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Abstract
Several neurodegenerative diseases are influenced by the innate immune response in the central
nervous system (CNS). Microglia, have pro-inflammatory and subsequently neurotoxic actions as
well as anti-inflammatory functions that promote recovery and repair. Very little is known about
the transcriptional control of these specific microglial behaviors. We have previously shown that
in HIV associated neurocognitive disorders (HAND), the transcription factor p53 accumulates in
microglia and that microglial p53 expression is required for the in vitro neurotoxicity of the HIV
coat glycoprotein gp120. These findings suggested a novel function for p53 in regulating
microglial activation. Here we report that in the absence of p53, microglia demonstrate a blunted
response to interferon-γ, failing to increase expression of genes associated with classical
macrophage activation or secrete pro-inflammatory cytokines. Microarray analysis of global gene
expression profiles revealed increased expression of genes associated with anti-inflammatory
functions, phagocytosis and tissue repair in p53 knockout (p53−/−) microglia compared with those
cultured from strain matched p53 expressing (p53+/+) mice. We further observed that p53−/−

microglia demonstrate increased phagocytic activity in vitro and expression of markers for
alternative macrophage activation both in vitro and in vivo. In HAND brain tissue, the alternative
activation marker CD163 was expressed in a separate subset of microglia than those
demonstrating p53 accumulation. These data suggest that p53 influences microglial behavior,
supporting the adoption of a pro-inflammatory phenotype, while p53 deficiency promotes
phagocytosis and gene expression associated with alternative activation and anti-inflammatory
functions.
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INTRODUCTION
CNS inflammation is observed in a variety of chronic neurodegenerative diseases and in
response to acute CNS injury. Modulation of the inflammatory response is currently a target
for therapeutic development in a number of diseases including stroke, amyotrophic lateral
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sclerosis (ALS), Parkinson disease (PD) and Alzheimer disease (AD) (Henkel et al. 2004;
Imamura et al. 2003; Moreau et al. 2005; Nagatsu and Sawada 2005; Tarkowski et al. 2003;
Tarkowski et al. 1997). In addition, the CNS innate immune system modulates neural stem
cell proliferation and differentiation (Barish et al. 1991; Baron et al. 2008; Bernardino et al.
2008; Chiu et al. 2008; Clarke et al. 2008; Deboy et al. 2006; Wong et al. 2004). For
example, stimulating microglia, the resident macrophages of CNS tissue, with interleukin 4
(IL-4) results in the release of factors that promote neurogenesis (Butovsky et al. 2006; Choi
et al. 2008). Thus, microglia can exert a unique repertoire of responses that may impact CNS
function during disease or injury. Nevertheless, the molecular regulation of microglial
behavior is not well understood.

Macrophages respond to specific environmental stimuli by adopting functionally distinct
activation phenotypes, including but not limited to classical and alternative activated states
(Goerdt et al. 1999; Gordon 2003). Classical activation is induced by exposure to T helper
type 1 (TH1) cytokines such as interferon gamma (IFNγ) or bacterial lipopolysacharride
(LPS). Classical activation results in macrophages capable of releasing proinflammatory
cytokines and reactive oxygen species (ROS) such as nitric oxide (NO) (Goerdt et al. 1999;
Gordon 2003). T helper type 2 (TH2) cytokines such as IL-4 trigger alternative activation,
leading to increased phagocytosis, release of tissue remodeling molecules and secretion of
anti-inflammatory cytokines (Martinez et al. 2008; Varin and Gordon 2009). Some
extracellular signals and subsequent intracellular signaling pathways that promote
acquisition of a particular activation type have been described, but the transcriptional
regulation of monocyte plasticity is not well characterized.

Microglia actively patrol their local environment and are poised to respond to perturbations
in the CNS (Hanisch and Kettenmann 2007; Nimmerjahn et al. 2005). Like macrophages,
activated microglia may exhibit features associated with classical or alternative activation
(Colton et al. 2006; Ponomarev et al. 2007). Classically activated microglia release
neurotoxic factors including proinflammatory cytokines, prostanoids, ROS, and excitatory
amino acids (Colton 2009). Conversely, factors that promote alternative activation have
been shown to stimulate neuroprotection in CNS disease models(Chiu et al. 2008; Clarke et
al. 2008; Deboy et al. 2006). Thus, the relative influence of the different microglial
activation phenotypes may have a very important impact on CNS disease outcome.

Despite the potential importance of microglial behavior in neurologic diseases little is
known about transcriptional regulation of microglial activation phenotype. Microglia are
characterized by their functional plasticity and reactivity to their environment, manifesting
characteristics distinct from most tissue resident macrophages (Carson et al. 1998; Davoust
et al. 2008). In addition to typical macrophage functions of phagocytosis and immune
surveillance, microglia also contribute to regulation of synaptogenesis, neurogenesis and
neuronal apoptosis (Elkabes et al. 1996; Marin-Teva et al. 2004). Thus, given their
repertoire of unique functions, microglia may be subject to transcriptional regulation of
phenotype(s) that are distinct from other circulating or tissue resident macrophages.

