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HIV-1 strain-associated variability in infection of
primary neuroglia
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Qualitative differences among strains of Human Immunode®ciency Virus type
1 (HIV-1) may in¯uence viral infectivity for cells of the central nervous system
(CNS) and determine or at least signi®cantly in¯uence the neuropathogenesis of
brain infection. In this study, we compared infectivity for these cells in vitro
among several different laboratory-adapted HIV-1 strains differing in cellular
tropism. These strains included three lymphotropic strains (SF2, NL4-3, and
SG3.1), two macrophage-tropic strains (SF128A, SF162), and one brain-derived
strain (YU2). In microglia, macrophage-tropic strain SF128A established
productive infection while the lymphotropic strain SF2 did not. In infected
astrocytes, all HIV-1 strains transiently produced variable and much lower
levels of p24 antigen. Viral DNA env or tat gene sequences were ampli®ed from
infected astrocytes; the ampli®ed signals varied among HIV-1 strains, but the
strongest viral DNA signals were obtained from cells infected by the
lymphotropic strains SF2 and SG3.1. Transfection of astrocytes with infectious
HIV-1 proviral DNA clones con®rmed the observation that HIV-1 strains differ
in their ability to replicate in astrocytes. Transfection revealed post-entry
blocks to replication by macrophage-tropic proviruses pSF128A and pSF162.
However, cytomegalovirus (CMV) superinfection of transfected astrocytes
enhanced p24 production by lymphotropic HIV-1 proviruses twofold and
stimulated p24 production by the otherwise inactive macrophage-tropic
proviruses. This study demonstrates the spectrum of HIV-1 strain-associated
variation in infectivity for neuroglia, and suggests, in addition, that herpesviral
factors or viral-induced cellular factors may stimulate HIV-1 infection in
astrocytes and expand the neural cell tropism of certain HIV-1 strains.
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Introduction
AIDS dementia complex (ADC) in HIV-1 infected
individuals is characterized by astrocytosis, demyelination and neuronal loss (Sharer, 1992). However,
very few cells in the brain are productively infected
by HIV-1. Productive HIV-1 infection of the brain
occurs predominantly in cells of the monocyte
lineage, in particular microglia (Bagasara et al.,
1996; Sharer, 1992; Wiley et al, 1986). These cells
are the principal loci of HIV-1 structural gene
expression, and they release both viral proteins
and a variety of soluble in¯ammatory factors
(Pulliam et al, 1991; Genis et al, 1992; Lipton and
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Gendelman, 1995; Fiala et al, 1996). Infection of
these cells in vitro is characterized by HIV-1 virion
production with or without cytopathic effect
(Ioannidis et al, 1995). In contrast to productive
infection in the microglia, restricted HIV-1 infection
occurs predominantly in cells of neuroepithelial
origin, in particular astrocytes (Tornatore et al,
1994a; Saito et al, 1994). During restricted infection,
astrocytes express HIV-1 regulatory genes, in
particular nef, with little or no structural gene
expression (Tornatore et al, 1994a; Saito et al, 1994;
Blumberg et al, 1994; Ranki et al, 1995). Restricted
infection of astrocytes in vitro is characterized by
predominant regulatory gene expression after an
initial productive phase of structural gene expression and virion production (Tornatore et al, 1991,
1994b; Blumberg et al, 1994). The productive phase
may be enhanced by concurrent herpesvirus infec-
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In this study, we found that human neuroglia,
speci®cally low passage, nontransformed fetal
astrocytes and adult microglia, could be infected
in vitro by HIV-1, but that relative infectivity for
these cells varied among several different laboratory-adapted HIV-1 strains. The replication in
astrocytes of two macrophage-tropic strains, SF162
and SF128A, may be inhibited at the molecular
level after viral entry and reverse transcription.
Despite this variation in the infectivity for astrocytes by different HIV-1 strains, concurrent cytomegalovirus (CMV) infection of astrocytes
(`superinfection') enhanced HIV-1 gene expression
by all HIV-1 strains. This latter ®nding suggests that
either a herpesviral factor or viral-induced cellular
factors may play a role in stimulating HIV-1
infection in astrocytes and expanding the neural
cell tropism of certain HIV-1 strains.

