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Abstract
The neuropathogenesis of HIV-1-associated dementia (HAD) revolves around the secretion of
toxic molecules from infected and immune-competent mononuclear phagocytes. Astrocyte
activation occurs in parallel but limited insights are available for its role in neurotoxicity and
cognitive dysfunction. One means in which astrocytes may affect disease is through their
production of tissue inhibitors of metalloproteinases (TIMPs). TIMPs are regulators of matrix
metalloproteinases, enzymes that affect blood-brain barrier integrity through altering the
extracellular matrix. We hypothesized that in response to injury and inflammation in HAD,
astrocytes regulate the production of TIMP-1, the inducible type of TIMP that is important in
inflammation. To address astrocyte-mediated TIMP-1 regulation in HAD, we evaluated the
responses of primary human to IL-1β and HIV-1. TIMP-1 levels in plasma, CSF, and brain tissue
of control, HIV-1 infected patients without cognitive impairment, and HAD patients were also
studied. Our data show that an upregulation of TIMP-1 results from astrocytes acutely activated
with IL-1β. In contrast, CSF and brain tissue samples from HAD patients showed reduced TIMP-1
levels compared to seronegative controls. MMP-2 levels in brains showed the opposite. Consistent
with this, prolonged activation of astrocytes led to a reduction in TIMP-1 and MMP-2, but a
sustained elevation in MMP-1. Our data suggest that in diseased brain tissue, the ability of
astrocytes to counteract the destructive effects of MMP through expression of TIMP-1 is
diminished by chronic activation. Our studies reveal new opportunities for repair-based
therapeutic strategies in HAD.
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INTRODUCTION
Activated brain mononuclear phagocytes (MPs) and glia play a role in the pathogenic events
associated with HIV-1-associated dementia (HAD) (Dickson et al., 1993; Gelbard et al.,
1994; Shrikant et al., 1996; Persidsky et al., 1999; Persidsky and Ghorpade, 2001). The
effector mechanisms by which infected and immune-activated MPs contribute to HAD are
numerous and incessant. The role that astrocytes play in disease is less clearly understood.
Work in the field has focused on MP-mediated damage caused by eicosinoids, quinolinic
acid, platelet activating factor (PAF), tumor necrosis factor (TNF)-α, nitric oxide, matrix
metalloproteinases (MMPs), and other neurotoxins (Gendelman et al., 1997). In the tissue
microenvironment, the proteolytic activity of MMPs responsible for extracellular matrix
(ECM) degradation may be affected by both MPs and astrocytes. For MPs, regulation of
MMP expression occurs as a consequence of cellular differentiation, activation, and viral
infection (Vos et al., 2000; Ghorpade et al., 2001). We and others have found higher levels
of both MMP-2 and pro-MMP-9 activity in the CSF of individuals with HAD, as compared
to non-demented seropositive or seronegative controls (Conant et al., 1999). This
upregulation of MMPs in HAD has direct implications for monocyte migration, which
involves the activity of both MMPs and tissue inhibitors of metalloproteinases (TIMPs) in
the degradation of the ECM (Kintscher et al., 2001). MMP activity is affected by the tissue
inhibitors of metalloproteinases (TIMP-1–4) (Wojtowicz-Praga et al., 1997; Bode et al.,
1999b). TIMP-1 and TIMP-2 possess the potential to inhibit the activities of all known
MMPs and play an essential role in maintaining the balance between ECM degradation and
formation (Gomez et al., 1997). TIMP-1 can also be regulated by growth factors and
proinflammatory cytokines (Bugno et al., 1999). TIMP-1 is inducible and has been
implicated in inflammatory reactions, as opposed to TIMP-2, which is constitutively
expressed (Gomez et al., 1997). TIMP-3 is the only TIMP that binds exclusively to ECM
components and may serve as a marker for terminal differentiation (Gomez et al., 1997;
Brew et al., 2000). TIMP-4, the most recently discovered, may be involved via tissue
specificity in ECM homeostasis (Gomez et al., 1997).

