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Abstract
Recent evidence suggest that cyclooxygenases, COX1 and COX2, differentially affect brain
immunity. Limited data exist about their expressional changes in neurodegenerative diseases like
in neuro-AIDS. Here, we analyzed the regulation of non-neuronal COX1/2 expression in rhesus
macaque brain during infection with SIVδ670 and antiretroviral treatment. COX1 was
constitutively expressed in microglia and endothelial cells, and was not changed in early SIV
infection. Late stage of disease was characterized by increased COX1 expression in globally
activated microglia, macrophage nodules, infiltrates and multinucleated giant cells. Endothelial
COX1 expression was unaltered. In contrast, COX2 was not expressed in non-neuronal cells in the
brain of uninfected and asymptomatically SIV-infected monkeys, but was induced in nodule and
syncitium forming macrophages and in endothelial cells in areas with infiltrates and SIV in
monkeys with AIDS. Antiretroviral treatment of AIDS-diseased monkeys with 6-chloro-2',3'-
dideoxyguanosine markedly reduced SIV burden, appearance of COX1-positive macrophage
nodules, giant cells and infiltrates, and COX2 induction in the brain. But the number of COX1-
positive diffuse microglia was still increased in antiretrovirally treated animals as compared to
uninfected or asymptomatic SIV-infected monkeys. Our data implicate that both COX isoforms
are differentially regulated, and may distinctly modulate local immune responses in the brain
during lenitiviral disease.
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Introduction
The simian immunodeficiency virus (SIV) macaque model resembles infection of
individuals with human immunodeficiency virus (HIV) in terms of disease progression and
acquired immunodeficiency syndrome (AIDS). Additionally, SIV-infected macaques can
develop motor and cognitive impairments as occurs in human neuro-AIDS (Murray et al.,
1992; Williams et al., 2008), while Weed et al. (2004) note that behavioral impairment
produced by SIV and HIV on homologous primate test batteries, such as the CANTAB, are
quite similar. SIV-induced encephalitis is characterized by general gliosis, nodule and giant
cell formation, inflammatory cell infiltrates, myelin pallor and vessel leakage (Budka, 1986;
Weihe et al., 1993; Lane et al., 1996; Luabeya et al., 2000). Loss of synapses, dendrites and
neurons also occurs in SIV-disease (Li et al., 1992; Luthert et al., 1995; Bissel et al., 2002).
Neurodegenerative damage could be caused by virus-derived as well as host-derived
neurotoxic products (Li et al., 1992), and is thought to be related to SIV replication and the
number of inflammatory cells infiltrating and becoming activated in the central nervous
system (Glass et al., 1995; Bissel et al., 2002).

Cyclooxygenases (COX) catalyze the rate-limiting step in the conversion of arachidonic acid
to prostaglandins and thromboxanes, lipid mediators involved in several physiological and
pathological processes in the brain (Smith et al., 2000; Bosetti, 2007). Inflammation,
associated with an increased expression of COX and elevated levels of prostaglandins, has
been implicated in a variety of acute and chronic neurologic and neurodegenerative
disorders, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis
and HIV-infection (Griffin et al., 1994; Maihöfner et al., 2003; Teismann et al., 2003;
Hoozemans et al., 2008). COX-derived prostaglandins promote migration of monocyte-
derived cells (Legler et al., 2006; Tajima et al., 2008) as well as breakdown of the blood-
brain barrier (BBB) (Schmidley et al., 1992). The two distinct COX isoforms, COX1 and
COX2, share 60% homology in their amino acids sequence and have comparable kinetics
(Smith et al., 2000). However, the two isoforms differ in regulatory mechanisms,
preferential coupling to upstream and downstream enzymes (Murakami and Kudo, 2004),
and in modulating inflammatory response in the brain (Aid et al., 2008; Choi et al., 2008).

Data on the role of COX1 and COX2 are controversial and complicated by the use of
different animal models. COX1 has been classically considered as the isoform primarily
responsible for homeostatic prostaglandin synthesis (Phillis et al., 2006). By contrast, COX2
is mainly induced in response to inflammatory stimuli, which led to the concept that
selective inhibition of COX2 can reduce inflammation without affecting the physiological
functions of COX1-derived prostaglandins and to the massive development and marketing
of Non-Steroidal Anti-Inflammatory Drugs that selectively inhibit COX2 over COX1. Thus,
it is not surprising that in several experimental models COX2 has been linked to
antiinflammatory and neuroprotective properties, raising some concern about the potential
adverse effects of selective COX2 inhibitors. Recent studies also have indicated a previously
unrecognized proinflammatory role of COX1 in the pathophysiology of acute and chronic
neurological disorders (Schwab et al., 2002; Pepicelli et al., 2005; Candelario-Jalil et al.,
2007; Choi et al., 2008).