The transcription factor p53 is an apical mediator of apoptosis, growth arrest and DNA
repair pathways (Vogelstein et al. 2000). In response to cellular stresses like oxidative injury
or DNA damage, p53 is stabilized by post-translational modifications. Stabilized p53
translocates to the nucleus and alters transcription (Appella and Anderson 2001). p53
accumulates in neuronal nuclei in several human neurodegenerative diseases and p53
transcriptional activity has been implicated in the pathogenesis of others (Bae et al. 2005; de
la Monte et al. 1997; Eve et al. 2007; Garden et al. 2004; Mogi et al. 2007).
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In HAND, p53 accumulates in the nuclei of neurons and non-neuronal cells including
microglia (Jayadev et al. 2007). Using mixed cerebrocortical cultures exposed to the HIV
coat protein gp120 as an in vitro model of HAND pathogenesis, we previously reported that
p53 expression in microglia is required for HIV-gp120 induced neurotoxicity (Garden et al.
2004). In addition to identifying a novel role for p53, we observed that the number of
apoptotic p53+/+ neurons co-cultured with p53−/− microglia decreased, suggesting that
p53−/− microglia may have neurotrophic actions and/or are more effective phagocytes than
p53+/+ microglia. Taken together, these findings suggested the hypothesis that p53 may
participate in the regulation of microglial activation phenotype.

To address this issue we examined cultured p53−/− microglial behaviors and global gene
expression profiles compared with p53 expressing murine microglia. We further studied the
effect of p53 deficiency on microglial activation phenotype in vivo by examining
immunoreactivity for CD206 (macrophage mannose receptor), a marker of macrophage
alternative activation, in ischemic brain tissue sections. Finally, to address the possibility
that p53 influences microglial behavior in human disease, tissue sections from HAND
patients were co-labeled for p53 and the alternative activation marker CD163 to determine if
these two proteins segregate into distinct populations of microglia.

Materials and Methods
Mice

Mice deficient in p53 and strain matched p53 expressing mice (Donehower et al. 1992) were
maintained in a specific pathogen free facility under guidance of an IACUC approved
protocol.

Cell Culture
The BV2 microglia cell line was grown in DMEM supplemented with 25U/ml penicillin,
25mg/ml streptomycin, 10% FBS and. 2mM L-Glutamine). Primary murine microglia
cultures were obtained from P 3–4 neonatal mice as described (Moller et al. 2000). Pure
microglia cultures were obtained by harvesting floating cells from the mixed glial cell
cultures. Neuron-microglia co-cultures were generated using previously described methods
(Garden et al. 2004) by plating microglia harvested from mixed glial cultures on top of
established primary neuron cultures.

Immunolabeling
Co-cultured microglia were labeled for nuclear p53 immunoreactivity (Antibody 1C12, Cell
Signaling, 1:1000) and microglia specific tomato lectin (Vector Labs) according to
previously published methods (Garden et al. 2004; Uo et al. 2009). Mouse brains following
middle cerebral artery occlusion (MCAO) were fixed in 4% paraformaldehyde and
cryoprotected in 30% sucrose solution prior to being cut into 6 micrometer thick sections
using a cryostat. Sections were mounted on slides and immunolabeled with an antibody
against CD206 (ABD Serotec, 1:300) according to previously reported methods (Choi et al.
2010). Human brain sections were deparaffinized and rehydrated using standard methods.
Antigen retrieval was performed in citrate buffer at pH 6.0. Co-labeling for p53 and CD68
(DAKO KP1 clone, 1:100) was performed using a previously published protocol (Jayadev et
al. 2007). Co-labeling for p53 and CD163 was performed by adapting a previously
published protocol (Fischer-Smith et al. 2008) using a monoclonal antibody to CD163
(Vector 1:50) and co-labeling with antibodies to p53 using the same method as that
developed to double label for p53 and CD68. Immunoreactivity for p53 was visualized by
reaction with the peroxidase substrate diaminobenzadine (DAB:Vector) and CD68 and
CD163 were identified by reactions with very intense purple peroxidase substrate
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(VIP:Vector). Co-labeled sections were analyzed by counting the total number of cells
labeled for CD68 or CD163 and the number of p53/CD68 or p53/CD163 co-labeled cells in
ten randomly selected fields of view per section using a 40X objective.

Reporter Assay
Transcriptional activity of endogenous p53 in cortical neurons was evaluated via
transduction of lentivirus carrying a firefly luciferase expression unit containing either four
copies of the p53 responsive element BS2 derived from the human PUMA promoter or
mutant versions of this element as previously described (Uo et al. 2007). Microglia were
incubated with control or mutant reporter lentivirus at 2.5 multiplicity of infection (MOI)
and plated at 5×103/well. Forty-eight hours after infection, cells were treated with 5μM
camptothecin or control (DMSO) for 16 hours. Luciferase activity was then measured per
manufacturer’s protocol using the Bright-Glo System (Promega).

ELISA assays
Microglia from both genotypes were plated in poly-D-lysine coated wells at a density of
1×105 cells per well of a 96 well plate and cultured in 200μl D10C media. Twenty-four
hours after plating, cells were treated with 10 U/ml IFNγ or bovine serum albumin (BSA)
for an additional 24 hours. Microglia-conditioned media was harvested and analyzed for
IL-12 and TNFα concentration by multiplex ELISA using the Bio-Plex system (BioRad,
Hercules, CA) with reagents obtained from BioSource (Invitrogen, Carlsbad, CA).

