
Macrophage-Induced Inflammation Affects Hippocampal
Plasticity and Neuronal Development in a Murine Model
of HIV-1 Encephalitis
LARISA POLUEKTOVA,* VAKARA MEYER, LISA WALTERS, XIMENA PAEZ, AND HOWARD E. GENDELMAN
Laboratory of Neuroregeneration, Department of Pharmacology and Experimental Neuroscience,
Center for Neurovirology and Neurodegenerative Disorders, University of Nebraska Medical Center, Omaha, Nebraska

KEY WORDS
hippocampus; neurons; PSA-NCAM; cell proliferation; astro-
cytes; microglia; Ki-67

ABSTRACT
Cognitive, behavioral, and motor impairments, during pro-
gressive human immunodeficiency virus type 1 (HIV-1)
infection, are linked to activation of brain mononuclear
phagocytes (MP; perivascular macrophages and microglia).
Activated MPs effect a giant cell encephalitis and neuro-
inflammatory responses that are mirrored in severe com-
bined immunodeficient (SCID) mice injected with human
monocyte-derived macrophages (MDM). Whether activated
human MDMs positioned in the basal ganglia affect hippo-
campal neuronal plasticity, the brain subregion involved in
learning and memory, is unknown. Thus, immunohisto-
chemical techniques were used for detection of newborn
neurons (polysialylated neuronal cell adhesion molecule
[PSA-NCAM]) and cell proliferation (Ki-67) to assay MDM
effects on neuronal development in mouse models of HIV-1
encephalitis. Immunodeficient (C.B.-17/SCID and nonobese
diabetic/SCID, NOD/SCID) and immune competent (C.B.-17)
mice were injected with uninfected or HIV-1-infected MDM.
Sham-operated or unmanipulated mice served as controls.
Neuronal plasticity was evaluated in the hippocampal
dentate gyrus (DG) at days 7 and 28. By day 7, increased
numbers of Ki-671 cells, PSA-NCAM1 cells and dendrites
in DG were observed in sham-operated animals. In con-
trast, significant reductions in neuronal precursors and
altered neuronal morphology paralleled increased micro-
glial activation in both HIV-1-infected and uninfected
MDM-injected animals. DG cellular composition was
restored at day 28. We posit that activated MDM induce
inflammation and diminish DG neuronal plasticity. These
data provide novel explanations for the cognitive impair-
ments manifested during advanced HIV-1 infection.
VVC 2005 Wiley-Liss, Inc.

INTRODUCTION

Progressive human immunodeficiency virus type 1
(HIV-1) infection commonly leads to cognitive, motor,
and behavior deficits (reviewed in Lipton and Gendel-
man, 1995; Gendelman et al., 2004). Of all deficits, those
affecting memory and learning are most debilitating
(Navia et al., 1986; Pumarola-Sune et al., 1987; Rotten-
berg et al., 1987). HIV-1 infection induces an encephalo-
pathy mediated by brain mononuclear phagocytes (MP;

perivascular macrophages and microglia), MP neurotoxic
secretions initiate from subcortical brain regions
(Neuen-Jacob et al., 1993; Kieburtz et al., 1996; Wiley
et al., 1998; Patel et al., 2002). Over time, this can lead
to HIV-1-associated dementia (HAD) (McArthur et al.,
2003). Neuropathologic abnormalities associated with
HAD include multinucleated giant cell formation, myelin
pallor, astrogliosis, and neuronal dropout and are
termed HIV-1 encephalitis (HIVE) (reviewed in De Giro-
lami et al., 2004).

A recurring question in the neuropathogenesis of HIV-
1 infection is how subcortical disease affects global mem-
ory deficits. One explanation is that an autocrine and
paracrine amplification of cellular and viral products
released from activated and HIV-1-infected macrophages
affects hippocampal learning and memory (Zink et al.,
2002; Anderson et al., 2003). Alternatively, but not
mutually exclusive, is the fact that MP inflammatory
responses directly affect hippocampal development. Neu-
rogenesis (formation of newborn neurons) occurs within
the dentate gyrus (DG) of the hippocampus (Altman and
Das, 1966; Ekdahl et al., 2003; Krathwohl and Kaiser,
2004) and in adulthood is identified as an integral part
of mammalian neuronal plasticity. Adult neurogenesis
and neuronal plasticity (survival of newborn neurons,
growth, branching, elongation, and incorporation in neu-
ronal circuit) are stimulated by traumatic injury, neuro-
trophins, and environmental cues. In contrast, the iden-
tical processes are suppressed by age, stress, toxins, and
inflammation (Ekdahl et al., 2003; Monje et al., 2003;
Parent, 2003).