Imbalances between MMPs and TIMPs are connected to the degradation of ECM and are
associated with arthritis, angiogenesis, and metastasis (Bode et al., 1999a,b; Fassina et al.,
2000; Bloomston et al., 2002). TIMPs control cell proliferation, cell survival, and apoptosis
and function as guardians against tissue degradation (Fassina et al., 2000).

Among the family of tissue inhibitors, TIMP-1 is widely implicated in a variety of
inflammatory diseases and carcinogenesis (Johnatty et al., 1997; Kugler, 1999; Groft et al.,
2001). In the present study, we focused our investigation on the balance between MMP and
TIMP-1 in HAD. Many accept that the production of TIMP-1 is a protective response, and
astrocytes are believed to be the predominant cell type responsible for TIMP-1 production in
the CNS (Rivera et al., 1997; Pagenstecher et al., 1998). Although several groups and
unpublished data from our laboratory have shown that microglia do express TIMP-1, a
dichotomy exists in MMP/TIMP-1 expression. Indeed, in murine CNS injury models,
MMPs are usually restricted to leukocytes and microglia in CNS lesions, whereas TIMP-1 is
restricted to astrocytes (Pagenstecher et al., 1998). However, endothelial cells, astrocytes,
and neurons all can produce MMPs and participate in ECM remodeling, homeostasis, and
disease processes in the CNS. Furthermore, reactive astrogliosis is a stereotypical response
to any type of CNS injury (Norenberg, 1994; Ridet et al., 1997), and production of TIMP-1
by activated astrocytes would additionally serve in remodeling of brain ECM. Indeed, in situ
immunolocalization studies have demonstrated that reactive astrocytes in animal models of
CNS injury are known to produce TIMP-1 (Rivera et al., 1997; Pagenstecher et al., 1998;
Jaworski, 2000). We therefore hypothesize that within the context of HAD, TIMP-1
expression by astrocytes is likely altered within the CNS even though astrocytes are rarely

SURYADEVARA et al. Page 2

Glia. Author manuscript; available in PMC 2013 November 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



infected, with HIV-1. To these ends, we used primary human fetal astrocytes in vitro to
assay the effects of immune activation in the context of HIV-1 on TIMP-1 expression. IL-1β
was used to mimic immune activation in diseased brain. IL-1 expression is upregulated in at
least eight major diseases of the brain from epilepsy to HAD (Vitkovic et al., 2000). In order
to determine biological relevance, we used CSF, as well as human brain tissue RNA and
protein lysates from seronegative controls, HIV-1-seropositive individuals without cognitive
deficits, and HAD patients to confirm our in vitro observations. The results corroborate our
hypothesis that under disease conditions acute immune activation of astrocytes increases
TIMP-1 as an attempted repair response. However, with chronic activation, as observed in
CSF and brain tissues from patients with end-stage neurological disease, this response fails
and ultimately leads to exacerbation of disease. Further investigation aimed at discovering
the mechanism of differential TIMP-1 regulation may lead to identification of new
therapeutic targets.

MATERIALS AND METHODS
Viral Isolates, Cerebrospinal Fluid, Plasma Specimens

Four different HIV-1 strains, HIV-1ADA (plasma) (Gendelman et al., 1988b), HIV-1SF162
(CSF) (Cheng-Mayer et al., 1988), HIV-1JRFL (Koyanagi et al., 1987), and HIV-1DJV (brain
tissue) (Heinzinger et al., 1995), were used to study tissue-specific differences. All viral
strains were propagated in monocyte-derived macrophages (MDMs). All virions were
centrifuged and purified to obtain clarified virus preparations that were normalized on the
basis of reverse transcriptase (RT) activity. HIV-1ADA, HIV-1DJV, HIV-1JRFL, and
HIV-1SF162 preparations were kindly provided by the National Neurological Tissue
Repository. The NIH National NeuroAIDS Tissue Consortium provided the CSF, plasma,
and brain specimens. The Center for Neurovirology and Neurodegenerative Disorders
(CNND) Brain Bank also provided brain tissue.

