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Abstract
Neurogenesis, tied to the proliferation, migration and differentiation of neural progenitor cells (NPC)
is affected during neurodegenerative diseases, but how neurogenesis is affected during HIV-1
associated dementia (HAD) has not been fully addressed. Here we test the hypothesis that HIV-1-
infected and/or immune-activated brain macrophages affect NPC proliferation and differentiation
through the regulation of cytokines. We showed that human monocyte-derived macrophages (MDM)
conditioned medium (MCM) induces a dose dependant increase in NPC proliferation. Conditioned
media from lipopolysaccharide (LPS)-activated MDM (LPS-MCM) or HIV-infected MCM (HIV-
MCM) induced a profound increase in NPC proliferation. HIV-infected and LPS-activated MCM
(HIV+LPS-MCM) induced the most robust increase in NPC proliferation. Moreover, LPS-MCM
and HIV+LPS-MCM decreased β-III-tubulin and increased GFAP expression, demonstrating an
induction of gliogenesis and inhibition of neurogenesis. The increase of NPC proliferation and
gliogenesis correlated with increases in production of TNF-α by infected/activated MDM. Although
both IL-1β and TNF-α induced NPC proliferation and gliogenesis, these effects were only partially
abrogated by soluble TNF-α receptors R1 and R2 (TNF-R1R2), but not by the IL-1 receptor
antagonist (IL-1ra). This indicated that the HIV-1-infected/LPS-activated MCM-mediated effects
were, in part, through TNF-α. These observations were confirmed in severe combined
immunodeficient (SCID) mice with HIV-1 encephalitis (HIVE). In these HIVE mice, NPC injected
with HIV-infected MDM showed more astrocyte differentiation and less neuronal differentiation
compared to NPC injection alone. These observations demonstrated that HIV-1-infected and
immune-activated MDM could affect neurogenesis through induction of NPC proliferation,
inhibition of neurogenesis, and activation of gliogenesis.
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INTRODUCTION
Neurogenesis relies upon the proliferation, migration, and differentiation of neural progenitor
cells (NPC), which are capable of self-renewal and are multipotent (Gage, 2002; Ming and
Song, 2005). NPC give rise to neurons, astrocytes, and oligodendrocytes (Arvidsson et al.,
2002; Gensert and Goldman, 1997; Parent, 2003). Active neurogenesis occurs throughout life
in the subventricular zone (SVZ)of the lateral ventricle and in the subgranular zone (SGZ) of
the dentate gyrus in the hippocampus. In response to brain insults, such as stroke, ischemia
and seizure, NPCs in the neurogenic centers proliferate, and migrate to sites of pathology
(Arvidsson et al., 2002; Nakatomi et al., 2002; Parent et al., 2002). In the case of
neurodegenerative disorders, such as Alzheimer’s and Parkinson’s diseases (AD and PD),
HIV-1-associated dementia (HAD) and multiple sclerosis, this process may be interrupted
(Arvidsson et al., 2002; Burton et al., 2002; Haughey et al., 2002; Monje and Palmer, 2003;
Monje et al., 2003; Poluektova et al., 2005). Brain inflammation, mainly resulting from immune
activated brain mononuclear phagocytes (MP; perivascular macrophages and microglia), is a
key component to the pathogenesis of both chronic neurodegenerative disorders like HAD,
AD, PD, and acute brain insults such as stroke (Gendelman, 1997; Liu and Hong, 2003; Nelson
et al., 2002; Stoll and Jander, 1999).

HAD is a neurodegenerative disease characterized by progressive cognitive, motor, and
behavioral abnormalities (Maschke et al., 2000; McArthur et al., 2003). In HAD, infected MP
migrates into the brain through a compromised blood brain barrier (BBB), infect and
subsequently activate brain microglia. HIV-1-infected and/or immune-activated MP release a
plethora of immune competent factors including cytokines (such as IL-1β and TNF-α), viral
proteins and neurotoxins involved in neuronal injury and may affect neurogenesis (Conant et
al., 1998; Gabuzda et al., 1998; Gendelman et al., 1997; Glass et al., 1995; He et al., 1997;
Kaul et al., 2001; Kolson and Gonzalez-Scarano, 2000; Lipton and Gendelman, 1995; Masliah
et al., 1997; Monje et al., 2003; Nath and Geiger, 1998; Strizki et al., 1996). How HIV-1-
infected and/or immune-activated MP-derived factors affect the proliferation and
differentiation of NPC remains unclear.

In our study, we used human cortical NPC to investigate the effects of soluble factors produced
by HIV-1-infected and/or LPS-activated human monocyte-derived macrophages (MDM) on
neurogenesis. Secretory factors produced by HIV-1-infected and/or LPS-activated MDM
increased NPC proliferation, but it reduced β-III-tubulin and increased glial fibrillary acidic
protein (GFAP) expression during differentiation. These effects are at least partially through
the cytokine TNF-α, as the effects were partially blocked by TNF-α soluble receptors. In
contrast, IL-1 receptor antagonist (IL-1ra) had no effect, indicating that IL-1β is not a major
factor in this process. In severe combined immune deficient (SCID) mice with HIV-1
encephalitis (HIVE), HIV-1 infected MDM induced an increase in astrocyte differentiation.
These observations provide evidence that HIV-1-infected and immune-activated macrophages
affect neurogenesis through induction of NPC proliferation and gliogenesis and inhibition of
neurogenesis.

