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Abstract

HIV-1 associated central nervous system (CNS) disease in-
volves neuronal damage and prominent reactive astrocyto-
sis, the latter characterized by strong upregulation of the
glial fibrillary acidic protein (GFAP) in astrocytes. Similar
alterations are found in transgenic mice expressing the
HIV-1 envelope protein gp120 in the CNS. Because alter-
ations of astrocyte functions could contribute to neuronal
impairment, we compared brains of gp120 transgenic mice
and gp120-transfected C6 astrocytoma cells with controls
and found that gp120 induced a prominent elevation of
steady state GFAP mRNA levels, primarily due to tran-
script stabilization. Increased levels of GFAP mRNA were
also found in nontransfected C6 cells exposed to recombi-
nant gp120. Exposure of C6 cells or primary mouse astro-
cytes to soluble gp120 led to activation of PKC as indicated
by redistribution and increase in PKC immunoreactivity at
the single cell level. gp120 effects were diminished by inhib-
itors of protein kinase C (PKC) but not inhibitors of protein
kinase A. PKC activity was upmodulated in gp120-trans-
fected C6 cells and in the CNS of gp120 transgenic mice.
Further, brain tissue from patients with HIV-1 encephalitis
and from gp120 transgenic mice showed increased PKC im-
munoreactivity. Taken together, these results indicate that
gp120-induced increases in PKC activity may contribute to
the gliosis seen in gp120 transgenic mice as well as in HIV-
1-infected humans and raise the question of whether dys-
regulation of signal transduction pathways represents a
general mechanism of HIV-associated pathogenesis. (J.
Clin. Invest. 1996. 97:789-798.) Key words: AIDS dementia
complex . glial fibrillary acidic protein « astrocytes « mes-
senger RNA . signal transduction
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Introduction

HIV-1 continues to spread at a rapid rate, and the clinical
manifestations associated with this viral infection present in-
creasing medical and socioeconomic problems. A significant
proportion of HIV-1-infected people develop severe immuno-
deficiency as well as impairments of the central nervous system
(CNS) that can culminate in dementia, paralysis, and death
(for review see reference 1). Notably, virus-induced cytolysis
of immune and CNS cells does not appear to be the primary
pathogenic process responsible for these disease manifesta-
tions. Instead, evidence is accumulating that HIV-1 may in-
duce disease indirectly by altering the expression of host fac-
tors, thereby dysregulating the intricate molecular and cellular
networks that control the immune system and the CNS (1-7).
Recently, we demonstrated that expression of the HIV-1
envelope glycoprotein gp120 in brains of transgenic (tg)' mice
induces a spectrum of CNS alterations (8) which closely re-
semble neuropathological abnormalities found in patients with
AIDS dementia complex (1) including reactive astrocytosis
and microgliosis, formation of microglial nodules, loss of neu-
ronal subpopulations, dropout of presynaptic terminals, and
widespread vacuolar degeneration of neuronal dendrites. Sub-
sequent experiments in gp120 tg mice have focused on the dis-
section of the pathogenetic processes that may underlie gp120-
induced neurotoxicity in this model. The current study aimed
to determine how gp120 expression affects astrocytes and in-
duces reactive astrocytosis, an early and prominent neuro-
pathological alteration in both gp120 tg mice (8) and HIV-1-
infected humans (9-12). Astrocytes are macroglial CNS cells
that provide crucial support for neurons and oligodendrocytes
through such diverse functions as the production of trophic
factors and the elimination of toxins (for reviews see refer-
ences 13 and 14). Increased expression of glial fibrillary acidic
protein (GFAP) is a characteristic marker of astrocyte activa-
tion/reactive astrocytosis. The exact mechanisms underlying
this response remain unknown; however, reactive astrocytosis
features prominently in a variety of CNS infections (13-15).
The absence of astrocytosis in mice with GFAP-driven astro-
glial expression of Escherichia coli B-galactosidase (8), human
al-antichymotrypsin (8), mouse MHC class I (16), or human
amyloid precursor protein (17) indicates that the prominent in-

1. Abbreviations used in this paper: ACT, human al-antichymo-
trypsin; APP, amyloid precursor protein; CMV, cytomegalovirus;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFAP, glial
fibrillary acidic protein; GS, glutamine synthetase; HIVE, HIV-1 en-
cephalitis; PK, protein kinase; RPA, RNase protection assay; tg,
transgenic.
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crease in astroglial GFAP expression in gp120 tg mice does not
represent a nonspecific consequence of overexpressing pro-
teins in astrocytes in vivo.

Here we show that HIV-1 gp120 induces a prominent ele-
vation of steady state GFAP mRNA levels in astroglial cells
both in vitro and in vivo? and that this is primarily due to stabi-
lization of GFAP transcripts rather than to increased tran-
scription of the GFAP gene. In addition, we provide evidence
that this abnormal stabilization of the GFAP message is medi-
ated by gp120-induced stimulation of protein kinase C (PKC)
activity and that increased PKC immunoreactivity is present in
postmortem brain tissue from HIV-1-infected humans.

Methods

Animals. Heterozygous tg B6XSJL mice expressing HIV oy-gp120,
E. coli B-galactosidase (lacZ) or human al-antichymotrypsin (ACT)
in astrocytes were from the previously established GFAP-gp120 lines
2,10, and 16 (8), the GFAP-lacZ line C-445-16 (18), and the GFAP-
ACT line 13 (8, 19). Transgene expression in these models is directed
by a modified GFAP gene. Non-tg littermates served as controls.
Bigenic gp120/ACT mice were generated essentially as described
(20). Animal care was in accordance with institutional guidelines. For
transcardial perfusions, mice were anesthetized by intraperitoneal in-
jection of 0.5-0.7 ml of 3.8% chloral hydrate solution.

