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Interactions between HIV-1 gp120, chemokines, and
cultured adult microglial cells
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HIV dementia (HIVD), a disease that is apparently mediated by neurotox-
ins and viral proteins secreted by HIV infected microglia, is characterized
neuropathologically by an increased number of activated microglia in the
brains of affected individuals. Consequently, the rational design of potential
therapeutic strategies should take into account the mechanisms that lead to
microglial activation and to their increased prominence in the adult brain.
In this regard, one leading hypothesis proposes that microglia are recruited
to speci�c sites in the central nervous system (CNS) as a result of interac-
tions between microglial chemokine receptors and chemokines, or even the
viral glycoprotein gp120, which binds chemokine receptors in the process of
cellular entry. Adult microglia express the functional chemokine receptors
CCR5 and CXCR4 molecules that mediate chemotaxis in these and other cell
types. We determined that puri�ed adult microglial cultures contain a het-
erogeneous population with respect to their ability to respond to the - and

-chemokines, SDF1 , and MIP-1 . A mean of 14.6% of the microglia assayed
responded to both - and -chemokines (CCR5+ CXCR4+ phenotype); 45.4%
of microglia were phenotyped as CCR5+ CXCR4 ¡ ; 12.9% of the microglia were
CXCR4+ CCR5 ¡ ; and 27.0% of microglia did not respond to either chemokine.
No increase in intracellular calcium levels was seen in the vast majority of
microglia exposed to the soluble HIV envelope protein, gp120, or to HIV enve-
lope (gp120/gp41) expressed on MLV virus pseudotypes. However, exposure of
microglia to soluble fractalkine or to other chemokines resulted in an intracel-
lular calcium �ux. Our results raise the possibility of microglial heterogeneity
with respect to their response to chemokines, and indicate that any effects due
to gp120 are likely to be considerably less robust than the response of microglia
to the natural ligands of their chemokine receptors, for example SDF1 and
MIP-1 .Journal of NeuroVirology (2001) 7, 196–207.

Introduction

Microglia play an essential role in human immuno-
de�ciency virus type 1 (HIV-1) infection of the cen-
tral nervous system (CNS), and are key to its princi-
pal neuropathogenetic manifestation, HIV dementia
(HIVD). First, microglia/brain macrophages are the
primary HIV-1 cellular target in the CNS, since mi-
croglia have been consistently identi�ed as express-
ing the vast majority of HIV-1 proteins and RNA
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detected in the brain (Gabuzda et al; 1986; Gartner
et al; 1986; Koenig et al; 1986; Budka; 1990). Sec-
ond, HIVD brains have increased numbers of mi-
croglia/brain macrophage, microglial nodules, and
multinucleated giant cells (MGCs) (Glass et al, 1993);
these histopathological changes demonstrate the fu-
sogenic and pathogenic potential of HIV-1 glycopro-
teins within the CNS (Porwit et al, 1989). Third,
microglia in autopsy specimens from patients with
HIVD are “activated,” as de�ned by their expression
of MHC class II and CD4 molecules (Soontornniyomij
et al, 1998; Kaul and Lipton, 1999) and their secre-
tion of putative neurotoxins (Tyor et al, 1993; Kolson
et al, 1998). Microglial toxicity due to “activated” mi-
croglial cells has also been implicated in a number
of in�ammatory and degenerative diseases with dis-
parate etiologies such as multiple sclerosis (Bo et al,
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1994), Alzheimer’s disease (Kalaria, 1993), cerebral
malaria, and tuberculosis (Medana and Hunt, 1997;
Sciorati et al, 1999; Stoll and Jander, 1999). Never-
theless, detectable HIV-1 infection within the CNS is
apparently not an absolute requirement for the mi-
croglial activation associated with HIVD (Glass et al,
1995), even though HIV-1 infection and the signa-
ture alterations associated with activation coincide
frequently (Weis et al, 1994; Dick et al, 1997).

A potential alternative scenario of microglial acti-
vation and subsequent neurotoxicity that does not in-
volve productive infection is that the HIV-1 surface
glycoprotein gp120 is released or “shed” from viri-
ons or infected cells, binds the appropriate receptors,
and triggers an intracellular signal in microglia. Re-
combinant gp120 and gp120/gp41 reportedly induce
alterations in intracellular Ca2 levels in a number
of cell types, which renders this theory plausible. A
decade ago, Dreyer and colleagues induced an intra-
cellular calcium signal in mixed rat neuronal cells
using recombinant gp120 (Dreyer et al, 1990). The
mechanism was not known. Then, after the discovery
that gp120 binds to CD4 and chemokine receptors in
1996 (Feng et al, 1996), similar experiments in lym-
phocytes and macrophages, which express an array
of chemokine receptors, demonstrated both positive
and negative results using calcium mobilization as-
says (Davis et al, 1997; Herbein et al, 1998; Liu et al,
2000), Weissman et al, 1997). Neurons and cells trans-
fected with chemokine receptors were also examined
for the ability of gp120 to induce intracellular sig-
naling (Meucci and Miller, 1996; Madani et al, 1998;
Arthos et al, 2000).