In the current study, HIV-1-infected monocyte-derived
macrophages (MDM) were injected into the brains of
severe combined immunodeficient (SCID) mice. Adaptive
immunity was assessed using nonobese diabetic/SCID
(NOD/SCID) mice reconstituted with human peripheral
blood lymphocytes (hu-PBL-NOD/SCID) (Poluektova
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et al., 2002, 2004) before MDM brain injections. Parental
C.B.-17 mice served as controls for mutations in DNA-
dependent protein kinase (DNA-PK) present in SCID
mice (Culmsee et al., 2001). Traumatic injection into the
basal ganglia stimulated neuronal development and glial
reactions in DG of SCID and NOD/SCID mice with or
without hu-PBL reconstitution. Significant inhibition of
neuronal plasticity and neurogenesis was observed in
SCID mice injected with uninfected or HIV-1-infected
human MDM. The number of newborn PSA-NCAM1

neurons in the DG subgranular layer was reduced at
1 week after injection, but was restored at 28 days.
Severe inflammation triggered by HIV-1-infected MDM
diminished neuronal development in wild-type C.B.-17
mice. We conclude that inflammatory responses induced
by activated MDM, rather than HIV-1 infection, per se,
reduce neuronal development in the DG. These observa-
tions provide yet another explanation for how cognitive
and memory deficits can occur in advanced HIV-1 disease.

MATERIAL AND METHODS
Cells and Viruses

Monocytes and PBL obtained from HIV-1, HIV-2, and
hepatitis B seronegative donor leukopaks, were separated
by countercurrent centrifugal elutriation as previously
described (Gendelman et al., 1988). Monocytes were cul-
tivated in DMEM (Sigma-Aldrich, St. Louis, MO) sup-
plemented with 10% heat-inactivated pooled human
serum, 1% glutamine, 50 lg/ml gentamicin, 10 lg/ml
ciprofloxacin (Sigma), and 1,000 U/ml highly purified
recombinant human macrophage colony-stimulating fac-
tor (CSF; a generous gift from Wyeth-Pharmaceuticals,
Cambridge, MA). After 7 days in culture, MDM were
infected with HIV-1ADA (Gendelman et al., 1988) at a
multiplicity of infection (MOI) of 0.01.

Mice and Cell Injections

Four-week-old male C.B.-17 and C.B.-17/SCID mice
were purchased from Charles River Laboratories (Wil-
mington, MA). NOD/SCID mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Animals were
maintained in sterile microisolator cages under patho-
gen-free conditions in accordance with the ethical guide-
lines for care of laboratory animals at the University of
Nebraska Medical Center and the National Institutes of
Health (NIH); 10 ll of saline (sham-operated), 3 3 105

cells/10 ll of uninfected MDM (MDM group) or HIV-
1ADA-infected MDM (HIVE group) were injected intra-
cerebrally (i.c.) into the basal ganglia with previously
described coordinates: 3.5 mm behind the bregma,
3.5 mm lateral from the sagittal midline, a depth and
angle of 4.0 mm and 35� from the vertical line (Per-
sidsky et al., 1996). NOD/SCID mice were reconstituted
with human PBL (50 3 106 cells/mouse) and after 7 days
injected i.c. with syngeneic HIV-1-infected (HIVE) or
uninfected autologous MDM. Replicate PBL reconsti-

tuted animals did not receive MDM injections. Animals
were included in the analysis if �30% of the total spleen
cells were human CD451/CD31 leukocytes. C.B.-17/
SCID mice were sacrificed at days 7 and 28. NOD/SCID
and C.B.-17 control mice were sacrificed at day 7.
Unmanipulated animals served as age-matched controls
(per each strain and time point).