MATERIALS AND METHODS
Monocyte Cell Culture and Conditioned Media Collection

Human monocytes were recovered from peripheral blood mononuclear cells (PBMCs) of
HIV-1 and hepatitis B seronegative donors after leukopheresis and counter current centrifugal
elutriation (Gendelman et al., 1988). Monocytes were cultured as adherent monolayers at a
density of 1.1 × 106 cells/well in 24-well plates and cultivated in Dulbecco’s modified Eagles
medium (DMEM, GIBCO Invitrogen, Carlsbad, CA) with 10% heat-inactivated pooled human
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serum (Cambrex Bio Science, Walkersville, MD), 50 μg/mL gentamicin and/or 10 μg/mL
ciprofloxacin (Sigma-Aldrich, St. Louis, IL) and 1000 U/mL highly purified recombinant
human macrophage colony stimulating factor (MCSF, a generous gift from Wyeth Institute,
Cambridge, MA).

Seven days after plating, human MDM were infected with HIV-1 strain ADA at a multiplicity
of infection (MOI) of 0.1 virus/target cell (Zheng et al., 2001). MDM were then treated with/
without IL-1β (10 ng/mL, R&D Systems, Minneapolis, MN) or lipopolysaccharide (LPS)
(Sigma, 0.1 μg/mL) for 3 h. Cells were then rinsed twice with fresh DMEM to remove residual
IL-1β or LPS, and serum-free DMEM was placed onto the MDM for 24 h. The conditioned
medium (MCM) was harvested, cleared of free-floating cells by centrifugation for 5 min at
1000 rpm, and stored at -80°C.

Neural Progenitor Cell Culture
Human cortical NPC were isolated from human brain tissue as previously described (Peng et
al., 2004). Briefly, NPC were cultured in substrate-free tissue culture flasks and grown as
spheres in neurosphere initiation medium (NPIM), which consisted of X-Vivo 15
(BioWhittaker, Walkersville, ME) with N2 supplement (Gibco Invitrogen), neural cell survival
factor-1 (NSF-1, Bio Whittaker), basic fibroblast growth factor (bFGF, 20 ng/mL, Sigma-
Aldrich), epidermal growth factor (EGF, 20 ng/mL, Sigma-Aldrich), leukemia inhibitory factor
(LIF, 10 ng/mL, Chemicon, Temecula, CA), and 60 ng/mL N-acetylcysteine (Sigma-Aldrich).
Cells were passaged at two-week intervals as previously described (Peng et al., 2004).

[3H] Thymidine Incorporation Assay (Proliferation Assay)
For proliferation studies, neurospheres (passage 4–10) were harvested and dissociated as
previously described (Peng et al., 2004,2005). Cells were seeded into 96-well plates at 10,000
cells/well in NPIM without growth factors. Replicates were treated with growth factors (EGF,
bFGF), cytokines (IL-1β, TNF-α, R&D Systems) or MCM for 5 days before pulsing with
[3H]thymidine (0.25 μCi/ well, PerkinElmer, Wellesley, MA) for 16 h. For the inhibition of
TNF-α, MCM were preincubated with TNF-α soluble receptors R1 and R2 (TNF-R1R2, each
100 ng/mL, R&D Systems) for 1 h at 37°C. For the inhibition of IL-1β, NPC were pretreated
with IL-1ra (100 ng/mL, R&D Systems) for 1 h before the addition of MCM. Cells were then
lysed with 0.1% Triton X-100 (Sigma-Aldrich) and harvested using a FilterMate Cell Harvester
(PerkinElmer). The incorporated radioactivity was measured using a 1450 Microbeta Plus
liquid scintillation counter (PerkinElmer).

Cell Cycle Assay
NPC were treated with cytokines (TNF-α or IL-1β) or 25% MCM for 6 days. Neurospheres
were harvested and trypsinized to make a single cell suspension. Cell cycle was examined by
propidium iodide (PI, Sigma-Aldrich) staining. In brief, 5 × 105 cells were washed twice with
Ca2+/Mg2+-free phosphate-buffered saline (PBS, Invitrogen), fixed overnight in 75% cold
ethanol, digested with RNase A (Sigma-Aldrich) and stained with PI (100 μg/mL) (Liao et al.,
2004). Data were obtained and analyzed by flow cytometry using the Cell Quest software on
a FACScan (BD Biosciences, San Diego, CA).

Human Neural Progenitor Cell Differentiation
Following a protocol frequently used to induce neuronal differentiation of NPC (Peng et al.,
2004), dissociated NPC were plated on poly-D-lysine-coated cell culture dishes or coverslips
(Sigma-Aldrich). Cells were cultured in growth medium for 24 h and subsequently changed to
serum-free Neurobasal medium (Gibco) supplemented with B27 (NB27) (Gibco) with or
without MCM, or with TNF-α or IL-1β, for 6 days. MCM were pretreated with TNF-R1R2
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(100 ng/mL), or NPC were pretreated with IL-1ra (100 ng/mL) for 1 h at 37°C to test for TNF-
α and IL-1β involvement. Cells were collected for protein or fixed for immunocytochemical
staining 1–6 days after treatment.

Immunocytochemistry
Cells were fixed in 1:1 methanol/acetone and washed in PBS as previously described by Peng
et al. (2004). Subsequently, cells were incubated overnight with mouse or rabbit anti-nestin
(1:200, Chemicon) anti-nestin or anti Sox-2 for the identification of NPC, mouse or rabbit anti-
β-III-tubulin (Sigma, 1:400) for the identification of neurons or rabbit anti-GFAP (glial
fibrillary acidic protein, Dako, Carpinteria, CA, 1:1000) or mouse anti-S100 (Sigma-Aldrich,
1: 1000) for the identification of astrocytes overnight, followed by Alexa Fluor secondary
antibodies, goat antimouse IgG Alexa Fluor 488 and goat anti-rabbit IgG Alexa Fluor 594
(Molecular Probes, Eugene, OR, 1:200), for 1 h at room temperature. All antibodies were
diluted in PBS with 0.1% Triton X-100, 2% BSA. Cells were counterstained with Hoechst
33342 (Sigma-Aldrich). Morphological changes were visualized and captured with a Nikon
Eclipse E800 microscope equipped with a digital imaging system. Images were imported into
Image-ProPlus, version 4.0 (Media Cybernetics, Sliver Spring, MD) for quantification. Fifteen
random fields (total 300–500 cells/culture) of immunostained cells were manually counted
using a 20× objective.

