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HIV-1 coreceptors CCR5 and CXCR4 both mediate
neuronal cell death but CCR5 paradoxically can also
contribute to protection

M Kaul*', Q Ma?®, KE Medders', MK Desai' and SA Lipton'

The chemokine receptors CCR5 and CXCR4 serve, in addition to CD4, as coreceptors for human immunodeficiency virus-1 (HIV-1),
and infection with HIV-1 can cause dementia. In brain-derived cells, HIV-1 envelope glycoprotein gp120 initiates a signaling
cascade that involves p38 mitogen-activated protein kinase and leads to neuronal cell death. Using mixed neuronal/glial cultures
from rats and mice genetically deficient in one or both HIV coreceptors, we show here that CCR5, CXCR4 or both can mediate HIV/
gp120 neurotoxicity depending on the viral strain. Paradoxically, we also found evidence for a CCR5-mediated neuroprotective
pathway. We identify protein kinase Akt/PKB as an essential component of this pathway, which can be triggered by the CCR5
agonists macrophage inflammatory protein-1$ and regulated-and-normal-T-cell-expressed-and-secreted. Moreover, these CCR5
ligands prevent neuronal cell death induced by stromal cell-derived factor-1, a CXCR4 agonist. Both neurons and glia coexpress
CXCR4 and CCRS5. Ca® " imaging experiments demonstrate that engagement of CCR5 prevents CXCR4-triggered increases in
intracellular free Ca . This finding suggests that CCR5 ligands can protect neurons at least, in part, by modulating CXCR4-

mediated toxicity through heterologous desensitization.
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Chemokine receptors, such as CXCR4 (CD184) and CCR5
(CD195), serve as coreceptors with CD4 for human immuno-
deficiency virus-1 (HIV-1) envelope glycoprotein gp120, and
mediate viral infection of lymphocytes, macrophages and
microglia.’™® As most transmitted viral strains prefer CCRS5,
congenital absence of this chemokine receptor offers sig-
nificant protection from infection.* If CCRS5 is present, its
endogenous ligands, namely ‘macrophage inflammatory
protein’ (MIP)-12 (CCL3), MIP-18 (CCL4) and ‘regulated-
and-normal-T  cell-expressed-and-secreted” (RANTES,
CCL5) can slow progression to AIDS.® However, once HIV
infection is established, CXCR4-preferring viruses can
evolve, and these viruses usually herald progression to
AIDS.® Anywhere in the course of the disease, HIV-1 can
cause neurological problems ranging from mild impairment of
cognitive and motor skills to frank dementia.” Although the
neuropathological and neuropsychological alterations of HIV-
associated dementia (HAD) have been described, the
mechanism of disease-induced neuronal damage remains
incompletely understood. In brain, HIV-1 productively infects
primarily macrophages or microglia, but neurons suffer
dendritic injury and synaptic loss, and eventually may die by
apoptosis.”'%"'® The majority of viruses that have been
isolated from brain prefer CCR5, whereas dual tropic and
CXCR4-preferring variants seem to occur only occasion-

ally."™'™ In any case, HIV-1/gp120 mediates infection or
activation of macrophages and microglia.’~7-'® This leads to
toxin production by these monocytic cells, which seems
essential for a pronounced neurodegenerative effect.” 11618
Indeed, we and others have observed earlier that gp120
neurotoxicity was virtually absent if microglia were either
removed from mixed cerebrocortical cultures or inacti-
vated.'®1"18.19 Thjs finding strongly suggested a critical role
for microglial HIV-1 coreceptors in the generation of neuro-
toxicity.2° Additionally, astrocytes and neurons possess
CCR5 and CXCR4, consistent with the observation that under
certain conditions chemokine receptors on these cells can
also influence HIV-induced neuronal damage.” '*?'~2% Never-
theless, the exact pathologic function of CXCR4 and CCR5 in
brain cells remains to be defined. Interestingly, brains from
humans with HAD and transgenic mice expressing gp120
share many neuropathological features, including synaptic
and dendritic damage, frank loss of neurons and activation of
glia.”?® These effects can be modeled in mixed neuronal/glial
cerebrocortical cultures from rodents or humans in which
purified or recombinant gp120 initiates neuronal injury and
apOptOSiS.3’7'11'17'18’27’28

In order to further dissect the role of chemokine receptors in
HIV/gp120-induced neurotoxicity, we used mixed neuronal/
glial cerebrocortical cultures prepared from wild-type (WT)
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mice or rats, and mutant mice deficient in CXCR4,2° CCR5%°
or both chemokine receptors. Our findings suggest that,
depending on the viral strain, HIV/gp120 can utilize CCR5 or
CXCR4 or both receptors for induction of neurotoxicity. In
contrast, natural CCR5 ligands confer protection upon
neurons against gp120 toxicity engaging either chemokine
receptor by modulating CXCR4-dependent processes via
heterologous desensitization and involvement of AKT/PKB.