Immunocytochemical Analysis

Brain tissue was collected at necropsy, fixed in 4%
phosphate-buffered paraformaldehyde, and embedded in
paraffin or frozen for later use. Blocks were cut to iden-
tify the injection site. For each mouse, �100 serial
(5-lm-thick) sections were cut from the injection site
and at the level of the hippocampus. Sections were
deparaffinized with xylene and hydrated in gradient alco-
hols. Immunohistochemical staining utilized followed a
basic indirect protocol, using antigen retrieval by heating
to 95�C in 0.01 M citrate buffer for 30 min for all antigen
markers except polysialylated neuronal cell adhesion
molecules (PSA-NCAM), which is acid-sensitive. On serial
sections, immature neurons were localized with Ab to
PSA-NCAM (mouse IgM, 1:1,000, generously provided by
Dr. T. Seki, Jutendo University School of Medicine, Tokyo,
Japan). Murine microglia and astrocytes were detected
with rabbit polyclonal Abs to ionized calcium-binding
adapter molecule 1 (Iba-1; 1:500; Wako, Richmond, VA)
and glial fibrillary acidic protein (GFAP, 1:1,000; Dako,
Carpenteria, CA), respectively. Dividing cells were
detected with monoclonal antibody (mAb) to Ki-67 (1:50,
mouse IgG clone B56, BD PharMingen, San Jose, CA).
The polymer-based horseradish peroxidase (HRP)-conju-
gated anti-mouse and anti-rabbit Dako EnVision systems
and polymer-based alkaline phosphatase-conjugated
PowerVisionTM (ImmunoVision Technologies, Daly City,
CA) systems were used as secondary detection reagents,
and 3,30-diaminobenzidine (DAB) and Permanent Red
(Dako) were used as respective chromogens. For double
staining, primary Ab was applied simultaneously, and
development steps were performed separately. All paraffin-
embedded sections were counterstained with Mayer’s
hematoxylin. Deletion of primary Ab served as a control.
Tissue examination was performed with a Nikon Eclipse
E800 (Nikon Instruments, Melville, NY). Images were
obtained by Optronics digital camera (Buffalo Grove, IL)
with MagnaFire 2.0 software (Goleta, CA) and processed
by Adobe� Photoshop� 7.0 software.

In Vivo Cell Labeling

Ten C.B.-17/SCID 4-week-old mice were used in stu-
dies of in vivo analysis cell proliferation. The thymidine
analogue BrdU (Sigma) was administered by continuous
infusion into the left lateral ventricle using an Alzet
2004 osmotic pump. The flow rate/concentration of BrdU
administered in 0.9% saline was 0.25 ll/150 mg/ml/h
(Zhao et al., 2003) for 7 or 28 days, at the time of animal
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sacrifice. Before staining for BrdU (mouse mAb clone
BU33, 1:100, Sigma), DNA was denatured and un-
masked using 2N HCl and 0.4% pepsin.

DG Neural Cell Composition

Sets of serial sections were selected at defined
distances from bregma (21.4 to 22.8 mm) and were
�50 lM apart (Table 1). Images were obtained and ana-
lyzed under magnification 3100. Cells within the DG
were counted by computer-assisted image analysis
(Image-Pro�Plus, Media Cybernetics, Silver Spring, MD).
A manual trace of the outline of each neuron (cell bodies
and processes), astrocytes, and microglia, together with
digital measurements of the length and precise path of
each neurite, was made. Cell analysis of brain tissue sec-
tions were done in a blinded fashion by two investigators
as previously described (Zheng et al., 2004). PSA-NCAM1

cells were distributed in linear fashion along the inner
border of the granular layer. To normalize data collected
from diverse brain tissue sections, the density of PSA-
NCAM1 cells was adjusted to 1 mm of the line length/
section. Dividing Ki-671 cells, astrocytes, and microglia
were distributed throughout the DG, including the hilus.
For normalization, these cell numbers were adjusted to 1
mm2 of DG surface area/section (including the granular
layer and hilus) (Fig. 1). No significant differences
between cell numbers in the ipsilateral and contralateral
hemispheres were found within any group.

Statistical Analysis

Mean value and standard error of the mean (SEM)
were calculated for each parameter tested. Student’s
t-test and one-way analysis of variance (ANOVA) were

performed using Microsoft Excel. Differences were con-
sidered statistically significant at P < 0.05.

RESULTS
Effects of Trauma and MDM-Induced

Inflammation on Hippocampal Neurogenesis

Hippocampal neural stem cells are present within the
inner border of the granule cell layer (GCL) and during
asymmetric division produce PSA-NCAM1 transit-ampli-
fying cells (neuroblasts), which in turn produce PSA-
NCAM1 immature neurons (Doetsch et al., 1997; Kem-
permann et al., 2004a,b). Inflammatory responses gener-
ated from HIV-1-infected and uninfected MDM injected
in the basal ganglia affected neuronal plasticity and
neurogenesis in the DG. Sham-operated mice served as
positive neurogenesis controls, since trauma alone sti-
mulates generation of new neurons (Dash et al., 2001;
Kernie et al., 2001; Yoshimura et al., 2003). Unmanipu-
lated mice served as negative controls. Evaluation of
histopathology, glial inflammation, and neurogenesis
was performed on days 7 and 28 after injection. Table 1
shows the number of experiments, mouse strains,
experimental conditions, and numbers of brain tissue
sections analyzed for all experiments performed.