Western Blotting
Cells were rinsed twice with PBS and lysed by M-PER Protein Extraction Buffer (Pierce,
Rockford, IL) containing 1× protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN).
Protein concentration was determined using the BCA Protein Assay Kit (Pierce). Proteins (10–
20 μg) were separated on a 10% SDS-polyacrylamide gel electrophoresis (PAGE) and then
transferred to an Immuno-Blot polyvinylidene fluoride (PVDF) membrane (Bio-Rad,
Hercules, CA). After blocking in TBS/Tween (0.1%) with 5% nonfat milk, the membrane was
incubated with primary antibodies overnight at 4°C followed by horseradish peroxidase-
conjugated secondary antibodies (1:10,000; Cell Signaling Technologies) and then developed
using Enhanced Chemiluminescent (ECL) solution (Pierce). For data quantification the films
were scanned with a CanonScan 9950F scanner and the acquired images were then analyzed
on a Macintosh computer using the public domain NIH image program (developed at the U.S.
National Institutes of Health and available on the internet at
http://rsb.info.nih.gov/nih-image/).

NPC and MDM Injections into SCID Mice
Four-week-old male C.B.-17-SCID mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Animals were maintained in sterile microisolator cages under pathogen-free
conditions in the Laboratory of Animal Medicine at UNMC in accordance with ethical
guidelines for care of laboratory animals set forth by the National Institutes of Health. NPC
were labeled with Qtracker following the manufacture’s protocol. NPC (5 × 105 cells in 5
μL), NPC with MDM (1:1, 5 × 105 cells in 5 μL), NPC with HIV-1ADA-infected MDM (1:1,
5 × 105 cells in 5 μL) were injected intracranially by stereotactic methods (Persidsky et al.,
1996). Four animals were included in each group. Two weeks after injection, mice were
euthanized with isoflurane and perfused transcardially with 25 mL of PBS and then 4%
paraformaldehyde as described by Sato et al. (2006). The brains were rapidly removed and
immersed in freshly depolymerized 4% paraformaldehyde for 48 h and then were cryoprotected
by successive 24-h immersions in 10, 20, and 30% sucrose in Sorenson’s phosphate buffer
immediately befor sectioning.
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Immunohistochemistry and Image Analysis
Fixed, cryoprotected brains were frozen and sectioned in the horizontal plane at 30 μm using
Cryostat (Leica Microsystems, Bannockburn, IL), with sections collected serially in PBS.
Immunohistochemistry was performed using antibody to Vimentin intermediate filaments
(clone Vim 3B4, Dako) was used for detection of human cells. Antibodies to CD68 and HIV-1
p24 (Dako Corp.) were used for detection of human MDM and HIV-1 infection. Antibodies
to GFAP or β-III-tubulin were used for detection of astrocytes or neurons. Double-
immunofluorescence staining was performed using Alexa Fluor 488 (green) and 594 (red) as
secondary antibodies (Molecular Probes, Eugene, OR). All obtained images were imported
into Image-ProPlus, version 4.0 (Media Cybernetics, Sliver Spring, MD) for quantifying levels
of GFAP- and β-III-tubulin-positive staining and four sections from the injection site were
analyzed.

Statistical Analyses
Data were expressed as means ± SD. The data were evaluated statistically by analysis of
variance (ANOVA) followed by the Tukey-test for paired observations. Significance was
considered to be P < 0.05. To account for any donor-specific differences, all experiments were
performed with NPC from at least three donors. All assays were performed at least two times,
with triplicate or quadruplicate samples in each.

RESULTS
Macrophage Conditioned Medium Induced NPC Proliferation

To assess the effects of brain MP on neurogenesis, HIV-1-infected and/or LPS-activated MDM
were employed. Cultured human fetal cortical NPC (Peng et al., 2004,2005) were used to test
the effect of secreted factors from MDM on neurogenesis by measuring NPC proliferation and
differentiation.

NPC culture purity was analyzed using specific stem-cell markers such as Nestin and Sox2
(Fig. 1A—C). Most of the NPCs were Nestin-immunoreactive (90%; Figs. 1A,C), a
characteristic of neural stem cells, and they expressed the neural stem cell-specific transcription
factor SOX2 (Figs. 1B,C). The expression of the differentiation markers β-III-tubulin (for
neurons) and GFAP (for astrocytes) were less than 5% (data not shown).

Before testing the effect of conditioned medium derived from MDM (MCM) on NPC
proliferation, the effects of standard growth factors were assessed. The neurospheres were
dissociated and cultured in a 96-well plate in NPIM basal medium with or without 10 ng/mL
EGF or bFGF for 6 days. Both EGF and bFGF showed a 500–600% increase in cell proliferation
as assessed by [3H] thymidine incorporation. EGF and bFGF had a synergistic effect on NPC
proliferation with an increase of 35-fold in cells treated with both factors (Fig. 1D). NPCs
treated with different concentrations of MCM for 6 days exhibited a concentration-dependent
increase in proliferation as compared to control cells without MCM (Fig. 1E). The effect of
50% MCM was comparable to that of EGF and bFGF alone. Thus, secreted factors from MDM
increased NPC proliferation.