Identifying the cellular sources of COX1 and COX2 synthesis is of primary importance in
the understanding of their differential modulation of local innate immune responses in the
central nervous system. In the present study we addressed this issue. We analyzed
comprehensively the cellular expression of COX1 and COX2 in control rhesus monkey
brain, their individual as well as joint regulation in early and late stage of SIV infection, and
the effect of antiretroviral treatment with the lipophilic 6-chloro-2',3'-dideoxyguanosin (6-
Cl-ddG).

Depboylu et al. Page 2

Neurobiol Dis. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Methods
Virus stock and inoculation procedures

Procedures performed on rhesus macaques have been described previously (Depboylu et al.,
2004). Experiments involving the use of rhesus macaques were approved by the Animal
Care and Use Committee of Bioqual, Inc., an NIH-approved and Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC)-accredited research facility. All
experiments were carried out under the ethical guidelines promulgated in the NIH Guide for
the Care and Use of Laboratory Animals. Healthy juvenile rhesus macaques were inoculated
intravenously with 10 rhesus infectious doses of cell-free SIVB670. Following inoculation,
animals were monitored and examined for clinical evidence of disease. In short intervals
blood and cerebrospinal fluid samples were obtained from the animals. Duration of infection
lasted between 2.5 and 22 months. AIDS-defining criteria included one or more of the
following: loss of body weight over 10%, intractable diarrhoea/dehydration requiring fluid
replacement, oral lesions/thrush and other opportunistic infections (Depboylu et al., 2004).
At time of euthanasia 8 macaques exhibited clinical signs of AIDS and 5 not. As controls 4
age-matched non-infected macaques were used.

Antiretroviral treatment
Additionally, 8 SIV-infected monkeys were analyzed which were treated with 6-Cl-ddG
subcutaneously when their viral load was found to be >100,000 virions/mL in plasma and
>100 virions/mL in cerebrospinal fluid in more than 2 consecutive examinations (Depboylu
et al., 2004). Only, 1 monkey received 6-Cl-ddG (200 mg/kg/day) for 3 weeks. The other 7
monkeys received 10 mg/kg/day 2',3'-dideoxyinosine (ddI) for 3 weeks for clinical
stabilization and then 75 mg/kg/day of 6-Cl-ddG for 6 weeks. The vehicle for ddI
administration was phosphate-buffered saline (PBS) and for 6-Cl-ddG administration 70%
propylene glycol/30% PBS.

Brain tissue preparation
At sacrifice anesthetized rhesus monkeys were perfused transcardially with PBS and
formalin/PBS. Tissue specimens were obtained during necropsy and immersionfixed
overnight. Tissue blocks were postfixed in Bouin-Hollande solution and processed for
paraffin embedding (Depboylu et al., 2004).

Single and double immunohistochemistry
Immunohistochemistry (IHC) was carried out on deparaffinized brain tissue sections (7 µm)
and incubated for 15 min at 92–95°C in citrate buffer (pH 6.0) in a pressure cooker for
antigen retrieval, as previously described (Depboylu et al., 2004). Visualization of bound
primary antibodies was performed using biotinylated secondary antibodies from donkey
(Dianova, Hamburg, Germany; 1/200), standard avidin-biotin-peroxidase techniques
(Vectastain Elite ABC kit, Boehringer, Germany; 1/500), and finally with 3,3’-
diaminobenzidine (Sigma, Deisenhofen, Germany) and ammonium nickel sulfate (Fluka,
Buchs, Switzerland), resulting in a dark blue/black staining, or by indirect
immunofluorescence with fluorochrome-conjugated secondary antibodies (Dianova; 1/200).
For visualization of two different antigens in the same tissue section double
immunofluorescence was done. Otherwise serial immunostainings were carried out on
adjacent sections. The primary antibodies used are listed in Table 1. Recombinant COX1
and COX2 peptides (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used for
preabsorption experiments of antibodies against COX1 and COX2 on monkey brain tissue
sections. Stainings of IHC were analyzed and documented with Olympus AX70 microscope
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or with Olympus Fluoview confocal laser scanning microscope (Olympus Optical,
Hamburg, Germany).