Isolation and Cultivation of Human Fetal Astrocytes
Human astrocytes were obtained from second-trimester elective abortus brain tissue in full
compliance with the ethical guidelines of the NIH and the University of Nebraska Medical
Center. Specimens were dissected and mechanically dissociated by teasing through a Nitex
bag and a 70 μm sieve. The cell suspension was centrifuged, resuspended in media, and
plated at a density of 2 × 107 cells/150 cm2. Nonadherent microglia and oligodendrocytes
were removed by gentle agitation. The adherent astrocytes were treated with trypsin and
cultured under similar conditions to enhance the purity of replicating astroglial cells. The
purity of these astrocyte preparations was routinely > 98% by immunocyto-chemical
staining for glial fibrillary acid protein (GFAP; Fig. 1A) (Persidsky et al., 1999; Canki et al.,
2001).

Isolation and Propagation of Human Monocytes
Peripheral blood mononuclear cells were obtained from HIV-1, HIV-2, and hepatitis B-
seronegative donors by leukopheresis. The monocytes were then purified by countercurrent
centrifugal elutriation (Gendelman et al., 1988b). Cell suspensions were > 98% pure
monocytes by Wright-staining, nonspecific esterase, granular peroxidase, and CD68
immunostaining. Cells were cultured for 7 days in Dulbecco's modified Eagle's media
(Sigma, St. Louis, MO) supplemented with 10% heat-inactivated pooled human serum, 10
μg/ml ciprofloxacin (Sigma), 50 μg/ml gentamicin (Sigma), and 1,000 U/ml macrophage
colony-stimulating factor (MCSF), a generous gift from Genetics Institute (Cambridge,
MA). After 7 days, cells were maintained in MCSF-free media, as monocytes produce
endogenous MCSF after cell cultivation. All reagents were pre-screened and found negative
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for endotoxin (< 10 pg/ml; Associates of Cape Cod, Falmouth, MA) and mycoplasma
contamination (Gen-probe, San Diego, CA).

HIV-1 Infection of MDM
Monocytes were cultured on 96-well plates (Costar, Cambridge, MA) at a density of 105

cells/well for 7 days prior to viral infection. The cell-free viral inoculum was standardized
for all experiments by RT activity (2 × 105 cpm/106 cells). Adherent MDM were incubated
with virus for 4 h at 37°C. Culture medium was exchanged twice weekly. RT was
determined every 2–3 days using 10 μl each of the collected sample (Kalter et al., 1991;
Ghorpade et al., 1998).

Preparation of Brain Tissue Extracts
Frontal cortex and basal ganglia specimens were provided by the National NeuroAIDS
Consortium and the CNND Brain Bank. Frontal cortex, cerebellum, and white matter were
also obtained from a patient with HIV-1 encephalitis (HIVE). Autopsy was performed
within 3 h after death. Samples were homogenized in lysis buffer [1% Triton-X100 and 1
mM phenylmethylsulfonyl fluoride (PMSF) in Mg/Ca-free phosphate-buffered saline].
Supernatants were then centrifuged at 15,000 rpm for 10 min at 4°C. Clarified supernatants
were collected and the protein concentration was determined by standard Bicinconic Acid
(BCA) methods (Pierce, Rockford, IL).

Quantikine mRNA ELISA Tests
Total cellular RNA was isolated from human astrocytes and human brain tissue using the
standard TRIzol method (Chadderton et al., 1997). For the measurement of GAPDH, a
housekeeping gene used for normalization, and IL-1β transcripts in human brain tissue,
quantikine mRNA ELISA determinations were used. ELISA kits were purchased from R&D
Systems (Minneapolis, MN) and performed according to the manufacturer's instructions.
ELISA determinations yielded absolute quantities of mRNA for the specific transcript of
interest in units of amol/ml.