Neurogenesis and plasticity were assessed by PSA-
NCAM1 and Ki-671 staining within the DG. These
represent newborn neurons, as small round PSA-
NCAM1 cells with dark nuclei bordering the hilus and
the DG GCL, as well as ongoing neuronal plasticity, as
dendrites outgrowth (cells with apical dendrites or with
a marked dendritic processes extending from the GCL
up to molecular layer) (Seki, 2002a,b) (Fig. 2A). Fewer
large PSA-NCAM1 cells and their dendrite extensions
were located inside the GCL and were co-localized with
GFAP1 astrocytes (Fig. 3A).

At day 7 after traumatic injury, the density of small
PSA-NCAM1 cells, numbers of dendrites, and dendrite
length increased significantly compared with unmanipu-
lated animals (Fig. 2B). MDM injection (uninfected or
HIV-1-infected) into the basal ganglia reduced the num-
bers of PSA-NCAM1 cells in the DG when compared
with sham-operated controls (P < 0.001). Neural cell
morphology was also changed. Dendrite length was sig-
nificantly reduced (Fig. 2C, P < 0.02). At 28 days after

Fig. 1. Cytological analyses. A: Brain subregion selected for analysis
in the hippocampus (black rectangle), and excludes the injection area
(oval). B: Outlined area of analysis that includes the DG granule cell
layer and hilus (dashed line, measured in mm2/section). Solid line
represents the length of SGL (measured in mm/section). The number of
PSA-NCAM1 cells was adjusted to the length of the DG (solid line). C:
Measurements of the length of PSA-NCAM1 dendrites. Section stained
with PSA-NCAM. B, 3100; C, 31,000. Scale bar 5 25 lm in C.

TABLE 1. Mouse Strains, Experimental Conditions, and Numbers
of Brain Slices Analyzed

Mouse
strains

Experiments
performed

Experimental
conditions

Brain
sections
analyzeda

C.B.-17/SCID 3 Control,b n 5 6 26
Sham-operated, n 5 6 24
MDM, n 5 12 47
HIV-1 MDM, n 5 13 52

NOD-SCID 2 Control,b n 5 9 40
hu-PBL, n 5 3 12
hu-PBL, sham-operated,

n 5 3
14

hu-PBL, MDM, n 5 6 28
hu-PBL, HIV-1 MDM,

n 5 12
45

HIV-1 MDM, n 5 9 36

C.B.17 1 Control,b n 5 3 12
Sham-operated, n 5 3 12
MDM, n 5 3 12
HIV-1 MDM, n 5 3 12

a�4 sets of 5-lm serial brain tissue sections were analyzed after immunostainings
for PSA-NCAM, GFAP, Iba-I, and Ki-67 antigens.
bControl animals were unmanipulated. Hu-PBL were those mice reconstituted
with human lymphocytes. Sham-operated animals were injected i.c. with saline
only. HIV-1ADA-infected MDM (HIV-1 MDM) induced a focal encephalitis consisting
of multinucleated giant cells, astrogliosis, and neuronal drop-out analogous to
what is observed in human HIV-1 encephalitis.
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Fig. 3. Co-localization of GFAP1

astrocytes (Permanent Red) with
PSA-NCAM (A) and Ki-67 (B)
(brown, DAB). Counterstained with
hematoxylin. Insert (B, right) repre-
sents triple fluorescent staining for
Ki-67 (red), PSA-NCAM (green), and
GFAP (blue). A, 3600; B, 31,000.

Fig. 2. Quantitative morphologic
determinations of PSA-NCAM1 cells.
Expression of PSA-NCAM in DG was
upregulated in sham-operated ani-
mals, but reduced in mice injected
with uninfected or HIV-1-infected
MDM. A: Morphological changes in
sham-operated, MDM and HIVE
mice compared with uninjected ani-
mals. Stained with PSA-NCAM,
counterstained with hematoxylin. B:
Statistical analysis (mean 6 SEM) of
the number of cells adjusted to the
length of DG (P < 0.001; ANOVA). C:
Average length of dendrites (P <
0.02; ANOVA). *Differences with
uninjected mice; #differences with
sham-operated animals. A,3100.
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injection, no differences were seen in PSA-NCAM1 neu-
ron numbers between groups with the exception of a
modest, but significant, reduction in dendrite length in
MDM and HIVE animals compared with sham-operated
controls (P < 0.02) (Fig. 2C).