An important consideration is the question of
whether soluble, free gp120 is or could be present
in vivo. Prior to recognition that T-cell line adapted
(TCLA) HIV-1 isolates constituted a unique subgroup
of HIV-1 strains, investigators determined that gp120
from those isolates could be shed as a soluble protein
into culture supernatant (Schneider et al, 1986; Pauli
et al, 1987; Earl et al, 1991), possibly after its interac-
tion with CD4 (Thali et al, 1992). This “shed” gp120
could theoretically be soluble in blood or tissue and
bind to the cell surface. However, macrophage-tropic
and other primary isolates do not shed their gp120
as readily as do TCLA isolates, even when treated
with soluble CD4 (sCD4) (Gu et al, 1993; Moore
et al, 1993), which makes any theories regarding sol-
uble gp120 less attractive. Lastly, shed HIV-1 gp120
has been found in the serum of some AIDS patients
(Capobianchi et al, 1992); however, there is no evi-
dence that soluble gp120 plays a direct role in human
pathogenesis.

Theoretically, chemokines themselves could bind
to chemokine receptors on microglia, which alone
might be suf�cient to activate microglia and trigger
their toxic potential. Chemokines are a family of
small (8–14 kDa), chemoattractant pro-in�ammatory
cytokines. They play a major role in the recruitment
of immune cells, such as microglia, to sites of

in�ammatory and immune responses (reviewed in
Campbell and Butcher, 2000; Murdoch and Finn,
2000). Chemokine receptors, particularly the alpha
(®) chemokine receptor CXCR4 and the beta (¯)
chemokine receptor CCR5, work in conjunction
with CD4 to mediate entry of HIV into susceptible
cells (Alkhatib et al, 1996; Choe et al, 1996; Deng
et al, 1996; Doranz et al, 1996; Feng et al, 1996;
Wu et al, 1996). Since microglia express a number
of chemokines and chemokine receptors, including
functional CCR5 and CXCR4, this third hypothesis
of microglial activation is viable (Albright et al,
1999). Additional support for this hypothesis in-
cludes evidence that other CNS cells types also
secrete chemokines (Hesselgesser and Horuk, 1999;
Bacon and Harrison, 2000), and that other neuro-
logical diseases could be linked to chemokines and
their chemokine receptors (Glabinski and Ransohoff,
1999; Zhang et al, 2000).

To determine whether treatment of microglia with
gp120 would alter their intracellular calcium con-
centration, a common manifestation of chemokine-
mediated intracellular signal transduction, we used
microscopic techniques that detect such changes in
single cells (Itoh et al, 1998). We found no evidence
to support a prominent role for gp120 in microglial
signaling, at least in comparison to the consistent
responses detected with ®- and ¯-chemokines. More-
over, we found an unexpected level of heterogene-
ity among individual cells. Our results raise the pos-
sibility of chemokine receptor heterogeneity among
microglia from the same donor, and indicate that
any response to gp120 is likely to be consider-
ably less robust than a chemokine-induced calcium
response.

Materials and methods

Isolation and culture of microglia
Microglia were isolated from fresh human brain tis-
sue obtained during temporal lobe surgery for in-
tractable epilepsy, and cultured for 4–7 days in mi-
croglia media, which consists of Dulbecco’s Minimal
Essential Media (DMEM) supplemented with 5% fe-
tal bovine serum (FCS) (Atlanta Biologicals), 5% gi-
ant cell tumor supernatant (GCTS) (Fisher), 4.5 g/l
glucose, 50 ¹g/ml gentamicin, and 1 mM sodium
pyruvate (Strizki et al, 1996). These microglial cul-
tures were washed three times with PBS and incu-
bated with 0.25% trypsin. Ninety to 95% of the ad-
herent microglia were detached and centrifuged for
10 min at 1750 g on a Beckman tabletop centrifuge.
Microglia were plated at 3–4 104 microglia per well
in 8-well Lab-Tek Permanox chamber slides (Nalge
Nunc International, Naperville, IL), and cultured in
microglia media. The purity of the microglia in cul-
ture was determined to be greater than 95% using diI-
Ac-LDL (Biomedical Technologies Inc, Stoughton,
MA) as previously described (Strizki et al, 1996).
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Intracellular calcium assay
Unless otherwise speci�ed, all intracellular calcium
[Ca2 ]i measurements were performed at room tem-
perature (23–25 C). Coverslips (22 22 mm), con-
taining 2–4 104 microglia were inverted, and at-
tached to the upper side of a perfusion chamber
(RC-21B, Warner Instrument Corp., CT), which was
then mounted on the stage of an upright micro-
scope (Optiphot, Nikon, Japan) equipped for epi�uo-
rescence detection. The microglia were loaded with
5 ¹M fura-2/AM in 0.02% Pluronic F-127 (Molec-
ular Probes) for 30 min (Itoh et al, 1998; Albright
et al, 1999). Excess fura-2/AM was washed out of the
chamber and the cells maintained in mock record-
ing media for an additional 15 min to completely
hydrolyze the internalized fura-2/AM (Itoh et al,
1998). The microglia were exposed to 60–66 nM
macrophage in�ammatory protein 1¯ (MIP-1¯) or
stromal cell-derived factor 1® (SDF-1®) (Peprotech,
Rocky Hill, NJ), while being illuminated by a 75-watt
Xe arc lamp through a 340 and then 380 nm excita-
tion �lter, and controlled by a computer-assisted �lter
changing device (LAMBDA-10, Sutter Ins. Co., CA).
Emission �uorescence images were collected every
15 s through a 20 objective lens (CF Fluor DL, nu-
merical aperture: 0.75, Nikon, Japan) and a 510 nm
barrier �lter by a SIT camera (C2400-08, Hamamatsu
Photonics KK, Japan), and converted to digital data
by an image-processing system (ARGUS-50, Hama-
matsu Photonics KK, Japan). Each frame of digital
data was stored in a PC-based computer as both nu-
merical and color images (512 382 pixels) and con-
verted to single-cell temporal 510-nm emission plots.
These data were plotted at 15-s intervals either as sin-
gle cell tracings or as the average of all cell recordings
from a single experiment.