Results

Cerebrocortical cultures from rat were exposed for 24 h to
gp120 (each at 200 pM) from different HIV-1 strains or, as
control, to two chemokines (each at 20 nM) that are natural
ligands for HIV coreceptors, as described previously."!
Subsequently, we assessed neuronal apoptosis and survival
as indices of neurotoxicity as described in Materials and
Methods.®! In neurotoxicity experiments, we routinely used
immunostaining and pyknotic nuclear morphology to identify
neurons and dead/apoptotic cells, respectively. Terminal-
deoxynucleotidyl-transferase-mediated dUTP nick-end label-
ing (TUNEL) was used here in two out of three experiments for
the control and gp120sgo-treated sample to reveal DNA
fragmentation as an additional sign of apoptosis besides
nuclear morphology. The concentration of 200 pM for gp120in
all experiments of this study was chosen, because in pilot
experiments smaller amounts (20 pM) were more variable in
producing neurotoxicity and higher concentrations (up to
2nM) did not produce significantly more neuronal death
during 24 h incubation (data not shown). The concentration of
20 nM for chemokines was initially decided as a compromise
between a physiological low nanomolar range and an excess
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for competition experiments with gp120."":32 With the present
approach, we observed that recombinant gp120 from CXCR4-
preferring virus (MN, IlIB isolates), CCR5-preferring virus
(BaL, SF162), and dual tropic virus (SF2) all reduced neuronal
survival in cerebrocortical cultures (Figure 1). Furthermore,
stromal cell-derived factor-1 (SDF-1) (CXCL12), the physio-
logical ligand of CXCR4, was confirmed as being neurotoxic,
whereas CCR5-binding MIP-14 did not affect neuronal
survival.

In order to further dissect the role of the two HIV coreceptors
in gp120-induced neurotoxicity, we used a novel approach,
preparing cerebrocortical cultures from mice genetically
deficient in CXCR4, or CCRS5, or both chemokine receptors,
using WT as control. The cultures of each genotype appeared
indistinguishable from one another based on immunostaining
with cell type-specific markers for neurons, astrocytes, and
microglia (Figure 2a). Furthermore, there were no significant
differences with regard to the percentage of neurons,
astrocytes, and microglia between WT and chemokine
receptor-deficient cell cultures (Figure 2b).

Cerebrocortical cultures from WT mice were exposed for
24 h to recombinant gp120 (each at 200 pM) from CXCR4-
preferring virus (I11B isolate), CCR5-preferring virus (SF162),
and dual tropic virus (SF2) besides SDF-1 and MIP-1p (both
at 20 nM). Subsequently, neuronal survival was assessed. All
three gp120s and SDF-1§ diminished neuronal survival,
whereas MIP-18 did not (Figure 3a). Thus, our WT murine
and rat cerebrocortical cells reacted in the same way when
exposed to ‘pathological’ viral gp120s and physiological
ligands of HIV coreceptors.

In cerebrocortical cultures from CXCR4-deficient mice
compared to WT controls, however, we found diminished

Control

gp120

MAP-2

DNA

Figure 1 Envelope protein gp120 from CXCR4-preferring (MN, I1IB), CCR5-preferring (BaL, SF162), and dual tropic (SF2) HIV-1 strains (all at 200 pM concentration), and
the CXCR4 ligand SDF-1/ (20 nM) induce neuronal death in rat cerebrocortical cultures. In contrast, the CCR5 ligand MIP-1$ (20 nM) does not impair neuronal survival. The
control received BSA containing vehicle only (0.001% final concentration). Assessment of neuronal survival (a) and staining for neurons (MAP-2), nuclear DNA and TUNEL (b)
were performed as described in Materials and Methods. Cells were exposed to recombinant gp120 of HIV-1gg; in the experiment shown in (b). An average of 7321 cells was
counted per condition with duplicate or triplicate samples. Values in (a) are mean + S.E.M. (n=3; *P<0.001 compared to control by ANOVA followed by Fisher's PLSD post

hoc test). Scale bar, 25 um
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Figure 2 Murine cerebrocortical cultures derived from WT and chemokine receptor-deficient animals at day 18 in vitro. (a) Cultures from WT and chemokine receptor-
deficient mice were stained for the neuronal markers MAP-2 (red), astrocyte GFAP (green), microglial F4/80 (green), and the nuclear DNA stain Hoechst 33342 (blue) as
indicated. All cerebrocortical cultures contained neurons, astrocytes, and microglia. Scale bar as indicated. (b) The percentage for each cell population was quantified based

on the following cell numbers counted: 11759 (WT; n=5); 22715 (CCR5(—/—); n=8); 17067 (CXCR4(—/—);

n=7); and 8385 (CCR5(—/—)CXCR4(—/—); n=4).