Real Time Quantitative Reverse Transcriptase (RT) Polymerase Chain Reaction (PCR)
Microglia of both genotypes were plated on poly-D-lysine coated 35mm dishes at a density
of 1×106 cells per dish in D10C media and treated with IL-4 (10ng/ml), IFNγ (10u/ml) or
BSA at 10ng/ml for 24 hours. RNA was extracted using the RNeasy mini protocol (Qiagen,
Valencia, CA). Quantitative RT-PCR was performed using Taqman Onestep Master Mix
and validated Assay-on-Demand™ probe sets for mouse Ym1, FIZZ1, IL-1α, IL-1β and
MARCO using an ABI PRISM 7000 (ABI, Foster City, CA). RT-PCR experiments were
performed using a housekeeping gene (actin or GAPDH) as an internal control and the
results reported as percent change from the ratio of the gene in question to the housekeeping
gene or as a fold change calculated using the 2−(Δ−ΔCT) formula.

Microarray Studies
Purified microglia were cultured at a density of 1×106 cells per 35mm dish in isolation for
24 hours, then treated with vehicle control or 400pM recombinant glycosylated gp120
(SF162, NIH AIDS Reagent Program) or equal protein concentration of BSA for 24 hours.
RNA was extracted using the RNeasy mini protocol (Qiagen, Valencia, CA) and pooled
from three separate culture preparations for each genotype and treatment. Pooled RNAs
were employed for hybridization with Affymetrix whole mouse genome microarrays. The
hybridizations, intensity measurements and bioinformatics analyses were performed at the
University of Washington Functional Genomics and Bioinformatics Core Laboratory.
Microarray results were normalized using the GCRMA method. Gene ontology analysis was
performed using the GOStats program in the Bioconductor software package.

Phagocytosis Assay
Fluorescently-labeled apoptotic cells were generated by labeling of BV-2 cells with red
fluorescent PKH26 (Sigma, St. Louis, MO), followed by UV treatment for 60 minutes. UV
treated cells were incubated at 37°C for 48 hours. Rounded apoptotic bodies that lifted off
the tissue culture dish were then isolated, washed and added to green fluorescent PKH67
(Sigma, St. Louis, MO) labeled BV2 cells or primary microglia pretreated with 10ng/ml
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tumor necrosis factor-α (TNFα), 10 U/ml IFNγ or 10 ng/ml IL-4 or equal concentration of
BSA for 24 hours. After incubation for 6 hours at 37°C, the cultures were washed to remove
remaining apoptotic cells and fixed with 4% paraformaldehyde. The percent microglia that
internalized apoptotic cells was determined using fluorescence microscopy. A blinded
observer with no knowledge of the genotype or treatment group performed all counting of
phagocytic cells. Control cultures were incubated at 4°C for 2 hours prior to fixation to
assess the rate of association unrelated to active phagocytosis. All control cultures
demonstrated < 1% of microglia associated with a fluorescent apoptotic cells (data not
shown).

Induction of 45 minute transient cerebral ischemia in mice
Sixteen16–20 week old p53+/+ and p53−/− male mice were anesthetized and prepared for
induction of experimental CNS ischemia by MCAO as previously described (Gibson and
Murphy 2004). Cerebral blood flow was evaluated by Doppler monitoring to insure that the
MCAO was sufficiently effective to generate ischemic injury. Six days following MCAO
mice were killed under anesthesia by cardiac perfusion with cold saline and 1 ml of 4%
paraformaldehyde followed by cervical dislocation.

Statistical Analysis
Results were compared using t-tests, one- or two- way analysis of variance (ANOVA) with
Prism 4.0 statistical software (GraphPad, San Diego, CA). The choice of test depended on
the number of comparisons and whether an experiment was designed to assess a single
effect of genotype, treatment or both genotype and treatment. Post-hoc comparisons were
performed using the Tukey multiple comparison test for one-way ANOVA and the
Bonferroni post-test for two-way ANOVA. CD68/p53 and CD163/p53 co-labeled microglia
were compared using a paired t-test on the values obtained from adjacent sections.

Results
Inflammatory stimuli influence p53 transcriptional activity in cultured microglia

We previously showed that p53−/− primary microglia in neuron/microglia co-cultures are
functionally distinct from wild-type primary microglia in response to HIV gp120 coat
protein (Garden et al. 2004). This effect could have resulted from suppression of microglia
behaviors that require p53 activation by gp120 or from an effect of p53 deficiency that
impacts microglia behavior without regard to gp120 exposure. In order to determine if p53 is
activated in microglia by gp120 treatment specifically in the neuron/microglia co-culture
paradigm, we performed immunofluorescent labeling for nuclear p53 and co-labeling using
a microglia specific tomato lectin. We observed that a subset of microglia demonstrate
detectable nuclear p53 in basal conditions. Treatment with gp120 leads to an increase in the
number of microglia with nuclear p53 accumulation that is equal to the level seen in cultures
treated with the DNA damage inducer camptothecin (Fig. 1A). Thus, stabilized p53 is
present in primary microglia under basal conditions and augmented by an inflammatory
stimulus. We previously reported that microglia in these conditions do not undergo
apoptosis (Garden et al. 2004). Thus, this finding suggests that p53 may have a function in
microglia unrelated to the induction of apoptosis that exists in basal culture conditions and is
amplified following exposure to a pro-inflammatory stimulus.

