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Human immunodeficiency virus type 1 (HIV-1) central nervous system (CNS)
infection in children is associated with impaired brain growth and neurode-
velopmental delays. Neural progenitors are critical for neurogenesis. Human
multipotential neural progenitors grown in culture are permissive for HIV-1 in-
fection, but it is not known if infection of these cells occurs in vivo. Brain tissue
from pre–highly active antiretroviral therapy (HAART) era pediatric acquired
immunodeficiency syndrome (AIDS) patients was examined for evidence of
HIV-1 infection of nestin-positive neural progenitors by in situ hybridization;
or after laser microdissection harvest, DNA extraction, and polymerase chain
reaction (PCR). HIV-1 or viral DNA was identified in nestin-positive cells in
four of seven HIV-1–infected children, suggesting in vivo infection of neural
progenitors. Journal of NeuroVirology (2007) 13, 274–283.
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Human immunodeficiency virus type 1 (HIV-1) is
a neurotropic virus shown to be present in the cen-
tral nervous system (CNS) of infected pediatric and
adult patients, and in the developing fetal brain (Kure
et al, 1991; Lyman et al, 1990). The clinical man-
ifestations of HIV-associated CNS disease in chil-
dren are distinct from those seen in adults (Mintz,
1994). HIV-1–associated progressive encephalopathy
(PE) is a syndrome of clinically significant devel-
opmental delays, poor brain growth, neurocogni-
tive impairment, and neuropsychiatric dysfunction
observed in pediatric patients infected perinatally,
or early in postnatal life (Belman et al, 1985; Ep-
stein et al, 1986). More recently described in peri-
natally infected children and also in adolescents
approaching adulthood is “HIV-related CNS compro-
mise,” characterized by a constellation of language,
memory, and other subtle neurocognitive deficits. Al-
though far less severe than PE, this syndrome nega-
tively impacts school performance, and the capacity
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to progress to a fully independent life (Tamula et al,
2003).

The underlying mechanisms of neuropathology
in pediatric acquired immunodeficiency syndrome
(AIDS) are incompletely understood. Although pro-
ductively infected microglia are likely the predomi-
nant source of new virus and multiple proinflamma-
tory molecules, the involvement of additional neural
cell populations has also been demonstrated. For ex-
ample, latent infection of astrocytes (Tornatore et al,
1991; Churchill et al, 2006) and glial activation in
the presence of virus-associated proteins have been
shown in vitro, and are associated with the astro-
cytic production of multiple proinflammatory and
neurotoxic molecules (Lawrence and Major, 2002;
Deshpande et al, 2005; Wang et al, 2004). The clini-
cal relevance of these findings is supported by post-
mortem identification of virus within astrocytes of
pediatric (Tornatore et al, 1994; Saito et al, 1994)
and adult brain (Brack-Werner, 1999; Ranki et al,
1995), and a growing body of literature suggesting
an association between a diagnosis of HIV-1 CNS
disease and the presence of the astrocyte-associated
proinflammatory chemokine monocyte chemoattrac-
tant protein-1 (MCP-1/CCL2) (Conant et al, 1998).
In contrast, although restricted infection of neuronal
cell lines has been demonstrated in vitro (Li et al,
1990; Hsia et al, 1997) and viral DNA detected in neu-
rons harvested by laser capture microdissection from
the brain tissue of HIV-1–infected adults and children
(Torres-Muñoz et al, 2001; Trillo-Pazos et al, 2003),
there is insufficient clinical evidence that infection
of neurons contributes significantly to the cerebral
atrophy seen in adult and pediatric neuroAIDS, or
to the poor brain growth and developmental delays
of PE.

Neural progenitor cells are an additional popula-
tion of cells to consider in the neuropathology of HIV-
1, especially in pediatric neuroAIDS, due to their cen-
tral and critical role in neurogenesis (Eriksson et al,
1998), support of hippocampal and dentate function
(Van Praag et al, 2002; Schwartz and Major, 2006),
and response to brain injury (Holmin et al, 1997;
Frisen et al, 1995; Nakatomi et al, 2002). Multipo-
tential mammalian, including human, neural pro-
genitors express nestin, a 220-kDa class VI interme-
diate filament protein first described in radial glia
(Hockfield and McKay, 1985; Lendahl et al, 1990).
Nestin-positive cells have been identified in early
gestational human fetal brain (Tohyama et al, 1992;
Messam et al, 2002), the subventricular (SVZ) and
subgranular zones of the dentate gyrus region of the
hippocampal formation (Blümcke et al, 2001), human
subcortical white matter (Nunes et al, 2003), cere-
bellum (Yachnis et al, 1993), and adult hippocampal
and forebrain tissue (Gu et al, 2002). A possible re-
lationship between regions with high nestin expres-
sion and increased HIV-1 viral load is suggested by
quantitative evidence of increased viral mRNA in the
hippocampus (Wiley et al, 1998), but the data are oth-