Cell culture and generation of stable transfectants. Rat C6 glioma
cells (CCL 107; American Type Culture Collection, Rockville, MD)
were grown in a humidified tissue culture incubator at 37°C and 5%
CO,. Regular media consisted of DME containing 10% fetal bovine
serum, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin
(100 pg/ml); selection media consisted of regular media plus Geneti-
cin (600 pg/ml) (GIBCO-BRL, Gaithersburg, MD). Cells were trans-
fected at 30-50% confluency with 10 ng GFAP-gp120 (8), GFAP-
lacZ (C-445) (18), or GFAP-ACT (8, 19), in a modified pGEMEX-2
plasmid, in combination with 1 pg pSV2-neo (CLONTECH, Palo
Alto, CA) using Lipofectin (GIBCO-BRL) per manufacturer’s rec-
ommendations. Similarly, C6 cells were transfected with gp120-cod-
ing sequences (Notl segment of GFAP-gp120 [8]) placed downstream
of the cytomegalovirus (CMV) promoter of pPCMVB (CLONTECH);
the lacZ element of the latter plasmid was deleted. After 5 h of expo-
sure to Lipofectin/DNA mixtures in Optimem (GIBCO-BRL) and
subsequent incubation in regular media for 48 h, cells were main-
tained in selection media (exchanged twice a week). After 2 wk, well-
isolated drug-resistant colonies were transferred into individual wells
of 24-well culture plates, amplified, and stored in liquid nitrogen.
Transgene-expressing cell lines were identified by RNA analysis (see
below). For each construct, experimental results were confirmed in
two to three different stably transfected expressor cell lines. Experi-
ments were carried out after passages 3-10 (after recovery of cells
from frozen stocks); during this time, transgene expression levels in
individual cell lines remained stable as determined by RNA analysis
in RNase protection assays (see below).

Primary mouse astrocytes were isolated from newborn non-tg
mice as described (15) and cultured for up to 4 wk in regular medium.

For experiments, 100% confluent cells (maintained in selection
medium) were harvested and seeded at 2 X 10° cells per Petri dish
(100 mm?) in 10 ml or at 4 X 10° cells per T175 flask in 40 ml of regu-
lar medium in the absence of Geneticin. All subsequent steps were
carried out in this medium. After 2 d, when cells reached confluency,
cells were either washed with 0.9% saline and harvested using a cell
scraper for nuclear run-off or PKC assays (see below) or incubated
further after replacement of half the medium with fresh medium. Af-

2. Throughout this text, in vitro refers to cells grown in culture and in
vivo refers to living animals or humans.
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ter an additional 2-d incubation, the following inhibitors (or vehicle
alone) were added directly to the culture media (= 1073 vol/vol) with-
out addition of fresh media (to avoid media exchange-induced de-
creases in GFAP mRNA levels [21]): actinomycin D, phorbol 12-
myristate 13-acetate (PMA) (in ethanol), H7 or HA1004 (in H,O), or
Calphostin C (in DMSO) (all reagents from Calbiochem-Novabio-
chem, San Diego, CA). In experiments with Calphostin C, cell cul-
tures were exposed to a white light source during the 24-h incubation
period as described elsewhere (22). In some experiments, cells were
exposed to recombinant (baculovirus-expressed) HIVyz-gp120
(AgMed, Bedford, MA). After incubation for an additional 1-48 h,
cells were harvested for analysis.

RNA extraction and analysis. Total RNA was isolated from nor-
mal saline flush—-perfused, snap-frozen whole hemibrains and from
pellets of 3-5 X 10° C6 cells using TRI- and TRI-LS reagents (Molec-
ular Research Center, Inc., Cincinnati, OH), respectively, per manu-
facturer’s recommendations. RNA was analyzed using solution hy-
bridization RNase protection assays (RPAs) as described (23). The
following 3?P-labeled antisense riboprobes were used to identify spe-
cific mRNAs (protected sequences in parentheses): (1) gp120 (nucle-
otides 6384-6730 of HIV; .y [GenBank accession No. K03455]); (2)
ACT (nucleotides 200-380 of ACT ¢cDNA [GenBank accession No.
K01500]); (3) lacZ (nucleotides 2355-2555 of pCMV [GenBank ac-
cession No. U02451]); (4) GFAP (nucleotides 818-1027 of mouse
GFAP cDNA [GenBank accession No. K01347]); (5) GS (nucle-
otides 937-1234 of mouse glutamine synthetase [GS] cDNA [24]); (6)
B-actin (nucleotides 480-559 of mouse B-actin cDNA [GenBank ac-
cession No. M18194]); and (7) GAPDH (nucleotides 714-828 of rat
glutaraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA [Gen-
Bank accession No. M17701]). Probes 1 through 3 are transgene spe-
cific; probes 4 through 7 protect endogenous gene products of both
mouse and rat. Sample RNA hybridized to *?P-labeled antisense ribo-
probes was digested with 300 U/ml RNase T1 (GIBCO-BRL) plus 0.5
wg/ml RNase A (Sigma Immunochemicals, St. Louis, MO) in 100 pl
digestion buffer followed by protein digestion with 10 mg/ml protein-
ase K (Sigma Immunochemicals) as described (23). Subsequently,
RNA was isolated with 4 M guanidine thiocyanate and precipitated in
isopropanol. Samples were separated on 5% acrylamide/8 M urea
TBE gels and dried gels were exposed to XAR film (Kodak, Roches-
ter, NY). Levels of specific transcripts were estimated by quantitating
probe-specific signals with a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA); B-actin and GAPDH signals were used to correct
for differences in RNA content/loading as described (18). A ribo-
probe spanning the junction of GFAP exons 5 and 6 (nucleotides
866-1136 of rat GFAP cDNA [GenBank accession No. U03700]) pro-
tected only one mRNA species, its size (270 bp) being consistent with
spliced mRNA (not shown). This indicates that our RNA preparation
contained no or only insignificant amounts of heteronuclear RNA.

Nuclear run-off assays. Assays were performed essentially as de-
scribed (25), with some modifications: nuclei were isolated from 2-5 X
107 stably transfected C6 cells or mock-transfected cells and incu-
bated for in vitro transcription using 100 pnCi [a-*PJUTP (800 Ci
mmol™') per reaction. Labeled RNA was isolated using TRI-LS re-
agent (Molecular Research Center, Inc.). Segments of GAPDH (nu-
cleotides 211-969; see above for GenBank accession Nos.), GFAP
(nucleotides 139-1136), ACT (nucleotides 200-1033), and gp120 (nu-
cleotides 6384-7166) coding sequences were generated by PCR using
cloned cDNAs as templates. 5 pg of each PCR product was dena-
tured and applied to Nytran membranes (Schleicher & Schuell,
Keene, NH) using a slot blot apparatus (Schleicher & Schuell). 5 X
10° cpm of 32P-labeled transcripts were hybridized with immobilized
DNAs at 65°C overnight in 1 ml hybridization buffer. Membranes
were then washed and exposed to Kodak XAR film for 3-10 d. Ra-
dioactive signals were quantitated with a PhosphorImager (Molecu-
lar Dynamics).