Analyses of GFAP and TIMP-mRNA
Levels of GFAP mRNA in human brain autopsy tissue were determined after RT with
antisense primers and PCR amplification of the cDNA. Data were quantified using a
Molecular Dynamics PhosphorImager Storm system (Ghorpade et al., 2001). TIMP-1 levels
in primary astrocytes were assayed by RT-PCR reactions. The following primer sequences
were utilized: GFAP, antisense (5′-GTGGATCTTCCTCAAGAACC-3′) and sense (5′-
AGAGGGACAATCTGGCACAGG-3′); TIMP-1, antisense (5′-
CGTCCACAAGCAATGAGTGCC-3′) and sense (5′-
GGACACCAGAAGTCAACCAGACC-3′). In order to establish the validity of differences
in the levels of GFAP or TIMP-1, results were normalized to GAPDH transcript levels as
determined by the quantikine mRNA ELISA supplied by R&D Systems. Amplified DNAs
were identified by Southern blotting. For RT-PCR, total cellular RNA (0.5 μg) in 2.5 μl was
mixed with 0.25 μg of antisense primers. RT (0.5 μl of 200 μ/μl; Invitrogen, Carlsbad, CA)
and 0.75 μl each of the four deoxynucleotide triphospathes (10 mM; Perkin Elmer, Boston,
MA) were added. The mixture was heated at 70°C for 10 min, then cooled to 4°C. RT
reactions were performed at 37°C for 15 min and were terminated by heating the sample to
95°C. For PCR amplification of the cDNAs, 0.5 μg sense and 0.25 μg antisense primers
were added, with 1 μl each of the four deoxynucleotide triphosphates and 0.5 μl Amplitaq
DNA polymerase (5 U/μl; Perkin Elmer, Gaithersburg, MD). A total of 28 cycles were
performed at 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min. Reactions were then held at
4°C.
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Measurement of TIMP-1, MMP-2, and MMP-1
TIMP-1 was assayed by ELISA (Amersham Biosciences, Piscataway, NJ, and Oncogene
Research Products, Boston, MA). MMP-2 and MMP-1 were measured in the same samples
using ELISA kits from Oncogene. The values obtained were normalized to the cell number
on the basis of MTT activity (Manthrope et al., 1986). Statistical analyses were performed
with GraphPad Prism 3.0, with one-way analysis of variance (ANOVA) and Newman Keuls
post-test. Reverse Zymography for TIMP-1 levels was performed (Kossakowska et al.,
1998) with minor modifications. Polyacrylamide gels (15%) supplemented with gelatin and
purified recombinant gelatinase A were prepared to analyze samples. TIMP-1 was
visualized as bands on a clear background. This was due to the inhibition of gelatinase
activity and the resultant protection of gelatin clearance.

RESULTS
Activated Astrocytes Produce TIMP-1

IL-1β was used to mimic the immune activation present in diseased brain tissue. Highly pure
preparations of astrocytes were used for all studies (Fig. 1A). Levels of TIMP-1 mRNA
were analyzed by RT-PCR. For analyses of TIMP-1 secretory profiles, ELISA and reverse
zymography were used. In order to determine the appropriate dosage of IL-1β required to
induce acute activation, a time-course experiment was performed with increasing doses of
IL-1β (0–100 ng/ml). All doses were maintained for 2 h and removed by multiple washes.
Cells were replenished with fresh culture medium and ELISA tests were utilized to measure
TIMP-1 at various time points from 2 to 72 h. Figure 1B represents data at 6, 12, 24, and 48
h postactivation. Analysis of multiple donors demonstrated significant upregulation of
TIMP-1 in primary human astrocytes upon immune activation with IL-1β. At 20 and 50 ng/
ml, there was no significant difference in TIMP-1 levels at 24 h; hence, 20 ng/ml was
utilized for all further experiments. Three independent donors were analyzed and RT-PCR
analysis showed increased levels of TIMP-1 RNA (Fig. 1C). Each donor was analyzed in
duplicate determinations and untreated controls were maintained in parallel. Reverse
zymography performed on three independent donors also showed significant upregulation in
TIMP-1 levels (P = 0.05; n = 3); however, TIMP-2 was not affected (Fig. 1E). Since reverse
zymography measures only free TIMP-1 and not MMP-bound TIMP-1, we also assayed
total TIMP-1 protein (Fig. 1D). Two independent donors were analyzed in parallel and each
condition was analyzed in triplicate. IL-1β led to significant upregulation in total TIMP-1 (P
= 0.0015). The data demonstrate that IL-1β activation is a stimulus for TIMP-1 upregulation
in human astrocytes.