Glial Inflammatory Responses and MDM-Induced
Reduction of Cell Division

We examined the affects of MDM on neural prolifera-
tion and glial inflammatory responses within the DG.
Common dividing cells in the DG are neuronal lineage-
restricted doublecortin-positive and PSA-NCAM1 transit-
amplifying type cells (neuroblasts) (Fig. 3B, insert). DG
cell proliferation was determined by immunoreactivity
to Ki-67, a biomarker for cell division, which is
expressed at all phases of the cell cycle except for Go

(Kee et al., 2002). In vivo labeling of DG cell prolifera-
tion after intraventricular infusion of BrdU in SCID
mice showed similar distribution of dividing cells in DG,
with some accumulation in subgranular cell layer (SGL)
and diffuse distribution throughout the brain par-
enchyma as reported by others (Zhao et al., 2003). In

sham-operated animals, increased numbers of proliferat-
ing cells and cell clusters were observed compared with
unmanipulated mice (P < 0.001). The number of BrdU1

cells exceeded the numbers of Ki-671 cells in the subgra-
nular layer of DG (Fig. 4B). We co-localized few Ki-671

cells with GFAP1 astrocytes and Iba-11 microglia,
whereas 30-50% of Ki-671 expressed PSA-NCAM
(Fig. 3B, insert). The presence of human MDM in the
basal ganglia, either infected or uninfected, significantly
reduced the numbers of Ki-671 cells at day 7 compared
with sham-operated controls (P < 0.001) (Fig. 4A).

Hippocampi from unmanipulated control mice con-
tained small numbers of ramified Iba-11 microglia
located in the hilus, within and around the GCL. Trau-
matic injury increased numbers of Iba-11 microglia in
the DG, which displayed thicker processes. Moreover,
those cells were in closer proximity to granule neurons
(Fig. 4B). Microglia from sham-operated, MDM, and
HIVE animals had similar morphological phenotype and
distribution patterns.

GFAP1 astrocytes in the innermost region of GCL
showed morphology analogous to that of residual radial
glia cells (Kosaka and Hama, 1986). Astroglial processes
extended to the molecular layer in direct contact with

Fig. 4. Quantitative and morpho-
logic analysis of the DG cellular
composition on day 7 post-injection
in SCID mice. MDM-induced inflam-
matory responses reduced the num-
ber of proliferating cells, but did not
affect injury-associated increase of
the number of glial cells. A: Sections
stained with Ab to glial Ki-67 and
BrdU (DAB, brown) in sham-oper-
ated animals. Graph represents
quantification of the number of
dividing Ki-671 cells per mm2 of the
DG. *Differences with uninjected
mice; #differences sham-operated
animals (P < 0.001; ANOVA). B:
Sections stained with Ab to micro-
glial marker Iba-1 in control (un-
manipulated) and sham-operated
mice. Graph represents quantifica-
tion of the number of Iba-11 cells
per mm2 of the DG. *Differences
with uninjected mice (P < 0.02;
ANOVA). C: Sections stained with
Ab to GFAP in control and sham-
operated mice. Graph represents
quantification of the number of
GFAP1 cells per mm2 of the DG.
*Differences with uninjected mice
(P < 0.03; ANOVA). C, 3 400.
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PSA-NCAM1 dendrites (Fig. 3A). Few astrocytes in the
hilus and the outer line of the DG showed ‘‘star’’ mor-
phology. The DG of sham-operated animals showed sta-
tistically significant increases in GFAP1 astrocytes num-
bers (Fig. 4A, P < 0.03). Equivalent numbers of astro-
cytes were detected in MDM, HIVE, and sham-operated
mice (Fig. 4A).

Neurogenesis in Lymphocyte-Reconstituted
NOD/SCID Mice

To assess whether the addition of the effectors of
adaptive immunity (lymphocytes) affects neuronal plas-
ticity and the diminution of neurogenesis by innate
immunity (macrophages), we reconstituted NOD/SCID
with human PBL and then injected autologous HIV-1-
infected MDM (hu-PBL-NOD/SCID HIVE) or uninfected
MDM (hu-PBL-NOD/SCID MDM) in the basal ganglia.
Unmanipulated mice, with or without reconstitution,
and mice injected with HIV-1-infected macrophages, but
without reconstitution, served as controls. Significant
lymphocyte infiltration into the meninges and area of
injection in the basal ganglia were observed in hu-PBL-
NOD/SCID HIVE and hu-PBL-NOD/SCID MDM mice
compared with sham-operated controls (Poluektova
et al., 2004), indicating that trauma alone was incapable
of inducing lymphocytic infiltrate. PBL reconstitution
did not affect hippocampal DG cell composition (data not
shown). Significant differences in DG cell composition
were not observed in SCID and NOD/SCID mice, with
one exception. Microglial cell numbers were nearly 2-
fold higher in NOD/SCID than in SCID mice. These
results could reflect the differing genetic backgrounds
and phenotypic features of the mouse strains (Kemper-
mann and Gage, 2002). Traumatic injury increased the
numbers of newborn PSA-NCAM1 neurons, dividing
cells, and astrocytes in the DG of sham-operated mice
(Fig. 5). Microglial cells were similar in number to
unmanipulated animals, but showed an activated mor-
phological phenotype (data not shown). After injection of
HIV-1-infected or -uninfected MDM, identical reductions
in cell division, new neurons, dendrites, and dendrite
length were observed in lymphocyte-reconstituted and
nonreconstituted mice. This reduction was accompanied
by increased numbers of microglia (Fig. 5). Three weeks
later, the number of PSA-NCAM1 cells were similar in
all injected groups (20–22 cells/mm) and higher than in
unmanipulated mice of the same age (13 6 3 cells/mm,
P < 0.01).