PKC. Total cellular PKC activity in mouse brains and C6 cells
was measured using a PKC assay kit (GIBCO-BRL) per manufac-
turer’s instructions. In brief, normal saline flush—perfused brain tis-



sues (either entire hemibrains or tissue blocks consisting of cortex,
hippocampus, and olfactory bulb) or pellets of 2-5 X 107 stably trans-
fected C6 cells were homogenized in Triton X-100-containing extrac-
tion buffer (20 mM Tris, pH 7.5, 0.5 mM EDTA, 0.5 mM EGTA,
0.5% Triton X-100, 25 pg/ml aprotinin and leupeptin) using a Virtis-
Shear tissue homogenizer (Virtis Co., Gardiner, NY) and homoge-
nates were incubated on ice for 30 min. After removing cellular de-
bris by 2 min of centrifugation at 15,000 g, the supernatant containing
activated PKC released from membranes by the detergent treatment
was recovered, and PKC was partially purified by DEAE-cellulose
column chromatography as described (26). The protein concentration
in DEAE column eluates was determined by Bradford’s method us-
ing a commercial protein assay kit (Bio Rad Laboratories, Hercules,
CA). Specific PKC activity in the eluates were determined by mea-
suring the difference between the phosphorylation of a PKC-specific
substrate, incubated with different aliquots of each sample in the
presence versus absence of a specific PKC inhibitor (27). The PKC-
specific substrate was a synthetic peptide from myelin basic protein
(amino acids 4-14) with an acetylated NH,-terminal glutamine, and
the specific inhibitor was a pseudosubstrate peptide (PKC amino ac-
ids 19-36) which competes with normal substrate at the PKC sub-
strate binding site. The reaction mixtures containing enzyme,
[y-*P]ATP (3,000 Ci mmol '), substrate peptide, and either inhibitor
or buffer were incubated at 30°C for 5 min and then spotted on phos-
phocellulose paper disks. Unbound label was removed by washing
with 1% phosphoric acid followed by H,O, and radioactivity incorpo-
rated into substrate was measured in a beta counter after immersion
of the paper disks in scintillation fluid. Samples were assayed in dupli-
cate at two serial dilutions in the presence or absence of inhibitor
peptide, and PKC activity was normalized to the amount of protein
applied to DEAE columns.

Immunocytochemical analysis and microdensitometry. Paraform-
aldehyde-fixed tissue blocks from the frontal cortex of patients with
HIV-1 encephalitis (HIVE) and uninfected age-matched controls
were obtained postmortem and serially sectioned at 40 wm with a Vi-
bratome 2000 (Technical Products International Inc., St. Louis, MO)
as described (28). The presence of HIVE was established by demon-
strating HIV-1 gp41 antigen immunoreactivity in brain sections that
showed typical neuropathological alterations (28). Brains of GFAP-
¢p120 tg and non-tg mice were also fixed and sectioned as described
(8). Sections from human or murine cases were incubated overnight
at 4°C with a rabbit polyclonal antibody against GFAP (BioGenex
Labs, San Ramon, CA) at 1:750 or with a mouse monoclonal anti-
body against PKC (clone MC5; Amersham Corp., Arlington Heights,
IL) at 10 pg/ml. Binding of primary antibodies was detected with spe-
cies-matched biotinylated secondary antibodies and revealed with
avidin-biotin peroxidase kits (Vector Labs Inc., Burlingame, CA).
Before further evaluation, sections were blind coded to ensure objec-
tive assessment. Codes were not broken until the analysis was com-
plete. Relative levels of PKC or GFAP immunoreactivity were deter-
mined microdensitometrically using the Quantimet 570C (Leica Inc.,
Arcadia, CA) as described (8) in human cortex and murine fronto-
parietal (i.e., frontal plus parietal) cortex. Corrected optical density
values were obtained by subtracting background optical densities
(from sections immunostained without primary antibody). Signifi-
cance of differences between average optical densities was assessed
by unpaired, two-tailed Student’s # test.

Double immunolabeling and laser scanning confocal microscopy
(LSCM). Double immunolabeling studies to determine the colocal-
ization between PKC (MCS5 monoclonal antibody) and astroglial cell
markers (GFAP polyclonal antibody) were performed as described
(28, 29). The MCS5 antibody was raised against rat brain PKC and rec-
ognizes a and B but not +y isoforms of PKC. Primary astrocytes or C6
cells were seeded at 1 X 10° cells onto poly-L-lysine—coated (Sigma
Immunochemicals) glass cover slips (Fisher Scientific, Tustin, CA)
and cultured for 24 h in regular medium before they were stimulated
with different concentrations of recombinant gp120, PMA, or vehicle
alone for 1 h. Cells were then fixed with 4% paraformaldehyde and