tion, which increases viral p24 antigen production
(Ho et al, 1991). During the restricted phase of
infection, structural gene expression may be reactivated by proin¯ammatory cytokines such as
TNF-a or IL-1b (Tornatore et al, 1991, 1994b), and
perhaps by opportunistic infections caused by coinfecting viruses.
HIV-1 isolates derived from the brain are usually
tropic for monocytes/macrophages (Cheng-Mayer
and Levy, 1990; Sharpless et al, 1992b), although
isolates with a distinct microglia-tropic phenotype
have been described (Strizki et al, 1996a, b).
Moreover, the envelope protein sequences of HIV1 brain-derived isolates are similar to those of
macrophage-tropic HIV-1 strains (Power et al,
1995). Thus `neurotropism' or `neurovirulence' of
HIV-1 isolates or strains has been de®ned in
association with monocyte/macrophage-tropism
and attendant infectivity for microglia (Power et
al, 1995; Ioannidis et al, 1995; Sharpless et al,
1992a, b; Watkins et al, 1990; Cheng-Mayer and
Levy, 1990; Koyanagi et al, 1987). However,
restricted or infrequent productive HIV-1 infection
of astrocytes has been reported in both pediatric and
adult brains, and detectable astrocyte infection may
be associated with moderate to severe HIV-associated dementing illness (Saito et al, 1994; Tornatore et al, 1994a; Ranki et al, 1995; Takahashi et al,
1996). Thus there is a need to further characterize
HIV-1 infection of primary astrocytes and to
determine whether there are any strain-associated
variations in infectivity for CNS cells. Differences
among HIV-1 strains may account for the very
different types of infection that occur in microglia
versus astroglia, and each may contribute to brain
injury and clinical disease.

A

Results
HIV-1 strains with distinct cellular tropisms differ
in infectivity for astrocytes and microglia
Two different HIV-1 strains, lymphotropic SF2 or
macrophage-tropic SF128A, were ®rst tested for
their ability to infect astrocytes. No distinctive
cytopathic effect (cpe) was observed in infected
versus mock-infected astrocytes, but over a 48 h
interval post-infection, transient soluble p24 antigen was detected in both SF2- and SF128A-infected
culture supernatants (Figure 1A). Astrocyte cultures
infected with strain SF2 produced three- to ®vefold
higher levels of soluble p24 antigen compared to
astrocytes infected with SF128A even when up to
four times as much SF128A inoculum was used (80
versus 20 ng p24 per 106 cells). In microglia,

B

Figure 1 (A) Temporal course of soluble p24 antigen production after infection of human fetal astrocyte cultures with HIV-1 strains
SF2 or SF128A. Data represent the mean+s.e. from four independent experiments. Cell-free inoculum virus was used at 20 ± 50 ng
p24 SF2 antigen or 50 ± 80 ng p24 SF128A antigen per 106 cells. Supernatants were collected every 24 h with complete change of
culture medium. (B) Temporal course of soluble p24 antigen production after infection of human microglia cultures with HIV-1 strains
SF2 or SF128A using cell-free inoculum virus at 20 ng p24 antigen per 106 cells. Supernatants were collected every 24 h with
complete change of culture medium. Similar data were obtained from a second independent experiment using 50 ng p24 SF2 antigen
per 106 cells.
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however, macrophage-tropic strain SF128A established productive infection, with continued production of several thousand pg p24 antigen/ml from
inoculum moi of 20 ng p24 per 106 cells (Figure 1B).
No visible cpe was produced in SF128A-infected
microglia over 15 days post infection. These data
are consistent with published studies using highly
enriched microglia cultures, suggesting productive
HIV-1 infection occurs in microglia in vitro, with
prolonged release of soluble p24 antigen (Lee et al,
1993; Ioannidis et al, 1995). In contrast, the
lymphotropic HIV-1 SF2 strain did not establish
transient or productive infection of microglia
(Figure 1B).
The transient, comparatively low level of p24
antigen produced by infected astrocyte cultures
could have derived from the release of bound HIV-1
inoculum, even though the infected astrocytes were
extensively washed after initial virus adsorption.
Accordingly, HIV-1 infection of astrocytes was
con®rmed by PCR ampli®cation of viral env gene
DNA sequences from infected astrocyte DNA
extracted 3 ± 5 days post infection. As shown in
Figure 2 lanes 2 and 4, HIV-1 env sequences were
detected in both SF2- and SF128A-infected cells.
Even though the PCR analysis was not quantitative,
the ampli®ed DNA signal of SF128A, as detected by
Southern blotting, was visibly weaker than that
obtained with ampli®ed viral DNA from SF2infected cells. This was consistently observed in
several independent experiments. Similar signals
were detected with a pair of tat gene primers
amplifying a sequence upstream of the env gene
sequence and thereby representing a later event in
viral reverse transcription (data not shown). Taken
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Figure 2 PCR ampli®cation of HIV-1 env sequences in
astrocytes infected by different HIV-1 strains (A). Astrocytes
were infected with HIV-1, cellular DNA was extracted, and PCR
ampli®cation was performed as described in Materials and
methods. Data are representative of four independent experiments. Astrocytes (106 cells) were infected with 7 ng p24 antigen
of each viral strain. Lane 1 represents uninfected astrocytes; lane
2, SF128A; lane 3, SF162; lane 4, SF2; lane 5, NL4-3; lane 6,
SG3.1; lane 7, YU2; lane 8, DNA extracted from the PBMC of an
AIDS patient. (B) represents the signal from cellular actin DNA,
ampli®ed from each DNA extract in parallel to the viral gene
DNA.