MDM-Induced Inflammation Affects Newborn
Neuronal Morphology

Hippocampal neurons in SCID mice that contain defi-
ciencies in DNA-PK show enhanced vulnerability to
DNA damage, oxidative stress, excitotoxicity (Culmsee
et al., 2001), and diminished cell survival (Chechlacz
et al., 2001). To exclude this as a putative experimental

variable, we assessed all experimental parameters of
neurogenesis, plasticity, and gliosis in C.B.-17 mice (the
wild-type parental strain) injected with HIV-1 or unin-
fected MDM in the basal ganglia and compared those
with similarly treated SCID mice. The cellular composi-
tion of DG was distinct in C.B.-17 than in SCID mice
(Fig. 6). C.B.-17 mice displayed 1.8 times more PSA-
NCAM1 cells/section than DNA-PK deficient SCID mice
(36.4 6 2.5 vs. 20.2 6 0.9, P < 0.001). However, similar
dendrite numbers (9.7 6 0.9 vs. 8.0 6 0.9) and dendrite

Fig. 5. Quantitative analysis of the DG cellular composition on day
7 post-injection in hu-PBL-NOD/SCID mice. The number of Ki-671 and
PSA-NCAM1 cells in DG was increased in sham-operated animals, but
reduced in mice injected with uninfected or HIV-1-infected MDM. The
reduction of the numbers of proliferating cells did not affect total num-
ber of glial cells. A: Statistical analysis (mean 6 SEM) of the number
of PSA-NCAM1 cells adjusted to the length of the DG, the average
number of dendrites, and dendrite length. *Differences between MDM
and unmanipulated mice; #differences between unmanipulated and
sham-operated animals (P < 0.002 for neurons, P < 0.02 for dendrites
and P < 0.001 for dendritic length; ANOVA). B: Quantification of the
number of dividing Ki-671 cells, microglia and astrocytes per mm2 of
the DG. *Differences between MDM and unmanipulated mice; #differ-
ences between unmanipulated and sham-operated animals (P < 0.05
for Ki-671 cells, P < 0.02 for microglia and P < 0.005 for GFAP1 cells;
ANOVA).
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length (28.8 6 1.1 lm vs. 27.1 6 0.8 lm) were seen in
both parental and SCID animals. The dynamics of cell
proliferation and variability of neurite numbers could
reflect the SCID mutations and mouse genetic back-
grounds (van Pelt et al., 1997; Hayes and Nowakowski,
2002; Amrein et al., 2004). No differences were observed
in microglia and astrocyte morphology and numbers
from unmanipulated C.B.17 compared with SCID mice.

As expected, the presence of xenogeneic human cells
induced quick graft rejection for transplanted human
MDM with significant mononuclear/lymphocyte infiltra-
tion in the meninges and in the area of injection within
the basal ganglia (data not shown).

Traumatic injury increased small PSA-NCAM1 cell
numbers by 15–25% in C.B.-17 mice. At day 7, sham-

operated animals showed no changes in numbers of
microglia or astrocytes; and this was distinct from what
was previously demonstrated in SCID animals (Fig. 4).
The presence of MDM-induced inflammation and xeno-
reaction neither reduced the number of newborn PSA-
NCAM1 neurons nor affected their morphology (Fig. 6).
However, in HIVE animals, a statistically diminished
number of dendrites and dendrite length was demon-
strated (P < 0.0001) (Fig. 6A). This observation occurred
in parallel with a dramatic expansion in astrocyte and
microglial responses (P < 0.0001) in HIVE mice. The
number of activated microglial cells was also increased
in animals injected with uninfected MDM (P < 0.0001).
Increased numbers of dendrites and dendrite length was
observed in the brains of mice injected with uninfected
MDM than in HIVE animals. Ki-671 cell numbers were
also increased significantly in HIVE, likely representing
ongoing division of neuronal and glial cells.