Immune Activated and/or HIV-1-Infected-MCM Induced NPC Proliferation
To further characterize the interaction of MDM and NPC, MCM from HIV-1-infected MDM
were investigated for their ability to induce proliferation of NPC. Human NPC were treated
with 25% of control MCM (con-MCM) and HIV-1-infected MCM (HIV-MCM). Cell
proliferation was assayed by [3H] thymidine incorporation assay. HIV-MCM showed a dual
effect on NPC proliferation as compared to con-MCM: at early stage of infection (2, 4 day-
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postinfection), HIV-MCM increased NPC proliferation; at late stage of infection (8 day-
postinfection), HIVMCM inhibited NPC proliferation (Fig. 1F).

In HAD, MP are the principal cell types infected and HIV-1-infection of MDM also combined
with the immune activation. Circulating LPS, which is an indicator of microbial translocation,
was significantly increased in chronically HIV-infected individuals and in simian
immunodeficiency virus (SIV)-infected rhesus macaques (Brenchley et al., 2006) and is a
useful tool to mimic general MP activation (Peng et al., 2006). So we tested MCM from LPS-
activated and/or HIV-1-infected MDM for their ability to induce proliferation of NPC. Human
NPC were treated with 10, 20, and 50% of control MCM (con-MCM), HIV-1-infected MCM
(HIV-MCM), LPS-activated MCM (LPSMCM) or HIV-1-infected and LPS-activated MCM
(HIV+LPS-MCM) for 7 days. LPS-MCM induced a signifi-cant increase in NPC proliferation.
Furthermore, HIV+LPS-MCM induced higher levels of NPC proliferation as compared to LPS-
MCM at 10 and 20%, but not at 50% concentration (Fig. 1G). This may be due to saturation
of the response with MCM at 50% concentration.

Cytokines Induced NPC Proliferation
To assess the possible factors in MCM that contribute to NPC proliferation, two common
proinflammatory cytokines IL-1β and TNF-α were quantified in MCM by ELISA. LPS induced
IL-1β and TNF-α production by MDM, whereas HIV-1 infection alone did not induce a
significant increase in neither IL-1β nor TNF-α production; however HIV-1 infection
potentiated LPS-stimulated IL-1β and TNF-α production (Fig. 2A,B). Both IL-1β (Fig. 2D)
and TNF-α (Fig. 2C) induced a dose-dependent stimulation of NPC proliferation (Fig. 2C,D),
with TNF-α (EC50 5 1.35 ng/mL) being more potent than IL-1β (EC50 = 0.48 ng/mL).

TNF-α from Immune-Activated and/or HIV-1-Infected-MDM Induced NPC Proliferation
To test whether MCM-induced NPC proliferation is mediated by TNF-α or IL-1β, TNF-R1R2,
and IL-1ra were used to block these effects. Treatment of cells with TNF-α plus TNF-R1R2
(100 ng/mL) reduced TNF-α induced proliferation by 71% (Fig. 3A); TNF-R1R2 did not affect
IL-1β induced NPC proliferation (data not shown). Furthermore, TNF-R1R2 also reduced LPS
+HIV MCM-induced NPC proliferation by 70% (Fig. 3B). Pretreatment with IL-1a (100 ng/
mL) for 1 h reduced the effect of IL-1β induced proliferation by 55% (Fig. 3C); IL-1r did not
affect TNF-α induced NPC proliferation (data not shown). However, IL-1ra did not affect
MCM-induced NPC proliferation (Fig. 3D). Thus TNF-α, but not IL-1b present in LPS- and
HIV+LPS-MCM can account for at least part of the increased NPC proliferation.

To further test this effect is through HIV-1 infection and brain inflammation, we treated NPC
with MCM collected from brain proinflammatory factor, IL-1β, stimulated MDM (see Fig. 4).
IL-1β alone did not induce a significant effect on TNF-α production, but HIV-1-infection
significantly increased IL-1β-induced TNF-α production by MDM (Fig. 4A). HIV-1-infected
and IL-1β-stimulated MCM induced an increase of NPC proliferation (Fig. 4B). Further, MCM
induced NPC proliferation is correlated with TNF-α concentration in MCM (Fig. 4C).

Next, we investigated the mechanism of TNF-α in NPC proliferation. Cell-cycle analysis
showed TNF-α induced a dose-dependent increase of S-phase (Fig. 5A). Cyclin D1 is crucial
for NPC cell cycle progression by promoting passage through the G1/S restriction point by
formation of a complex between cyclin dependent kinase 4 (CDK4) and Cyclin D1 (Ferguson
et al., 2000). Western blot showed TNF-α treatment leads to up-regulation of Cyclin D1
expression, resulting in increased proliferation (Fig. 5C). Cell cycle analysis of NPC treated
with MCM also showed the same pattern as observed by [3H] thymidine incorporation assay:
LPS-MCM induced a significant increase in NPC proliferation. HIV+LPS-MCM induced
higher levels of NPC proliferation as compared to LPS-MCM (Fig. 5B).
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Immune-Activated and/or HIV-1-Infected MCM Affect NPC Differentiation
The ability of macrophage to influence the capacity of NPC to differentiate into neurons or
astrocytes was tested. NPC were plated on poly-D-lysine-coated culture dishes and cells
positive for b-III-tubulin (a marker for immature neurons) or GFAP were assessed by
immunocytochemical staining (Fig. 6A–D). In cultures treated with LPS- and LPS+HIV-
MCM, more astrocytes (GFAP+, red) were found as compared to control culture (NB27, Fig.
6F). Also, the proportions of neurons (β-III-tubulin1, green) were reduced in LPS and LPS
+HIV MCM-treated cultures (Fig. 6E). Conditioned media from LPS or LPS+HIV MDM were
both able to increase astrocyte differentiation and inhibit neuronal differentiation.