together with the p24 data, the PCR analysis
suggested that the lymphotropic strain SF2 infects
astrocytes much more ef®ciently than the macrophage-tropic strain SF128A.
To further explore this apparent strain variation
in HIV-1 infectivity for human neuroglia, additional
HIV-1 strains were tested for their ability to infect
human fetal astrocyte cultures. These included
macrophage-tropic strain SF162, the brain-derived
strain YU2, and two additional lymphotropic
strains, NL4-3 and SG3.1. The additional HIV-1
strains transiently produced amounts of soluble p24
in infected culture supernatants ranging from about
25 to 65 pg/ml infected culture supernatant. Higher
p24 production was not related to a viral strain's
cellular tropism (data not shown). Infected astrocyte cultures were also compared by PCR ampli®cation of viral DNA using the env primers as shown in
Figure 2. Similar results were obtained using the tat
primers. Astrocytes infected by the different strains
of HIV-1 were found to contain detectable viral DNA
sequences, suggesting that these HIV-1 strains enter
the astrocyte, uncoat, and reverse transcribe RNA
into viral DNA. However, the ampli®ed viral DNA
signals varied widely among different HIV-1 strains
even though equivalent amounts of cellular DNA
were used in the PCR reactions as normalized to the
ampli®ed cellular actin DNA (Figure 2B). Stronger
viral DNA signals were obtained with cultures
infected by the lymphotropic strains SF2 and
SG3.1 or the `dual' tropic strain YU2, while the
weaker signals were obtained with cultures infected
by macrophage-tropic strains SF128A and SF162 or
the lymphotropic strain NL4-3. This additional
comparative data, while not strictly quantitative
and obtained with laboratory-adapted HIV-1
strains, further illustrated the HIV-1 strain-associated variability in infectivity for astrocytes.
Transfection of astrocytes with infectious HIV-1
proviral clones con®rms strain differences in viral
infectivity
In vitro studies of HIV-1 infection of human
astrocytes are confounded by the inef®ciency of
virus uptake due to the lack of CD4 receptors on the
cell surface (Gonzalez-Scarano et al, 1992). In order
to study the replication of HIV-1 in astrocytes,
transfection of proviral DNA directly into the cells
has been demonstrated as a highly ef®cient means
of introducing the infectious HIV-1 genome (Tornatore et al, 1991, 1994b). Transfection bypasses
potentially inef®cient virion entry into cells lacking
the CD4 antigen receptor. Even though the transfection strategy is controversial (Spector et al, 1994),
for it bypasses early events in viral replication (viral
entry, uncoating, and reverse transcription) and
potentially introduces a high viral DNA copy
number per cell, we chose to use transfection to
determine whether post entry events in the viral life
cycle may be contributing to the strain-associated
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variability in infectivity for astrocytes. Accordingly,
infectious proviral DNA clones of the different
strains of HIV-1 were transfected into human fetal
astrocytes. No distinctive cpe was observed after
transfection. Starting approximately 48 h post
transfection (Figure 3), synthesis of soluble p24
antigen was detected in the cultures transfected
with lymphotropic or pYU2 proviruses, but not in
cultures transfected with macrophage-tropic proviruses, which produced only background levels of
p24. To correct for any variation in transfection
ef®ciencies among the provirus strains, transfection
experiments were performed simultaneously with a
b-galactosidase expression plasmid, and the p24
values were normalized according to the comparative b-galactosidase activities. The lymphotropic
proviruses produced variable levels of p24 with
maxima of 4500 ± 6500 pg p24 per ml culture
supernatant by 3 ± 5 days post transfection. Then
p24 production declined to baseline over a 1 week
interval. The pYU2 provirus, which was cloned
directly from uncultured human brain (Li et al,
1992) yielded a temporal p24 pattern in astrocytes
which was intermediate between that of the
macrophage-tropic proviruses (pSF128A, pSF162)
and the lymphotropic proviruses (pSF2, pSG3.1,
pNL4-3), with a similar time course and maximal
p24 values of approximately 1300 pg/ml culture
supernatant. These HIV-1 strain differences parallel
those observed by Nath et al (1995) with infected
astrocytes, again suggesting that infectivity for