DISCUSSION

Generation of new neurons in the hippocampus con-
tinues throughout life and involves multiple steps.
These include proliferations of neural stem and precur-
sor cells, as well as prolonged cell survival, migration,
differentiation, and incorporation into an existing neural
network. Studies on adult rat DG demonstrated that
newborn neurons during the first 3 days of development
extend their apical dendrite into the GCL. After 7 days,
the developing neurons will reach the molecular layer
(Seki and Arai, 1993; Seki, 2002a,b). This process is
known to be stimulated by mechanical injury (Dash
et al., 2001; Kernie et al., 2001; Yoshimura et al., 2003).
Using brain injury as an experimental paradigm, we
investigated relationships between neurogenesis and
plasticity and brain inflammation in a murine model of
HIVE (Gendelman et al., 1993; Persidsky et al., 1996,
1997; Persidsky and Gendelman, 2002; Poluektova
et al., 2004). We used the trauma-induced neurogenesis
to evaluate the effects of secondary inflammatory
responses in neural tissue. SCID mice, allowed pro-
longed survival of transplanted cells and showed
increased sensitivity of hippocampal neurons to MP neuro-
toxins (Chechlacz et al., 2001; Culmsee et al., 2001).
Reconstituted NOD/SCID mice evaluated xenogeneic
human adaptive immunity while the use of parental
mouse strains assessed SCID mutation effects on neuro-
genesis. Lastly, the use of both uninfected and HIV-1-
infected MDM-injected animals evaluated the contribu-
tion of viral proteins to neuronal development.

We showed that neurogenesis was attenuated by MP
inflammatory responses in SCID mice. The reduction in
the numbers of new PSA-NCAM1 neurons was asso-
ciated with decreased cell division. However, such
changes did not affect astrocyte and microglial
responses. This led to the idea that attenuation of neu-
rogenesis in SCID mice was associated with high sensi-
tivity of proliferating PSA-NCAM1 neuronal precursors
to human MP inflammatory products. We previously

Fig. 6. Quantitative analysis of the DG cellular composition on day
7 post-injection in parental C.B.-17 mice. The numbers of PSA-NCAM1

cells in DG was increased in sham-operated animals and mice injected
with HIV-1-infected MDM. Injection of macrophages did not reduce the
number of proliferating cells. A: Statistical analysis (mean 6 SEM) of
the number of PSA-NCAM1 cells adjusted to the length of DG, the
average number of dendrites, and dendrite length. B: Quantification of
the number of dividing Ki-671 cells, microglia and astrocytes per mm2

of DG. *Differences between MDM and unmanipulated mice; #differ-
ences between sham-operated and unmanipulated animals; ˆDifferences
between MDM and HIVE animals (P < 0.02 for neurons, P < 0.01 for
Ki-671 cells, P < 0.0001 for number of dendrites and dendritic length,
microglia, and astrocytes).
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demonstrated that activated macrophages affect neu-
roinflammatory responses, neuronal plasticity, long-term
potentiation, and behavior. Although the levels seen
were lower than observed for infected macrophages, they
were statistically different from what was seen in sham-
operated animals (Zink et al., 2002; Anderson et al.,
2002, 2003). Indeed, the numbers of activated macro-
phages per se, rather than the absolute levels of virus,
are the best indicators for cognitive dysfunction in
patients with progressive HIV infection in its human
host (Glass et al., 1995; Johnson et al., 1996).

HIV-1 infected and activated MP secrete viral and cel-
lular products that negatively affect neuronal function
and inevitably lead to neural dropout (reviewed in Gen-
delman, 2004). However, it is unknown whether the
neuronal dysfunction represents MP inflammatory-
induced damage or deficits in repair, protection, or
regeneration. A leading hypothesis for HIV neuropatho-
genesis is that widespread MP-induced inflammation
affects hippocampal learning and memory. We pre-
viously demonstrated that this could occur through
paracrine amplification of pro-inflammatory factors from
the basal ganglia to the hippocampus (Zink et al., 2002).
Indeed, previous studies showed that lipopolysaccharide,
which elicits broad microglia activation, reduces hippo-
campal neurogenesis when administered to areas where
neurons are born. Increased neurogenesis triggered by
brain insults are also reduced by microglia activation
(Ekdahl et al., 2003).