Samples were duplicates or triplicates, and values are mean + S.E.M. No significant differences between the different genotypes could be detected for any cell type (ANOVA

followed by Fisher's PLSD post hoc test)

neurotoxicity from gp120s that bind CXCR4 (Figure 3a and b).
For example, neurotoxicity was largely abrogated in the case
of gp120 from the CXCR4-preferring viral strain HIV-1,g, as
well as from dual tropic HIV-1sg.. However, CCR5-preferring
gp120sk162 decreased neuronal survival independent of the
presence or absence of CXCR4, thus suggesting a neurotoxic
activation of CCR5. As expected, the lack of CXCR4
completely prevented neuronal damage by SDF-15. As a
control, CXCR4 deficiency did not alter neuronal vulnerability
to the excitotoxin NMDA in comparison to WT (Figure 3c).

In CCR5-deficient cultures, we found that neurotoxicity of
the CCR5-preferring gp120sk162 Was completely abrogated
(Figure 3a and b). Additional experiments with gp120sg162
showed that one allele of CCR5 was sufficient to mediate
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neurotoxicity. In contrast, after exposure to the CXCR4-
preferring strain gp120,,g, we surprisingly found increased
neuronal damage in the CCR5 knockout (KO) cultures
compared to WT. Similarly, in the case of dual tropic
gp120sEk2, neuronal demise significantly worsened when
CCR5 was absent. Moreover, CCR5-deficient neurons were
more sensitive to the toxic effect of the CXCR4 agonist SDF-
15, but not NMDA, compared to WT controls.

Next, we analyzed the effect of gp120 in cerebrocortical
cultures lacking both CXCR4 and CCR5 chemokine recep-
tors. The appearance of mixed neuronal/glial cultures from
CXCR4/~"CCR5~'~ mice was indistinguishable from WT,
heterozygous, or single-chemokine receptor KO controls
(Figure 2a and b). Doubly chemokine receptor-deficient
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Figure 3 Neurotoxicity of gp120 from different HIV-1 strains, SDF-18, and NMDA in WT and chemokine receptor-deficient murine cerebrocortical cells. (a-c) Cerebrocortical
cultures were incubated for 24 h with gp120 (200 pM), SDF-1p (20 nM) or 18 h after exposure to NMDA (300 1:M). Neuronal survival was assessed by microscopy. Results are
shown in order of genotype in (a) and sorted by ligand (except for MIP-13) used for treatment in (b and ¢). Average number of cells counted per condition (duplicate or triplicate
samples): (a and b) WT, 6862 (n=5); CCR5( + /—), 2658 (n= 3); CCR5(—/—), 15999 (n= 8); CXCR4(—/—), 10074 (n=7); and CCR5(—/—)CXCR4(—/—), 5167 (n=4);

(c) 7929 (n=13) per each genotype; *P<0.0005; "P<0.005; *P<0.05 by ANOVA compared to control, unless otherwise indicated by bars

neurons, however, were resistant to gp120 toxicity from
CCR57, CXCR4™, and dual tropic-preferring HIV-1 strains
(Figure 3a and b), although control experiments showed that
CXCR4/~CCR5~'~ neurons were as sensitive to NMDA-
induced excitotoxicity as WT (Figure 3c).

Next, we intended to analyze the signaling pathway(s)
mediating neuronal death downstream of HIV coreceptors.
We chose to look at p38 mitogen-activated protein kinase
(MAPK) as it is expressed in neurons, astrocytes and
microglia and is involved in cellular stress response and
microglial activation.332* First, we incubated cerebrocortical
cultures with SB203580 (Calbiochem, La Jolla, CA, USA), a
pharmacological inhibitor of p38 MAPK, 15min before
treatment with dual tropic gp120sg> or SDF-15. Neuronal
survival was significantly reduced by both gp120 and SDF-1,
but remained at control levels in the presence of the p38
inhibitor (Figure 4a). The reportedly more specific p38 inhibitor
SD-282 (Scios, Freemont, CA, USA) manifested a similar
protective effect when tested with gp120 (R Russo, M Kaul,

SA Lipton, unpublished data).®® As further evidence, we
infected cerebrocortical cultures with an adenovirus encoding
a dominant-interfering form of p38 MAPK or green fluorescent
protein (GFP) as control 2 days before the cells were exposed
to HIV/gp120sg.. The neurotoxic effect of the viral envelope
protein was prevented by the dominant-interfering form of p38
MAPK, whereas GFP had no effect (Figure 4b).

In contrast to the neurotoxic findings with HIV/gp120 and
the CXCR4 agonist SDF-1, the CCR5 ligands RANTES
(CCL5) and MIP-1p (CCL4) afforded neuroprotection not only
from gp120'"! but also from SDF-1p (Figure 5a). The pivotal
role of CCR5 for neuronal survival after exposure to gp120
was further supported by our finding that the CCR5 ligand
RANTES did not prevent gp120-induced neuronal death in
murine CCR5 KO cultures, whereas one allele of CCR5 was
sufficient to convey full protection by RANTES (Figure 5b).