astrocytes may vary, at least approximately, according to the cellular tropism of the HIV-1 strains.
To con®rm that the proviral DNA of the different
strains are non-defective, all the proviral DNA
constructs were transfected into human peripheral
blood mononuclear cells (PBMCs). Compared to
astrocytes, transfected PBMCs produced 100-fold
higher peak levels of p24 (Table 1), from approximately 50 ng/ml (pSG3.1) to 450 ng/ml (pSF162).
Both macrophage-tropic strains, pSF128A and
pSF162, generated levels of soluble p24 antigen
that were comparable to those produced by the
other strains. We had also previously observed that
transfection of pSF128A into PBMCs or the
rhabdomyosarcoma cell line RD4 generated similar
levels of p24 as the T-cell tropic pSF2 (Liu et al,
1990). Thus the macrophage-tropic proviral DNA
are functional, but apparently restricted in their
infectivity according to cell type or cell lineage.
CMV superinfection enhances p24 production by
both lymphotropic and macrophage-tropic strains
of HIV-1 in transfected astrocytes
Herpesviruses represent an important group of
potential agents in the neuropathogenesis of HIV1, both as latent or indolent opportunistic viruses
that increase AIDS morbidity and as viral co-factors
capable of potentiating HIV-1 infection through
molecular interactions in co-infected cells (Laurence, 1990; Kung and Wood, 1994). Herpesviruses,
in particular CMV, have been implicated as important co-factors for HIV-1 infection. It is important to determine whether CMV infection of
astrocytes affects strain-associated HIV-1 repliction
in these cells since double-immunolabeling in situ
techniques detecting viral nucleic acid indicate that
CMV and HIV-1 infect the same cell in subcortical
regions of the brain with a frequency of 12% of cells
infected by CMV (Nelson et al, 1988). Primary or
low passage human fetal astrocyte cultures will
support productive infection in vitro by CMV
(McCarthy et al, 1995; Ho et al, 1991). In cells
transfected with proviral DNA from a lymphotropic
HIV-1 strain (pHXB2), concurrent CMV infection
has been reported to enhance p24 production

Table 1 Soluble p24 antigen production by HIV-1 provirustransfected human peripheral blood mononuclear cellsa.
Provirus strain

Figure 3 Temporal course of soluble p24 antigen production
after proviral DNA transfection of human fetal astrocytes with
different strains of HIV-1 proviruses. Cells were transfected with
infectious molecular clones as described in Materials and
methods. Culture supernatants were collected at transfection
(time 0) and every 24 h with change of medium for quantitative
p24 assay. Data represent the mean+s.e. from three independent
experiments.

pSF128A
pSF162
pYU2
pSF2
pSG3.1
pNL4-3
a

p24 antigen
108
450
60
130
49
128

Values are expressed as ng p24 antigen per ml culture
supernatant measured at the maximum of p24 production at
21 days post transfection.
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approximately twofold (Ho et al, 1991). We
compared the temporal course of soluble p24
antigen synthesis in lymphotrophic versus macrophage-tropic proviral DNA-transfected astrocytes
which were concurrently `superinfected' with CMV
(Figure 4). In astrocytes transfected with lymphotropic pSF2, concurrent CMV infection stimulated
more than a twofold increase in the peak p24 values
during the initial productive phase of infection. In
astrocytes transfected with macrophage-tropic
pSF128A, concurrent CMV infection stimulated
p24 antigen expression to levels comparable to
those produced by astrocytes transfected with
lymphotropic pSF2 in the absence of CMV infec-

Figure 4 Effect of CMV infection on soluble p24 antigen
production by pSF2- or pSF128A-transfected human fetal
astrocytes. Subcon¯uent cells were mock- or pre-infected with
CMV(AD169) at moi of 0.5 pfu/cell 4 h before transfection with
the pSF2 or pSF128A proviruses as described in Materials and
methods. Culture supernatants were collected at transfection
(time 0) and every 24 h with change of medium for quantitative
p24 assay. Data represent the mean+s.e. of three independent
experiments.