rinsed with PBS for immunostaining. Vibratome sections (40 pm
thick) were obtained postmortem from the frontal cortex of AIDS
patients with HIVE (as defined in reference 28) (n = 5), AIDS pa-
tients with CMV encephalitis but without detectable HIV antigen in
the CNS (n = 5), and HIV-positive, age-matched control individuals
without CNS alterations (n = 5). For each case, routine neuropatho-
logical examination was performed on hematoxylin and eosin—
stained brain sections. All cases selected for this study showed no evi-
dence for either opportunistic CNS infections, including cryptococco-
sis, toxoplasmosis, and herpes simplex virus encephalitis, or lympho-
mas. HIVE was diagnosed based on the criteria in reference 28. The
cases with CMV encephalitis and controls without CNS alterations
included in this study displayed no gp41 immunoreactivity in their
brains and lacked the neuropathological characteristics of HIVE. Cell
cultures and tissue sections were double-immunolabeled with the
PKC and GFAP antibodies described above, then incubated with a
mixture of FITC-conjugated horse anti-mouse IgG (1:75; Vector
Labs Inc.) and Cy 5 D-conjugated goat anti-rabbit IgG (1:150; Jack-
son ImmunoResearch, West Grove, PA), transferred to SuperFrost
slides (Fisher Scientific), mounted with antifading mounting medium
(Vector Labs Inc.), and analyzed with the Bio-Rad MRC-1024 LSCM
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Figure 1. Increased GFAP immunoreactivity in brains of humans
with HIVE and tg mice with cerebral expression of HIV-1 gp120. Sec-
tions of human neocortices obtained postmortem from an uninfected
control (A) and from a patient with HIVE (C) as well as of murine
neocortices from a non-tg (B) and a gp120 tg (D; high expressor line
2) mouse were immunolabeled with an antibody against the astroglial
marker GFAP. Note the prominent astrocytosis, reflected by an in-
creased number of strongly GFAP-immunoreactive astrocytes of hy-
pertrophied morphology, in the HIV-1-infected human (C) and the
gp120 tg mouse (D). Quantitative microdensitometric analysis of
such immunostained sections (three per case) revealed significant in-
creases in GFAP immunoreactivity in HIVE brains compared with
uninfected controls (E) and in brains from gp120 tg mice compared
with non-tg controls (F). Columns represent means*=SEM; the num-
ber of cases analyzed is indicated at the bottom of each column (*P <
0.01, **P < 0.001, by unpaired two-tailed Student’s 7 test).
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Figure 2. Increased steady state
GFAP mRNA levels in gp120 tg
brains and C6-gp120 astrocytoma
cells. (A) Brain RNA from gp120
tg mice (three distinct lines) and
controls (non-tg and ACT tg
mice) (n = 2/group) was analyzed
by RPA using antisense ribo-
probes for gp120, GFAP, ACT,
and GAPDH. Lane U shows sig-
nals of undigested radiolabeled
- probes (tRNA but no RNase
added); the other lanes contained
the same riboprobes plus either
tRNA (lane D; no specific hybrid-
ization) or brain RNA samples,
digested with RNase. The lower
branch of the split arrows on the
left and the ACT arrow on the
right indicate the expected size of
protected probe/mRNA hybrids
after digestion of noncomplemen-
tary probe sequences (vector-

GFAP —

GAPDH —

derived) and transcripts. GAPDH signals were used as a control for RNA content/loading. (B) RNA isolated from three lines of C6-gp120 cells
showing different levels of gp120 mRNA expression (lanes /-3) and from C6-neo control cells (lane 4) were analyzed as described above. To re-
veal differences in GFAP mRNA levels among these different cell lines, the gel was exposed for only 4 h. Because C6-neo cells express GFAP
mRNA at 20- to 90-fold lower levels than C6-gp120 cells, only a weak signal is seen in these control cells (lane 4). Note the positive correlation
between gp120 and GFAP mRNA levels across different lines of gp120 tg mice and C6-gp120-transfected cells.

mounted on an Axiovert Zeiss microscope with a 63 X oil immersion
objective (NA 1.4). This system permits the simultaneous analysis of
double-immunolabeled samples in the same optical plane as well as
the semiquantitative assessment of levels of immunoreactivity by de-
termining pixel intensity in digitized serial optical sections obtained
within a linear range (30). For each stimulated and control primary
astrocyte culture, five fields (each 100 X 70 um?) containing two to
three astrocytes per field were imaged. Double-immunolabeling and
imaging was done on two coverslips per condition in two independent
experiments. For double-immunolabeled human brain sections, five
fields (each 100 X 70 um?) were imaged per case with each field con-
taining 2-25 astrocytes. Pixel intensity measurements were analyzed
statistically using the GraphPad InStat software.

Results

Astrocytes in brains of HIV-1-infected humans and gp120 tg
mice. Brains of humans with HIVE and of mice expressing
HIV-1 gp120 in the CNS showed a prominent and widespread
increase in the number of astrocytes expressing GFAP com-
pared with normal uninfected/non-tg control brains (Fig. 1).
Consistent with a state of activation, astrocytes in HIVE cases
and gp120 tg mice displayed a hypertrophied morphology (Fig.
1, C and D). This astrocytosis was reflected in statistically sig-
nificant increases in GFAP immunoreactivity when brain sec-
tions from HIVE cases and gpl120 tg mice were compared
quantitatively with brain sections from uninfected/non-tg con-
trols (Fig. 1, E and F).

gp120 induced an increase in GFAP mRNA steady state lev-
els in vivo and in vitro. Quantitation of mRNA steady state
levels by RPA revealed substantial elevations of GFAP
mRNA levels in brains of gp120 tg mice compared with levels
found in non-tg mice or tg controls that express ACT (Fig. 2
A) or E. coli B-galactosidase (lacZ) (not shown) from the same
GFAP promoter, confirming results obtained by Northern blot
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analysis (8). Across different lines of gp120 tg mice, elevated
GFAP mRNA levels correlated directly with levels of gp120
mRNA expression (Fig. 2 A). PhosphorImager quantitation of
signals shown in Fig. 2 A revealed the following GFAP to
GAPDH mRNA ratios (two mice per group): non-tg, 11 and
16; GFAP-gp120 line 16, 41 and 46; GFAP-gp120 line 10, 109
and 123; GFAP-gp120 line 2, 243 and 246; GFAP-ACT, 15
and 15.