In order to identify potential signaling pathway(s) mediating
protection of neurons downstream of HIV coreceptor CCR5,
we decided to investigate the protein kinase Akt/PKB. The
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Figure 4 Inhibition of p38 MAPK protects neurons against HIV/gp120-induced

neurotoxicity in rat cerebrocortical cultures. (a) SB203580 (10 M) abrogated
neurotoxicity of HIV/gp120 (200 pM) and SDF-1. (b) Dominant-interfering p38
MAPK (AdV DNp38), but not control construct (AdV GFP), protected neurons from
exposure to HIV/gp120. AdV vectors alone did not significantly affect neuronal
survival. Average number of cells counted per condition with duplicate or triplicate
samples: (a) 4615 (n=3); (b) 4178 (n=3); *P<0.05 by ANOVA

reason was that Akt was recently reported to protect against
excitotoxic neuronal death, which is believed to contribute to
HIV-1-induced neuronal injury.'®3%38 Thus, we infected
cerebrocortical cultures with an adenovirus encoding a
dominant-interfering form of Akt or WT Akt as control. After
2 days, the cultures were exposed to HIV/gp120sg, in the
presence or absence of MIP-15. The dominant-interfering
form of Akt abrogated the neuroprotective effect of the CCR5
agonist, whereas WT Akt had no effect (Figure 6c).

Next, we studied whether CCR5-mediated protection from
toxicity of CXCR4 ligands could occur through direct inter-
action on neurons. For this purpose, we performed Ca®™"
imaging experiments and immunofluorescence staining com-
bined with deconvolution microscopy for neuronal markers
and chemokine receptors. In Ca?* imaging experiments, rat
cerebrocortical cultures were exposed to SDF-14 and MIP-1p,
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specific ligands for CXCR4 and CCR5, respectively, at the
same concentrations used in the toxicity experiments. BSA
was used as a control protein. Neurons were initially identified
by their characteristic morphology using differential interfer-
ence contrast in combination with an increase in intracellular
free Ca®* [Ca®"];in response to NMDA. We found that SDF-
14 (20nM), but not MIP-15 (20nM) or BSA (144-432nM),
evoked an increase in neuronal [Ca®* ]; (Figure 5d). However,
application of MIP-18 before SDF-1p suppressed this [Ca® " ];
response (Figure 5d, middle panel). BSA did not display this
effect (Figure 5d, right panel), suggesting that CCR5
specifically modulated CXCR4-mediated responses through
heterologous desensitization.

Furthermore, triple immunofluorescence and deconvolution
microscopy revealed that rat cerebrocortical neurons stained
with the neuron-specific marker MAP-2 as well as for
CCR5 and CXCR4 chemokine receptors, which also localized
to non-neuronal/glial cell types (Figure 6a—d). Quantitation by
cell counting showed that 90.7 +2.7% (+ S.E.M.) of the cells
were positive for CXCR4 and CCR5. 99.2+0.8% of the
neurons, 88.1+3.2% of the glial cells, and 100% of the
microglia, stained for both chemokine receptors, although with
wide-ranging signal intensities and various cellular localiza-
tions. Staining for both receptors was found either to be
intense and spread out throughout the cell body (Figure 6a
and d) or strongly concentrated in the perinuclear space
(Figure 6b—d) Finally, 1.94+0.6% of cells displayed only
CXCR4 and 6.9 +2.8% appeared to possess only CCRS5.

Discussion

The present study shows that recombinant viral envelope
proteins from CCR5-preferring, CXCR4-preferring, or dual
tropic HIV-1 strains can all induce neuronal injury and death in
mixed neuronal/glial cerebrocortical cultures from rodents.
This finding in combination with the observations made in the
different chemokine receptor-deficient cerebrocortical cultures
strongly suggest that both HIV coreceptors, that is, CCR5 and
CXCR4, can contribute to neuronal injury and death triggered
by HIV/gp120. A model of the role of CCR5 and CXCR4 in
neurotoxicity of HIV-1 gp120 and SDF-1, and the protective
function of CCR5, is proposed in Figure 7. The additional
finding that deficiency in CCR5 or CXCR4 significantly
decreased neurotoxicity by CCR5- or CXCR4-preferring
gp120s, respectively, resembles the specificity of HIV co-
receptors in human cells and thus suggests the rodent system
as a suitable model for these chemokine receptor studies.’-?

HIV coreceptors in the brain are expressed by microglia,
astrocytes, and neurons,”2"2224 and we showed here that
the receptors can apparently be coexpressed in most of these
cells. However, only microglia possess also CD4, which
strongly favors the interaction of gp120 with CCR5 and
CXCR4. Moreover, we and others have observed earlier that
gp120 neurotoxicity was completely abrogated if microglia
were either removed from mixed cerebrocortical cultures or
inactivated. %1820 A|l these findings support a critical role
for microglial HIV-1 coreceptors in the generation of neuro-
toxicity (Figure 7a).