Table 2 Effect of CMV infection on peak soluble p24 antigen
production by HIV-1 provirus-transfected human fetal astrocytesa.
Provirus
strain

Provirus
only

CMV
infection

Fold
stimulationb

pSF128A
pSF162
pYU2
pSF2
pSG3.1
pNL4-3

10+5
28+21
1044+449
5049+1012
3919+929
5132+765

1057+159
187+35
4987+852
11946+5139
6027+2807
10140+3495

106
7
5
2
2
2

a

Values are pg p24 antigen per ml culture supernatant measured
at the maximum of p24 production within 3 ± 5 days post
transfection. Data represent the mean+s.e. of three independent
experiments. bValues are the quotient of peak p24 antigen with
CMV infection divided by peak p24 with provirus only,
rounded to the nearest integral value.

tion. Thus concurrent CMV infection effectively
overcame a post-entry block to pSF128A repliction
in transfected astrocytes. This stimulatory effect of
CMV superinfection was further con®rmed in
astrocyte cultures transfected by the other macrophage-tropic or lymphotropic HIV-1 proviruses
(Table 2).

Discussion
This study demonstrates that among different
strains of HIV-1, there is variable infectivity from
primary neuroglia, speci®cally microglia and astrocytes. To a `®rst approximation', infectivity for these
cell types associates with distinct cellular tropisms
of HIV-1 strains, i.e. monocyte/macrophage tropism
and lymphotropism, respectively. Previous in vitro
studies have indicated that productive HIV-1
infection in human microglia is readily established
by monocyte/macrophage-tropic strains but not
lymphotropic strains (Watkins et al, 1990; Sharpless
et al, 1992a; Lee et al, 1993; Ioannidis et al, 1995;
Strizki et al, 1996a, b). In our study, the macrophage-tropic strain, SF128A, originally derived
from human spinal cord, established long-term
productive in vitro infection in human adult
microglia while the lymphotropic strain, SF2, did
not establish productive infection at all. Monocyte/
macrophage tropism is determined by sequences
within the HIV-1 envelope protein (Liu et al, 1990;
Chesebro et al, 1992). In so far as macrophagetropism correlates with infectivity for microglia
(Koyanagi et al, 1987; Watkins et al, 1990; ChengMayer and Levy 1990; Sharpless et al, 1992a, b;
Power et al, 1995; Ioannidis et al, 1995; Strizki et
al, 1996b), infectivity for microglia may be determined by viral entry events mediated by the env
protein. This may not be the case with HIV-1 strain
infectivity for astrocytes. A recent study of HIV-1
isolates indicates that infectivity for astrocytes does
not correlate with a particular sequence in the V3
loop of the viral envelope protein that is linked to
macrophage tropism (Di Stefano et al, 1996a, b).
In contrast to the lack of infection of microglia,
several lymphotropic strains have been observed to
establish infection in astrocyte cultures, which
yield relatively low quantities of virus (ChengMayer et al, 1987; Cheng-Mayer and Levy, 1988;
Nath et al, 1995). This is consistent with the concept
of `restricted' HIV-1 infection in astrocytes due to a
relative predominance of regulatory versus structural gene transcription (Blumberg et al, 1994). In
our human fetal astrocyte cultures, three lymphotropic HIV-1 strains directly infected astrocytes as
evidenced by detection of virus-speci®c DNA
sequences 3 ± 5 days post infection. Consistent with
recent reports (Nath et al, 1995; Di Stefano et al,
1996a), the amount of soluble p24 produced by the
lymphotropic HIV-1-infected astrocyte cultures was
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variable and very low, approximately tenfold lower
than that produced by an equivalent number of HIV1-infected microglia. Nevertheless, PCR assay consistently ampli®ed viral tat or env gene sequences
from cellular DNA whether or not p24 antigen
production by these infected cells had ceased.
Astrocyte cultures transfected with the three
lymphotropic proviruses transiently produced soluble p24 antigen at levels comparable to those of
human microglia cultures productively infected by
macrophage-tropic HIV-1 strains. Among independent experiments, some variability in levels of p24
synthesis by different HIV-1 provirus strains was
observed. This could be due to variation in
transfection ef®ciency among proviral DNA constructs, although in this study transfection ef®ciency was normalized to co-transfected bgalactosidase reporter gene activity. In this study,
a more likely source of variability in levels of p24
synthesis is the astrocyte cultures, which may
re¯ect individual human variation. While the
astrocyte cultures in a single experiment comparing
multiple HIV-1 proviruses derived from an individual specimen, independent experiments used cells
derived from distinct individual specimens. Cells
from distinct specimens were never pooled. Specimen to specimen variability is a complicating factor
in experiments using non-transformed, non-immortalized human neural cell cultures, since it is not
possible to repeatedly obtain genetically identical
CNS specimens.
By comparison with lymphotropic strains, the
macrophage-tropic HIV-1 strains SF128A or SF162
could not ef®ciently or consistently infect the
astrocytes when infectious proviral DNA was
transfected into the cells. The two tested macrophage-tropic proviruses failed to produce measurable p24 antigen in transfected astrocyte culture
supernatants. The relatively poor replication of
these macrophage-tropic HIV-1 strains in astrocytes could be due to variable or unstable binding
to the astrocyte surface at viral entry or to a block
in one or more post-entry viral replication events.
But transfection of macrophage-tropic proviral
DNA into astrocytes resulted in no detectable
infectious viruses, indicating that there is a block
in viral gene expression after reverse transcription.
The transfection data also offers compelling
evidence that strain-associated HIV-1 infectivity
for astrocytes is not solely determined by env
sequences. Our CMV superinfection experiments
further support the notion that certain macrophagetropic HIV-1 strains cannot replicate independently after entry into the astrocyte. The presence
of replicating CMV in astrocytes transfected with
proviral DNA enhanced the replication of the
lymphotropic HIV-1 strains and facilitated detectable replication of the macrophage-tropic strains
pSF128A and pSF162. There are several possible
mechanisms to explain this observation. Viral-