Quantification of immunohistochemistry
Per monkey, 3 to 5 interval sections per anatomical area with IHC for COX1 and COX2
were analyzed in high-power fields (magnification representing 0.1 mm2) which allowed the
discrimination of cellular features. Immunopositive cells were counted in more than 4
randomly chosen areas per section of frontal, parietal and occipital cortices, striatum and
corpus callosum. Each multinucleated giant cell and cluster of cells, where the individual
cell borders could not be distinguished, were counted as single cells. Quantitative image
analysis was performed with the MCID M4 image analysis system (Imaging Research, St.
Catherines, ON, Canada). Data were expressed as mean number (± s.e.m.) of cells per 0.1
mm2 area per experimental group. All immunohistochemical parameters and procedures
relevant for COX1 or COX2 staining quantifications were kept constant (e.g. antibody
concentrations, reaction and washing times, temperatures, illumination and image analysis
settings).

Statistics
One way non-parametric analysis of variance (ANOVA) and the post-hoc Newman-Keuls
Multiple Comparison Test were used to evaluate statistical differences between the
experimental groups. Values of p less than 0.05 were considered statistically significant.

Results
Brain tissue sections of non-infected control monkeys (Ctrl), SIV-infected monkeys without
AIDS (SIV,-AIDS), and SIV-infected monkeys exhibiting AIDS (SIV,+AIDS) were
analyzed. An additional group consisted of monkeys with high viremia and increased viral
load in cerebrospinal fluid at initiation of antiretroviral treatment and suffering from AIDS
(SIV,+AIDS,+ddG).

Specificity of antibodies against COX1 and COX2 on brain tissue sections of rhesus
macaque

We initiated our studies by screening several antibodies against COX1 and COX2 for
immunohistochemical specificity (Table 1). Only those antibodies giving staining which was
preabsorbed exclusively with their cognate immunogen peptides were assumed to be
specific and used for further studies. Normal monkey neocortical tissue sections were used
as control in which neurons are known to express COX1 and COX2 (Tsubokura et al.,
1991;Breder et al., 1992;1995;Yamagata et al., 1993). As shown in Figure 1 (A, D), IHC for
COX1 and COX2 demonstrated immunostaining of neurons in occipital cortex. These
stainings were fully abolished when antibodies were preincubated with their recognizing
homologous peptides (Figure 1 C, F), but not with heterologous peptides (Figure 1 B, E).

Expression of COX1 and COX2 in multiple cellular compartments in rhesus macaque brain
In control monkey brain, COX1 was immunostained in some neurons of the cortex (Figure 1
A) as well as in some subcortical neuronal cell groups. COX1 expression was also found in
microglia and endothelial cells throughout the brain. High-power confocal double
immunofluorescence analysis of COX1 with brain resident cellular markers confirmed that
COX1 was co-localized with Iba1 in microglia, vWF in endothelial cells and with NeuN in
cortical neurons (Figure 2 A–I). COX1 was absent from GFAP-positive astrocytes and
CNPase-positive oligodendrocytes (Figure 3 A–F). In contrast, COX2 was expressed in
some neurons of the cortex (Figure 1 D) and was found also in some subcortical neurons.
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Double immunofluorescence with brain resident cellular markers revealed that non-neuronal
cells did not synthesize COX2 in the normal monkey brain (Figure 3 G–J). Ependymal and
choroidal plexus epithelial cells were devoid of COX1 and COX2 immunoreactivity (not
shown).

Inflammatory changes of constitutive COX1 and inducible COX2 expression in rhesus
macaque brain in early and late stage lentiviral infection, and effects of antiretroviral
treatment with 6-Cl-ddG

Constitutive expression of COX1 in microglia was not significantly altered in SIV,-AIDS as
compared to Ctrl (Figure 4 A, B). In the brain of animals of the SIV,+AIDS group signs of
SIV-induced encephalitis occurred as detected with COX1. Morphologically activated
microglia, infiltrating monocytes, microglia/macrophage nodules and multinucleated giant
cells were COX1-positive (Figure 4 C). In contrast, COX2 was not detected in non-neuronal
cells in the brain in SIV,-AIDS, as it was in Ctrl (Fig. 4 E, F), but was induced in areas of
productive inflammation and infiltrates in SIV,+AIDS (Figure 4 G).