In contrast to HIV-1/gp120, chemokines do not require CD4
for interaction with HIV chemokine coreceptors, and our
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Figure 5 Effects of the chemokine receptors CXCR4/CCR5 and their natural ligands on neurotoxicity induced by HIV/gp120 and SDF-1. (a) CCR5 agonists, MIP-1$ or
RANTES (20 nM each), protected rat cerebrocortical neurons against neurotoxicity of HIV-1/gp120 (200 pM) and SDF-1 (20 nM). An average number of 3695 cells was
counted per condition with duplicate or triplicate samples. Values are mean+S.E.M. (n=3; *P<0.04 by ANOVA compared to control or 8-chemokine-treated samples). (b)
The CCR5 ligand RANTES protected murine cerebrocortical neurons from HIV/gp120-induced toxicity only if CCR5 receptors were present as shown here for CCR5( +/—)
versus CCR5(—/—) cerebrocortical cultures. An average of 6146 cells was counted per condition with duplicate or triplicate samples. Values are mean +S.E.M. (n=4;
*P<0.0001 by ANOVA compared to control). (¢) CCR5 ligand via activation of Akt protects rat cerebrocortical neurons against HIV/gp120-induced neurotoxicity. Dominant-
interfering Akt (DN-Akt), but not WT Akt (WT-Akt), abrogated neuroprotection by the CCR5 ligand MIP-1/ (20 nM). An average of 4865 cells was counted per condition with
duplicate or triplicate samples. (n= 4; *P < 0.005 by ANOVA compared to adenovirus (AdV) alone). AdV vectors alone did not significantly affect neuronal survival. (d) MIP-1/
suppresses SDF-1p-induced increase in [Ca2 ™" };. Fura-2-loaded rat cerebrocortical neurons were exposed to SDF-13, MIP-14 (both at 20nM final concentration), BSA
(144 nM final concentration) or NMDA (1 M final concentration), as indicated by arrows. The change in the fluorescence ratio signal (340/380 nm) was recorded over time as
described in Materials and Methods. Averaged traces of 30-40 cells+ S.E.M. are shown for one representative out of four experiments

studies on physiological chemokines revealed an important receptors on neurons in our culture system, and the selective
difference between CXCR4 and CCR5. We found that natural CCR5 ligand MIP-1p suppressed CXCR4-mediated in-
ligands for CCR5, such as MIP-15 and RANTES, per se did creases in neuronal [Ca® "] Taken together, these findings
not affect neuronal survival but abrogated gp120-induced strongly suggest that the neuroprotective effect of CCR5-
neuronal death, whereas the natural agonist of CXCR4, SDF- binding MIP-1 and RANTES involves heterologous desensi-
1, was by itself neurotoxic.’" Our finding that SDF-1 toxicity tization of CXCR4 receptors on neurons (Figure 7). However,
was prevented in CXCR4-deficient cerebrocortical cultures our experimental findings cannot rule out that a similar
confirmed the fact that, at least in our experimental system, desensitization in astrocytes also indirectly contributes to
this z-chemokine induced neuronal damage specifically via its neuroprotection. This possibility seems reasonable as activa-
physiological receptor. tion by SDF-1 of astrocytic CXCR4 can induce a potentially

However, in a surprising and paradoxical manner, we  neurotoxic glutamate release from the cells.'"2® In the case of
observed in the current study that physiological CCR5 ligands HIV-1/gp120, the neuroprotective effect of CCR5 ligands
could also ameliorate or prevent the neurotoxic effects of could be explained by interference with HIV coreceptors on
CXCR4 stimulation by SDF-1, the receptor’s exclusive natural microglia and macrophages, causing direct competition with
ligand. Moreover, triple-immunofluorescence staining re- gp120 for CCR5 binding. However, the fact that HIV
vealed almost 100% coexpression of both chemokine coreceptors in the brain are also expressed on astrocytes
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and neurons,”21?224 and that the neurotoxicity of SDF-1

does not depend on microglial activation, 2% yet is blocked by
CCRS ligands, suggests that CCR5-dependent neuroprotec-
tion can also be mediated by cell types other than microglia,
such as astrocytes and neurons themselves. Indeed, our
study provides for the first time a potential explanation for
neuroprotection by natural CCR5 ligands via heterologous
desensitization of CXCR4 directly on neurons (Figure 7b).
Such desensitization has also been observed in B- and
T-lymphocytes.®**° Interestingly, we and others have observed
that MIP-1j and RANTES also reduce neuronal death owing to
direct excitotoxic insult by NMDA, which is also consistent with
a direct effect of these CCR5 ligands on neurons. 364!