To test the effects of TNF-α on NPC differentiation, NPC were exposed to recombinant TNF-
α for 6 days and the expression of β-III-tubulin (for neurons) and S-100 (for astrocyte
precursors, Fig 7C,D) or GFAP (for astrocytes, Fig. 7A,B) were assessed by
immunocytochemical staining (Fig. 7A–D). TNF-α showed a dose-dependent increase of
GFAP-positive cell expression (Fig. 7E) and the same pattern of both S-100 and GFAP
expression (Fig. 7F), indicating TNF-α stimulates astrocyte differentiation.

The effects of TNF-α and IL-1β on NPC differentiation were further examined by Western
blotting. As shown in Fig. 8, TNF-α (A, C, E) and IL-1β (B, D, F) reduced β-III-tubulin
expression (Fig. 8C,D) and increased GFAP expression (Fig. 8E,F), indicating both agents
inhibit neuronal differentiation and stimulate astrocyte differentiation. These effects were
blocked by pretreatment with TNF-R1R2 or IL-1ra, respectively.

Treatment of NPC with MCM for 6 days also resulted in a reduction of β-III-tubulin (Fig.
9A,B) and increased GFAP (Fig. 9A,C), especially by LPS- or HIV+ LPS-MCM. Treatment
with TNF-R1R2 partially restored the neuronal differentiation (71% for LPS-MCM, 40% for
HIV+LPS-MCM) and reduced the glial differentiation (from 10- to 6-fold for LPS-MCM, form
15- to 9-fold for HIV+LPS-MCM) induced by HIV-1 and/or LPS MCM (see Fig. 9). Treatment
with IL-1ra did not significantly restore the neuronal differentiation and reduce the glial
differentiation induced by HIV-1 and/or LPS MCM (see Fig. 9).

TNF-α could induce the cell death of NPC or differentiating cells, which might affect the
differentiation pattern of NPC. We next examined the cell death of NPC and differentiating
cells treated with TNF-α or conditioned media. Notably, in our studies HIV-infected and/or
LPS-activated MCM did not show a significant effect on NPC apoptosis (less than 1% of sub
G1 for each different condition). TNF-α, the major player for HIV-infected and/or LPS-
activated MCM-induced gliogenesis, did not induce a significant effect on NPC apoptosis by
TUNEL assay (Supplement Fig. 1). This excluded the effect of apoptosis on decrease of
neurogenesis.

HIV-1-Infected MDM Affect NPC Differentiation in HIVE Mice
To investigate to role of HIV-1-infected macrophage in mediating NPC differentiation, we
used a HIVE SCID mouse model to human disease. Qtracker-labeled human NPCs were
intracranially injected into the basal ganglia of SCID mice with/without HIV-1ADA-infected
MDM. Fourteen days after injection, NPC differentiation was identified through the injected
hemisphere by immuno-staining in serial 30 μm brain sections (see Fig. 10). Confocal images
showed human NPC survived and differentiated into neurons (β-III-tubulin-positive, Figs.
10A,C,D) and astrocytes (GFAP-positive, Fig. 10B,C,D). In HIV-1-infected MDM and NPC
injection sections, HIV-1-infeced MDM were found in the injection area as shown by CD68
(Fig. 10I,K,L) or P24 (Fig. 10M,O,P) staining. HIV-1-infected MDM induced more astrocyte
differentiation (Fig. 10F,G,H,Q) and less neuronal differentiation (Fig. 10E,G,H,R) of NPC.
Neuronal or astrocyte differentiation was quantified by determining the β-III-tubulin-positive
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or GFAP-positive area as a percentage of total β-III-tubulin-positive and GFAP-positive area.
HIV-1-infected MDM induced NPC astrocyte differentiation, as indicated by GFAP-positive
(Fig. 10Q) and less neuronal differentiation, as indicated by β-III-tubulin-positive (Fig. 10R).
This data further confirm HIV-1-infected MDM affect neurogenesis through inducing NPC
differentiation.

DISCUSSION
Our studies show that LPS-activated and/or HIV-1-infected MCM substantially increase NPC
proliferation (Figs. 1, 4, 5). This appears to be partially through TNF-α, since this effect is
partially abrogated by soluble TNF-R1R2 (see Fig. 3). Treatment of NPC with TNF-α,
IL-1β, or MCM decreased β-III-tubulin and increased GFAP expression, indicating an
inhibition in neurogenesis and increase in gliogenesis (Figs. 6–8). Compared to control MCM,
HIV+LPS MCM significantly decreased β-III-tubulin expression and increased GFAP
expression and this effect can be blocked by TNF-R1R2 but not by IL-1ra (see Fig. 9). In a
murine HIVE model, injection of HIV-1-infected MDM induced a significant increase of NPC
astrocyte differentiation and inhibition of neuronal differentiation (see Fig. 10). These
observations provide the first evidence that HIV-1-infected and immune-activated
macrophages may affect neurogenesis through induction of human NPC proliferation while
inhibiting neurogenesis and activating gliogenesis. These studies also identify TNF-α,
produced by HIV-1 infection and activation of macrophages, as a contributor to this process.

Recent studies have shown soluble factors released from microglial cells direct the migration
and differentiation neural precursor cells (Aarum et al., 2003). Whether and how HIV-infected
and immune activated-MP affect NPC proliferation and differentiation in HAD were the focus
of this work. Here we have shown that HIV-1-infected MCM has a dual effect on NPC
proliferation: at early stage of infection (2 and 4 day-post-infection), HIV-MCM increased
NPC proliferation; whereas, at the late stage of infection (8 day-postinfection), HIV-MCM
decreased NPC proliferation. At the early stage of infection, HIV-1 may activate MDM to
produce inflammatory factors and growth factors that induce NPC proliferation. But at the late
stage, viral proteins including gp120 induce quiescence and inhibit NPC proliferation
(Krathwohl and Kaiser, 2004; Okamoto et al., 2007). Also cell death and the multitude of
released factors (including cytokine TNF-α) could potentially have led to changes in NPC
proliferation.

