experiments (*P =.035 for 5 pg/ml, all higher doses also resulted in significant decreases; one
sample t test). (B) Western blot analysis for ASK1 illustrates a dose-dependent decrease in total ASK1 present in whole-cell lysates,
normalized to actin expression (*P =.050 for 5 pg/ml, all higher doses also resulted in significant decreases; one-sample ¢ test). (C) RT-
PCR for ASK1 normalized to GAPDH showed no decrease in levels of ASK1 transcript produced with minocycline treatment (P >.05 for
all comparisons; one sample ¢ test). All results are representative of three or four independent experiments, with error bars representing
the SEM. Values shown are percent activation or expression relative to activated samples (SNP treated, no minocycline).
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Figure 7 Activation and expression of ASK1 in the macaque brain. (A) Active phospho-Thr845 ASK1 in macaque brain homogenates as
observed by Western blot analysis after immunoprecipitation of ASK1. The total levels of ASK1 immunoprecipitated for each animal also
are shown. Determination of a ratio of phospho-ASK1 to total ASK1 for each animal from densitometric analysis of bands allowed for the
comparison of relative levels of ASK1 activation between animals. Activation of ASK1 was observed in SIV-infected untreated animals,
and this was significantly decreased by minocycline treatment (P =0.004, Mann-Whitney test; results are the means of values obtained in
duplicate blots). (B) ASK1 expression in white matter brain homogenate. By Western blot analysis (performed in duplicate), there was no
significant difference in relative ASK1 expression between any of the treatment groups (P>.05; Mann-Whitney tests). Using
immunohistochemistry, total ASK1 expression was observed clearly in axons (C), as well as in astrocytes (as shown by colocalization
with GFAP, D) in the subcortical white matter of all macaques, regardless of group. ASK1 expression also was observed in activated
microglia and macrophages when they were detected in sites of inflammation (as shown by colocalization with CD68, E). Original
magnification 200 x .

because the downstream effectors of this kinase, p38  vation of p38 and JNK by this stimulus as well. In
and JNK, are not only involved in cellular responses  turn, because p38 MAPK activation is necessary for
to inflammatory mediators, but also in the produc- the production of TNF-u (Brook et al, 2000; Guo et
tion of these inflammatory molecules. The decrease al, 2003; Lee et al, 1994; Wang et al, 1999),
in nitrotyrosine observed in minocycline-treated  minocycline would suppress TNF-o production
animals suggests that this could be the case for  and further amplification of the cycle.

NO; not only does minocycline suppress NO-in- Although reducing ASK1 activation in the brain
duced p38 and JNK activation, but it also leads to a ~ during late stage infection is not the only mode of
decreased level of NO production when examined  minocycline’s neuroprotective action, we believe it
in vivo. Extending this concept to another example, is an important part of the suppression of CNS
because ASK1 is required for sustained p38 and JNK  disease. We have previously demonstrated effects of
activation in response to TNF-o and oxidative stress ~ minocycline earlier in infection, such as a signifi-
(Tobiume et al, 2001), the ability of minocycline to cant decrease in chemokine (C-C motif) ligand 2
suppress ASK1 activation likely decreases the acti-  (CCL2) in the CSF, starting at just 28 days post
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infection (p.i.) (Zink et al, 2005). This is a time at
which elevated CCL2 levels are highly predictive of
the influx of inflammatory cells to the brain and the
development of encephalitis terminally (Wright
et al, 2006). Thus, minocycline provides a first line
of defense for the brain by inhibiting some of the
immune cell infiltration leading to encephalitis.
Unfortunately, such upstream effects of minocycline
are not sufficient to totally preempt the processes
leading to the development of CNS disease in this
SIV model. Indeed, before minocycline treatment is
even initiated at 21 days, it is evident that changes
in the neuro-signaling environment have already
been set in motion, such as the changing levels of
p38 and JNK activation. Even with minocycline
treatment, there are still activated CD68 + immune
cells in the brain terminally, and although the levels
are significantly decreased with treatment, virus
replication is still observed in the brain terminally
and is readily detected in the CSF throughout
infection (Zink et al, 2005). How does minocycline
prevent these processes, once started, from amplify-
ing unchecked in the brain? We propose that
through the suppression of ASK1 activation, mino-
cycline provides an additional level of defense for
the brain by interrupting ongoing inflammatory
processes, even within the environment of estab-
lished infection.