To confirm that nuclear p53 in microglia was transcriptionally active we used a luciferase
reporter assay (Fig. 1B). Cultured primary microglia infected with lentivirus expressing a
luciferase reporter controlled by a p53 responsive promoter revealed both basal and
camptothecin-inducible p53 transcriptional activity. No expression of the luciferase reporter
construct was observed in p53−/− microglia or when p53+/+ microglia were infected with a
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lentivirus expressing luciferase under the control of a mutant promoter. Taken together,
these findings demonstrate that p53 is transcriptionally active in cultured microglia.

Classical activation is suppressed in p53−/− microglia
Since p53−/− microglia were unable to promote HIV-gp120 neurotoxicity (Garden et al.
2004), we considered the possibility that p53−/− microglia is less capable of responding to a
classical activation signal. Cultured p53+/+ and p53−/− microglia were treated with IFNγ for
24 hours. We evaluated expression of two cytokine genes, IL-1α and IL-1β, typically
induced during classical activation. In addition, we analyzed the expression of MARCO, a
scavenger receptor up-regulated during classical activation (Mukhopadhyay et al. 2006). We
observed that IFNγ treatment results in increased mRNA for IL-1α, IL-1β in p53+/+

microglia, which was prevented in p53−/− microglia (Fig 2A). MARCO expression was
induced by IFNγ treatment even in p53−/− microglia, but significantly less so than in
microglia expressing p53, suggesting that p53−/− microglia are capable of responding to
IFNγ treatment, but the magnitude of activation of some genes associated with a pro-
inflammatory response involves p53 dependent signaling. Interestingly, MARCO expression
was also significantly reduced in p53−/− microglia under basal conditions (Fig. 2A),
suggesting that p53 also has some effect on microglia gene expression even in the absence
of a pro-inflammatory signal. To determine if p53 genotype influences the ability of
microglia to secrete pro-inflammatory cytokines associated with classical activation, we
analyzed IFNγ induced IL-12 and TNFα release by Luminex ELISA. We observed that
p53−/− microglia release significantly less pro-inflammatory cytokines in response to IFNγ
treatment compared with identically treated p53+/+ microglia (Fig. 2B).

The presence of p53 strongly influences microglial gene expression and the
transcriptional response to HIV gp120

To delineate the mechanism by which p53 influences the ability of microglia to undergo
classical activation and cause neurotoxicity following HIV-gp120 treatment we evaluated
global gene expression profiles of p53+/+ and p53−/− microglia. We observed a profound
effect of p53 genotype on microglial gene expression with approximately 5% of the probes
displaying a two-fold difference in the level of expression between genotypes (Fig. 3A).
This represents approximately 10% of the probes in the whole mouse genome array with
detectable expression in cultured microglia. Internal validation of the microarray data set
was obtained by identifying known targets of p53-mediated transcription (Table 1). We
observed above threshold hybridization for 14 known p53 target genes in p53+/+ microglia.
Of these 14 p53 targets, 10 had a greater than two-fold reduction of hybridization in p53−/−

microglia. External validation was performed by evaluating expression by alternate means
for a selection of genes that demonstrated large changes in mRNA hybridization intensity
including MARCO (Fig. 1A), SDF-1 and mannose receptor (data not shown).

To evaluate whether the muted response to IFNγ by p53−/− microglia was secondary to a
change in expression of known IFNγ signaling factors we probed the microarray data set for
differential expression of genes that signal the IFNγ response (Ifnrg1, Ifnrg2, Jak1, Jak2,
Stat1, Irf1 and Irf9). All but Irf9 were expressed at levels above threshold and none
demonstrated significant differences in expression between genotypes. We also probed the
microarray data for genes that are known to inhibit IFNγ signaling (Socs1, Socs3, Srf2, and
Shp-2/Ptpn2). We found that only Socs3 and Shp-2/Ptpn2 were expressed above threshold
and there was no effect of p53 genotype on the level of expression. These findings suggest
that p53−/− microglia have the required genes for IFNγ signaling but do not initiate classical
activation pathways presumably secondary to some effect of p53 deficiency on the ability of
microglia to initiate a normal pro-inflammatory response.

Jayadev et al. Page 6

Glia. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The effect of p53 genotype on microglia treated with HIV-gp120 was even larger, with
approximately 15% of the expressed microglia genome differentially regulated between
p53+/+ and p53−/− microglia (Fig. 3B). To further evaluate the impact of p53 on gene
expression changes stimulated by HIV-gp120 we identified genes differentially expressed
following gp120 treatment that were specific to each genotype. While this was a much
smaller number of differentially regulated mRNAs, we discovered that there was almost no
overlap between the two genotypes in these gene lists. In fact less that 2% of the probes with
> 2-fold change in expression following gp120 treatment demonstrated concurrent responses
across genotypes. We performed a gene ontology analysis on the microarray data set in
order to determine if there was any overlap in functional groups with altered expression
following HIV-gp120 treatment. We found statistically significant alterations in 121
functional groups in p53−/− microglia and 134 functional groupings in p53+/+ microglia. Of
the functional groups identified as having altered expression following HIV-gp120 treatment
only five groups overlapped between genotypes and none of the overlapping groups had a p
value <0.02. This observation suggests that p53 has a very strong determining effect on how
gene expression will be regulated following exposure to HIV-gp120.