To determine the influence of viral burden on COX1 and COX2 expression, immunostaining
of COX1 and COX2 were performed on brain tissue sections of monkeys which were
antiretrovirally treated with the lipophilic 6-Cl-ddG in late stage disease (Depboylu et al.,
2004, 2005, 2006, 2007). The effectiveness of 6-Cl-ddG was proven as no signs of SIV-
driven, COX1-positive productive inflammation (mononuclear infiltrates, nodules and giant
cells) were observed in the brain of 6-Cl-ddG-treated monkeys (Figure 4 D). However, the
density of diffuse COX1-positive microglia was still increased (Figure 4 D). Expression of
COX1 in endothelial cells was not altered in the SIV,+AIDS,+ddG group (Figure 4 D).
Induction of COX2 was prevented by 6-Cl-ddG treatment (Figure 4 H), except in 1 animal,
which showed some COX2 expression albeit at very low levels (data not shown).

To quantify the observed non-neuronal changes of COX1 and COX2 expression during SIV
infection and antiretroviral treatment, monocyte-derived cells immunopositive for COX1 or
COX2 were counted in different brain regions. A dramatic increase in the number of
microglia, macrophages and multinucleated giant cells expressing COX1 was observed in
the frontal, parietal and occipital cortices, striatum and corpus callosum of SIV,+AIDS
monkeys as compared to the animals of the Ctrl and SIV,-AIDS groups (Table 2). COX2-
expressing monocyte-derived cells were almost exclusively found and counted in the SIV,
+AIDS group as compared to Ctrl and SIV,-AIDS (Table 2). Treatment with 6-Cl-ddG
significantly reduced the number of COX1-positive monocyte-derived cells to levels as
observed between the SIV,-AIDS and SIV,+AIDS groups, and the number of COX2-
positive monocyte-derived cells was decreased to levels of Ctrl and SIV,-AIDS (Table 2).

Partial co-expression of COX2 with COX1 and SIV in rhesus macaque brain in late stage
lentiviral infection

Double immunofluorescence analysis revealed that COX2 induction occurred in CD68-
positive macrophages forming nodules and syncytia as well as in some vWF-positive
endothelial cells in the brain of monkeys of the SIV,+AIDS group (Figure 5 A–F).
Furthermore, as identified by alternate staining on adjacent sections COX1 and COX2
expressions were partially co-localized in macrophages, multinucleated giant cells and
endothelial cells in the brain of monkeys of the SIV,+AIDS group (Figure 6 A, C; see also
Figure 4 C, G). Immunohistochemical staining of COX1 and COX2 on brain tissue sections
of these monkeys were specific as shown by preabsorption control experiments (Figure 6 A–
D).
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To assess the relationship of COX2 with SIV burden in the encephalitic brain, double
immunofluorescence co-staining of COX2 with SIV glycoprotein gp120 was performed
(Kent et al., 1992). Expression of COX2 co-incided majorly with SIV in macrophages and
multinucleated giant cells or was in local contact with such SIV-infected cells in the brain of
SIV,+AIDS monkeys (Figure 7 A–C).

Discussion
The essential findings of this study are as follows: 1) both isoforms of COX are spatially and
temporally differentially expressed and regulated in non-neuronal cellular compartments in
rhesus macaque brain in health and during SIV infection; 2) COX1 can be considered to be a
constitutive cellular marker of microglia and endothelial cells, and COX1 was globally
upregulated during encephalitis due to increased proliferation, mobilization and infiltration
of microglia/macrophages in the brain; 3) in contrast, COX2 was induced in a subset of
microglia/macrophages and endothelial cells in inflammatory foci with SIV burden; and 4)
the susceptibility to antiretroviral treatment with 6-Cl-ddG demonstrated that focal COX1
and COX2 reactions were directly related to brain SIV burden.