Lack of observed differences in neurogenesis and neu-
ronal plasticity between virus-infected and -uninfected
MDM in SCID mice supports a reduced role for viral
proteins in the attenuation of neurogenesis by MP. SCID
mutations increase the sensitivity of rapidly dividing
cells to DNA damage and can mask possible differences
associated with direct viral toxicity (Chechlacz et al.,
2001; Culmsee et al., 2001). Indeed, DNA-PK catalytic
subunit is an important component of DNA repair and
cell signaling (Yang et al., 2003). Nonetheless, viral pro-
teins could directly affect neuronal stem cells (Peng
et al., 2004) as well as immature and mature neurons.
This includes HIV-1gp120, whose effects require expres-
sion of G-protein-coupled CXCR4 and CCR5 receptors
(Lipton, 1994; Medina et al., 1999; Krathwohl and
Kaiser, 2004), along with HIV-1gp41 (Adamson et al.,
1996), Tat (Nath et al., 1996), and Vpr (Piller et al.,
1998; Patel et al., 2000).

The observation that viral proteins and lymphocyte
reconstitution did not play roles in neurogenesis came
as a surprise. SCID and NOD/SCID mice are of different
backgrounds and show divergent microglia numbers
(Saravia et al., 2002). Reconstituted and nonreconsti-
tuted NOD/SCID mice show dramatic differences in
brain tissue damage after MDM injections. In this
regard, expression of pro-inflammatory cytokines, such
as interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-
a), interleukin-6 (IL-6), and inducible nitric oxide
synthase (iNOS) (Poluektova et al., 2004), are upregu-
lated in brains of hu-PBL-NOD/SCID HIVE mice. One
of these factors, IL-6, directly reduces the proliferation

rates of neuronal progenitor cells (Vallieres et al., 2002;
Monje et al., 2003). More complex effects could be asso-
ciated with released NO (Zhang et al., 2001). In this
NOD/SCID model, the absence of detrimental effects of
lymphocyte infiltration on neurogenesis could be asso-
ciated with its dual role in inflammation and growth fac-
tor production (Moalem et al., 2000; Barouch and
Schwartz, 2002).

The negative effects of inflammation on neuronal plas-
ticity were confirmed in wild type C.B.-17 mice. Normal
mice of the same age as SCID animals had nearly two
times more PSA-NCAM1 cells. This results in more
rapid elimination of human cells than in SCID animals.
Proliferation of progenitor cells (PSA-NCAM1 and Ki-
671) was not affected by the induced inflammation.
However, PSA-NCAM1 dendrites and dendrite length
was reduced significantly. This suggests that inflamma-
tion, triggered by HIV-1-infected cells, is a major factor
in inhibition of hippocampal neuronal development.

Elimination of human MDM and reduction of inflam-
matory responses was accompanied by restoration of
PSN-NCAM1 cells in the DG. The functional signifi-
cance of adult neurogenesis and the potential contribu-
tion to cognition are most likely to be found in long-
term adaptations (Kempermann et al., 2004b). Links
were established between immune activation, inflamma-
tion, and neuronal development. It is especially rele-
vant as DG neurogenesis is a critical event for spatial
and episodic memory (Lisman, 1999; Burgess et al.,
2002). Recent data support the idea that newly gener-
ated neurons facilitate synaptic plasticity and are needed
for the formation of new memories (Kempermann et al.,
2004b; Schmidt-Hieber et al., 2004). Such observations
have direct application to the murine HIVE model
described in this work. Research in our laboratory
demonstrated that impaired synaptic transmission and
long-term potentiation in hippocampal CA1–3 regions
were directly associated with behavioral deficits in
HIVE mice (Zink et al., 2002; Anderson et al., 2002,
2003). It is reasonable to conclude that deficits in neu-
rogenesis and newborn neurons connections may also
contribute to the functional deficits seen in these
animals.

Our findings may have widespread relevance to other
neurodegenerative disorders, such as Parkinson’s and
Alzheimer’s disease, where inflammation, induced as a
consequence of microglial activation, is a principal part
of the disease processes (McGeer and McGeer, 1998). In
each case, microglial and brain macrophage inflamma-
tory responses may have direct effects both on neuronal
function and on perturbing repair or regenerative pro-
cesses operative in neurogenic regions. Studies of neuro-
genesis have sparked new research efforts into studies
of brain repair during disease (Kuhn et al., 2001). Neu-
rogenesis was previously studied in rodent models of
human neurological diseases, including stroke (Iwai
et al., 2002; Tanaka et al., 2004), radiation injury (Monje
et al., 2003; Raber et al., 2004), subarachnoid hemor-
rhage (Mino et al., 2003), and seizures (Sato et al., 2002;
Huttmann et al., 2003). The means to reverse or attenu-
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ate deficits in the production of new neurons may inevi-
tably have therapeutic implications.
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