induced cytokines such as TNF-a or IL-1b may be
elaborated by herpesvirus-infected cells, and function to stimulate HIV-1 gene expression during
restricted infection of astrocytes (Tornatore et al,
1991; Di Stefano et al, 1996a). CMV-encoded
transcriptional factors or CMV-induced cellular
transcriptional factors may be involved in the
stimulation of the HIV-LTR in a variety of cell
types (Ghazal and Nelson, 1993; Spector et al,
1994). There are reportedly HIV-1 strain-speci®c
and cell-speci®c differences in transcription factor
binding to regulatory sites on the LRT (CannoneHergaux et al, 1995); these may be in¯uenced by
concurrent CMV infection. Our ongoing studies
suggest that in human fetal astrocytes HIV-LTR
directed gene expression can be activated by CMV
or human herpesvirus-6 via intracellular molecular
interactions (McCarthy and Wood, manuscript in
preparation). Some HIV-1 strains may require such
transcriptional help to replicate in astrocytes. Our
observations suggest that in the CNS, CMV superinfection can effectively expand the neural cell
tropism and neurovirulence of HIV-1 strains by
enabling or enhancing the infection of astrocytes,
particularly by certain macrophage-tropic HIV-1
strains.
The viremia of primary HIV-1 infection may
determine the initial seeding of virus in the CNS
(Haynes et al, 1996). Viruses isolated during early
HIV-1 infection tend to be more homogenous in
their phenotypic and genotypic properties (Zhu et
al, 1993). However, differential tropism for microglia versus astrocytes similar to that of laboratoryadapted HIV-1 strains has been observed with
primary and low passage HIV-1 isolates. In a study
of 27 virus isolates obtained during primary
infection, Strizki et al (1996a, b) found that most
isolates had overlapping monocyte/macrophage
and microglia tropism. But they did identify a
subset of isolates with distinct microglia tropism
and an additional isolate that did not infect either
monocyte-derived macrophages or microglia. Di
Stefano et al (1996a, b) noted that approximately
one third of 30 primary HIV-1 isolates could infect
astrocytes in vitro as determined by PCR analysis.
Thus there may be qualitative neurotropic differences between HIV-1 isolates that are apparent
even early in the course of HIV-1 infection. Given
the controversy surrounding the lack of correlation
between the viral `load' in the CNS and the clinical
severity of such neurologic complications as
dementia (Johnson et al, 1996), these qualitative
differences that in¯uence viral infectivity for the
cells of the CNS may determine or at least
signi®cantly in¯uence the neuropathogenesis of
brain infection. Our studies suggest that there is a
spectrum of qualitative neurotropic differences
among HIV-1 strains de®ned by both viral entry
and post-entry mechanisms. `Neurotropism' and
`neurovirulence' may not be determined solely by
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viral envelope sequence variations and viral entryrelated events. Microglia harbor productive infection by monocyte/macrophage-tropic strains largely de®ned by envelope protein sequences.
Astrocytes may harbor restricted HIV-1 infection
by predominantly lymphocyte-tropic strains capable of temporally limited but re-activated viral
transcription and replication. Superinfecting CMV
can facilitate replication of all HIV-1 strains within
this astrocyte `reservoir,' thus expanding the
neurotropism of the predominant microglia-tropic
strains and thereby increasing the overall CNS viral
load.