Differential COX1 and COX2 expression in microglia/macrophages and endothelial cells in
health and SIV infection

Constitutive COX1 expression in microglia and endothelial cells suggest that microglia and
endothelial cells continuously require or generate basal levels of lipid mediators possibly for
physiological tissue homeostasis (Miller, 2006). In contrast, induction of COX2 in microglia
and endothelial cells indicate that both cell types are able to increase the production of lipid
mediators upon stimulation in pathological conditions (Miller, 2006). Focused induction of
COX2 may be a consequence of local elevation of pro-inflammatory cytokines like IL-1 and
TNF-alpha, or production of gp120 by SIV-infected cells (Wahl et al., 1989; Jones et al.,
1993). Thus, SIV-induced COX2 biosynthesis may be both initiated and sustained by these
pro-inflammatory cytokines known to be increased in the brain during SIV infection
(Orandle et al., 2002). Direct cellular interactions of SIV-infected macrophages with brain
endothelial cells during brain infiltration might enhance COX2 expression at the BBB
(Pereira et al., 2000). Consistently, we observed that COX2 was majorly induced in SIV-
positive macrophages and multinucleated giant cells or were in mutual contact with such
cells.

Role of non-neuronal COX1 and COX2 expression in SIV infection
Localization of COX1 and COX2 to areas of SIV burden implies that COX-mediated
prostaglandin generation is highly restricted rather than globally activated in SIV-induced
encephalitis. Focused elevated levels of prostaglandins might mobilize neighboring
microglia and/or direct monocyte-derived cells from the blood stream to enter the
parenchyma (Legler et al., 2006; Tajima et al., 2008) through BBB leakages (Schmidley et
al., 1992) to enhance brain inflammatory reactions. Accordingly, we found that monocytic
infiltrates and macrophage nodules were overlapping with focal COX1 and COX2
expression in the encephalitic monkey brain.

Elevated levels of prostaglandins have been found in the cerebrospinal fluid of patients with
HIV-associated dementia and have been linked with the severity of cognitive impairment.
Because COX1 mRNA was found to be upregulated approximately 2-fold in HIV-demented
compared with the non-demented patients, whereas COX2 mRNA expression was net
unchanged, the increase in the prostaglandin levels was likely to be selectively mediated by
COX1 (Griffin et al., 1994). The neuropathological hallmark of HIV-associated dementia is
the presence of microgliosis as well as multinucleated giant cells (Budka, 1986; Glass et al.,
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1995), as found in SIV-induced encephalitis. Thus, our study and that of Griffin et al.
suggest that COX1 might be a major neuroinflammatory player and source of prostaglandin
synthesis in lentiviral encephalopathy.

As prostaglandins are also known to be toxic to neurons (Kawano et al., 2006; Takadera and
Ohyashiki, 2006), how does neurodegeneration during SIV disease originate from these foci
of increased prostaglandin production and spread diffusely throughout the brain? In part, this
may be due to the highly diffusible, lipophilic character of prostaglandins. Activation of
COX2 is functionally coupled to that of indoleamine-2,3 dioxygenase (IDO) and inducible
nitric oxide synthase (iNOS) (Alberati-Giani et al., 1997; Ye et al., 2008; Jung et al., 2010).
Like COX2, IDO and iNOS are upregulated by pro-inflammatory cytokines (Takikawa et
al., 1988; Melillo et al., 1994) and found to be increased in areas of SIV replication (Li et
al., 1999; Depboylu et al., 2004). Expression of IDO and iNOS results in the generation of
highly diffusible quinolinic acid and NO, which may synergize with prostaglandins to
exacerbate neuronal damage from sites of their synthesis. Furthermore, it was reported that
genetic deletion of COX1 significantly reduced lipopolysaccharide-induced expression of
both superoxide (O2-) and NO-forming enzymes and subsequent brain injury secondary to
inflammation (Choi et al., 2008). Although, the precise mechanism(s) by which COX1
regulated free radical-generating enzymes in inflammatory cascade have not been clearly
established, it is possible that because of its predominant localization in microglia, COX1
can modulate the induction of O2-, as well as NO, from NADPH oxidase and iNOS, which,
in turn, can enhance the production of more potent free radicals such as peroxynitrite
(ONOO-). In addition, O2- and NO act as potent cell signaling molecules and amplify
production of TNF-alpha and prostaglandins by upregulation of COX2 (Qin et al., 2004).
These initial effects combined with the activation of secondary signaling cascades might
activate a robust immune response that consequently causes neuronal damage and death.
Finally, COX2 induction may enhance glutamate-mediated neurotoxicity (Sang et al., 2007),
further augmenting the wide-spread neurotoxicity of prostaglandins. The location and
intensity of increased COX1 as well as COX2 expression shown here should be useful for
interpreting prostaglandin neurotoxicity as arising from either COX1 or COX2 expression,
depending on stage of disease and brain region affected.