Microglia from p53−/− mice demonstrate increased expression of genes associated with
alternative activation

The divergent response between wild-type and p53−/− microglia to HIV-gp120 is consistent
with a model in which p53 deficiencyleads to a differentially polarized response to an
activation stimulus. When evaluating the microarray data set to identify genes associated
with classical or alternative activation, we observed that p53−/− microglia demonstrate
upregulation of a large number of genes associated with alternative activation. The list of
these genes, the fold-increase in expression in p53−/− compared with p53+/+ microglia, and
their proposed functional roles are shown in Table 1. In addition to the genes listed in Table
1, mRNA for many procollagens, collagen metabolizing enzymes and enzymes involved in
collagen cross linking were increased in p53−/− microglia compared with wildtype. While
not all proteins that have been associated with alternative activation are listed in Table 1, the
list of genes upregulated in the absence of p53 does span a variety of functions associated
with alternative macrophage activation including extracellular matrix remodeling, tissue
repair and down regulation of the inflammatory response. In contrast, no genes reportedly
associated with alternative macrophage activation were decreased in p53−/− microglia. To
further validate this finding, we examined the expression of Ym1 and FIZZ1, two genes
frequently used as markers of alternative activation (Gordon 2003). Since the microarray
platform we employed had only one probe for both of these mRNAs and neither was
observed to be expressed above the limits of detection, we analyzed expression of these
marker genes using the more sensitive method of real time quantitative RT-PCR. Both Ym1
and FIZZ1 are dramatically upregulated in p53−/− compared with p53+/+ microglia (Fig. 4).

Microglia from p53−/− mice demonstrate increased internalization of apoptotic cells
In order to assess whether p53−/− microglial function as alternatively activated microglia we
examined their ability to internalize apoptotic cells. We hypothesized that if microglia
develop alternative activation functions similar to macrophages, then IL-4 should stimulate
microglia to internalize apoptotic cells. To test this hypothesis, we developed a phagocytosis
assay using the BV2 microglia cell line. We observed that pre-treatment with IL-4 promotes
increased internalization of apoptotic cells by BV2 cells while cytokines associated with the
induction of classical activation (TNFα and IFNγ) inhibit phagocytosis of apoptotic cells
(Fig. 5A). To determine if p53 genotype impacts the ability of microglia to internalize
apoptotic cells, cultured primary microglia from p53+/+ and p53−/− mice were treated with
IL-4 for 24 hours, then exposed to fluorescently labeled apoptotic cells. Microglia deficient
in p53 were more likely to internalize apoptotic cells both at baseline and in response to IL-4
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treatment (Fig. 5B). This finding suggests that in the absence of p53, microglia are more
likely to possess one of the functional characteristics associated with alternative activation.
Nevertheless, p53 deficient microglia remain responsive to IL-4, demonstrating the expected
increase in phagocytic activity following exposure to this cytokine.

Microglia from p53−/− mice demonstrate increased alternative activation in vivo
To determine if the results observed using cultured microglia could be recapitulated during
neuroinflammation in vivo, we employed ischemic injury to induce an inflammatory
response and evaluated brains during the delayed tissue repair phase when features of
alternative activation should appear. CD206 immunoreactivity is an established marker of
alternatively activated macrophages (Porcheray et al. 2005). The expression of CD206
(macrophage mannose receptor) on parenchymal microglia following ischemia induced by
MCAO was revealed by immunohistochemistry. Adult p53+/+ and p53−/− mice underwent
MCAO confirmed by cerebral blood flow monitoring. Forebrain sections through the region
of ischemia from animals sacrificed 6 days following MCAO demonstrated increased
CD206 immunoreactive microglia in the penumbral region compared with a matched
anatomical region on the contralateral non-ischemic side (Fig. 6). This increase in CD206
labeled microglia was significantly greater in p53 deficient mice than in mice expressing
p53. This finding suggests that p53 may influence the probability that microglia will express
markers of alternative activation in vivo during the phase of neuroinflammation associated
with tissue repair. An alternate hypothesis supported by this finding is that in the absence of
p53, more invading myeloid cells transit from the periphery into the CNS and appear as
CD206 immunoreactive cells that cannot be differentiated from microglia in histological
sections.

Stabilized nuclear p53 is less frequently observed in the alternatively activated subset of
microglia in cortical tissue from patients with HAND