Our neurotoxicity experiments on cerebrocortical cultures
from CCR5 KO mice demonstrate a pivotal role for this
receptor in neuroprotection. Interestingly, the CCR5 ligands

a Microglia b Neurons & Astrocytes
HIV-1 MIP-1p, MIP-1p,

SDF-1 9p120 RANTES SDF-1 RANTES

_CXCRLC,,M, s CCR6— —CXCR4 mmam CCRE—

\ AKUPKBF DN AK

SB203580
mm—mas MAPK

Akt/PKB} DN Akt

SB203580
oNp3s —P38 MAPK

Neuronal

Neurotox:ctty l—" iy & Dos

th Neuroprotection
Figure 7 Proposed model for the role of CCR5 and CXCR4 in neurotoxicity of
HIV-1 gp120 or SDF-1, and the protective function of CCR5. Filled arrows indicate
toxic, whereas open arrows represent protective pathways. (a) Depending on
whether a given gp120 belongs to a CCR5-preferring or CXCR4-preferring, or dual
tropic HIV-1, it interacts with microglia/macrophages using one or both of the HIV
coreceptors in conjunction with CD4. Subsequently, microglia/macrophages
produce neurotoxicity, presumably involving the protein kinase p38MAPK. (b)
Neurons and astrocytes express the HIV coreceptors, but lack CD4, and therefore
are less likely to interact with gp120. However, chemokines do not require CD4 for
binding to CCR5 or CXCR4, thus SDF-1 might directly interact with all three cell
types to generate neurotoxicity, again involving p38MAPK. The CCR5 ligands MIP-
1 and RANTES can also interact with all three cell types and might prevent gp120-
induced neurotoxicity of microglia by either competing with the viral envelope protein
for binding to CCR5, or desensitizing CXCR4, or a conjunction of both effects. In
addition, the f-chemokines might also desensitize CXCR4 in neurons and
astrocytes and thereby abrogate both a direct and an indirect toxic effect of SDF-1.
The neuroprotective effect mediated by CCR5 requires the activation of the protein
kinase Akt, but it is not known whether the kinase is involved in the desensitization of
CXCR4 and if it directly inhibits microglial neurotoxicity. Akt and p38MAPK are
expressed in all cell types involved, and their activity can be inhibited by dominant
negatively interfering mutants (DN) or pharmacological tools (SB203580). Blockade
of p38MAPK activity prevents neurotoxicity of gp120 and SDF-1, but inhibition of Akt
disrupts CCR5-mediated neuroprotection
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RANTES and MIP-1a/f have been found to be highly
expressed in cerebrospinal fluid (CSF) of neurocognitively
intact HIV-infected individuals, whereas the same chemo-
kines were drastically diminished in the CSF of cognitively
impaired AIDS patients.*? These findings are consistent with
the notion that endogenous CCR5 ligands may offer
neuroprotection in the setting of neuroAIDS.

Our observation that CCR5 deficiency increased CXCR4-
mediated toxicity of SDF-1 and some gp120s (llIB and SF2)
led us to wonder whether endogenous neuroprotective CCR5
ligands are present at baseline. However, small amounts of
these ligands may not suffice to prevent neuronal death in the
presence of additional exogenous neurotoxic gp120 or SDF-
1. Any small amount of CCR5 ligands would, of course, also
no longer have any effect in the absence of CCR5. However,
we were unable to detect any protein of endogenous CCR5
ligands in our cerebrocortical cultures (M Kaul and KE
Medders, unpublished). Alternatively, it has been reported
that even without CCR5 ligand the receptor’s presence seems
to influence the expression of CXCR4 on the cell surface.*®
Therefore, it is conceivable that the absence of CCR5 per se
influenced the response of the cerebrocortical cultures to
CXCR4 binding factors. It remains to be elucidated whether or
not the absence of one HIV coreceptor modulates the
physicochemical properties of the other receptor, such as
the binding affinity for ligands. Besides changes in expression
level, heterodimerization and complete or partial desensitiza-
tion could provide potential explanations for the increased
CXCR4-dependent toxicity in the absence of CCRS.

Mechanistically, we found that the neuroprotective effect of
CCR5 activation was abrogated by a dominant-interfering form
of Akt, whereas WT Akt had no effect. Additionally, the
neurotoxic effect of dual tropic HIV/gp120sk,, which engages
both types of chemokine receptor, was prevented by either
pharmacological inhibition or a dominant-interfering form of p38
MAPK. These findings indicated that the balanced activities of
these two protein kinases play an important role in preventing
neuronal injury and death upon exposure to HIV/gp120 (or SDF-
1) in the presence of CCR5 ligands. As both protein kinases are
expressed in neurons, astrocytes and microglia,>*3*** we
cannot currently determine whether the balanced activities of
the two kinases in neurons alone suffice to prevent cell death.
However, the neurotoxicity of both gp120 and SDF-1 has been
found to be mediated in part by an excitotoxic component that
involves neuronal p38 MAPK. 1182536 |n addition, neuronal Akt
has been shown to provide protection against excitotoxic
insult.®® Therefore, it is possible that CCR5 activation acts to
balance the activity of both kinases and thus provides
neuroprotection, either directly via action on neurons, indirectly
via other, glial cell types, or a combination of both.