Astrocytes, TIMP-1, and HIV-1
We examined the effect of HIV-1 on TIMP-1 production in astrocytes. A panel of R5
macrophage tropic isolates was utilized as all HIV-1 strains isolated from the brain thus far
are macrophage tropic. HIV-1JRFL and HIV-1DJV, both brain-derived HIV-1 strains, led to
significant increases in TIMP-1 secretion from treated astrocytes (P < 0.05; Fig. 2A). In
order to mimic more closely the conditions present in vivo, culture supernatants from
HIV-1-infected macrophages with and without IL-1β activation were used. Consistent with
our prior results with IL-1β activation (Fig. 1), supernatants from HIV-1-infected
macrophages alone led to a significant increase in astrocyte TIMP-1 production (P < 0.05).
HIV-1-infected and IL-1β-activated MDM culture supernatants led to a 1.29-fold increase in
astrocyte TIMP-1 production by astrocytes (P < 0.001). Figure 2B demonstrates the data
obtained from two independent donors. To study the profiles of TIMP-1, CSF from 27
donors was analyzed using a commercially available ELISA that measures total TIMP-1,
including free and MMP-bound. TIMP-1 levels in CSF from HIV-1-seropositive patients
without neurological impairment (n = 10) was 1.078 ± 0.09 μg/ml and HAD patients (n =
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10) was 1.015 ± 0.08 μg/ml and showed significantly lower reduction (P < 0.01) than
TIMP-1 levels in seronegative controls (n = 7; 1.7 ± 0.25 μg/ml; Fig. 2C). Each sample was
analyzed in duplicate. Error bars represent SEM. TIMP-2 levels in the CSF samples were
below the level of detection by ELISA (data not shown). Brain tissue from a patient with
HIVE was obtained by rapid autopsy and protein extracts were prepared from basal ganglia,
white matter, and cerebellum. Cerebellum served as a probable region unaffected by
infiltration of macrophages and microglial infection and activation. TIMP-1 levels were
measured by ELISA (Fig. 2D). The results were consistent with our observations in CSF. In
deep white matter, levels of TIMP-1 were significantly lower (P < 0.05) than those in the
cerebellum. Also, a trend toward reduced levels of TIMP-1 was observed in basal ganglia,
although this was not significant. This clearly shows that levels of TIMP-1 were
significantly reduced in HAD as compared to controls.

TIMP-1 Expression in Brain
Our results indicated that TIMP-1 levels in immune-activated astrocytes were different than
those observed in CSF. This prompted investigation of the relationship between TIMP-1 in
human brain tissue with levels of GFAP and IL-1β. Protein lysates were prepared from basal
ganglia and frontal cortex white matter from control donors (n = 5), HIV-1-infected
individuals without cognitive impairment (n = 12), and HAD patients (n = 16). Levels of
total protein were assayed as described by the standard BCA method. Total RNA was
extracted from these and additional cases for the determination of GAPDH, GFAP, and
IL-1β transcripts. RT-PCR was performed to assay the levels of GFAP (data not shown), and
quantikine mRNA ELISAs were utilized to measure IL-1β and GAPDH levels for
correlative analyses. An ELISA for TIMP-1 was used to measure total TIMP-1 in brain
tissue. Notably, TIMP-1 levels in brain tissue were significantly lower in HIV+-seropositive
and HAD patients when compared to controls (P < 0.001; Fig. 3A). In addition, MMP-2
levels showed the opposite trend (Fig. 3B) and were significantly higher in HIV+ individuals
(n = 8; P < 0.01) and HIVE brains (n = 16; P < 0.0001). Since our data showed a significant
increase in TIMP-1 levels in astrocytes stimulated with IL-1β (Fig. 1), we measured the
levels of IL-1β transcripts in the RNA samples prepared from these specimens and
correlated the levels of IL-1β with those of GFAP. Figure 3C shows significant upregulation
in IL-1β RNA in HIV-1-seropositive individuals and HAD patients as compared to
seronegative controls (P < 0.001). In addition, there was a positive correlation in levels of
IL-1β with GFAP (r = 0.6; Fig. 3D). Although not significant, it demonstrated a positive
correlation (P = 0.051). When TIMP-1 was correlated to GFAP in equivalent brain regions,
a negative correlation with a Spearman r = –0.6273 (P = 0.0388) was observed (Fig. 3E). As
a corollary to these observations, there was a negative correlation with TIMP-1 and IL-1β (r
=–0.5364; Fig. 3F). For all experiments, each sample was analyzed in duplicate and the
values were normalized to either total protein or GAPDH. For correlative analyses,
normalized average values were obtained from duplicates of each sample.