erwise inconclusive given the generally inconsistent
correlation between clinical signs and symptoms of
neuroAIDS and viral load in the CNS (Glass and Wes-
selingh, 2001).

We had shown previously in cell culture that
multipotential human fetal brain-derived, nestin-
positive progenitors are permissive for HIV-1 infec-
tion (Lawrence et al, 2004). In this study, we exam-
ined archived pediatric brain tissue from a series of
HIV-1–infected infants and children who came to au-
topsy in the pre-HAART era, seeking in vivo evidence
of HIV-1 infection of nestin-positive cells. Two tech-
niques were used after immunohistochemical iden-
tification of nestin positivity: in situ hybridization
(ISH) or polymerase chain reaction (PCR) amplifi-
cation of DNA extracted from laser-microdissected
pressure catapult (LMPC)-harvested cells.

Archived formalin-fixed, paraffin-embedded pedi-
atric brain tissues collected in the pre-HAART era
(1986 to 1995) from children diagnosed as HIV-1 in-
fected (N = 7) and additional negative-control pedi-
atric patients (N = 2) not diagnosed or suspected as
being HIV-1 infected or exposed, were obtained from
the Department of Pathology, Children’s National
Medical Center, Washington, DC (Table 1). Four- to
6-μm slices from the periventricular region, hip-
pocampus, deep frontal white matter, and cerebellum
were adhered to silane-treated glass slides, deparaf-
finized, rehydrated, then subjected to microwave ir-
radiation antigen retrieval (Citra Plus, BioGenex, San
Ramon, CA) diluted 1:10 in glycerol (Invitrogen,
Carlsbad, CA). After permeabilization and treatment
to block nonspecific binding and endogenous tissue
peroxidases, nestin-positive cells were identified us-
ing a rabbit polyclonal antibody raised against a 150–
amino acid sequence of human nestin (hNestin-331B)
(Messam et al, 2000). Chromogenic visualization was
accomplished using a biotinylated secondary anti-
body followed by ABC reagent detected with DAB
(Vector Laboratories, Burlingame CA). Fluorescence
visualization of nestin-positive cells was achieved
using tyramide signal amplification (TSA detection
kit; Molecular Probes, Eugene, OR) and nuclear coun-
terstaining with bisbenzamide (1:500) (Calbiochem
Biosciences, La Jolla, CA). Nestin expression was ob-
served in multiple areas, including periventricular,
hippocampal, cerebellar, deep frontal white matter,
and temporal region tissue. This finding is consistent
with previously published reports of nestin expres-
sion and neural progenitors in the human brains.

Of interest, the numbers of nestin-positive cells per
slide identified by fluorescence IHC in hippocam-
pal tissue from HIV-1–infected cases (cases 6 to
8) were notably fewer than numbers seen in hip-
pocampal tissue from the negative-control case (case
9). Possible explanations include the discrepancy
in the ages and CNS development between HIV-1–
infected patients and the negative-control case, time
to autopsy after death, and/or the substantial dif-
ference in duration of archival storage between the
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three HIV-1–infected cases (all died in 1989) and
the negative-control infant (2004). Alternatively, it
has been shown that HIV-1–associated inflamma-
tory chemokines activating CXCR4 (SDF-1) or CCR3
(MCP-4, eotaxin, RANTES) coreceptors for HIV-1
reversibly inhibit neural progenitor cell prolifera-
tion (Krathwohl and Kaiser, 2004a). Additionally, the
same authors reported decreased numbers of pro-
liferation marker Ki 67–positive cells in hippocam-
pal tissue harvested from autopsied HIV-1–infected
adults with a diagnosis of AIDS dementia complex
(ADC), compared to HIV-1–infected patients with-
out ADC, and uninfected controls (Krathwohl and
Kaiser, 2004b). These data suggest the possibility of
decreased neural progenitors in neuroAIDS, and offer
a rationale for future quantitative investigations com-
paring neural progenitor cell density in brain tissue
from age- and gender-matched HIV-1–infected, unin-
fected but exposed, and unexposed patients.