Although many results of animal studies with
minocycline have been positive, there also have
been contradictory reports, and reports of minocy-
cline exacerbating some disease conditions (Diguet
et al, 2004; Gordon et al, 2007; Jackson et al, 2007,
Mievis et al, 2007; Tsuji et al, 2004). Further under-
standing of minocycline’s mechanisms of action, the
cellular mechanisms of disease pathology, and host
immune components of disease management will be
necessary to predict clinical applications. Access to
a macaque model that closely recapitulates HIV CNS
disease has provided us a unique opportunity to
investigate minocycline in vivo, lending support to
its evaluation in HIV-infected individuals. Perhaps
ongoing clinical trials of minocycline for HIV-asso-
ciated CNS disease will provide much needed
insight to advance new approaches to treatment.

Materials and methods

Animals

Eleven juvenile pigtailed macaques (Macaca nemes-
trina) were intravenously inoculated with SIV/Del-
taB670 (50 AID5,) and SIV/17E-Fr (10 000 AIDg,) as
previously described (Zink et al, 1999). Minocycline
at a dose of 4 mg/kg per day (Yen and Shaw, 1975)
divided over two doses was administered orally to
five of the macaques, starting at 21 days after
inoculation. No adverse effects of minocycline
treatment were identified in these animals. All

infected macaques were euthanized during terminal
infection (approximately 84 days after inoculation)
in accordance with federal guidelines and institu-
tional policies. Six age- and gender-matched unin-
fected macaques also were euthanized to provide
control tissues (at the time of the first experiment in
which levels of activated JNK in the brain are
examined, tissue was available from just four con-
trol macaques, whereas all later experiments in this
study include these same four animals plus two
additional control macaques for a total n=6).
Macaques were perfused with sterile saline while
under deep anesthetic to remove blood from the
vasculature, and then tissues were frozen or fixed.
Multiple brain sections from each animal were
examined microscopically and scored in a blinded
fashion to determine an encephalitis status of none,
mild, moderate, or severe, according to previously
described criteria (Zink et al, 1999). These animal
studies were approved by the Johns Hopkins Animal
Care and Use Committee. All animals were huma-
nely treated in accordance with federal guidelines
and institutional policies.

Immunohistochemistry

Fixed, paraffin-embedded, subcortical white matter
tissue from macaque brains was cut in 5-um sections
and immunohistochemically stained with an auto-
mated immunostainer (XMatrx; Biogenex, San Ra-
mon, CA). Tissue sections were first deparaffinized
and rehydrated, then heated in a microwave in
sodium citrate buffer (0.01 M, pH 6.0) for 8 min for
antigen retrieval. Endogenous peroxidase activity
was quenched by incubation in 3% H,0, for 20 min.
The sections were then blocked for 10 min (Power
Block, Biogenex), followed by incubation in primary
antibody (phopsho-JNK 1:100, Promega, Madison,
WI; nitrotyrosine 1:6000, Upstate, Charlottesville,
VA; ASK1 H300 1:200, Santa Cruz Biotechnology)
for 1 h at room temperature. Wash steps were
performed using phosphate-buffered saline (PBS)
with 0.05% Tween, followed by incubation in
biotinylated secondary antibody (Multi-link, Bio-
genex) for 20 min. Colorimetric detection was
performed with the application of streptavidin-
conjugated horseradish peroxidase (HRP) followed
by liquid diaminobenzidine tetrahydrochloride
(DAB) substrate (Biogenex). The stained sections
were washed, dehydrated, and mounted.