We further investigated the effect of immune activation of HIV-infected MDM on NPC
proliferation. Here LPS-activated MCM induced a substantial increase in NPC proliferation
and gliogenesis. HIV-1-infected MDM activated with LPS or proinflammatory cytokine
IL-1β derived MCM further increase NPC proliferation and gliogenesis when compared to
immune activation alone (Figs. 1, 4–6). These effects are correlated to the proinflammatory
cytokines TNF-α production: LPS-activated-MDM-increased TNF-α production; HIV-1-
infected MDM activated with LPS or IL-1β induce the most TNF-α production (Figs. 2A,B,
4A). Although either TNF-α or IL-1β induced an increase in NPC proliferation and gliogenesis,
only soluble TNF-R1R2 but not IL-1ra blocked MCM-induced NPC proliferation and
gliogenesis (Figs. 3, 9). Furthermore, NPC proliferation is significantly correlated with TNF-
α production (Fig. 4C). These findings suggest TNF-α, but not IL-1β, is a major factor in HIV-1-
infected and/or immune activated MCM-induced NPC proliferation and astrocyte
differentiation.

To date, conclusions about the action of TNF-α on neural stem or progenitor cells (NSC, NPC)
have been conflicting more likely relied to different models, methods and use of cell derived
from different brain regions (Ben-Hur et al., 2003; Iosif et al., 2006; Wu et al., 2000). Several
studies have indicated negative control of neuronal cell survival/differentiation by TNF-α in
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NPC culture. TNF-α was found to suppress cell proliferation in neurospheres from neonatal
rat striatum in vitro (Ben-Hur et al., 2003). Our study demonstrated that TNF-α induced a dose-
dependent increase in human NPC proliferation assessed by [3H]thymidine incorporation assay
(Fig. 2C). Cell cycle analysis also showed a dose-dependent increase of S-phase with TNF-α
treatment (Fig. 5A). We further demonstrated an up-regulation of Cyclin D1 expression after
TNF-α treatment (Fig. 5C). This echoes recent experimental evidence by Widera et al., which
suggests TNF-α modulates the proliferation of adult neural stem cells via IKK/NF-κB signaling
(Widera et al., 2006; Wu et al., 2000). It is well established that Cyclin dependent kinase 4 and
6 (CDK4/6) signaling is crucial for NPC cycle regulation (Ferguson et al., 2000). The formation
of a complex between CDKs 4 and 6 and Cyclin D1 is necessary for cell cycle progression.
Further, Widera et al. showed TNF-mediated activation of IKK-β resulted in activation of
nuclear factor-kappa B (NF-κB) and was followed by upregulation of the target gene Cyclin
D1 and NPC proliferation (Widera et al., 2006). Clearly, the signaling pathways involved in
TNF-α-induced human NPC proliferation need further investigation.

Differentiation of NPC was observed by both immunocytochemical staining for cell portion
and Western blotting for protein expression. In both experimental systems HIV+LPS-MCM
induced a higher proportion of astrocytes (indicated by GFAP expression) than would be
expected from spontaneous differentiation alone (NB27). This effect is partially through TNF-
α, as indicated by the Western blotting showing HIV-infected and/or LPS-activated MCM-
induced GFAP expression was blocked by soluble TNF-R1R2. There are at least three different
mechanisms that could be the basis for the increase of gliogenesis in HIV-infected and/or LPS-
activated MCM-treated cultures.

First, MDM produce factors that are toxic to newly generated neurons. It has been shown that
most new hippocampal progenitor cells (HPCs) in the dentate gyrus die within the first week
after epileptic insults through a caspase-mediated apoptotic mechanism (Ekdahl et al., 2001).
Further data indicate that increased production of TNF-α by microglial cells, which
accompanies hippocampal inflammation (Vezzani et al., 2002), could be a major reason for
the death of newly generated HPC. However, in our studies HIV-infected and/or LPS-activated
MCM did not show a significant effect on NPC apoptosis (less than 1% of sub G1 for each
different condition). TNF-α, the major player for HIV-infected and/or LPS-activated MCM-
induced gliogenesis, did not induce a significant effect on NPC apoptosis by TUNEL assay
(Supplement Fig. 1). This excluded the effect of apoptosis on decrease of neurogenesis.

Secondly, MCM may selectively promote the survival or proliferation of astocytes. It has been
shown that IL-1β could induce astrocyte proliferation. However, blocking IL-1β in the MCM
by IL-1ra could not abrogate HIV-infected and/or LPS-activated MCM induced glio-genesis.
This suggests that inducing astrocyte proliferation is not important in HIV-infected and/or LPS-
activated MCM-induced gliogenesis.

Finally, MCM may directly affect NPC cell fate by inducing the NPC to be committed for a
glia fate. From our preliminary observation, TNF-α induced an increase of the inhibitory bHLH
transcription factor Hes1 and a decrease expression of the bHLH determination factor Mash1,
suggesting that TNF-α in MCM may directly regulate NPC cell fate through bHLH regulation
(data not shown). Still, we would like to emphasize that the mechanisms responsible for the
increased proportion of astrocytes in HIV-infected and/or LPS-activated MCM-treated NPC
cultures remains to be further investigated.

The clinical presentation and progression of neuroAIDS in the developing brain of children is
distinct from that seen in adult patients. Neuroimaging and autopsy findings in pediatric
patients show impaired brain growth, reactive gliosis, myelin pallor, calcification of the basal
ganglia, cortical and cerebral atrophy with neuronal loss, and ventricular enlargement, and
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abnormalities of cerebral vasculature (Schwartz and Major, 2006). One difference between the
adult and child brain is that there are more NPC in the child brain. NPC are a population of
CNS cells critical to brain development and response to injury and inflammation (Schwartz
and Major, 2006). Recent evidence has shown that HAD patients manifest fewer adult NPC in
the dentate gyrus of the hippocampus, an important center for memory and learning, than
noninfected subjects or HIV-infected patients without dementia (Krathwohl and Kaiser,
2004).