ISH was accomplished after chromogenic nestin
detection as previously described (Haase et al, 1996).
Briefly, slides were washed, acetylated in 0.35%
acetic anhydride ×10 min, dehydrated through
graded alcohols, and incubated ×24 h at 45◦C with
hybridization solution containing 35S-labeled hy-
drolyzed antisense (or sense control) riboprobe rep-
resentative of more than 90% of the full-length
HIV-1 genome. Slides were then washed and di-
gested at 37◦C with ribonucleases A (25 μg/ml) and
T1 (25 units/ml) ×30 min, followed by additional
washes and dehydration through graded alcohols
containing 0.3 M ammonium acetate. Slides were
next coated with Kodak NTB-1 emulsion, autoradio-
graphically exposed for 10 days at 4◦C, developed,
counterstained with hematoxylin, and analyzed vi-
sually under 400x× microscopic magnification. Cells
were scored positive when the silver grain count over
an individual cell differed from the Poisson distribu-
tion of average background signal by P > .95. Sixty-
six HIV-1–positive cells were identified in a total of
50 slides.

One cell from periventricular tissue from a 4-year-
old female with severe progressive encephalopathy
(Case 4) was double positive for both HIV-1 RNA
and nestin (1/66 or 1.5%) (Figure 1). One additional
HIV-1–positive cell was seen in a nestin-rich area
of periventricular tissue from this same patient, and
another in nestin-positive basal ganglia tissue from
case 6. However, in both instances, the underlying
cellular morphology was obscured by the intense
positive signal of the HIV-1 probe.

Due to low copy number of virus, the technical dif-
ficulty of discerning nestin expression in cells con-
taining strong 35S-HIV-1 hybridization signal, and the
need to preserve as much archived tissue as possible
for future studies, we next turned to tyramide signal
amplification (TSA) immunofluorescence (Strappe
et al, 1997; Wang et al, 1999) to identify nestin-
positive cells (representative results: Figure 2), which
were then LMPC harvested (Zeiss PALM Microlaser

Technologies, Germany) into the caps of autoclave-
sterilized 0.5-ml thin-walled PCR tubes (Brinkman
Instruments, Westbury, NY)) containing lysis buffer
prepared according to the manufacturers written in-
structions (PicoPure DNA extraction kit; Arcturus
Bioscience, Mountain View, CA). DNA extraction fol-
lowed the same manufacturers written protocol, with
storage at 4◦C or −20◦C pending PCR amplification of
viral gag sequences.

Prior to LMPC, 100× magnification was used as
necessary to confirm that the nuclei targeted were
within nestin-positive cells. Optimal laser settings
for power and focus were determined for each slide,
and slides were visually monitored during laser mi-
crodissection (40× magnification) and after harvest to
confirm minimal apparent capture of material outside
of the targeted nuclear area (representative image:
Figure 3). All nestin-positive cells identified in any
one individual slide of tissue from patients known
to be HIV-1 infected were microdissected and laser
catapulted into a single cap and tube. The number
of nestin-positive cells identified varied in number,
with a range of 8 to 42 nestin-positive cells per 4-
to 6-micron tissue section slide prepared from HIV-
1–infected patients. Table 1 gives the total number
of cells harvested and examined by PCR per HIV-
1–infected patient. Comparable numbers of nestin-
positive cells from the negative-control tissue (case
9) were used per PCR reaction tube. “Buffer only”
negative-control material was obtained by moving
caps into position, but not capturing cells from slides.

Amplification reactions were run on a single
GeneAmp PCR System 2400 (Perkin-Elmer) or
9700 (Applied Biosystems, Branchburg, NJ) ther-
mal cycler. DNA integrity in lysates was con-
firmed by comparison with positive-control tem-
plate after amplification with primers previously
described (forward: 5′-CCATGGAGAAGGCTGGGG-
3′; reverse: 5′-CAAAGTTGTCATGGATGACC-3′) di-
rected against glyceraldehydes-3 phosphate dehy-
drogenase (GAPDH) (Rollison et al, 2005) reacted
with HotStar Taq DNA polymerase Master Mix (Qia-
gen, Valencia, CA). PCR parameters for GAPDH am-
plification (50-μl reaction) after enzyme activation
(95◦C × 15 min) were 40 cycles of denaturation at
95◦C × 30 s, annealing at 55◦C × 30 s, and extension
at 72◦C ×1 min, followed by 72◦C × 7 min.