For soluble HIV gp120 assays, 8–25 nM gp120 was
added to microglia in the manner previously de-
scribed for chemokines (Albright et al, 1999). The in-
tracellular calcium recordings were scored as being
either above or below baseline levels. For all exper-
iments, the viability of the microglia was con�rmed
by their response to the ¯-chemokines, MIP-1¯, and
RANTES. The chemokine receptor tropism of each of
these HIV-1 gp120s is listed in Table 1.

Heterogeneity/homogeneity analysis of functional
chemokine receptors
The different microglial populations were scored ac-
cording to their ability to respond to ®- and/or ¯-
chemokines, as judged by a noticeable change in in-
tracellular calcium levels over background. Microglia
were separated into four groups (CCR5 = CXCR4 = )
based on the induction of intracellular calcium
concentration changes when exposed to ®- and ¯-
chemokines. The means and standard deviations of
the intracellular calcium concentration plots for each
group of microglia were calculated from six sepa-
rate experiments in cells from separate brain prepara-
tions. The Wilcoxon Sum of Ranks statistical test was

Table 1

Requirement Protein quality
gp120 strain Tropism3 for CD4 assay4

8 V3BaL1 R5 No Western, ELISA
JrFL R5 Yes Western, ELISA
8 V3IIIB1 X4 No Western
CM235 R5 Unknown Western, ELISA
Clade E2 NSI Unknown Western
SF2 X4 Unknown nd5

IIIB X4 Yes Western, ELISA

1Hoffman et al, 1999.
2Clade E 93TH975.
3X4 (CXCR4-using) and R5 (CCR5-using).
4Western Blot and ELISA as described in Materials and methods,
and Results sections.
5nd not done.

performed using SPSS for MS Windows, to determine
if there was any statistical difference between the four
phenotypic groups of microglia. MDM, isolated and
cultured as previously described (Strizki et al, 1996),
were assayed in the same manner.

Analysis of calcium �ux data
Each experiment was scored according to the follow-
ing scheme: “0” when there was no discernible in-
crease in the emission ratio of fura-2 at 340/380 nm
ratio of intracellular calcium concentration; “1”
when the ratio increased 0–0.5-fold over the back-
ground ratio; “2” if the ratio increased 0.5–1-fold; “3”
if the ratio increased 1–2-fold; and “4” if the increase
was >2-fold. The average of this score was calculated
for 5–16 experiments performed for each chemokine.

Source of gp120s
Puri�ed, soluble gp120 proteins from HIV-1Jr Fl;

8 V3IIIB; and 8 V3BaL strains were generous gifts from
Trevor Hoffman and Carrie McManus of the lab-
oratory of Dr Robert Doms (Dept. of Pathology,
University of Pennsylvania School of Medicine)
(Doranz et al, 1999; Hoffman et al, 1999). Brie�y,
these soluble gp120 proteins were constructed by
inserting a stop codon into the env gene at the 3
end of gp120; the gp120 protein was synthesized
with a vaccinia-virus T7 expression system in
293T cells. The gp120 protein was incubated with
Galanthis Novalis (Snow Drop) Lectin I beads and
eluted (Doranz et al, 1999; Hoffman et al, 1999).
The puri�ed gp120s have been shown to bind to
CD4 and chemokine receptors and were tested for
purity [see next two sections]. The other soluble
HIV-1 gp120s used in our experiments were obtained
from the AIDS Reagent Program as puri�ed, soluble
gp120s synthesized from envelope clones from
HIV-1CM235;93TH975;IIIB strains in baculovirus.