Materials and methods
HIV-1 strains and proviral clones
The lymphotropic HIV-1 strain SF2 was obtained
from Dr J Levy (Luciw et al, 1984); the macrophagetropic strain SF128A was derived as described
previously (Liu et al, 1990). The macrophage-tropic
proviral DNA clone pSF162 was obtained from Dr C
Cheng-Mayer (York-Higgins et al, 1990). Two
lymphotropic proviral DNA clones, pNL4-3 (Adachi et al, 1986) and pSG3.1 (Ghosh et al, 1993), and
a third clone pYU2 derived from uncultured human
brain tissue (Li et al, 1992), were obtained from the
NIH AIDS Reference and Reagent Program (Rockville, MD, USA). The pYU2 clone replicates in
monocytes/macrophages, primary T-lymphocytes,
and the Molt4-clone 8 T-cell line; thus it has
properties suggesting `dual' cellular tropisms. To
prepare stocks of infectious viruses for infection of
astrocytes, proviral DNA clones were ®rst transfected into CV-1 cells using cationic liposomes
(Lipofectamine, GIBCO BRL, Gaithersburg, MD,
USA) with 3 mg proviral DNA per 56105 CV-1 cells.
One week after transfection, 1 ml of CV-1 culture
supernatant containing infectious HIV-1 viruses
was then used to infect 26106 normal human
PBMCs stimulated with 5 mg/ml of phytohemagglutinin (PHA) for 24 h. Viruses produced by the PBMC
infection were then quantitated in culture supernatants using a commercial p24 ELISA assay
(Immunotech Inc, Westbrook, ME, USA).
Preparation of human neural cell cultures
Astrocyte cultures were prepared from human fetal
CNS tissue of 46 ± 83 days gestation. Fetal CNS
tissue was obtained from the Human Embryology
Laboratory, University of Washington (Seattle, WA,
USA). Procedures for procurement and use of
human fetal and non-fetal CNS tissue were approved and monitored by the University of Miami
School of Medicine's Medical Sciences Subcommittee for the Protection of Human Subjects. The
CNS tissue from each fetal specimen, consisting
primarily of rhombencephalon and mesencephalon, was processed separately and independently,
as were subsequent cell cultures; there was no