It may suggest neuroregeneration generated by NPC may contribute to the neuropathogenesis
of HAD. A previous study found that injection of human MDM into the basal ganglia of SCID
mice inhibited hippocampal neurogenesis (Poluektova et al., 2005). The attenuation of
neurogenesis was associated with MP inflammatory responses, especially the high sensitivity
of proliferating PSA-NCAM+ neuronal precursors to inflammatory products (Poluektova et
al., 2005). However, the limited numbers of endogenous NPC in SCID mice, prevented a
thorough study of neurogenesis in vivo. We have adapted the SCID mouse model by injecting
HIV-1-infected-MDM with NPC into the SCID mouse brain. HIV-1-infected MDM induced
more astrocyte differentiation and less neuronal differentiation as compared to NPC injection
alone (see Fig. 10). Taken together, the current studies further demonstrated that HIV-1-
infected and immune-activated macrophages affect neurogenesis through induction of human
NPC proliferation, while inhibiting neurogenesis and activating gliogenesis partially through
cytokine TNF-α. To our knowledge, this study shows for the first time the direct effect of
HIV-1-infected and immune activated macrophages on human NPC function, which could
contribute to the neuropathogenesis of HAD.

Neural stem/progenitor cells, which have been isolated from both the developing brain and the
adult CNS, may differ in their regenerative potential dependent upon the developmental stage
at which they were isolated and the site from where they were obtained (Gage, 2000; Kennea
and Mehmet, 2002; Rao, 1999). Our work has demonstrated that MDM affect human fetal NPC
proliferation and differentiation whether or not MDM may also affect adult NPC function
during HAD awaits further investigation.