Microglia in HAND patients demonstrate nuclear p53 accumulation (Garden et al. 2004;
Jayadev et al. 2007) as well as increased expression of markers for both classical and
alternative activation (Fischer-Smith et al. 2008). If p53 is important for initiating the
classical activation phenotype, accumulation of nuclear p53 should be less prevalent in the
population of microglia expressing markers for alternative activation. The scavenger
receptor CD163 is associated with alternative activation in macrophages and has been
previously reported as upregulated in microglia of HIV infected humans and in a primate
model of neuroAIDS (Fischer-Smith et al. 2008; Roberts et al. 2004). To determine if the
association between lack of p53 expression and alternative activation in microglia is also
present in HAND cases, adjacent cortical tissue sections from six HAND patients were co-
labeled with antibodies recognizing all microglia (CD68) and p53 or CD163 and p53 (Fig
7). We observed that the mean percent of all CD68 labeled cells co-labeled for p53 was
significantly higher than the portion of CD163 and p53 co-labeled cells (37% +/− 5% vs.
9% +/− 2.5%, p<0.0001). Tissue sections from HIV negative controls show no
immunoreactivity for p53 or CD163. The observed lack of association between nuclear p53
and CD163 immunoreactivity in HAND microglia suggests that p53 accumulation in vivo
occurs in a specific population of microglia that are more likely to adopt a classical rather
than alternative activation phenotype. These observations suggest an overarching and novel
role for p53 in regulating microglial behavior that is not an artifact specific to p53 deficient
mice. Additionally, taken together with the finding that p53 genotype affects the likelihood
of microglia demonstrating alternative activation in vivo, these findings also suggest that the
association between microglial p53 activity and the classical activation phenotype is not an
artifact of the primary microglia culture environment.
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Discussion
In this study we observed that p53 is active in non-apoptotic microglia and that the presence
of p53 influences microglial gene expression. Microglia derived from p53−/− mice have
increased expression of genes associated with alternative activation, exhibit increased
internalization of apoptotic cells, have a blunted response to IFNγ and are more likely to
adopt an alternative activation phenotype in vivo. These findings provide evidence that p53
supports IFNγ-induced classical activation and that p53 deficient microglia are skewed
towards alternative activation. The molecular mechanism by which p53 regulates microglial
gene expression to produce this effect is not known. Nevertheless, data presented here
suggest that p53 does not directly prevent microglia from responding to pro-or anti-
inflammatory stimuli. Expression of mRNA coding for proteins involved in IFNγ signal
transduction or the suppression of IFNγ responses were not altered in p53−/− microglia,
suggesting that even though p53 has a dramatic impact on global gene expression patterns,
the ability to respond to IFNγ is not directly effected. Furthermore, p53 deficient microglia
are capable of responding to IFNγ by increasing the expression of the pro-inflammatory
gene MARCO, even though the magnitude of the response was less than that observed in
wild-type microglia. The ability to respond to IL-4 by increasing phagocytic activity and
expression of alternative activation marker genes was also preserved in p53−/− microglia in
spite of the finding that these activities were significantly increased under basal conditions.
Thus, the mechanism by which p53 influences microglial behavior is likely to be
downstream of cytokine receptors and their signal transduction pathways, potentially
involving transcriptional regulation of specific cellular behaviors.

Prior studies are consistent with a model in which classical activation is required for
neurotoxicity following exposure to the HIV gp120 coat protein in vitro (Bezzi et al. 2001;
Garden et al. 2002; Kaul et al. 2001). Thus, it is likely that p53is required for neurotoxicity
following exposure to gp120 due to its role in promoting the classical activation phenotype
in microglia (Garden et al. 2004). Furthermore, in HAND cortical tissue there is
significantly less p53 accumulation in the subpopulation of microglia demonstrating
expression of an alternative activation marker than in the total microglial population. This
finding suggests that the observations reported here are relevant to the regulation of
microglial activation within a human disease.

Evidence is emerging that p53 may play a role in innate immunity beyond its established
functions in the induction of apoptosis or cell cycle arrest. The impact of p53 mediated
transcription on myeloid cells has not been well characterized, however it has been shown
that the p53 inhibitor pifithrin-alpha can decrease the neurotoxicity elicited from rat
microglia exposed to an inflammatory stimulus (Davenport et al. 2010).

As a transcription factor, p53 could directly influence innate immune function through
regulation of gene expression. For example, vascular macrophages lacking p21, a p53
canonical transcriptional target, are more phagocytic and express lower levels of pro-
inflammatory cytokines compared with wild-type (Merched and Chan 2004). Furthermore,
p53 and the inflammation pathway transcription factor NFκB have been shown to cross-talk
and are capable of interfering with each other’s transcriptional activity (Dijsselbloem et al.
2007; Komarova et al. 2005; Webster and Perkins 1999). The findings reported here in
conjunction with these prior reports, suggest that p53 may exert influence on the innate
immune response. It remains to be determined however, if that influence is unique to the
CNS environment or a more generalized effect in other tissues.

In the CNS microglia exhibit both neurotoxic and neuroprotective actions. Microglia
perform protective roles by expressing neurotrophic factors (Batchelor et al. 2002; Nakajima
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et al. 2001), removing extracellular toxins such as β-amyloid (Koenigsknecht-Talboo and
Landreth 2005; Mandrekar et al. 2009) and supporting neurogenesis through the secretion of
insulin like growth factor-1(IGF-1) (Butovsky et al. 2006; Choi et al. 2008). Most of the
protective functions ascribed to microglia are associated with the alternative activation
phenotype. The promotion of anti-inflammatory phenotypes by Th2 cytokines has been well
documented in macrophages and more recently in microglia (Michelucci et al. 2009). IL-4
induces an anti-inflammatory phenotype in microglia, suppressing NO production, TNFα
release and neurotoxicity (Butovsky et al. 2005; Chao et al. 1993; Zhao et al. 2006).

Alternative activation patterns in microglia have been documented in both human and
animal models of human neurodegenerative disease (Colton et al. 2006; Hung et al. 2002) as
well as in microglia activated in vitro (Ponomarev et al. 2007). Microglia in culture induce
the alternative activation markers Ym1, FIZZ1, arginase 1 and mannose receptor (CD206) in
response to IL-4 treatment (Colton et al. 2006). Expression of alternative activation mRNAs
was also upregulated in brain tissue from Alzheimer disease (AD) patients compared with
age matched controls as well as in an AD mouse model (Colton et al. 2006). Alternative
activation of microglia has also been demonstrated using the experimental autoimmune
encephalomyelitis (EAE) mouse model for multiple sclerosis. During EAE, microglia
upregulate Ym1 expression in an IL-4 dependent manner and do not induce production of
NO when IL-4 is present. However, with IL-4 deficiency the pathology of EAE is
exacerbated, supporting the hypothesis that alternative activation of microglia has an
important role in limiting the pathology of EAE (Ponomarev et al. 2007). Additionally, in an
in vitro model of ALS using primary motor neuron-microglia co-cultures, alternative
activation by IL-4 treatment suppresses the LPS induced release of NO and superoxide
while maintaining IGF-1 release by microglia (Zhao et al. 2006).