Digital image analysis was used for quantification
of staining. Stained slides were blinded and exam-
ined at 200 x magnification. Twenty adjacent fields
of white matter constituting approximately 3 mm?
were imaged for each animal and images were
analyzed using IP Lab imaging software (Scanaly-
tics; BD Biosciences, Rockville, MD). Images were
binarized (each pixel converted to a value of 1 for
positive or 0 for negative) and the total area
occupied by positive pixels was calculated. This
provides a quantitative measure of the total area



occupied by positively stained cells or portions of
cells in the area evaluated. Specificity of the anti-
bodies used for phosho-JNK and ASK1 was con-
firmed by performing the immunohistochemical
staining procedure as above except for the omission
of the primary antibodies, and by Western blotting.
For the anti-nitrotyrosine antibody, specific staining
was eliminated by omitting the primary antibody, or
by preabsorption of the antibody with 10 mM
3-nitro-l-tyrosine (Sigma). To identify cell types
stained for ASK1, double labeling was performed
using anti-glial fibrillary acidic protein (GFAP;
DAKO, 1:4000) and anti-CD68 (DAKO, 1:2000)
primary antibodies, in conjunction with Vector SG
staining reagents (Vector Laboratories, Burlingame,
CA).

Cell culture and treatments

The U937 promonocytic cell line was obtained from
American Type Culture Collection (Manassas, VA).
Cell cultures were maintained under 5% CO, in
RPMI 1640 medium (Gibco, Carlsbad, CA), supple-
mented with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Lawrenceville, GA), 2 mM l-glutamine
(Gibco), 10 mM HEPES (Gibco), and 0.5 mg/ml
gentamycin (Gibco). Prior to use in assays, cells
were seeded at a density of 10°/ml and cultured
overnight in the RPMI-based medium with a reduc-
tion in the supplemented FBS to 2% and the
addition of 16 nM phorbol 12-myristate 13-acetate
(PMA; Sigma, St. Louis, MO) to induce differentia-
tion toward a macrophage phenotype. Cells were
then treated or not with minocycline (doses from 0
to 80 pg/ml; Sigma) for 4 h prior to the addition of
the nitric oxide donor sodium nitroprusside (SNP;
Sigma) at 10 mM.

Western blotting of cell lysates

Whole-cell lysates were prepared from treated U937
cell cultures using radioimmunoprecipitation assay
(RIPA) lysis buffer containing protease and phos-
phatase inhibitors (20 mM Tris-HCI pH 7.4, 150 mM
NaCl, 0.1 mM EDTA, 1% NP-40, 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS],
50 mM sodium fluoride [NaF], 1 mM sodium
orthovanadate [NaOV], 1 mM phenylmethylsulpho-
nyl fluoride [PMSF], 2 pg/ml aprotinin, and 2 pg/ml
leupeptin). Lysates (40 pg) were electrophoretically
separated on polyacrilamide gels (10% or 4 to 15%
gradient) and transferred to polyvinylidene difluor-
ide (PVDF) membranes (Millipore, Bedford, MA) for
Western detection using both phospho-specific and
non—phospho-specific antibodies to MAPK signal-
ing pathway proteins. Antibodies to p38 MAP
kinase, phospho-p38 MAPK (Thr180/Tyr182), phos-
pho-SAPK/JNK (Thr185/Tyr185), phospho-MKK3/
MKK6 (Ser189/207), MKK?7, and phospho-MKK?7
(Ser271/Thr275) were from Cell Signaling Technol-
ogy (Beverly, MA); antibodies to JNK, MEK-6
(MKK®6), and ASK1 were from Santa Cruz Biotech-
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nology (Santa Cruz, CA). Secondary HRP-conjugated
anti-rabbit, anti-mouse, and anti-goat antibodies
(DAKO, Carpinteria, CA) were used, and blots
were visualized by enhanced chemiluminescence
using DuraSignal substrate (Pierce, Rockford, IL).
Blots were quantitated by relative densitometry
using Kodak MI software.