Astrocyte Activation and TIMP-1 Expression
Our investigation of acute activation of astroctyes and its correlation to biological specimens
yielded two important yet incongruent observations. First, TIMP-1 levels in human brain
RNA were significantly lower in both HIV-1-infected patients with or without HAD as
compared to seronegative controls. Second, astrocytes activated with IL-1β demonstrated a
significant increase in TIMP-1 production. We argued the reason for this disparity was the
fact that in vivo conditions represent chronic activation obtained as a result of a continuous
disease process rather than acute activation as portrayed in our in vitro system. Furthermore,
these observations would be biologically consistent if there was a differential response of
astrocytes to acute and chronic activation. This led us to investigate TIMP-1 regulation in
astrocytes with chronic activation. We hypothesized that we would see a differential pattern
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in TIMP-1 profiles with chronic IL-1β activation (Fig. 4). TIMP-1 levels in astrocytes
increased significantly and reached a plateau. However, TIMP-1 levels in cells exposed to
IL-1β on a chronic basis started to decline beyond day 20 (Fig. 4A). Significant reductions
were observed in TIMP-1 levels up to day 26 following a peak plateau at day 20 (P < 0.001).
To correlate this down-regulation in TIMP-1 with MMP production from cells, MMP-2
(Fig. 4B) and MMP-1 (Fig. 4C) were assayed from the same samples. It is noteworthy that
MMP-2 levels mirrored the trend observed for TIMP-1 and declined significantly after day
20 (P < 0.001). However, MMP-1 levels continued to increase with chronic IL-1β exposure
and were significantly higher from day 21 (P < 0.01) and days 22–26 (P < 0.001). These
data suggest that there is differential regulation of TIMP-1 in astrocytes in response to acute
versus chronic immune activation. MMP-1 levels continued to increase even though MMP-2
showed decreased levels. These data suggest an imbalance in the MMP-TIMP regulation
under chronic activation.

DISCUSSION
This study examined the expression of TIMP-1 in HAD. Since TIMP-1 is responsible for the
regulation of MMP activity and can be affected by immune activation, it provides a
compensatory mechanism against excessive ECM degradation. In the CNS, astrocytes are
most likely to express TIMP-1 given their supportive role. Reactive astrogliosis is, by
default, the most stereotypical response to all types of CNS damage, ranging from stab
injury to inflammation (Mucke and Eddleston, 1993; Ridet et al., 1997).