To further dissect the mechanisms that underlie the gp120-
induced increase in GFAP mRNA levels, the in vivo analysis
of gp120 tg mice was complemented with an astroglial in vitro
model. Rat C6 astrocytoma cells, cotransfected stably with
pSV2-neo and a plasmid containing the same GFAP-gp120 fu-
sion gene that was used to establish gp120 tg mice, had been
shown previously to secrete immunoprecipitable gp120 into
the culture media (8). The amount of gp120 secreted by three
distinct gp120 expressor lines (low, intermediate, and high)
was found to correlate directly with their levels of gp120
mRNA expression (not shown). These C6-gp120 cell lines
were compared with controls consisting of C6 cells stably
transfected with (a) the pSV2-neo plasmid alone (C6-neo; i.e.,
mock-transfected); (b) GFAP-lacZ plus pSV2-neo (C6-lacZ);
or (¢) GFAP-ACT plus pSV2-neo (C6-ACT). Consistent with
the results obtained in GFAP-gp120 tg mice, C6-gp120 cells
expressed substantially higher levels of GFAP mRNA than
mock-transfected C6 cells (Fig. 2 B) or C6 cells expressing
other GFAP-driven transgenes (not shown). Across different
lines of C6-gp120 cells, GFAP mRNA levels correlated di-
rectly with gp120 mRNA levels. Subsequent experiments were
performed with the low expressor line (Fig. 2 B, lane 1) except
where indicated otherwise. To exclude that GFAP sequences
incorporated into the GFAP-gp120 transgene could directly or
indirectly contribute to the increased GFAP message levels in
C6-gp120 cells, C6 cells were stably transfected with a CMV-
gp120 fusion gene (C6-gp120*). These cells also showed sub-
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Figure 3. Increased GFAP mRNA stability in gp120-transfected C6 cells. RNA was isolated from C6-gp120 and control cells at different time
points (0-48 h) after the addition of the transcription inhibitor actinomycin D (5 pg/ml) or vehicle alone (Nil) and levels of mRNAs encoding
gp120, GFAP, GS, lacZ, ACT, or GAPDH were determined by RPA, as described in Methods and Fig. 2. (A) Autoradiograph depicting repre-
sentative hybridization signals (probes indicated on the left). (B) PhosphorImager quantitation of mRNAs encoding GFAP (top left), GS (bot-
tom left), and different transgene (7g) products (fop right) in C6-gp120 (A), C6-gp120* (O), C6-neo (@), C6-lacZ (M), and C6-ACT (@) cells.
X-axis shows the time from addition of actinomycin D. Y-axis shows the relative mRNA levels (percentage) as compared with mRNA levels at
time 0 (normalized to GAPDH mRNA levels). The increase in relative mRNA levels at the 24- and 48-h time points (fop panels) is due to a rel-
ative decrease in GAPDH mRNA stability (see A). The bottom right panel provides a statistical analysis of results obtained from two (for C6-
ACT), three (C6-lacZ, C6-gp120*), or five (C6-neo, C6-gp120) independent experiments using different batches of cells; GFAP mRNA levels
were measured 24 h after addition of actinomycin D and were expressed as a percentage of mRNA levels obtained at time 0. Columns represent
means*SEM. Note the significant stabilization of the GFAP message in cells transfected with either the CMV-gp120 (C6-gp120*) or the GFAP-
gp120 (C6-gp120) construct compared with C6-neo controls (**P < 0.01 by Dunnett’s multiple comparisons test). The C6-gp120* cells used in

this experiment expressed slightly lower levels of gp120 mRNA than the C6-gp120 cells (not shown).

stantial increases in GFAP mRNA levels compared with those
found in mock-transfected controls (Fig. 3 B).

The gpl120-induced increase in GFAP steady state mRNA
levels reflects message stabilization. To determine whether the
gp120-induced increase in steady state GFAP mRNA levels
was due to decreased decay or increased synthesis of GFAP
transcripts, mRNA decay rates were determined after block-
ade of transcription, and mRNA synthesis was assessed inde-
pendently in nuclear run-off experiments. RNA was isolated
from C6-gp120, C6-gp120*, C6-neo, C6-lacZ, and C6-ACT
cells at different time points after the addition of the transcrip-
tion inhibitor actinomycin D, and levels of mRNAs encoding
GFAP, the astrocyte-specific enzyme GS, gp120, lacZ, ACT,
or GAPDH were determined by RPA (Fig. 3). During 48 h af-
ter actinomycin D addition, GFAP mRNA levels in the differ-
ent groups of control cells showed similar rates of decay,
whereas GFAP mRNA levels in C6-gp120 and C6-gp120* cells
showed much less decay (Fig. 3, A and B). In contrast, GS
mRNA levels showed similar rates of decay in C6-gp120 and
control cells (Fig. 3 B). To determine whether gp120, in addi-
tion to stabilizing GFAP mRNA, also increases GFAP gene
transcription, C6-gp120 and control cells were analyzed by nu-
clear run-off assay. In two independent experiments, nuclei
isolated from C6-gp120 cells showed a relatively small increase
in GFAP gene transcription compared with nuclei isolated
from C6-neo cells (21 and 24% increase over control levels, re-
spectively; data not shown).

In brains of bigenic mice, gp120 induced a prominent in-
crease in endogenous GFAP mRNA levels but not in the ex-
pression of GFAP-driven fusion genes. To determine whether
the prominent increase in steady state GFAP mRNA levels in

HIV-1 gp120 Effects on Signal Transduction in the Central Nervous System

vivo was also due more to GFAP message stabilization than to
increased transcription of the GFAP gene, we analyzed brains
of tg mice. Because accurate measurements of transcriptional
activity and mRNA stability are difficult to obtain in vivo, a
bigenic approach was used to address this issue indirectly.
Transgenic mice expressing gpl20 alone or in combination
with ACT were used to measure the influence of cerebral
gp120 expression on levels of mRNAs derived from the endog-
enous GFAP gene and from the GFAP-ACT fusion gene, re-
spectively. If gp120 increased transcription from the GFAP
promoter, the steady state mRNA levels of ACT in gp120/
ACT bigenic mice would be expected to be increased (Fig. 4
A). In contrast, if gp120 stabilized GFAP mRNA, it would not
necessarily stabilize ACT mRNA. To test these hypotheses,
brain levels of mRNAs encoding endogenous GFAP, gp120,
or ACT were determined by RPA in bigenic mice and com-
pared with those in singly tg and non-tg littermate controls.
gp120 singly tg mice and gp120/ACT bigenic mice showed sim-
ilar elevations of GFAP mRNA levels over those found in
non-tg mice and GFAP-ACT singly tg controls (Fig. 4 B). In
contrast, gp120 expression in bigenic mice failed to increase
the expression of ACT (Fig. 4 B). These in vivo results are
consistent with our in vitro data which indicate that gp120-
induced increases in GFAP mRNA levels reflect primarily
GFAP mRNA stabilization rather than increased transcription
of the GFAP gene.