Taken together, our study reveals a functional paradox for
the two HIV chemokine coreceptors. CXCR4 plays an

Figure 6 CXCR4 and CCR5 are coexpressed in rat cerebrocortical neurons and glia. Triple-immunofluorescence staining for chemokine receptors and neuron-specific
marker MAP-2 (a, b), or astrocyte GFAP (c), or labeling of microglia with isolectin B4 (d) was performed as described in Materials and Methods, and observed by deconvolution
microscopy. For quantitation, 1023 cells were counted in three representative out of 11 independently stained cell preparations; 90.7 +2.7% (+S.E.M.) of the cells were
positive for CXCR4 and CCR5; 99.2 +0.8% of the neurons; and 88.1 +3.2% of the glial cells, but 100% of the microglia stained for both chemokine receptors, although with
various intensities and cellular localizations. Arrows indicate CCR5-CXCR4 double-positive neurons in (@), staining in astrocyte cell bodies in (b), and a range of staining

intensities in microglia in (d)
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essential role in brain development and neuronal func-
tion;2%454¢ yet, our findings indicate that CXCR4-mediated
signaling can also trigger neuronal cell injury and death, at
least in part via activation of p38 MAPK. This is true of both the
specific CXCR4 agonist SDF-1 as well as HIV-1 gp120s that
bind to this chemokine receptor. On the other hand, ligands
that bind to the second major HIV-1 coreceptor, CCR5,
including the agonists RANTES and MIP-14, confer neuro-
protection by activating an Akt-dependent signaling pathway.
Paradoxically, CCR5-preferring gp120s, such as gp120sg162,
induce neuronal death. Therefore, we conclude that inter-
action with CCR5 and CXCR4 can either protect or harm the
nervous system, depending on the exact context, ligand
characteristics, and resultant signaling pathway. Mechanisms,
such as heterologous desensitization, may play a critical role in
this outcome (Figure 7). Importantly, our findings strongly
suggest that in the absence of neuroprotective CCR5 ligands,
inactivation of both CXCR4 and CCR5 chemokine receptors
might be necessary to fend off the neurotoxicity of HIV-1.

Materials and Methods

Chemokine receptor KO mice. Allmice were on a mixed C57BI/6 x SV129
genetic background. We previously generated and described heterozygous CXCR4
KO mice.?® CCR5-deficient mice® were obtained from Jackson Laboratories. The
two lines were cross-bred in order to generate animals deficient for both CXCR4 and
CCR5 as well as WT controls and animals deficient in only one of the two HIV
coreceptors. As all mice shared the same genetic background and WT littermates
were used as controls, strain differences cannot account for the observations made
here in the neurotoxicity experiments. CXCR4-deficient strains were maintained
as heterozygous animals because of perinatal lethality of the homozygous
phenotype;?® homozygous CXCR4-deficient embryos for cell culture were obtained
between day E14.5 and E16. Genotyping was performed on DNA obtained from tail
biopsies using published PCR protocols (Jackson Laboratories).?®

Rodent mixed neuronal/glial cerebrocortical cultures. Mouse
cerebrocortical cultures from litermate WT and KO animals were prepared from
embryos, as described previously, except that no cytostatic drugs were used.*”~*
Rat cultures, which had been studied previously and characterized, were used for
experiments where only WT for both chemokine receptors was required.'"*' Both
types of cultures contained neurons, astrocytes, and microglia, and their composition
has been described in detail.“’**® Although the CXCR4™~ phenotype is lethal at
approximately E18, the isolated cerebrocortical cells survived well in vitro. Double KO
embryos for cerebrocortical cultures were generated by crossbreeding mice deficient
in both CXCR4 and CCR5 (in the case of CXCR4, using exclusively heterozygotes
for breeding). Generally, cerebrocortical cell cultures were used for experiments after
17 days in vitro as described previously.*”*®

Adenoviral vectors and infection of cerebrocortical
cells. Hemagglutinin (HA)-tagged adenoviral constructs (AdV) for the WT and
dominant-interfering forms of Akt were kind gifts of Dr. K Walsh.%° A dominant-
negative form of p38 MAPK and GFP control vector were kindly provided by Dr. J
Han.3"%2 AdVs were amplified and titrated following standard methods. To infect
cerebrocortical cultures with minimal toxicity, AdVs were used at a multiplicity of
infection (MOI) of 10, as described recently.®® Neurotoxicity experiments were
performed 48 h after infection with AdV's, and the presence of transduced proteins
was assessed by immunofluorescence.®®