Reversible and irreversible changes of COX1 and COX2 expression in SIV infection
Brain-permeant antiretroviral treatment with 6-Cl-ddG has previously allowed us to identify
2 distinct types of SIV-induced inflammatory changes (Depboylu et al., 2004, 2005, 2006,
2007), manifested in altered COX expression. The 1st is represented by the global non-
neuronal increase in COX1 expression, which was generally resistant to antiretroviral
treatment. The 2nd is the focal non-neuronal COX2 expression which is reversible by
antiretroviral treatment. Recent evidence indicates that COX1 and COX2 have distinct roles
in initiation and maintenance of immune responses like microglial activation, inflammatory
cell infiltration, BBB dysruption, and expression of inflammatory mediators (Aid et al.,
2009; Choi et al., 2009a, b). Inhibition of COX1 activity was suggested to be beneficial
whereas COX2 inhibition detrimental during acute neuroinflammation (Choi et al., 2009b).
Thus, increased COX1 expression in diffusely distributed microglia is most likely a sign of
ongoing (neurodegeneration-associated) inflammation becoming irreversible and harmful at
some point in chronic SIV disease at which antiretroviral treatment is insufficient.

Concluding remarks
Our present and previous results (Depboylu et al., 2004, 2005, 2006, 2007), and that of
others (Witwer et al., 2009), suggest that early initiation of (brain-penetrating) antiretroviral
therapy should be the primary treatment strategy in lentiviral encephalopathy to sustain
control of lentivirus-associated inflammation and damage in the brain. To date, COX1-
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selective antagonistic treatment options are inadvisable as further studies are needed dealing
with the role of COX1 in microglia and possibly in neurons in lentiviral brain disease.
Finally, attention should be paid to prostaglandin receptors that are expressed on multiple
cell types in the brain and mediating distinct and functionally antagonistic effects (Shie et
al., 2005; Sugimoto and Narumiya, 2007).
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Fig. 1.
Expression of COX1 and COX2 in rhesus monkey neocortex and specificity of COX1 and
COX2 antibodies. Rows demonstrate immunohistochemistry (IHC) against COX1 (A–C)
and COX2 (D–F). Columns demonstrate preincubation of antibodies with no peptide (A, D),
heterologous peptide (B, E) and homologous peptide (C, F). As shown in representative
low-and medium-power images of IHC on adjacent sections COX1 (A with inset) and
COX2 (D with inset) are detected in neurons in the occipital cortex of a control rhesus
monkey. The antibodies recognize specifically their cognate peptides as their
immunostaining are not preabsorbed with heterologous peptides (B, E), but with excess
homologous peptides (C, F). Scale bars = (A–F) 200 µm; (insets in A–F) 100 µm.
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Fig. 2.
Cellular localization analysis of COX1 and COX2 in control rhesus monkey brain.
Representative high-power confocal double immunofluorescence images demonstrate co-
staining of COX1 (green) with ionized calcium binding adaptor molecule 1 (Iba1; red) in
microglia (A–C), with von Willebrand factor (vWF; red) in endothelial cells (D–F) and with
neuronal nuclear protein (NeuN; red) in cortical neurons (G–I). COX2 (green) is localized in
NeuN (red)-positive neurons of the cortex (J–L). Single immunofluorescence images (green,
left column; red, middle column) are merged (yellow, right column). Scale bars = (A–L) 15
µm.
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Fig. 3.
Mutual exclusion analysis of COX1 and COX2 with brain resident cellular markers in
control rhesus monkey brain. Representative high-power confocal double
immunofluorescence images demonstrate expression of COX1 (green) in microglia (A, B),
endothelial cells (C, D) and in neurons (E, F) in close proximity to glial fibrillary acidic
protein (GFAP; red)-positive astrocytes (A, C, E) and 2’,3’-cyclic nucleotide 3’-
phosphodiesterase (CNPase; red)-positive oligodendrocytes (B, D, F). COX2 (green) is
expressed in neurons and is absent in neighboring ionized calcium binding adaptor molecule