Inhibitors of PKC but not of PKA decreased the GFAP
mRNA elevations found in C6-gp120 cells in a dose-dependent
manner. It has been demonstrated that both PKC and PKA
are involved in the posttranscriptional regulation of GFAP
mRNA levels in astrocytoma cells and primary astrocytes (21,
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downstream elements and increase both GFAP and ACT mRNA levels, whereas a selective stabilization of GFAP mRNA would increase only
GFAP mRNA levels (see text for further details). White boxes: GFAP exons; straight line: GFAP introns and 3’ flanking region; V, SV40 late
gene splice; jagged line, poly(A) signal/tail; elements not drawn to scale. The ACT cDNA was ligated into the modified GFAP exon 1 essentially
as described (8). (B) RNA was extracted from brains of 4-mo-old non-tg (Non-tg), GFAP-ACT singly tg (ACT), GFAP-gp120 singly tg (gp120),
and GFAP-ACT/GFAP-gp120 bigenic (ACT +gp120) mice and analyzed by RPA as described in Methods and Fig. 2. Two mice were analyzed
per group. Note the increased GFAP mRNA levels in gp120 singly tg and gp120/ACT bigenic mice and the similar ACT mRNA levels in bigenic
and ACT singly tg mice. PhosphorImager quantitation revealed no difference in ACT mRNA levels between bigenic and ACT single tg mice
(not shown). In contrast, acute penetrating brain lesions, carried out as described (60), resulted in increased ACT mRNA levels (not shown),
indicating that GFAP-driven expression of ACT was inducible by appropriate stimuli.

31). To further characterize the processes that mediate the
gpl120-induced stabilization of the GFAP message demon-
strated in the current study, C6-gp120 cells were treated with
reagents known to inhibit either PKC or PKA. PMA is a spe-
cific activator of PKC which, upon prolonged action, leads to a
permanent translocation of the enzyme from cytosolic to par-
ticulate fractions and to a subsequent degradation of the en-
zyme, thereby inhibiting the PKC signal transduction pathway
(32, 33). After 24 h of exposure to either PMA or the PKC in-
hibitors H7 or Calphostin C, C6-gp120 cells showed statisti-
cally significant reductions in GFAP mRNA levels and, over
the range of concentrations tested, this effect correlated di-
rectly with the dose of inhibitors used (Fig. 5). In contrast,
PKA inhibition using the specific PKA inhibitor HA1004 did
not significantly affect GFAP mRNA levels found in C6-gp120
cells (Fig. 5). The activity of HA1004 was evaluated indepen-
dently in C6-neo and C6-lacZ control cells in which it clearly
decreased GFAP mRNA levels at 30 uM (not shown).

Extracellular exposure to recombinant gp120 induced in-
creases in steady state GFAP mRNA levels in astrocytes. To de-
termine whether intracellular expression of gp120 is required
for the gp120-induced message stabilization, GFAP mRNA
levels were compared in nontransfected C6 cells after expo-
sure to either regular media or media containing recombinant
gp120 at 100 pM to 30 nM final concentration. Compared with
results obtained in mock-treated cells, 48 h of exposure to
gp120 at 10 nM final concentration effected a consistent in-
crease in GFAP mRNA levels (15-27% in four independent
experiments; mean+SEM = 21+2.5%, P < 0.001 by unpaired
two-tailed Student’s ¢ test). Higher gp120 concentrations did
not result in further increases of GFAP mRNA levels.

Soluble gp120 induces PKC redistribution in primary mouse
astrocytes. To test whether extracellular exposure of glia to
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gp120 could result in PKC activation, primary astrocytes were
established from neonatal non-tg mouse brains and incubated
with different concentrations of recombinant gp120. Activa-
tion of PKC in individual primary astrocytes was assessed us-
ing double-immunolabeling against PKC and GFAP combined
with laser scanning confocal microscopy. This method allows
for the quantitation of increases in PKC immunoreactivity as
well as redistribution of the enzyme after activation and has
been used to demonstrate PKC activation (for review see ref-
erence 34; see Methods for details). Immunocytochemical
analysis revealed that GFAP immunoreactive astrocytes in
control cultures showed weak PKC immunoreactivity in their
cell bodies and processes (Fig. 6 A). Compared with these con-
trols, gp120-treated astrocytes showed significant increases in
both GFAP and PKC immunoreactivities as well as more
prominent and elongated protoplasmic processes (Fig. 6, A
and B). While mock-treated control cells showed diffuse PKC
immunoreactivity, in gp120-stimulated astrocytes PKC immu-
noreactivity was concentrated along the cellular margins dis-
playing a granular appearance (Fig. 6 A). The PKC activator,
PMA, induced similar changes in PKC and GFAP immunore-
activities (Fig. 6, A and B). Similar effects of gp120 on PKC re-
distribution were obtained in experiments using C6 cells (data
not shown).

PKC activity was increased in C6-gp120 cells as well as in
gp120 tg brains. To further assess the participation of PKC in
HIV-1-induced CNS alterations, PKC activity was quantitated
directly both in vitro and in vivo. Levels of PKC activity in C6-
gp120 cells were elevated over those found in mock-trans-
fected controls by 52 and 70% in two independent experi-
ments. Furthermore, entire hemibrains of gpl20 tg mice
showed statistically significant increases in PKC activity com-
pared with non-tg controls (Fig. 6 C). Notably, this effect was
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Figure 5. PKC inhibition decreased GFAP mRNA levels in C6-gp120
cells. RNA was isolated from C6-gp120 cells 24 h after the addition of
vehicle alone (Control), or of the PKC inhibitors H7, Calphostin C,
high concentrations of PMA, or the PKA inhibitor HA1004 (black
bars, final concentrations in culture media indicated on the left).
GFAP mRNA levels were compared by RPA and PhosphorImager
quantitation using GAPDH signals to correct for differences in RNA
content/loading. GFAP mRNA levels found in the control were arbi-
trarily defined as 100%. Measurements obtained in the other samples
were expressed in relation to this value. Bars represent means=SEM
from 3 independent experiments. Only H7, Calphostin C, and high
concentrations of PMA which inhibit PKC reduced GFAP mRNA
levels significantly below control levels (**P < 0.01, by Dunnett’s
multiple comparisons test).

more prominent in tissue blocks of neocortices, hippocampi,
and olfactory bulbs (Fig. 6 C), brain regions known to show
the highest levels of transgene expression in gp120 mice (8).