Classically activated microglia are thought to exacerbate pathogenesis in a variety of CNS
disease and injury states. Typically the neurotoxic actions of microglia are mediated by the
release of factors associated with classical activation. Both pro-inflammatory cytokines like
TNFα and small molecule neurotoxins, some of which may interact with the N-methyl-D-
aspartate (NMDA) type glutamate receptor, mediate pro-inflammatory neurotoxicity
(Garden and Moller 2006). Release of excitotoxins and ROS from classically activated
microglia have been shown to promote p53 mediated neuronal death (Garden and Morrison
2005; Morrison et al. 2003). Accumulation of ROS leads to DNA damage and initiation of
cell injury pathways that promote accumulation of p53 (Harms et al. 2004; Martindale and
Holbrook 2002; Sohal and Weindruch 1996).

We have shown that in HAND, which has been associated with all of the neurotoxicity
mechanisms described above, p53 is activated in multiple cell types including neurons and
microglia (Garden et al. 2004; Jayadev et al. 2007). If p53 influences microglial phenotype
by promoting classical activation, it is possible that in the milieu of an HIV infected brain,
p53 may perpetuate a positive feedback loop of cytotoxicity. In this scheme, ROS generation
initiated by viral infection could lead to microglia p53 stabilization. This in turn would
promote microglial acquisition of a classically activated phenotype, leading to release of
neurotoxic cytokines and small molecules capable of over-stimulating NMDA receptors. It
is also possible that other neurodegenerative diseases associated with inflammation and
oxidative injury including AD, PD and Huntington’s disease would be associated with a
similar effect of p53 on microglial function, which in turn could exacerbate the process of
neurodegeneration and/or suppress the ability of microglia to perform the neurotrophic
functions associated with the alternative activation phenotype. Thus, it is possible that
determining which genes are regulated by p53 in microglia could identify potential
therapeutic targets for modulating CNS inflammation in a variety of diseases including
HAND.
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Figure 1.
Microglia exposed to gp120 undergo p53 stabilization. A) The percent of cultured primary
microglia co-labeled for nuclear p53 accumulation and microglia specific tomato lectin 24
and 48 hours after treatment with HIV-gp120, camptothecin or vehicle control. There is a
significant increase in the number of microglia with p53 accumulation by 24 hours of gp120
treatment. Using this method, gp120 treatment lead to the same level of p53 activation as
camptothecin, a positive control compound that activates p53 by causing DNA damage. B)
Transcriptional activity of p53 measured in cultured primary microglia by reporter gene
assay. Microglia from p53+/+ and p53−/− mice were cultured and infected with a lentivirus
expressing a p53 luciferase reporter. Treatment with camptothecin resulted in an
approximate doubling of luciferase activity over that observed in untreated p53+/+ cultures.
Basal p53 transcriptional activity was also detectable above the background luciferase
activity observed in p53−/− microglia or p53+/+ microglia expressing a mutant p53 promoter
driven luciferase construct. *=p<0.01 by ANOVA with post-hoc comparison. N.S.=not
significant.
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Figure 2.
Classical activation is suppressed in p53−/− microglia. A) Q-PCR results from p53+/+ and
p53−/− microglia treated with IFNγ or control for interleukin-1α (IL-1α), interleukin-1β
(IL-1β) and the murine scavenger receptor MARCO. All three classical activation mRNA’s
were significantly lower following IFNγ stimulation in p53−/− microglia (*=p<0.05,
**=p<0.01 by two-way ANOVA post-hoc comparison, n=4). B) Secretion of the pro-
inflammatory cytokines TNFα and interleukin-12 (IL-12) was enhanced by IFNγ treatment
in p53+/+ microglia, but p53−/− microglia failed to respond to IFNγ stimulation by
increasing release of these pro-inflammatory cytokines. (*=p<0.05, **=p<0.01 by two-way
ANOVA post-hoc comparison, n=3)
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Figure 3.
The impact of p53 genotype on microglial gene expression patterns. A) The relative
intensity of hybridization to microarray probes between mRNA’s from p53−/− and p53+/+

microglia 24 hours after the addition of vehicle control is displayed on the Y-axis using log2
scale. The probes are distributed along the X-axis according to average intensity. Horizontal
lines signify the cut off value of a two fold difference between genotypes. Probes with more
than a 2 fold increase in expression in p53−/− microglia are displayed in red, and probes
with a greater than 2 fold decrease in expression in p53−/− microglia are displayed in green.
B) The results of a microarray experiment performed using mRNA extracted from p53+/+