1 (Iba1; red)-positive microglia (G), GFAP (red)-positive astrocytes (H), CNPase (red)-
positive oligodendrocytes (I) and von Willebrand factor (vWF; red)-positive endothelial
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cells (J). Single immunofluorescence images (green and red) are shown in insets. Scale bars
= (A–J) 15 µm; (insets in A–J) 30 µm.
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Fig. 4.
Inflammatory changes of COX1 and COX2 expression in rhesus monkey brain in control,
after simian immunodeficiency virus (SIV) infection and antiretroviral treatment with 6-Cl-
ddG. Rows demonstrate immunohistochemistry (IHC) against COX1 (A–D) and COX2 (E–
H). Columns show representative COX1 and COX2 stainings of subcortical white matter
tissue sections of control monkey (Ctrl; A, E), SIV-infected monkey without acquired
immunodeficiency syndrome (SIV,-AIDS; B, F), SIV-infected monkey with AIDS (SIV,
+AIDS; C, G), and SIV-infected monkey with AIDS and antiretroviral treatment (SIV,
+AIDS,+ddG; D, H). (A–C) Parenchymal and juxtavascular ramified COX1-positive
microglia (arrows) as seen in Ctrl and SIV,-AIDS become morphologically activated
(arrows) and demonstrate typical signs of SIV-induced encephalitis like increased brain
monocytic infiltration and formation of microglia/macrophage nodules and multinucleated
giant cells (double arrow heads) in SIV,+AIDS. COX1 expression is constitutively found in
endothelial cells and is not significantly altered during SIV disease (arrow heads). (E–G) In
contrast, COX2 is absent in microglia and endothelial cells in Ctrl and SIV,-AIDS but is
induced in some perivascular, nodule and syncytium forming macrophages (double arrow
heads) and endothelial cells (arrow heads) in areas of inflammatory infiltrates in SIV,
+AIDS. (D, H) Signs of COX1-positive inflammatory reactions as well as induction of
COX2 in endothelial cells and macrophages are reversed by antiretroviral treatment with 6-
Cl-ddG. But the density of COX1-positive microglia (arrows) is still increased without
changes of COX1 expression in endothelial cells (arrow heads) in SIV,+AIDS,+ddG. Note
partially overlapped expression of COX1 and COX2 in endothelial cells (arrow heads) and
multinucleated giant cells (double arrow heads) in SIV,+AIDS as demonstrated by stainings
on adjacent sections (C, G). Asterisks mark the same blood vessel (C, G). Scale bars = (A–
H) 100 µm.
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Fig. 5.
Representative high-power confocal double immunofluorescence images reveal expression
of COX2 (green) in CD68-positive cells (red), a marker for activated monocyte-derived cells
(A–C), and in von Willebrand factor (vWF)-positive endothelial cells (D–F) in the brain of a
monkey with aquired immunodeficiency syndrome and encephalitis. Single
immunofluorescence images (green and red) are merged (yellow; C, F). Scale bars = (A–F)
10 µm.
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Fig. 6.
Specificity of COX1 and COX2 antibodies in simian immunodeficiency virus (SIV)-induced
encephalitis. (A–D) As shown in images of serial sections with immunohistochemistry
(IHC) against COX1 (A, B) and COX2 (C, D), stainings are not preabsorbed with excess
heterologous peptides (A, C) but with their cognate homologous peptides (B, D),
respectively, confirming that the antibodies specifically detect the partially overlapped
expression of COX1 and COX2 in macrophages (arrows) and multinucleated giant cells
(double arrow heads) in SIV-induced encephalitis as demonstrated on adjacent sections (A,
C). Scale bars = (A–D) 50 µm.
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Fig. 7.
Representative confocal double immunofluorescence images demonstrate major localization
of COX2 (green) with simian immunodeficiency virus (SIV) protein gp120 (red) in
macrophages and multinucleated giant cells (arrows) in the brain of a monkey with aquired
immunodeficiency syndrome and encephalitis (A–C). Note that singular SIV gp120-
negative macrophages express COX2 (arrow heads; A–C). Single immunofluorescence
images (green and red) are merged (yellow; C). Scale bars = (A–C) 50 µm.
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Table 1

List of antibodies used in this study.