pooling of CNS tissues from distinct fetal specimens. Highly enriched human fetal astrocyte
cultures were prepared from mechanically dissociated CNS tissue as previously reported in detail
(McCarthy et al, 1995). To avoid ®broblast overgrowth, cultures were adapted to serum-free B16
medium (Brewer and Cotman, 1989) supplemented
with 5 ng/ml basic ®broblast growth factor (FGF2).
For serial passage, cells were subcultured when
con¯uent, approximately once per week. Infection
or transfection studies were performed with cultures serially passaged between three and six times.
Cultures were monitored by immuno¯uorescence
assay (IFA) for expression of glial ®brillary acidic
protein (GFAP), a marker for astrocytes, and
®bronectin or prolyl-4-hydroxylase for ®broblasttype cells (McCarthy et al, 1995). Enriched human
microglial cultures were prepared according to
published methods (Whittemore et al, 1993) from
non-fetal human lumbar spinal cord segments.
Tissue was dissected free of blood vessels and
meninges, dissociated with trypsin, and washed.
Microglia were puri®ed on Percoll gradients and
recovered by differential adherence to plastic. They
were maintained in B16 supplemented with 2.5%
(v/v) fetal bovine serum (FBS) heat inactivated for
30 min at 568C.
Viral infection and transfection of neural cells
To infect astrocytes or microglia directly with HIV-1
strains, 16106 cells in T25 tissue culture ¯asks were
®rst treated with 2 mg/ml polybrene, then incubated
for 3 h at 378C with PBMC-derived stock virus
inoculum standardized as ng p24 antigen. After this
adsorption of HIV-1 inocula, the infected cultures
were washed with phsophate buffered saline (PBS)
at least three times and then fed with fresh culture
medium. Infected or mock-infected culture supernatants were collected every 24 h with change of
culture medium for measurement of soluble p24
production by ELISA. Astrocytes were infected with
cell-free preparations of human CMV strain AD169
as previously described (McCarthy et al, 1995),
using 46105 cells infected at a multiplicity of
infection (moi) of 0.5 plaque forming units (pfu)
per cell approximately 4 to 6 h prior to transfection
with proviral DNA, or 46105 cells infected at an
moi of 1.0 pfu/cell 18 h post transfection. using
either of these infection conditions, CMV antigen
was present in greater than 80% of astrocytes in the
culture by 48 h post-transfection as con®rmed by
IFA for viral structural antigens (McCarthy et al,
1995). CMV-infected monolayers remained intact
and viable for 8 ± 10 days. Fetal astrocyte cultures
were transfected with molecularly cloned HIV-1
proviral DNA using cationic liposomes and 1 mg
proviral DNA per 3 ± 46105 cells. Transfection of
PBMCs was performed with 200 mg DEAE dextran
per 26107 cells. Variation in transfection ef®ciency
among proviral DNA clones was monitored by co-
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transfection of a reporter plasmid containing the
CMV IE promoter (kindly provided by Dr Lung-Ji
Chang, University of Alberta, Alberta, Canada)
upstream of a b-galactosidase gene in the pT7T318U
vector (Pharmacia Biotech, Piscataway, NJ, USA). bgalactosidase expression by transfected cells was
determined by histochemical stain or enzyme assay.
Transfected or mock-transfected culture supernatants were collected every 24 h with change of
culture medium for measurement of soluble p24
production by ELISA. All reported values for p24
expression in proviral DNA-transfected cultures
have been corrected for variations in transfection
ef®ciency.
Ampli®cation of HIV-1 viral DNA from infected
astrocytes
To con®rm HIV-1 infection of the astrocytes, the
synthesis of HIV-1-speci®c DNA was veri®ed by
polymerase chain reaction (PCR) ampli®cation of
viral sequences from cellular DNA with the Taq
(DNA) polymerase (Promega, Madison, WI, USA).
HIV-infected astrocytes were harvested 1 ± 8 days
post infection for total cellular DNA using the
IsoQuick Reagent (ORCA Research Inc, Bothell,
WA, USA). PCR analyses used a pair of primers
from the tat gene (5'-CATTTCAGAATTGGGTGTCGACATA-3' and 5'-CCTAGTGTGTTGATAACGATAATAA-3') or from the env gene (5'-GTATGAATTCAACTGCTGTTAAATGGCAGT-3' and 5'TATAGAATTCACTTCTCCAATTGTCCCTCAT-3').
The conditions for env and tat gene PCR were as
follows: 3 mg DNA, 1 pmole/ml of each primer,
0.25 mM dNTP, 1.5 nM MgCl2, 2.5 U of Taq
polymerase in a 50 ml reaction volume. The reaction
proceeded for 1 cycle at 948C for 3 min, 508C for
1.5 min, and 728C for 2 min, followed by 35 cycles
at 948C for 45 s, 558C for 1 min, and 728C for 2 min.

As a positive control, the tat or env gene sequence
was ampli®ed from DNA extracted from H-9 cells or
the productively infected PBMC of an AIDS patient.
As an internal control to ensure that equal amounts
of DNA were used for each ampli®cation, PCR
ampli®cation of cellular actin using actin primers
(5'-TTCTACAATGAGCTGCGTGT-3' and 5'-GCCAGACAGCACTGTGTTGG-3') was conducted in parallel to viral DNA ampli®cation with all cellular
DNA extracts. The PCR products and controls were
analyzed on 1.2% agarose gels, and then hybridized
to digoxigenin-labeled env or tat probes using the
Genius kit (Boehringer Mannheim, Indianapolis,
IN, USA). Ampli®ed DNA signals were quantitated
using the Biorad DOC 1000 ¯uorescence gel
documentation system (Biorad, Hercules, CA,
USA). The amount of each cellular DNA used for
viral sequence ampli®cation was normalized to the
ampli®ed actin signals.
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