Western blot and ECL detection
CM235, clade E, IIIB, 8 V3IIIB, 8 V3BaL, MN, and
JrFL gp120s were individually diluted in fresh 2 SDS
loading buffer (pH 6.5–6.8), boiled for 4 min, placed
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immediately on ice, centrifuged at 13 000 rpm for
1 min, and electrophoresed on a precast, 8 cm
10 cm 1 mm, 10% Tris-Glycine pAGER FMC
gel (Bio Whittaker, Rockland, MA). Rainbow (RPN
756). Prestained Protein Range Marker (New England
BioLabs) was loaded in lanes next to the gp120.
All proteins were transferred using a semi-dry trans-
fer to an Immobilon-P PVDF membrane (Millipore).
This membrane was probed with 1:2000 dilution of
rabbit anti-HIV envelope (#R1104) for 1 h at 4 C,
washed in Blotto, and then probed for 15 min with
a 1:5000 dilution of the secondary antibody, goat
anti-rabbit IgG conjugated to HRP (Boehringer). Pos-
itive binding was detected with the ECL West-
ern Blotting Detection kit (Amersham #2132) as
per the manufacturer’s instructions. Once the sub-
strate was added, Action-Scienti�c X-ray �lm was
exposed to the blot for 15–30 s and promptly
developed.

Anti-gp120 ELISA and soluble CD4 (sCD4) binding
A 96-well microtiter plate was coated with 10 ¹g/ml
of the sheep anti-gp120 antibody D7324, which binds
to the 15 carboxy-terminal amino acids of gp120, di-
luted in bicarbonate buffer, pH 9.6, and incubated
overnight at 4 C. The plate was washed twice with
Wash buffer (PBS with 0.05% Tween 20) and incu-
bated with blocking solution (10% heat-inactivated
FCS in Wash buffer) for 1 h at 37 C. After washing
with Wash buffer, 8–25 nM of soluble gp120 (see pre-
viously) was added to the plate and incubated for 2 h
at 37 C. After �ve washes with Wash buffer, 0.1 ¹g/ml
of HIV-1 gp120 monoclonal antibody 17b (Thali et al,
1993) was added to all wells, either in the presence
or absence of 5 ¹g/ml sCD4, for 1 h at 37 C. An-
tibody 17b binds to a conformation-dependent epi-
tope on gp120, in the bridging peptide between the
V3 and V1/V2 loops, with increased af�nity after
gp120 is bound by soluble or membrane-bound CD4.
After washing �ve times with Wash buffer, peroxi-
dase conjugated anti-human IgG, with speci�city for
heavy and light chains (Pierce), was diluted 1:5000 in
wash buffer, added to the microtiter plate, and incu-
bated for 1 h at 37 C. After washing, 1-Step ABTS
substrate (Pierce) was added, and the absorbance
read at 405 nm after 30–60 min incubation at room
temperature.

Preparation of MLV pseudotype virus
The plasmids pCgp, pCn¯g, and DS-env were co-
transfected into 293T cells to produce a pseudo-
type virus containing ¯-galactosidase gene with func-
tional HIV-1DS-br envelope protein (Albright et al,
1999; Ma et al, 1999). Brie�y, supernatant contain-
ing this pseudotyped virus was centrifuged to remove
cellular debris and ultracentrifuged to increase the vi-
ral titer 25–40-fold. The viral pellet was resuspended
to ensure no residual calcium phosphate remained
from the original transfectant. The HIVDS-br enve-
lope/MLV pseudotyped virus was tested for its ability

to infect cells transfected with CD4 and CCR5. Viral
stocks had a titer of 1–5 104 IU/ml as judged by their
ability to infect U373-MAGI CD4 CCR5 cells, but
not CD4 CCR5 or CD4 CXCR4 U373-MAGI cells
(Vodicka et al, 1997).

Results

Categorization of microglia based on their
expression of functional ®- and ¯-chemokine
receptors reveals heterogeneity
Cultured microglia and monocyte-derived macro-
phages (MDM), exposed to ®- and ¯-chemokines,
transduce a signal via mobilization of calcium
(Herbein et al, 1998; Albright et al, 1999). To further
our understanding of the expression of functional
chemokine receptors on microglia, we analyzed the
calcium responses of single microglia when exposed
to ®- and ¯-chemokines, the natural ligands for
CXCR4 and CCR5. These experiments tested the hy-
pothesis that in a population of microglia, chemokine
receptor responses fall into different phenotypic
groups, which would re�ect variability in the expres-
sion of functional receptors.

Free intracellular calcium levels were measured in
individual microglia after exposure to 60–66 nM of ®-
and ¯-chemokines (Albright et al, 1999). The CXCR4
ligand SDF-1® induced a mild change in intracellular
calcium levels in a subset of the cultured microglia
(Figure 1A). Treatment with the CCR5 ligand MIP-1¯
resulted in a more robust signal in a higher proportion
of the microglia in culture (Figure 1A). These data
are representative of six separate microglial experi-
ments, each from a separate donor. The mean emis-
sion ratios were plotted versus time (Figure 1B) and
are consistent with the greater mean expression of
CCR5 antibody binding sites (45 000) versus the mean
number of CXCR4 antibody binding sites (20 000) on
microglia (Albright et al, 1999).