Immunoprecipitation and in vitro kinase assay
Cells were washed twice in ice-cold PBS and lysed
(20 mM Tris-HCl pH 7.4, 12 mM B-glyceropho-
sphate, 150 mM NaCl, 5 mM EGTA, 10 mM
NaF, 1% triton X-100, 1% sodium desoxycholate, 1
mM NaOV, 1 mM PMSF, 1 mM dithiothreitol [DTT],
2 pg/ml aprotinin, and 2 pg/ml leupeptin). Immu-
noprecipitation was carried out overnight from 1 mg
of cell lysate using 4 pg of anti-ASK1 (H300; Santa
Cruz Biotechnology). Activity of the immunopreci-
pitated kinase was assayed in vitro with the addition
of 10 pg of the exogenous substrate myelin basic
protein (MBP; Upstate) and 30 pCi [*P]-yATP
(Perkin Elmer, Waltham, MA) in kinase buffer
(20 mM Tris pH 7.4, 20 mM MgCl,), followed by a
30-min incubation with shaking at 37°C. Phosphory-
lated substrate was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and imaged with a Typhoon 9210 phosphor-
imager (Amersham, Piscataway, NJ). ImageQuant
software (version 5.5, Molecular Dynamics) was
used for densitometric analysis of autoradiograph
images.

Metabolic labeling

U937 cells plated at 10° cells/ml and PMA-treated
overnight were washed once in Hanks’ balanced salt
solution (HBSS) to remove medium, and then
starved for 1 h in RPMI 1640 without methionine
or cysteine (Invitrogen, Carlsbad, CA), supplemen-
ted with 2% FBS, 2 mM l-glutamine, 10 mM HEPES,
and 0.5 mg/ml gentamycin. Tran’’S-Label (MP
Biomedicals, Irvine, CA) was added to each flask
at 0.2 miC/ml for 1 h, followed by the addition of
minocycline and SNP as described above. Following
treatment, cells were washed in ice-cold PBS, and
lysed in the same buffer used for kinase assays.
Samples of lysate, 300 pg, were precleared over
night by rotation at 4°C with 30 pl of protein A/G
agarose beads. ASK1 was then immunoprecipitated
with anti-ASK1 (H300; Santa Cruz Biotechnology)
and resolved by SDS-PAGE on a 4% to 15% gradient
gel. Dried gels were imaged with a Typhoon 9210,
and band densities analyzed with ImageQuant soft-
ware.

RT-PCR

Total RNA was extracted from cells using the
RNEasy kit (Qiagen, Valencia, CA). Superscript II
(Invitrogen) was used to make cDNA from 1 pg of
each RNA sample, using random hexamer priming.
RT-PCR was performed on equal amounts of the
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cDNA samples (2 pl of the 30-pl reaction) using
primers for ASK1 (Hershko et al, 2006) (5’-ACAGCA
GATACTCTCAGCC and 5-CATTGTCACCCTTTAT
GTCCC) and GAPDH (5’-TGCCATCAATGACCCCT
TCATTGACCTC and 5’-CCCAGCCTTCTCCATGGT
GGTGAAGAQ). Products were resolved on agarose
gels and stained with ethidium bromide. The
relative densities of the resulting bands were deter-
mined using the Typhoon 9210 (excitation 532 nm,
emission filter 610BP30) and ImageQuant software.

Phospho-Thr845 ASK1 detection in macaque brain
homogenates

Fresh frozen tissue samples of subcortical white
matter were homogenized in buffer (30 mM Tris pH
8.5, 2 M thiourea, 7 M urea, 4% CHAPS) containing
protease inhibitor (Calbiochem, San Diego, CA) and
phosphatase inhibitor cocktails (I and II; Sigma). To
enable detection of active phoshpo-ASK1 (Thr845),
ASK1 was first immunoprecipitated from 200 pg of
homogenate with 1 pg of anti-ASK1 (F9; Santa Cruz
Biotechnology). Immunoprecipitated protein was
run on a 4 to 15% gradient gel, followed by Western
blotting for phospho-ASK1 (Thr845; Cell Signaling)
using secondary anti-rabbit HRP (DAKO) and en-
hanced chemiluminescence detection (DuraSignal;
Pierce). After detection of phospho-ASK1, blots
were stripped and reprobed for detection of total
ASK1. Kodak MI software was used to determine
band densities, and ratios of phospho-ASK1:ASK1
were determined for each animal. Ratios were
normalized to a standard sample on each blot.
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