Two PCR approaches were utilized. Initial
PCR for HIV-1 gag was performed using 20 μl
of template with primers SK38 (forward: 5′-
ATAATCCACCTATCCCAGTAGGAGAAAT-3′) /SK39
(reverse: 5′-CATTCTGGACATAAGACAAGGACCAA
A-3) directed against a 115–base pair segment of
HIV-1 gag (GeneAmplimer HIV-1 Control Reagents;
Applied Biosystems). Negative placental DNA
(10 μg/ml) and positive (range 2 to 1000 copies
HIV-1 DNA/20 μl) controls and tissue lysates were
amplified in a 100-μl reaction with HotStar Taq
Master Mix after enzyme activation (95◦C × 15 min)
as follows: 40 cycles of denaturation at 95◦C × 1 min,
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Figure 1 Cellular colocalization of nestin and HIV-1 in periventricular tissue from a 4-year old female with severe neuroAIDS. Chro-
mogenic immunohistochemistry to detect nestin expression was performed utilizing a rabbit polyclonal anti-human nestin antibody
(1:200) raised against human nestin. A biotinylated secondary antibody followed by ABC reagent was detected with DAB (nestin = brown
intracellular staining). HIV-1 was detected by ISH with 35S-labeled hydrolyzed antisense riboprobe representative of more than 90% of the
full length HIV-1 genome. After autoradiographic exposure, slides were developed and counterstained with hematoxylin and analyzed
visually under 400× microscopic magnification. Cells were scored positive when the silver grain count over an individual cell differed
from the Poisson distribution of overage background signal by P > .95. (A) 10x magnification: (B) 63× magnification: nestin-positive cells
identified within periventricular tissue. (C) 63× magnification: HIV-1 positive cell with intense signal obscuring the underlying cell.
(D) 100× magnification: nestin-positive cell in focus. (E) 100× magnification: darkened silver grains of HIV-1–hybridized probe in focus.
(F) Merged images of (D) and (E).

annealing at 55◦C ×1 min, followed by extension
at 72◦C ×7 min and storage at 4◦C pending gel
electrophoresis. Subsequent PCR for HIV-1 gag
were performed using 20 μl of lysate template,
“zero copy” DNA (NIH AIDS Research and Ref-
erence Reagent Program), as well as positive-
and negative-control DNA, with primers directed
against a 324–base pair segment of gag (forward:
5′-CAATGATGGAGAGAACAACTGCT-3′/reverse: 5′-
CAGGCTCAGATCTGGTCCAACCA-3′) (Torres-
Muñoz et al, 2001). All controls and tissue lysates
were amplified in a 100-μl reaction with Takara
PrimeStar HS (Takara, Japan) after enzyme activation
(95◦C ×3 min) as follows: 50 cycles; denaturation at
95◦C ×12–13 s, annealing at 64◦C ×10 s, followed
by extension at 72◦C ×8 min and storage at 4◦C
pending product separation by gel electrophoresis
in 2% Ultrapure agarose (Invitrogen, Carlsbad,

CA) ethidium bromide (Invitrogen) gels with Tris
acetate EDTA [TAE] 1× (KD Medical Columbia, MD),
visualized under ultraviolet (UV) illumination, and
photographed. cDNA products from the HIV-1 gag
amplification were purified (MinElute PCR Purifi-
cation kit; Qiagen), or excised and purified from
the agarose gel (Qiagen kit for gel extraction), and
reacted on a PE 9700 thermal cycler using BDT3.1
and the BDT cycling profile (Millipore, Billerica,
MA). The reaction was then purified and analyzed
(Applied Biosystems 3100). Results were displayed
(Four Peaks, Mekentosj), and searched against a
reference database (basic local alignment search
tool [BLAST], National Center for Biotechnology
Information [NCBI], National Library of Medicine,
National Institutes of Health).