and p53−/− microglia 24 hours following gp120 exposure are displayed according to the
same format described for A.
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Figure 4.
Microglia from p53−/− mice express markers of alternative activation. Real-Time
quantitative RT-PCR (Q-PCR) results on microglia from p53+/+ and p53−/− mice are shown
for two genes upregulated following alternative activation of macrophages, Ym1 and FIZZ1
(n=3 from separate culture experiments and Q-PCR runs, p<0.001 by t-test).
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Figure 5.
The phagocytosis of apoptotic cells is enhanced in alternatively activated microglia as well
as p53−/− microglia. A) BV-2 cells were exposed to tumor necrosis factor α (TNFα 10ng/ml)
and interferon γ (IFNγ 10u/ml) cytokine stimulation to induce classical activation or
interleukin-4 (IL-4) to promote alternative activation. Phagocytosis of apoptotic cells was
measured 24 hours following stimulation. Treatment with IL-4 induced a significant
(*=p<0.05 by ANOVA, n=5) increase in the portion of BV-2 cells that internalized
apoptotic cells. B) Primary microglia from p53+/+ and p53−/− mice were treated with IL-4 or
bovine serum albumin (BSA) as a protein control for 24 hours and the portion of cells
internalizing apoptotic cells determined. Microglia from p53−/− mice were significantly
more likely (*p<0.05 by two-way ANOVA post-hoc comparison, n=3) to participate in the
phagocytosis of apoptotic cells than were p53+/+ microglia in both the control and IL-4
treated conditions.
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Figure 6.
Alternative activation of microglia in vivo is influenced by p53. A) Tissue sections from the
ischemic penumbra region of p53+/+ and p53−/− mice labeled for CD206 reveal an increased
number of ramified parenchymal microglia in p53 deficient mice compared with p53+/+

control, but no change in the number of CD206 positive perivascular macrophages (Grey
arrows=microglia, black arrows=perivascular macrophages). B) The percent increase in
CD206 labeled microglia ipsilateral to the MCAO is significantly increased (*p<0.05 by t-
test, n=4) in p53 deficient mice compared with the increase observed in p53 expressing
mice.
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Figure 7.
Separate populations of microglia demonstrate immunoreactivity for a marker of
alternatively activated and deactivated macrophages, CD163 or p53 activation in HAND
cases. A) Human cortical tissue sections immunolabeled for p53 (brown) and CD68 (purple)
reveal that a portion of microglia are immunoreactive for both markers. Open arrows point
to double labeled cells and closed arrows identify CD68 single labeled cells. B) A section
adjacent to the one in A is shown labeled with antibodies to p53 (brown) and CD163
(purple). Closed arrows point to CD163 labeled microglia. C) Quantification of double
labeled microglia in adjacent sections from twelve HAND patients (*=p<0.0001 using a
paired t-test).
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Table 1

p53 target genes are consistently down-regulated in p53−/− microglia. N.C.= No Change, N.D.=Not Detected

Gene Name Function Fold Change

Cyclin-dependent kinase inhibitor 1A (P21) Cell cycle regulator/p53 mediated growth arrest −21.1

Proline/serine-rich coiled-coil 1 p53 mediated growth arrest −11.6

Trp53 Cell cycle regulator, pro-apoptotic transcriptional regulator −8.6

Cyclin G1 Cell cycle regulator −7.4

Transformation related protein 53 inducible nuclear protein 1 Promotes apoptosis and cell cycle arrest −5.9

Tgf-alpha Mitogenic growth factor −4.2

Wig1/Zmat3 Growth arrest promoting p53 target −3.8

Mdm2-Transformed mouse 3T3 cell double minute 2 Regulator of p53 −3.5

Bax Regulator of apoptosis −2.7

Cyclin D1 Cell cycle regulator −2.0

Sestrin 1 Response to ROS/DNA damage −1.8

GADD45a Cell cycle regulator −1.7

Proliferating cell nuclear antigen Cofactor of DNA polymerase delta N.C.

Wip1/Ppm1D Stress response regulator of p38 MAP Kinase N.C.

DR5/KILLER Pro-apoptotic p53 target gene N.D.

Dickkopf-1 Inhibition of Wnt signaling N.D.
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Table 2

Genes associated with alternative macrophages are upregulated in p53−/− microglia under basal conditions.

Gene Name Function Fold Change

PDGF-RB Trophic factor receptor 13.4

EGF-containing fibulin-like ECM protein 1 ECM remodeling 12.2

scavenger receptor class F, member 2 Endocytosis and Internalization 11.4

interleukin 1 receptor-like 1 Anti-Inflammatory Decoy receptor 10.5

Histocompatibility-28 Antigen Presentation 9.4

prostaglandin-endoperoxide synthase 2 PGE2 synthesis 9.3

mannose receptor, type 2 Endocytosis and Internalization 9.3

MMP 2 ECM remodeling 9.00

EGF-R Trophic factor receptor 8.5

FGF7 Trophic Factor 7.8

VEGFC Trophic Factor 7.5

TGFβ receptor III Anti-Inflammatory receptor 6.7

Thrombospondin 2 ECM, angiogenesis 6.2

GULP, engulfment adaptor Endocytosis and Internalization 6.0

Thrombospondin 1 ECM, promotes TGFβ expression 5.7

scavenger receptor class A, member 3 Endocytosis and Internalization 5.1

MMP 3 ECM remodeling 4.5

PGI2 synthase PGI2 synthesis 4.5

TGFβ 1 induced transcript 1 Anti-inflammatory responsive gene 4.3

Histocompatibility-2, Q8 Antigen presentation 3.8

FLT1 VEGF Receptor 3.8
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