Of 289 microglial cells assayed during the six sep-
arate experiments, 47 microglia responded to both
MIP-1¯ and SDF-1®, and were categorized as phys-
iologically double positive (CCR5 CXCR4 ); there-
fore, a mean of 14.6% of the microglia assayed re-
sponded to both ®- and ¯-chemokines (Figure 2). The
largest percentage (45.4%) of microglia (145 cells) re-
sponded to MIP-1¯ only (Figure 2) and were classi-
�ed as CCR5 CXCR4 . Conversely 30 cells (12.9%)
responded only to SDF-1®, and a signi�cant propor-
tion (67 cells or 27.0% of the total) did not respond
to either chemokine (Figure 2). The differences in the
size of the CCR5 CXCR4 and the CCR5 CXCR4
groups reached statistical signi�cance (P 0:0435)
using the Wilcoxon Sum-of-Ranks [Mann–Whitney].
None of the other differences were con�rmed statisti-
cally. In summary, our experiments con�rmed the hy-
pothesis that, in a population of cultured microglia,
single microglial cells have heterogeneous calcium
signal transduction phenotypes when exposed to
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Figure 1 Microglial cultures consist of a heterogeneous popu-
lation with respect to their response to ®- and ¯-chemokines.
(A) Individual cells in a microglial culture exposed to SDF-1® and
MIP-1¯ have a speci�c response pattern. Each line represents
the calcium measurements of a single microglial cell, loaded
with fura-2, taken at 15-s intervals after chemokine exposure
(Albright et al, 1999 and Materials and methods). The emission
ratio at 510 nm was plotted on the y-axis and the time in minutes
on the x-axis. This experiment is representative of six separate ex-
periments with microglia from six individual brain preparations.
(B) The average of all of the individual microglial calcium mea-
surement of the experiment in panel (A) was plotted in the same
manner.

®- and ¯-chemokines. These results may re�ect vari-
ability in chemokine receptor expression.

The same analysis was performed on monocyte-
derived macrophages (MDM): 21.1% of cultured
MDM responded to both MIP-1¯ and SDF-1®; 21.2%
to only MIP-1¯, 10.0% to SDF-1® only, and 47.8%
of MDM responded to neither chemokine (data not
shown). Therefore, taking into account experimen-
tal variability, MDM and microglia had similar, but
not identical, functional ®- and ¯-chemokine recep-
tors expression patterns. Other researchers, using a
variety of experimental systems, have reported in-
tracellular calcium signaling in MDM after treatment
with chemokines (Weissman et al, 1997; Meucci et al,
1998; Arthos et al, 2000).

gp120 induction of signal transduction in microglia?
We then tested whether gp120 molecules with dif-
ferent coreceptor utilization speci�city could mimic
®- and ¯-chemokines by inducing the mobilization of

Figure 2 Summary of the heterogeneouscalcium �ux response in
microglia. (A) Data from six calcium �ux experiments were plot-
ted with functional chemokine receptor phenotype on x-axis, and
percentage of cells responding in calcium �ux assay in the y-axis.
Microglia responding to both MIP-1¯ and SDF-1® made up an av-
erage of 14.6% of the cells in the cultures, 45.4% responded to
MIP-1¯ only, 12.9% to SDF-1® only, and 27.0% responded to nei-
ther chemokine. A “ ” for CCR5 indicates a response to MIP-1¯
and a “ ” for CXCR4 response to SDF-1®.

the intracellular calcium stores in microglia. We used
soluble gp120, presumably monomeric in form, and
gp120 expressed on the surface of murine leukemia
virus (MLV) pseudotyped virus, which is most likely
in an oligomeric state (Kwong et al, 2000; Weiss et al,
1990).

The purity of these gp120 preparations was ana-
lyzed by Western blotting (Figure 3, and compared
to total protein detected with a Ponceau stain (data
not shown). This Western blot, in conjunction with
the Ponceau protein staining, demonstrated no de-
tectable impurities in these protein preparations. The
band with faster mobility, particularly noted in the
JrFL preparation, is probably due to partial glycosy-
lation, but it did not affect binding to CD4 (Doranz
et al, 1999). Furthermore, among the gp120 proteins
used, 8 V3BaL, 8 V3IIIB, and Jr-FL gp120s have been
shown to bind to chemokine receptors in an assay
using cells expressing CCR5 or CXCR4 (Doranz et al.,
1999; Hoffman et al, 1999).

We determined that the soluble gp120 prepara-
tions were pure and able to bind to CD4 and an an-
tibody directed against the 17b epitope on gp120,
which is close to the chemokine receptor binding site
(Figure 4) (Wyatt et al, 1995). The anti-gp120 anti-
body, D7324, which binds to a conserved peptide in
the carboxy terminus of gp120, captured the gp120
on ELISA microtiter plates. Jr-FL, IIIB, CM-235, and
8 V3BaL gp120 proteins were then added at con-
centrations ranging from 10–810 ng/well after pre-
incubation with 5 ¹g/ml of sCD4. It is hypothesized
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Figure 3 Western blot of gp120 proteins used in signaling assays.
Puri�ed, soluble gp120s: CM, clade E, IIIB, 8 V3IIIB, 8 V3BaL,
MN, JrFL were reduced, electrophoresed on a 10% SDS-PAGE gel,
transferred to a PVDF membrane, bound by an anti-gp120 anti-
body, #R1104, and developed using the ECL-Western Detection
System. Rainbow markers were resolved in the left-most lane, and
are indicated by a black band drawn over them. These markers in-
dicate the presence of a band of approximately120-kD size in all of
the gp120 preparations. The membrane was also stained for total
protein using the Ponceau stain with no additional bands being
detected (not shown).