Gliotic brains of humans with HIVE and of gp120 tg mice
showed prominent increases in PKC immunoreactivity, whereas
gliotic brains of humans with CMV encephalitis did not. To sub-
stantiate the pathogenetic relevance of the findings obtained in
the in vivo and in vitro models described above, PKC expres-
sion levels were assessed immunohistochemically in human
brain tissue obtained postmortem from AIDS patients with
well-established HIVE or from uninfected controls (Fig. 7).
Compared with controls, HIVE brains showed strongly in-
creased PKC immunoreactivity in cells with astroglial mor-
phology located in white matter (Fig. 7 B), along the glial limi-
tans (Fig. 7 C) and, in severe cases, throughout all layers of the
neocortex (not shown). Microdensitometric analysis of labeled
brain sections revealed statistically significant increases in
PKC immunoreactivity in the frontal cortex of HIVE cases
and the fronto-parietal cortex of gp120 tg mice as compared
with uninfected/non-tg controls (Fig. 7 D).

To evaluate the relative specificity of the association be-
tween HIVE and glial PKC upmodulation, gliotic brains from
patients with HIVE or CMV encephalitis were compared with
nongliotic brains from patients with CNS alterations using
double-immunolabeling for PKC and GFAP and computer-
aided laser scanning confocal microscopy on postmortem spec-
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Figure 6. gp120 activates PKC in cultured primary astrocytes and in-
creases PKC activity in brains of gp120 tg mice. Primary non-tg
mouse astrocytes seeded onto glass coverslips were stimulated with
10 nM recombinant gp120 or 100 nM PMA for 1 h and subsequently
stained with antibodies against PKC and GFAP as described in Meth-
ods. (A) Confocal microscopic images of astrocytes stained with anti-
PKC (top) or anti-GFAP (bottom) antibodies. Note the strong in-
crease in and redistribution of immunoreactivities in gp120- and
PMA-stimulated cells versus controls. (B) Semiquantitative assess-
ment and statistical analysis of double-immunolabeled astrocytes re-
vealed significant increases in PKC and GFAP immunoreactivities in
gp120- and PMA-stimulated cells compared with mock-stimulated
controls. Five fields per condition were analyzed in two independent
experiments. Columns represent means=SEM (**P < 0.01, by Dun-
nett’s multiple comparisons test). (C) Entire hemibrains or tissue
blocks including neocortices, hippocampi, and olfactory bulbs, brain
regions showing the highest levels of transgene expression in gp120 tg
mice (8), were obtained from gp120 tg and non-tg mice. PKC activity
in these tissues was determined by enzyme assay as described in
Methods. Results represent means=SEM (four mice per group).
Compared with controls, gp120 tg mice showed significant increases
in PKC activity (*P < 0.05; **P < 0.01, by unpaired two-tailed Stu-
dent’s ¢ test).

imens as described in Methods. Although both HIVE and
CMYV encephalitis cases showed prominent increases in astro-
glial GFAP expression compared with controls, statistically
significant increases in PKC immunoreactivity were only ob-
served in HIVE cases (Fig. 8).

Discussion

To characterize molecular processes that could mediate the
early and consistent development of astroglial alterations seen
in HIV-1-infected humans, we combined analyses of in vitro
and in vivo models with the immunohistochemical examina-
tion of postmortem tissue from human AIDS patients. A more
complete understanding of HIV-1-associated astroglial alter-
ations is needed since astrocytes provide crucial support for
neurons and disturbances of astroglial functions could contrib-
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Figure 7. Increased PKC immunoreactivity in brains from humans
with HIVE and from gp120 tg mice. Sections of human neocortices
obtained postmortem from uninfected controls (A) or patients with
HIVE (B and C) and of murine neocortices from non-tg or gp120 tg
mice were immunolabeled with a PKC-specific antibody as described
in Methods. Cortical (B) and subpial (C, arrowhead) astrocytes of
HIVE brains showed a marked increase in PKC expression compared
with levels found in uninfected controls (A). Quantitative microden-
sitometric analysis of labeled brain sections (three per case) revealed
statistically significant increases in PKC immunoreactivity in both
HIVE cases and gp120 tg mice compared with uninfected/non-tg con-
trols (D). Columns represent means=SEM. The number of cases an-
alyzed is indicated at the bottom of each column. *P < 0.05, **P <
0.02, by unpaired two-tailed Student’s ¢ test.

ute to the neuronal impairment that characterizes HIV-1-asso-
ciated dementia and paralysis.

The astrocytosis found in gp120 tg mice and HIV-1-infected
humans is associated with a prominent increase in GFAP ex-
pression. Notably, across different lines of gp120 tg mice the
extent of astrocytosis correlated positively with steady state

A
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PKC

GFAP

levels of gp120 and GFAP mRNA expression (Fig. 2). In con-
trast, tg mice expressing ACT in astrocytes from the GFAP
promoter showed no significant alterations in steady state
GFAP mRNA levels. Although prevention of gp120-induced
neuronal damage by neuronal overexpression of amyloid pre-
cursor protein (APP) in gp120/APP bigenic mice significantly
reduced the reactive astrocytosis in this model, the inhibition
of astrocytosis was clearly less than complete (20). This raised
the question of whether the residual astrocytosis in gp120/APP
bigenic mice might be caused by more direct effects of gp120
on astrocytes. In general, it is likely that some detrimental fac-
tors have toxic effects on specific types of CNS cells, whereas
others affect more than one type. The latter type of factor
could induce a mixed reactive/primary astrocytosis that, in
part, reflects the astroglial response to neuronal injury and, in
part, is caused by direct effects on astrocytes. In combination
with our previous observations (8, 20), the current study indi-
cates that the astrocytosis induced in tg mice expressing HIV-1
gp120 is likely, in part, reactive and, in part, primary. While
many factors may contribute to the astrocytosis seen in human
HIV-1 infections (for reviews see references 14 and 15), the
above findings strongly suggest that gp120 could play an im-
portant role in the pathogenesis of this CNS alteration also in
humans.