PCR amplification using SK38/SK39 primers and
GeneAmplimer reagents identified a 115–base pair
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Figure 2 Immunohistochemical detection of nestin-positive cells within pediatric hippocampal tissue. (A and C) Hematoxylin and
eosin–stained slides from archived hippocampal formation tissue blocks of two HIV-1–infected children (cases 7 and 8, respectively).
Nestin-positive cells (B) and (D) were identified in tissue from these blocks after overnight incubation at 4◦C in rabbit polyclonal anti-
human nestin antibody (1:5000) in 5% serum, followed by a secondary goat anti-rabbit horseradish peroxidase conjugate (1:200) and a
brief incubation in Alexa-Fluor 568–labeled tyramide (1:200) diluted in 0.0015% hydrogen peroxide amplification buffer. Nuclei were
counterstained with bisbenzamide (1:500). Red cytoplasmic fluorescence identifies nestin surrounding the blue immunostained nuclei;
100× magnification.

cDNA PCR product in DNA extracted from a pool
of 25 laser captured nestin-positive cells from the
hippocampal tissue of a 19-month-old vertically in-
fected female with neuroAIDS (case 8). Subsequent
sequencing and BLAST analysis confirmed a 94%
identity with HIV-1 gag when queried against a ref-
erence database (maximum E-value 9e-25). Two re-
action tubes from an additional patient (case 7) run
at the same time were negative for the 115-bp prod-
uct. Negative-control tissues and cells included in
each run were negative for the 115-bp product and
negative for other HIV-1 sequences. Low–base pair
primer dimerization prompted us to perform subse-
quent amplifications with primers directed against a
324–base pair product reacted with a highly sensitive
DNA polymerase (Takara PrimeStar HS). HIV-1 gag
sequences were found in hippocampal (case 7) and
cerebellar (cases 6, 7) tissue, with maximum identi-
ties by BLAST query of 97% to 99%, and E-values
2e-97 to 2e-137.

Performing two-step PCR in cases where gel elec-
trophoresis was negative for a desired product after
single-round PCR did not improve sensitivity or

yield. The potential risk of subject-subject PCR con-
tamination was addressed by frequent change of
gloves between handling negative, unknown, and
positive samples, and repeated cleansing of work
surfaces (RNase Away; Molecular BioProducts, San
Diego, CA). At all steps, negative and unknown
samples were processed prior to handling known
positive tissue and control DNA. The possibility of
false-positive results from laboratory strain HIV-1
contamination was excluded by querying each pos-
itive sequence against the published HIV NL4-3 gag
sequence (accession number M19921) (Adachi et al,
1986): no significant similarity was found in any case.

ISH studies identified a single HIV-1+/nestin co-
positive cell (1/66) in the periventricular region of a
4-year-old female with progressive encephalopathy,
suggesting an estimated frequency of nestin-positive
neural progenitor infection of 1.5%. Taking this as
a preliminary estimate, we next turned to laser mi-
crodissection pressure catapult technology to iden-
tify and harvest several hundred tyramide signal
amplified nestin-positive cells per patient (Table 1).
Assuming not more than one infected cell per tube of
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Figure 3 Pre- and post–laser microdissection pressure catapult harvest of a nestin-positive neural progenitor cells within archived
pediatric brain tissue. Nestin-positive neural progenitor cell from the temporal lobe/periventricular region of a 4.5-month-old, vertically
infected male with neuroAIDS; 40× magnification. Fluorescence immunohistochemistry to detect nestin expression was performed
utilizing a rabbit polyclonal anti-human nestin antibody raised against a 150–amino acid sequence of human nestin (1/5000), a secondary
goat anti-rabbit horseradish peroxidase conjugate (1/200), and Alexa-Fluor 568–labeled tyramide diluted (1/200) in 0.0015% hydrogen
peroxide amplification buffer. Nuclei were counterstained with bisbenzamide (1/500). Nestin-positive cells were identified under triple
filter fluorescence microscopy, laser microdissected, and pressure catapulted into the caps of autoclave-sterilized 0.5-ml thin-walled PCR
tubes containing lysis buffer. All harvests were performed at 40× magnification after optimal laser settings for power and focus were
determined for each slide. Nestin = red; nuclei = blue. (A) Nestin-positive cell prior to microdissection; (B) the same cell after laser
microdissection pressure catapult harvest of targeted nuclear material within the identified nestin-positive cell.

LMPC-harvested nestin-positive cells, the calculated
frequency of nestin-positive/HIV-1 gag copositive
cells ranges from 0.23% to 1.25%. The discrepancy
between ISH and PCR data may reflect the fact that
the HIV-1 riboprobe spanned approximately 90% of
the HIV-1 genome, including regions coding for nef,
whereas our PCR primers were directed against gag
alone. Future studies with primers directed against
nef might therefore identify additional, latently in-
fected, nestin-positive neural progenitors, as has been
described previously in pediatric brain astrocytes
(Saito et al, 1994) and hippocampal neurons (Torres-
Muñoz et al, 2001).