that when gp120 binds to CD4, a conformational
change occurs in gp120, exposing the 17b epitope.
As shown in Figure 4, soluble JrFL and CM235
gp120s demonstratedvery little, if any, binding to 17b
(0.1 ¹g/ml) in the absence of sCD4 pre-incubation.
However, there was clearly antibody binding after
sCD4 treatment. The IIIB gp120 bound 17b with or
without sCD4 pretreatment; however, binding was in-
creased after sCD4 treatment. The CD4-independent
8 V3BaL gp120 bound 17b equally well before
and after sCD4 treatment, as previously described
(Hoffman et al, 1999).

Microglia loaded with fura-2 demonstrated no ev-
idence of an intracellular calcium �ux induction
when treated with 8 V3BaL or 8 V3IIIB gp120s
(Figure 5 and Table 2). Similar analyses were per-
formed with other gp120 proteins (Figure 6 and
Table 2). Exposure of microglia to CM235, Clade E,
SF2 gp120s resulted in no change in intracellular
calcium concentrations in two to �ve experiments
for each gp120 (Table 2). However, in one experi-
ment, all three of these gp120s induced a calcium
�ux (Figure 6A). A different order of gp120 addition
was used in other experiments, so that each strain
of gp120 was added �rst at least once (not shown).
Thesedata are summarizedin Table 2. Although there
was a hint of intracellular calcium �ux in microglia
following treatment with some gp120 preparation in
our experiments, in general, this calcium response
was much less prominent than the calcium response
previously seen after chemokine treatment (Albright
et al, 1999 and Figure 1). Although it has been pre-
viously shown that gp120 is present in the brain of

patients with HIVD, the concentration was not esti-
mated (Nath et al, 2000).

Next, we examined whether HIV-1DS-br envelope
(gp12/gp41), functionally incorporated into MLV
pseudotypes, could induce a change in intracel-
lular calcium levels in microglia. The HIV-1DS-br
envelope/MLV pseudotyped viruses were able to
speci�cally infect CCR5 cells (data not shown), con-
�rming that DS-br gp120 was functionally incorpo-
rated onto the virions. This observation is in con-
trast to envelopes from other HIV-1 strains tested,
whose envelopes did not pseudotype well with MLV
(data not shown). Microglia exposed to DS-br/MLV
pseudotypes demonstrated no signi�cant change in
free intracellular calcium concentrations (data not
shown). This experiment was repeated 13 times with
uniformly negative results.

Calcium signaling experiments with
non-®-/¯-chemokines
The response to non-®-/¯-chemokines in human
adult microglia and their potential importance in
CNS function and pathogenesis has not been de-
scribed to any great extent. Therefore, we examined
whether fractalkine, a CX3C chemokine, could in-
duce a response in these cells. Fractalkine exists in
both membrane-attached and soluble forms (Bazan
et al, 1997). In the CNS, fractalkine is expressed
by neurons, while the fractalkine receptor (CX3CR1)
is expressed on microglia (Nishiyori et al, 1998).
Since fractalkine induces microglial cell migration
(Harrison et al, 1998; Nishiyori et al, 1998) and activa-
tion, this chemokine might play a role in microglia–
neuron communication. We determined that soluble
fractalkine induced intracellular calcium signal in
cultured, human microglia (Table 2A), which is sim-
ilar to �ndings in rat microglia (Boddeke et al, 1999;
Maciejewski-Lenoir et al, 1999).

Conversely, vMIP-II, which is a homologue of hu-
man MIP-1® encoded by human herpesvirus type-8
(HHV-8), did not induce any consistent change in in-
tracellular calcium levels. In one of six experiments
performed, there were only small changes in calcium
levels (data not shown). Our results are in agreement
with vMIP-II calcium �ux experiments performed on
CHO cells stably transfected with CCR5 (Kledal et al,
1997). We were unable to block HIV-1 infection of
microglia with vMIP-II (data not shown), which oth-
ers have suggested may be possible (Boshoff et al,
1997; Kledal et al, 1997). Lastly, the two chemokines
interferon (IFN)-° -inducible protein-10 (IP-10) and
monokine induced by IFN-° (Mig), two ligands of
the chemokine receptor CXCR3, did not induce a
change in intracellular calcium levels in these cells
(Table 2A). This was an expected result since CXCR3
has not been detected on microglia.