This study provides evidence that in HAD, activated microglia/macrophage may play a
complex regulatory role in the proliferation and differentiation of NPC. HIV-1-infected and
immune-activated macrophages affect neurogenesis through induction of NPC proliferation,
inhibition of neurogenesis and activation of gliogenesis. These findings may have widespread
relevance to other neurodegenerative disorders, such as PD and AD, in which inflammation is
induced as a consequence of microglia activation. Moreover, our data on the ability of the
proinflammatory cytokines TNF-α and IL-1β to inhibit neuronal differentiation and stimulate
glial differentiation suggest that these cytokines could become drug targets for preservation of
the endogenous regenerative capability of the CNS that is normally repressed in the inflamed
brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Growth factors and conditioned media from HIV-1ADA infected and/or immune activated
macrophages (MCM) induce NPC proliferation. (A—C) Characterization of human cortical
NPCs. Human cortical NPCs were cultured in substrate-free tissue culture flasks and grown in
suspension in NPIM as previously described (Peng et al., 2004). The dissociated cells were
plated in poly-D-lysine-coated cover slips for 24 h. Cells were fixed and stained for Nestin
(red, A) and Sox2 (green, B). Nuclei were stained using Hoechst 33342 (blue). Most of the
cells analyzed were positive for Nestin (A) and Sox2 (B). C shows merge of A and B. Original
magnification is ×20. Results are representative of two donors. (D, E) Human neural progenitor
cells (NPC, passage 4—10) were dissociated and reseeded to 96-well plates. Cells were treated
with growth factors (10 ng/mL EGF, 10 ng/mL bFGF) (D) or 10, 25, 50% of MCM (E) for 6
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days before pulsing with [3H]thymidine (0.25 μCi/well) for 16 h. Cells were then lysed with
0.1% Triton X-100 and harvested using a FilterMate cell harvester. The incorporated
radioactivity was measured using a β-liquid scintillation counter. Data is presented as a
percentage of control, as mean ± SD. Results represent average of three donors. * P < 0.05 in
comparison to control. (F, G) NPC were treated with 25% of MCM from different days post
infection of HIV-1-infected MDM (F) or 10, 20 or 50% MCM from HIV-1 and/or LPS activated
MDM (G) for 6 days. Cell proliferation was measured by [3H] thymidine incorporation assay.
Data is presented as a percentage of control MCM, as mean ± SD. Results represent average
of at least two donors. * P < 0.05 in comparison to con-MCM, # P < 0.05 in comparison to
LPS-MCM.
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Fig. 2.
Cytokine production and induced NPC proliferation. A-B. HIV-infected and/or LPS activated
MCM were collected and measured for levels of TNF-α (A) and IL-1β (B) by ELISA. Data is
presented as mean ± SD. Results represent the average of four donors. * P < 0.001 in
comparison to con-MCM, # P < 0.001 in comparison to LPS-MCM. (C, D) NPC were treated
with different concentrations of TNF-α (C) or IL-1β (D) for 6 days. Cell proliferation was
measured by [3H]thymidine incorporation assay. Data is presented as a percentage of control,
as mean ± SD. Results represent average of three donors.
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Fig. 3.
TNF-α soluble receptors block HIV-1 infected and/or immune activated MCM-induced NPC
proliferation. (A) NPC were treated with TNF-α (10 ng/ mL) with or without TNF-R1R2 (100
ng/ mL) for 6 days. (B) NPC were treated with IL-1β (10 ng/mL) with or without IL-1ra (100
ng/mL) for 6 days. Cell proliferation was measured by [3H]thymidine incorporation assay.
Data is presented as a percentage of control, as mean 6 SD. * P < 0.001 in comparison to
control. # P < 0.001 in comparison to TNF-α (A) or IL-1β (B). (C,D) NPC were treated with
HIV+LPS MCM with or w/o TNF-R1R2 (C) or IL-1ra (D) for 6 days. Cell proliferation was
measured by [3H]thymidine incorporation assay. Data is presented as a percentage of con-
MCM, as mean ± SD. * P < 0.001 in comparison to con-MCM. # P < 0.001 in comparison to
without TNF-R1R2.
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Fig. 4.
TNF-α production in HIV-1 and immune activated MCM and induced NPC proliferation.
(A) HIV-infected and/or IL-1β, or LPS activated MCM were collected and measured for levels
of TNF-α by ELISA. Data is presented as mean ± SD. Result is the represent of two donors. *
P < 0.05 in comparison to con-MCM. (B) NPC were treated with 25% of MCM from
HIV-1infected and/or IL-1β, or LPS activated MCM for 6 days. Cell proliferation was
measured by [3H]thymidine incorporation assay. Data is presented as a percentage of con-
MCM, as mean ± SD. * P < 0.05 in comparison to con-MCM. Result is the represent of two
donors. (C) Result expresses the correlation of TNF-α production to NPC proliferation.
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Fig. 5.
The effect of TNF-α and MCM on NPC by cell cycle analysis. A-B. NPC were treated with
TNF-α (0, 1, 10, 100 ng/mL; A) or 25% HIV-1 and/or LPS activated MCM (B) for 6 days.
Cell cycle was examined by propidium iodide staining. Data was obtained and analyzed by
flow cytometry. * P < 0.05 in comparison to control, # P < 0.05 in comparison to con-MCM.
(C) TNF-α treatment elevates Cyclin D1 expression in NPCs. NPCs were treated with TNF-α
(10, 100 ng/mL) for 24 h. Expression of Cyclin D1 was detected by Western blotting of total
cell lysates. β-actin was used as a loading control. Data is represent of three independent
experiments.
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Fig. 6.
HIV-1infected and/or immune activated MCM increase astrocyte and decrease neuron
proportions. NPC were differentiated in NB27 media with or without MCM for 6 days.
Representative fluorescence overlay micrographs showing the morphology of neurons (green)
and astrocytes (red) in NB27 (A), con-MCM (B), LPS-MCM (C) or HIV+LPS-MCM (D).
Nuclei were stained with Hoechst (blue). β-III-tubulin (E) or GFAP (F) positive cells was
quantified, data is presented as a percent of NB27 expression. * P < 0.05 in comparison to
NB27.
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Fig. 7.
TNF-α increases astrocyte and decreases neuron proportions. NPC were differentiated in NB27
media with or without TNF-α for 6 days. Representative fluorescence overlay micrographs
showing the morphology of neurons (β-III-tubulin, A,B in green, C,D in red) and astrocytes
(GFAP, A-B in red; S-100, C-D in green) in NB27 (A and C) and TNF-α (B and D). Nuclei
were stained with Hoechst (blue). GFAP (E) or GFAP and S-100 (F) positive cells was
quantified, data is presented as fold of NB27 expression. * P < 0.05 in comparison to NB27.
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Fig. 8.
TNF-α and IL-1β decrease β-III-tubulin and increase GFAP expression. (A,B) NPC were
differentiated in NB27 with TNF-α (10 ng/mL) with or without TNF-R1R2 (A), or IL-1β (10
ng/ mL) with or without IL-1ra (B) for 6 days. Expression of β-III-tubulin or GFAP was
detected by Western blotting of total cell lysates. β-actin was used as a loading control. (C–
F) The films were scanned and the acquired images were analyzed using the public domain
NIH image program for data quantification. Expression of β-III-tubulin (C, D) or GFAP (E,
F) was normalized to β-actin as a loading control. Data is presented as a percent of NB27
expression (C, D) or Folds of NB27 expression (E, F). Results are representative of two
independent experiments.
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Fig. 9.
HIV-1 infected and/or LPS activated MCM decrease β-III-tubulin and increase GFAP
expression through TNF-α.(A) NPC were differentiated in NB27 with 20% MCM with or
without TNF-R1R2 (100 ng/mL), or IL-1ra (100 ng/mL) for 6 days. Expression of β-III-tubulin
or GFAP was detected by Western blotting of total cell lysates. β-actin was used as a loading
control. (B,C) The films were scanned and the acquired images were analyzed using the public
domain NIH image program for data quantification. Expression of β-III-tubulin (B) or GFAP
(C) was normalized to β-actin as a loading control. Data is presented as a percent of NB27
expression (B) or Folds of NB27 expression (C). Results are representative of two independent
experiments.
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Fig. 10.
HIV-1-infected MCM affect NPC differentiation in HIVE mice. Qtracker labeled human NPCs
were intracranially injected into the basal ganglia of SCID mice with/without HIV-1ADA-
infected MDM. Fourteen days after injection, NPC differentiation was identified using
immunostaining in serial 30 μm brain sections. (A–H) Serial 30 μm paraformaldehyde-fixed
floating brain sections were immunolabeled with antibodies to GFAP (green; B-D, F-H) β-III-
tubulin (red; A, C, D, E, G, and H) in both NPC injection group (control, A–D) and NPC
injected with HIV-1-infected MDM group (HIVE, E–H). (I–L) HIVE brain sections were
stained with antibodies to CD68 (red; I, K and L) and GFAP (green, J-L) or antibodies to P24
(red; M, O and P) and GFAP (green; N-P) to identify HIV-1-infected MDM. Original
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magnification is ±60. (Q,R) GFAP and (β-III-tubulin expression were quantified by
determining the GFAP-positive or β-III-tubulin-positive area as a percentage of the sum area
and calculated for a window of the injection site as indicated by Qtracker. Data were shown
as the percentage of GFAP-positive area (Q), and the percentage of β-III-tubulin area (R). Data
represent the mean SEM. * P < 0.05 in comparison to control.
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