Matrix metalloproteinases are thought to play an important role in the pathogenesis of HAD
and other neurodegenerative disorders, specifically in blood-brain barrier compromise and
degradation of ECM (Dhawan et al., 1995; Berman et al., 1999; Conant et al., 1999;
Dezzutti et al., 1999; Liuzzi et al., 2000; Sporer et al., 2000; Ghorpade et al., 2001; Toschi et
al., 2001). Several groups, including ours, have investigated the levels of MMP-2 and
MMP-9 in CSF, plasma, or brain tissue of HIV-1 patients (Conant et al., 1999; Ghorpade et
al., 2001). However, there is a striking paucity of information on the regulation of the
matrix-degrading enzymes in the tissue microenvironment by their inhibitors, TIMPs.
Previously, we reported that differentiation of monocytes into macrophage-like cells led to
concomitant upregulation of MMPs and TIMP-1. This suggests a mechanism for
homeostasis intrinsic to the regulation of these enzymes (Ghorpade et al., 2001). This report
studied TIMP-1 regulation in primary human brain astrocytes following activation with
IL-1β. IL-1β, as a proinflammatory cytokine, is relevant to HIV-1 (Tyor et al., 1993;
Vitkovic et al., 1995) and in astrocytes its production is regulated by an autocrine loop
(Vitkovic et al., 1995). As a result, small amounts of IL-1β can lead to further activation of
resident astrocytes at the site of injury. Consistent with our hypothesis, we observed
significant upregulation in TIMP-1 mRNA, protein, and enzyme activity in IL-1β-activated
astrocytes. In HAD, a finite percentage of astrocytes demonstrate restrictive infection and
are believed to be a reservoir of HIV-1 in the CNS (Saito et al., 1994). Astrocytes also
express a variety of chemokine receptors that may bind the virus for example CXCR4
(Zheng et al., 1999) and such ligation of cell surface receptors may alter cellular function.
Our experiments show that astrocytes exposed to HIV-1 preparations also led to significant
increases in TIMP-1 production similar to acute activation. This suggests that astrocytes are
likely to respond to HIV-1 in vivo and upregulate TIMP-1 as a countermeasure. Whether a
combination of virus and immune activation would demonstrate a synergistic response in
TIMP-1 production in astrocytes would be important to the disease process. Although the
virus is necessary for the neurological manifestations of the disease, the cellular processes
are known to contribute to the disease mechanism significantly (Gendelman et al., 1988a;
Petito et al., 1999). The virion preparations utilized for testing the regulation of TIMP-1 in
astrocytes in context of HIV-1 were propagated in mononuclear phagocytes and then

SURYADEVARA et al. Page 7

Glia. Author manuscript; available in PMC 2013 November 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



purified with centrifugation and multiple washes. Thus, one could argue that these virus
preparations still contained remnants of secreted macrophage products. In this event,
perhaps the response obtained from astrocytes is truly a reaction to immune products of
infected macrophages and has nothing to do with HIV-1. To address this issue, it will be
important to assay the effects of HIV-1 viral proteins such as gp120 on TIMP-1 production
by astrocytes. In addition, our experiments with culture supernatants cross-transfer from
infected and activated macrophages suggest a synergistic effect on TIMP-1 production in
human astrocytes.

When we studied biological samples from patients with HIV-1 infection, we observed that
TIMP-1 levels in CSF were higher in controls, whereas the levels of TIMP-1 in plasma were
significantly higher in HAD and HIV-1 seropositive patients (data not shown). However, we
did not observe a parallel increase in CSF TIMP-1 levels. This was in contrast to our in vitro
data since we observed that exposure of astrocytes to immune stimuli or HIV-1 led to
increased TIMP-1 levels. In addition, HIV patients show elevated MMP levels in CSF
(Conant et al., 1999). According to our hypothesis, a biological countermeasure and an
increase in TIMP-1 levels in the CSF should have been detected. We first wanted to confirm
that the levels of TIMP-1 observed in the CSF were truly reflective of the phenomena in the
brain. We thus studied the brain tissue and examined transcripts and protein levels of
TIMP-1 by using total RNA and brain tissue lysates from seronegative controls, HIV-1-
infected and HAD patients. These studies confirmed reduced TIMP-1 levels in HIV patients.
To verify whether regional differences exist in TIMP-1 profiles in the brain, different areas
of the brain from a patient who died of HIVE were examined. These demonstrated lower
levels of TIMP-1 in areas with higher GFAP such as the white matter. Moreover, IL-1β
levels in brain tissue samples correlated significantly and positively with GFAP levels,
which in turn had a negative correlation with TIMP-1. We believe the following contribute
to this observation. First, the CNS has a potential built-in mechanism of balancing higher
MMP production in the context of immune activation and thus can protect the tissue from
ECM breakdown. Second, and more interestingly, our data suggest that although the
prospects of this mechanism appear excellent in the context of acute activation, chronic
activation as reflected in postmortem CSF and brain tissue leads to an impairment of this
protective response. It is possible that the increases in TIMP-1 production in IL-1β-activated
astrocytes may be due only to the fact that these cells are derived from fetal brain tissue and
that adult astrocytes would respond differently. However, it is unlikely since other studies
that have investigated the role of TIMP-1 in animal CNS injury models have shown reactive
astrocytes to express TIMP-1 (Rivera et al., 1997; Pagenstecher et al., 1998; Jaworski, 2000;
Rathke-Hartlieb et al., 2000). Human astroglioma cells also produce TIMP-1 (Groft et al.,
2001). Although the role of TIMP-1 in the pathobiology of glioma cells is incompletely
understood, it is believed that overex-pressed TIMPs reduce tumor invasion and metastasis
in vivo. This confirms that human adult astrocytes do possess the ability to express TIMP-1
in a conducive environment. Indeed, in the CNS, interactions with HTLV-1-infected T-
lymphocytes lead to upregulation of TIMP-1 mRNA in reactive astrocytes (Szymocha et al.,
2000).