Therefore, based on the calcium �ux scoring sys-
tem described in the Materials and methods, we
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Figure 4 ELISA to detect exposure of the conformation-dependent17b epitope. Ninety-six-well microtiter plates were coated with D7324
(a sheep antibody against the C-terminus of gp120) then incubated with 10–810 ng of gp120. The conformation-dependent anti-gp120
antibody (17b) that recognizes the putative chemokine receptor-binding region of gp120 was added either in the presence or absence
of 5 ¹g/mL of soluble CD4 (sCD4). The anti-gp120 antibodies used recognized Jr-FL, IIIB, CM, and 8 V3BaL gp120s. After treatment
with sCD4, gp120s from Jr-FL, IIIB, and CM bound more 17b antibody, consistent with a predicted conformational change exposing this
epitope. The gp120 from 8 V3BaL has a highly exposed 17b epitope prior to sCD4 treatment, consistent with its CD4-independence
(Hoffman et al, 1999).

determined that fractalkine, SDF-1®, RANTES, and
MIP-1¯ formed a distinct group of chemokines,
which induced reproducible changes in intracellular
calcium in microglia (Table 2, top panel). Conversely,
vMIP-II, Mig, and IP-10 resulted in very little or no
change in intracellular calcium levels in a number of
experiments.

Discussion

By analyzing the free intracellular calcium concen-
tration in cultured microglia, we determined that hu-
man adult microglia have a heterogeneous response
to the chemokines SDF-1® and MIP-1¯ (Figure 2),
with the majority of the cell population responding
best to MIP-1¯ . This is consistent with previously
published data indicating that in bulk, quantitative
�ow cytometry (QFC) analyses with monoclonal an-
tibodies, the ¯-chemokine receptor CCR5 is more
abundant than the ®-chemokine receptor CXCR4
(Albright et al, 1999). However, there were subpop-
ulations of cells that demonstrated a more robust re-

sponse to SDF-1® (Figure 1A/2), a result which would
not have been predicted from the antibody data.
Additionally, there were some “null” cells that did
not respond to either chemokine. Furthermore, rela-
tively large variations among experiments hint that
cells obtained from different subjects are likely to
display additional heterogeneity, although this was
not studied directly. These data are congruent with
previous observations that the replication of HIV in
microglia, which requires the presence of certain
chemokine receptors and particularly CCR5, can vary
among cells from different donors (Collman et al,
1989; Strizki et al, 1996), and could relate to vari-
ations in the number of activated microglia seen in
the brains of HIV infected individuals (Janssen et al,
1992; McArthur et al, 1994).

There is a smaller percentage of microglia express-
ing functional chemokine receptors, CXCR4 (39%)
and CCR5 (60.0%) in Figures 1 and 2, than the per-
centage of microglia expressing detectable levels of
anti-CXCR4 (78%) and anti-CCR5 (91%) binding sites
as determined by QFC (Albright et al, 1999). One
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Figure 5 Ca2 mobilization in microglia treated with CD4-
independent gp120s. Two CD4-independent monomeric gp120s,
8 V3IIIB, and 8 V3BaL with different HIV coreceptor tropisms,
CXCR4 and CCCR5 respectively, were synthesized with a vaccinia
expression system, and microglia were exposed to these prepara-
tions as indicated in Materials and methods. Neither protein in-
duced a change in the free intracellular calcium concentration in
the cultured microglia. This speci�c graph is representative of four
separate experiments.Positive controls, namely RANTES and ATP,
were used in each experiment, but the order of addition was al-
tered such that each of the gp120s was added “�rst” in at least one
experiment. Table 2 is a summary of these data.

might conclude that some microglia, which express
detectable levels of CCR5 and CXCR4 on their sur-
faces, do not respond to their cognate ®- and ¯-
chemokines. However, there is an important caveat
to this type of analysis. First, in both the calcium
�ux and QFC assays a subjective determination was
made as to what constitutes a “positive cell,” that is a
cell that responds or expresses chemokine receptors
above a subjective background level. Since the back-
ground level chosen might differ between both types
of assays, one of these assays may be inherently more
sensitive.

Ideally, the level of expression of each of these
chemokine receptors should be determined in the
microglia of individuals with and without HIV de-
mentia. It is unlikely that such a study could be per-
formed, since microglia can only be obtained through
brain biopsies, and immunohistochemical analyses
of �xed brain are not as quantitative. However, mono-
cyte or MDM populations may serve as surrogates for
this type of analyses, since preliminary quanti�cation
indicates that levels of functional receptor expression
on MDM and microglia, while not identical, are sim-
ilar (Albright et al, 1999; Lee et al, 1999). Indeed,

Figure 6 Variable intracellular calcium responses in human,
adult microglia exposed to various monomeric gp120 proteins.
(A) Puri�ed, soluble gp120s (CM, clade E, SF2) induced an in-
crease in the intracellular calcium levels in one of three to six
experiments. RANTES was used as a positive control. (B) The ma-
jority of microglialcultures did not have a calcium �ux in response
to treatment by gp120’s (clade E, CM, 8 V3BaL). This negative re-
sult is representative of three to �ve experiments for each gp120.