Exposure to toxins. Recombinant gp120 from different HIV-1 strains,
representing CCR5-preferring, CXCR4-preferring, or dual tropic viruses, were
obtained from the NIH AIDS Research and Reference Reagent Program or kindly
provided by Genentech. Chemokines were purchased from R&D Systems
(Minneapolis, MN, USA; MIP-1p, SDF-1), PeproTech (Rocky Hill, NJ, USA; MIP-
1/, SDF-1) or Endogen (Endogen/Pierce Biotechnology Inc., Rockford, IL, USA;
RANTES). Recombinant RANTES and gp120 from HIV-1 BaL, SF162, 1IB, and MN
were obtained as carrier-free preparations, and gp120 of HIV-1SF2 contained no
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more than 2 ng/100 ug of contaminating bovine serum protein or protein G. Stocks
of gp120 from HIV-1 BaL, IlIB and MN were in PBS, whereas the envelopes of HIV-
1 SF2 and SF162 were provided in citrate buffer. SDF-1 and MIP-1 preparations
contained 50 ng BSA/1 ug chemokine as carrier when obtained from R&D Systems,
but were carrier-free when purchased from PeproTech. All recombinant chemokines
and HIV-1/gp120s were reconstituted at micromolar concentrations to be in 0.1%
BSA in PBS at one to 500 times the final concentration. HIV-1/gp120s were usually
reconstituted directly before experiments, whereas chemokines were stored in
aliquots at —80°C until use. The original preparations of recombinant SDF-1, MIP-
1f, and gp120 of HIV-1 BaL and SF162 were not endotoxin-free. Owing to dilution
of the original preparations (1:18500-1:22 900 for gp120s and 1:5000-1 : 6400
for chemokines) required to obtain the final experimental concentration of any given
recombinant protein, endotoxin was below 0.14 x 10~ EU/ml for all experiments
with gp120gr+6» and below 0.1 x 10~* EU/ml for SDF-1, MIP-1 and gp120g4,.. For
experiments, cultures were transferred into prewarmed Earle’s balanced salt
solution (EBSS) containing 1.8 mM Ca?* and 5 uM glycine but no Mg? *. The cells
were then incubated for 24 h in the presence or absence of gp120, chemokines, or
combinations thereof as described.'" Controls received the BSA vehicle alone
(0.001% final concentration). As a positive control for neuronal cell death, cultures
were exposed for 20 min to the excitotoxin N-methyl-D-aspartate (NMDA, 300 xM)
followed by overnight incubation (18 h).*'

Assessment of neurotoxicity. The number of neurons was quantified by
immunostaining for the neuron-specific markers microtubule-associated protein-2
(MAP-2) and NeuN, and apoptotic nuclei were identified morphologically after
staining nuclei with the DNA dyes Hoechst 33342 or propidium iodide."? In two
out of three experiments shown in Figure 1 and in seven out of twenty-seven
experiments performed with the different WT and chemokine receptor-deficient
murine cerebrocortical cultures, TUNEL (Apoptosis Detection System/Fluorescein,
Promega, Madison, WI, USA) was applied to detect fragmented nuclear DNA in
apoptotic nuclei."™' Neuronal survival was calculated from the percentage of
neurons remaining after subtraction of those that had undergone apoptosis. Three
to eight independent experiments were performed with each genotype.

Immunofluorescence staining of chemokine receptors. Rat
cerebrocortical cultures were equilibrated for 30 min in EBSS containing 1.8 mM
Ca®" and 5uM glycine but no Mg?" and neurons discerned from glia by
immunostaining as described above for the neurotoxicity experiments. Primary
antibodies included two rabbit anti-CXCR4 IgGs (1:500 dilution, Chemicon,
Temecula, CA, USA; 1:50, Abcam, Cambridge, MA, USA), mouse anti-CCR5
(1:200, R&D Systems MAB183, Minneapolis, MN, USA) chicken anti-MAP-2
(1:5000, Abcam), and chicken anti GFAP (1:2500, Abcam). Secondary antibodies
were goat anti-rabbit IgG Alexa 594, goat anti-mouse IgG Alexa 488, and goat anti-
chicken IgG Alexa 647 (each at 1:2000, Molecular Probes/Invitrogen, Carlsbad,
CA, USA). In triple fluorescence stainings for chemokine receptors, rat microglia
was labeled with isolectin B4 conjugated to FITC (1:100, Vector Laboratories).
Controls were included in which primary antibodies were either omitted or replaced
with irrelevant 1gG of the same subclass. Nuclear DNA was stained with H33342.
Deconvolution microscopy was performed as described earlier'?; filters for AMCA,
CY3, CY5 and FITC were used for four-color image capture and a ‘nearest neighbor’
algorithm for deconvolution (Slidebook software, Intelligent Imaging Innovations,
Denver, CO, USA).

Calcium imaging. Measurement of [Ca® "] in cerebrocortical cultures was
performed using Fura-2/AM as described earlier® with the following modification: all
measurements were performed at 37°C on a temperature-controlled heated stage
in Mg? " -free Hank’s balanced saline solution containing 1.8mM Ca?* and 5 uM
glycine. Slidebook software was used for collection and analysis of ratiometric data
(340 nm and 380 nm excitation/510 nm emission), which are shown as change over
time relative to baseline value.
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