A mechanism for HIV-1 entry into nestin-positive
neural progenitors remains to be determined. CD4 ex-
pression has not been described for neural progeni-
tors. It has been shown that human fetal astrocytes
can be infected by primary HIV-1 isolates through
otherwise undefined CD4- and major chemokine
receptor- independent mechanisms (Sabri et al,
1999), but parallel studies have not been done on
nestin+ progenitors. CD4-independent viral entry via
the human mannose receptor has been demonstrated
in astrocytes (Liu et al, 2004), but mannose recep-
tor expression in neural human progenitors has not
been described. Additional possibilities would in-
clude entry via galactosyl ceremide or heparan sulfate
proteoglycan mediated pathways (Bhat et al, 1991;
Kumar et al, 2006).

Multiple chemokine receptors are constitutively
expressed in human brain, including several asso-
ciated with viral entry and HIV-1 infection of the

CNS (CCR1, CCR2, CCR3, CCR5, CXCR3, CXCR4,
CX3CR1, and the promiscuous CC chemokine D6;
Biber et al, 2006; Neil et al, 2005; van der Meer
et al, 2000). CXCR4 and CCR5 HIV-1 coreceptors have
been identified in the brains of children with AIDS
(Vallat et al, 1998). Several studies have presented
evidence of chemokine receptor expression, includ-
ing CXCR4 and CCR5, in neurogenic regions of the
mammalian brain (Tran et al, 2007), and in neural
progenitors grown as neurospheres (Tran et al, 2004;
Ji et al, 2004), or in cell culture (Ni et al, 2004).
Taken together, these studies support the possibility
of chemokine-mediated viral entry into neural pro-
genitors; but even if present and functional, it is also
possible that susceptibility studies might show that
these receptors do not play a role in cell infection,
as demonstrated in studies on isolated human astro-
cytes (Boutet et al, 2001).

How HIV-1 infection of nestin+ neural progenitors
might participate in the neuropathogenesis of the pe-
diatric syndromes of progressive HIV-1 encephalopa-
thy and HIV-related CNS compromise syndrome, or
adult HIV-1 associated dementia (HAD), is specula-
tive at this point. One possibility would be that neural
progenitors are an additional brain reservoir for HIV.
Our finding of gag DNA in nuclear material harvested
from nestin+ cells suggests that these cells might
be permissive for new virus production, but confir-
mation of this possibility would be dependent upon
demonstrating proviral integration, as has been done
in astrocytes (Churchill et al, 2006). Care was taken
to harvest nuclear material rather than entire cells,
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but it is possible that the DNA amplimers identi-
fied were present as intranuclear or even cytoplasmic
fragments, not integrated material. A second possibil-
ity is that HIV-1 infection, or perhaps altered CXCR4
receptor–mediated signaling in the presence of virus,
HIV-1–associated viral proteins, or HIV-1–associated
neuroinflammatory molecules, affect neural progeni-
tor distributions and/or critical functions such as mi-
gration, dentate gyrus development and neurogene-
sis, or repair of brain injury (reviewed in Schwartz
and Major, 2006).

References

Adachi A, Gendelman HE, Koenig S, Folks T, Willey R,
Rabson A, Martin MA (1986). Production of acquired
immunodeficiency syndrome-associated retrovirus in
human and nonhuman cells transfected with an infec-
tious molecular clone. J Virol 59: 284–291.

Belman Al, Ultmann MH, Horoupian D, Novick B, Spiro
AJ, Rubinstein A, Kurtzberg D, Cone-Wesson B (1985).
Neurological complications in infants and children with
acquired immunodeficiency syndrome. Ann Neurol 18:
560–566.

Bhat S, Spitalnik SL, Gonzalez-Scarano F, Silberberg DH
(1991). Galactosyl ceremide or a derivative is an essen-
tial component of the neural receptor for human immun-
odeficiency virus type 1 envelope glycoprotein gp120.
Proc Natl Acad Sci U S A 88: 7131–7134.

Biber K, de Jong EK, van Weering HRJ, Boddeke HWGM
(2006). Chemokines and their receptors in central ner-
vous system disease. Curr Drug Targets 7: 29–46.
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