Table 2

# of positives

Chemokine
% of positive
experiments Total # of experiments

Signaling
score

RANTES 82% 9/11 1.4
MIP-1¯ 63% 10/16 1.3
SDF-1® 60% 3/5 1.2
Fractalkine1 50% 1/2 1.0
vMIP-II 14% 1/7 0.1
Mig 0% 0/5 0.0
IP-10 0% 0/6 0.0

# of positives

gp120 protein
% of positive
experiments Total # of experiments

Signaling
score

CM235 17% 1/6 0.2
Clade E 25% 1/4 0.3
SF2 33% 1/3 0.3
8 V3BaL 0% 0/5 0.0
JrFL 0% 0/5 0.0
8 V3IIIB 0% 0/4 0.0
IIIB 0% 0/1 0.0

1Fractalkinestudies were limited as this has been studied in mouse
microglia with full-length fractalkine.
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other investigators have proposed that differences in
monocyte populations might be potential predictors
of the development of HIV dementia (Pulliam et al,
1997).

Because a number of factors could affect our re-
sults, which differ from those described for MDM,
we took measures to insure there was not a trivial
explanation for our negative results. First, we used
seven different envelope strains from different gp120
preparations. Several of these proteins were tested in
an ELISA that detected their ability to undergo a con-
formational change in response to CD4 binding, a rea-
sonably rigorous test of structural integrity. Moreover,
we were able to functionally express one HIV enve-
lope on a murine leukemia virus pseudotype, where
presumably it would be close to its native state.

A potential alternative explanation for the absence
of a cellular response to gp120 was that microglia ex-
press a relatively low level of CD4. This could in turn
affect gp120’s ability to interact with chemokine re-
ceptors, since the chemokine receptor core-binding
site is exposed only after a gp120-CD4 interaction.
However, several experiments indicate that this ex-
planation is unlikely. First, gp120s from 8 V3BaL and
8 V3IIIB did not trigger a calcium �ux; these proteins
can respectively bind the chemokine receptors CCR5
and CXCR4 absent an initial interaction with CD4.
Second, pre-exposure of gp120s to soluble CD4 had
no effect on their ability to trigger a cellular response.

Using puri�ed gp120 proteins from several dif-
ferent X4 (CXCR4-using) and R5 (CCR5-using) HIV
strains, we found no consistent evidence for gp120-
induced calcium signaling in microglia. Therefore,
we conclude that the triggering of an intracellular sig-
nal by binding of gp120 to the surface of microglial
cells is at best a rare event, and certainly harder to de-
tect than their response to chemokines themselves,
which stimulate robust intracellular calcium mobi-
lization in microglia. Overall, our studies provide lit-
tle evidence that HIV virions or their shed gp120,
were they present in the CNS in suf�cient concentra-
tions, could interact with microglial cells to mediate
downstream effects.

However, our results do not rule out the possibil-
ity that gp120 transduces an intracellular signal that
is below the detection threshold of this assay. Exper-
iments analyzing signal transduction events down-
stream of calcium mobilization may reveal a response
not noted here. One such pathway involves the
phosphorylation of the cellular kinase py2k, which
could be used as a noncalcium intracellular signal-
ing marker for gp120-induced intracellular signaling
(Davis et al, 1997).

Recent reports indicate that MDM and fetal mi-
croglia exposed to recombinant gp120 exhibited
a transient increase in intracellular Ca2 levels
(Herbein et al, 1998; Liu et al, 2000). Liu and col-
leagues (2000) reported that both HIV-1 gp120 and

chemokines activate calcium-activated potassium
(Kca), chloride, and calcium-permeant nonselective
cation channels in primary MDM via cell surface
CCR5 and CXCR4. The speci�city of these interac-
tions was proven using CCR5 macrophages and a
CXCR4 inhibitor. The differences between our re-
sults are likely due to differences in the cell types as-
sayed; and possibly to the participation of unknown
molecules, perhaps even chemokine receptors, that
are not shared among these cell types. In this vein,
it appears that cultured adult and fetal microglia iso-
lated from human brain have differential CCR3 ex-
pression levels. For example, He et al. (1997) reported
that HIV infection of cultured fetal microglia could be
blocked by anti-CCR3 antibodies; a result not seen in
adult microglial cultures (Albright et al, 1999). A re-
cent publication indicated that fetal microglia could
be induced to signal by treatment with eotaxin, a
CCR3-binding chemokine (Hegg et al, 2000), while
we have reported the opposite (Albright et al, 1999).
Therefore, it is reasonable to expect careful compar-
isons between microglia and MDM may also reveal
similar differences in receptor expression.

Neurons have also been reported to undergo intra-
cellular changes in response to HIV proteins. It will be
interesting to determine how CD4-dependent gp120s
can mediate a calcium �ux in these CD4 cells. New
data on the in vivo conformation states of gp120/41
and the synthesis of physiological relevant forms and
concentrations of gp120 may provide insight into this
mechanism.

In conclusion, we determined that microglial
cultures consist of a heterogeneous population of
cells with respect to their response to ®- and
¯-chemokines. Overall, we found no substantial ev-
idence that gp120 interacts with microglial chemo-
kine receptors to generate downstream events trans-
duced via intracellular calcium �uxes. Despite using
seven different soluble gp120s from several sources,
our results did not support the hypothesis that gp120
could interact with otherwise functional chemokine
receptors on the surface of microglia and transmit
a repeatable intracellular signal as judged by a �ux
in intracellular calcium levels. However, our results
leave open the possibility that more sensitive assays
could detect changes not seen with these microscopic
techniques.
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