Antigen Epitope Species Dilution Catalog no Source

Human COX1 Peptide, C-term 15–25 aa Goat polyclonal 1:8000/1:600 (f) sc-1752 SCB

Mouse COX1 Peptide, C-term 15–25 aa Goat polyclonal 1:200–1:8000 sc-1754 SCB

Mouse COX1 Peptide, aa 274–288 Rabbit polyclona l 1:200–1:8000 16109 CC

Ovine COX1 Protein, epitope n.d. Mouse monoclonal 1:200–1:8000 16110 CC

Human COX2 Peptide, C-term 15–25 aa Goat polyclonal 1:5000/1:400 (f) sc-1745 SCB

Mouse COX2 Peptide, C-term 15–25 aa Goat polyclonal 1:8000 sc-1747 SCB

Rat COX2 Peptide, N-term 15–25 aa Goat polyclonal 1:200–1:8000 sc-1746 SCB

Human COX2 Peptide, aa 50–111 Rabbit polyclonal 1:200–1:8000 sc-7951 SCB

Mouse COX2 Peptide, aa 570–598 Rabbit polyclonal 1:200–1:8000 160106 CC

Mouse NeuN Protein, epitope n.d. Mouse monoclonal 1:300 (f) MAB377 CI

Human Iba1 Peptide, C-term Rabbit polyclonal 1:300 (f) 019-19741 WC

Human CD68 Protein, epitope n.d. Mouse monoclonal 1:30 (f) KP1 D

Human CNPase Protein epitope n.d. Mouse monoclonal 1:50 (f) AB-1 NM

Human GFAP Protein, epitope n.d. Guinea pig polyclonal 1:600 (f) GP-52 P

Human vWF Protein, epitope n.d. Rabbit polyclonal 1:200 (f) A0082 D

SIVmac251 gp120 Peptide, aa 311–340 Mouse monoclonal 1:100 (f) 2318 NIHARP

Abbreviations: aa, amino acids; AIDS, acquired immunodeficiency syndrome; BM, Boehringer, Mannheim, Germany; CC, Cayman Chemical,
Ann Arbor, MI; CD68, cluster of differentiation 68; CI, Chemicon International, Temecula, CA; C/N-term, C/N-terminal; CNPase, 2’,3’-cyclic
nucleotide 3’-phosphodiesterase; COX1/2, cyclooxygenase isotype-1/2; D, DAKO, Hamburg, Germany; f, dilution for immunofluorescence;
GFAP, glial fibrillary acid protein; Iba1, ionized calcium binding adaptor molecule 1; n.d., not determined; NeuN, neuronal nuclear antigen;
NIHARP, National Institutes of Health AIDS Research and Reference Program, Germantown, MD; NM, Neomarkers, Fremont, CA; P, Progen,
Heidelberg, Germany; SCB, Santa Cruz Biotechnology, Santa Cruz, CA; SIV, simian immunodeficiency virus; vWF: van Willebrand factor; WC,
WAKO Chemicals, Neuss, Germany.
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Table 2

Numbers of monocyte-derived cells immunopositive for COX1 and COX2 in different brain regions during
SIV infection and antiretroviral treatment.

Brain regionsa Ctrl SIV,−AIDS SIV,+AIDS SIV,+AIDS,+ddG

COX1

   Frontal cortex 21.8±3.2 22.4±2.5 49.6±8.4b 35.1±5.1c

   Parietal cortex 20.8±1.9 19.7±3.8 53.4±5.8b 33.5±3.5c

   Occipital cortex 19.5±2.5 21.6±3.1 47.4±6.7b 30.6±4.2

   Striatum 23.1±1.1 24.4±2.6 55.4±9.1b 36.1±6.2c

   Corpus callosum 21.6±2.4 20.5±3.1 50.2±10.2b 32.4±4.8c

COX2

   Frontal cortex 0 0.1 9.7±2.4b 0.6±0.1c

   Parietal cortex 0 0 8.2±4.7b 0.3±0.2

   Occipital cortex 0 0 7.1±3.8b 0.1±0.1

   Striatum 0 0.2±0.1 11.2±5.3b 1.8±0.7c

   Corpus callosum 0 0.1±0.1 8.8±4.1b 1.1±0.4c

Abbreviations: AIDS, acquired immunodeficiency syndrome; COX1/2, cyclooxygenase isotype-1/2; Ctrl, control; ddG, 6-chloro-2',3'-
dideoxyguanosine; SIV, simian immunodeficiency virus.

a
Data expressed as mean number (± s.e.m.) of COX1- and COX2-positive cells per 0.1 mm2 area.

b
Statistically significant different as compared to the other animal groups for the same brain area (p<0.05).

c
Statistically significant different only as compared to Ctrl and SIV,-AIDS groups for the same brain area (p<0.05). ANOVA and the post-hoc

Newman-Keuls Multiple Comparison Test are used to evaluate statistical differences.
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