To further dissect gp120 effects on GFAP gene expression
in vitro and in vivo, C6 astrocytoma cells, which in several re-
spects resemble astrocytes, as well as bigenic mice coexpress-
ing gp120 with another GFAP-driven fusion gene were ana-
lyzed, respectively. Nuclear run-off assays of stably transfected
C6-gp120 and C6-neo cells revealed that gp120 may induce a
subtle increase in GFAP gene transcription but that this effect
was unlikely to account for the substantial increase in GFAP
mRNA levels found in C6-gp120 cells. The similar ACT
mRNA levels in GFAP-ACT singly tg mice and ACT/gp120
bigenic mice further suggested that gp120 expression does not
result in significant activation of transcription from the GFAP
promoter in vivo. In contrast, measurements of GFAP mRNA
decay rates after transcriptional inhibition in different stably
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Figure 8. Comparison of PKC and GFAP expression in gliotic brains of humans with HIVE versus CMV encephalitis. Sections of human frontal
cortex obtained postmortem from individuals with HIVE, CMV encephalitis (CMVE), or controls without CNS alterations were double-immu-
nolabeled with antibodies against PKC (A, rop) and GFAP (A, bortom) and analyzed using laser scanning confocal microscopy as described in
Methods. (A) Note the prominent increase in PKC immunoreactivity in HIVE compared with CMVE and controls in spite of similar levels of
GFAP immunostaining. (B) Semiquantitative assessment and statistical analysis of PKC and GFAP immunoreactivities in controls (gray col-
umns), HIVE (black columns), and CMVE (white columns) cases. Note the significant increase in PKC immunoreactivity in HIVE versus con-
trols and CMVE with no significant difference in GFAP immunoreactivity between HIVE and CMVE. Columns represent means+SEM from
five patients with five fields analyzed per case (ns, not significant; *P < 0.05; **P < 0.01, by Tukey-Kramer multiple comparisons test).
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transfected C6 cell lines demonstrated that gp120 induced a
prominent stabilization of the GFAP message (Fig. 3).

Differences in degradation rates among mRNAs appear to
contribute significantly to the control of gene expression in eu-
karyotes, particularly in higher organisms, and a variety of fac-
tors has been shown to influence mRNA stability (for reviews
see references 35-37). The message-stabilizing effect of gp120
could involve direct interactions of gp120 with the GFAP mes-
sage, or indirect effects of gp120 on factors that normally stabi-
lize or destabilize this mRNA. In this study, steady state
GFAP mRNA levels were also shown to increase in nontrans-
fected C6 cells after extracellular exposure to recombinant
gp120. Binding studies using flow cytometry have revealed
that soluble gp120 can bind to the surface of C6 cells (Wyss-
Coray, T., unpublished observation) as well as to other glial-
derived cell lines (38-40). While astrocytes do not appear to
express CD4, a number of alternative receptors may be in-
volved in the binding of gp120 to the surface of CNS cells (38—
41). In addition, primary rat cortical astrocytes can take up
gp120 from their culture media and this process has been
shown to induce alterations in astroglial cytokine production
in vitro (42). Taken together, these findings have relevance to
the HIV-1-infected human CNS in which astrocytes are likely
to be exposed primarily to soluble gp120 shed into the extra-
cellular milieu by infected macrophages (2, 43-45).

Because protein kinases are known to be involved in the
posttranscriptional regulation of GFAP mRNA levels in astro-
cytoma cells and primary astrocytes (21, 31), we used protein
kinase inhibitors to examine whether PKC- or PKA-depen-
dent transduction pathways were involved in the gpl120-
induced stabilization of the GFAP message in C6 cells. These
experiments revealed that the increase in GFAP mRNA by
gp120 was, at least partially, PKC dependent and independent
of PKA activity (Fig. 5). We cannot rule out the involvement
of other protein kinases in gp120-induced GFAP mRNA stabi-
lization and astroglial alterations. gp120 expression was also
found to increase total cellular PKC activity in brains of tg
mice (Fig. 6 C) and in stably transfected C6-gp120 cells. The
potential pathogenetic relevance of these findings was further
supported by the demonstration of prominent increases in
PKC immunoreactivity in postmortem brain tissue from pa-
tients with HIVE (Fig. 7). Gliotic brains of humans with CMV
encephalitis failed to show such prominent PKC upmodulation
(Fig. 8), indicating that mechanisms of astrocytosis and molec-
ular profiles of astrocytes responding to different pathogens or
forms of neural injury can differ.

Various studies have reported that HIV-1 and purified en-
velope proteins can induce signal transduction pathways lead-
ing to the activation of T cells, B cells, and monocytoid cells
(for examples see references 46-48). Although several groups
have addressed the effects of HIV-1 gp120 on signal transduc-
tion pathways in the CNS (40, 49-52), these studies did not de-
termine whether the identified gp120 effects had any patho-
physiological consequences in vitro or in vivo.

Our investigation indicates that HIV-1 gp120 can alter as-
troglial gene expression via activation of the PKC pathway and
subsequent PKC-dependent message stabilization and pro-
vides evidence that this process results in pathological alter-
ations of the CNS.

Activation of PKC is accompanied by the translocation of
the enzyme from cytosolic to particulate fractions (34, 53, 54).
Here we demonstrate that recombinant gp120 can induce an

increase and redistribution of PKC in primary cultured mouse
astrocytes, consistent with PKC activation (32-34). Notably,
the gp120-induced PKC alterations in these cultures were asso-
ciated with an increase and redistribution of GFAP immu-
noreactivity (Fig. 6, A and B). Intermediate filament proteins
such as GFAP have been shown by several investigators to
associate with PKC (34, 55-57), and it is possible that the asso-
ciation of activated PKC with GFAP induces a phosphoryla-
tion-dependent depolymerization of GFAP filaments (see ref-
erence 57). This might explain the relatively rapid increase in
GFAP immunoreactivity induced by gp120 and PMA in pri-
mary astrocytes (Fig. 6 A).

The PKC family consists of at least 11 isozymes that are ac-
tivated by different processes and appear to fulfill diverse
physiological functions in the CNS (32, 33, 58, 59). Studies are
in progress to assess the relative contributions of these differ-
ent PKC isoforms to alterations found in brains of gp120 tg
mice and patients with AIDS.
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