Since postmortem CSF and brain tissue represent endpoints of a chronic activation process
and in vitro IL-1β activation represents an acute activation model, we examined whether
TIMP-1 in astrocytes is differentially regulated in response to acute versus chronic
activation. Indeed, chronic activation led to reduced TIMP-1 levels in the extracellular
milieu, including early time points that otherwise lead to significant increases in TIMP-1
levels in response to a shorter exposure of IL-1β (Figs. 1 and 4). Our results suggest that in
HAD, activated astrocytes that accumulate at the sites of immune activation mount a
counteractive response in the form of TIMP-1 production. However, with time and chronic
activation, this homeostasis is perturbed, leading to a duality in TIMP-1 regulation. Indeed,
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some of the MMPs that are produced by activated cells, such as MMP-1, still continued to
increase. Together, an increase in MMP and a concomitant decrease in TIMP would
ultimately result in exacerbated ECM degradation in the brain parenchyma. Indeed, our
results verify this idea as the MMP-2 levels in brain lysates of HIVE patients were
significantly higher and the TIMP-1 levels in the same samples were significantly lower as
compared to control cases. A variety of ECM proteins in brain tissue of HIVE patients have
been studied and have shown a significant reduction in ECM proteins in HAD patients as
compared to HIV+-seropositive and control donors (Belichenko et al., 1997). Whether
chronic HIV-1 exposure leads to a downregulation in TIMP-1 levels in astrocytes still awaits
further investigation.

TIMP-1 plays a very important role in different tissue remodeling events and in
inflammation due to its involvement in the cleavage and release of cytokines and growth
factors from cellular membranes. In addition, TIMP-1 is known to aid in cell survival. Thus,
astrocyte-regulated TIMP-1 expression early in the HAD brain may have multifaceted
functions, and it may potentially act as a survival factor for neurons.
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Fig. 1.
Immune activated astrocytes express elevated levels of TIMP-1. Primary human fetal
astrocytes were characterized by GFAP staining (A) and activated with IL-1β for 2 h
followed by three washes and the addition of fresh culture medium. MTT activity was used
to normalize all measurements. B shows time and dose-responses to IL-1β stimulation.
Steady increases in TIMP-1 levels were obtained with multiple IL-1β doses (10–50 ng/ml)
over a period of 6–72 h postactivation. Data from the 20 and 50 ng/ml concentrations of
IL-1β up to 48 h are shown. C demonstrates upregulation of TIMP-1 transcripts as
determined by RT-PCR from three independent donors. Each sample was analyzed in
duplicate determinations. D demonstrates TIMP-1 levels as measured by ELISA. Replicate
supernatants were analyzed by reverse zymography (E). Data from three independent human
astrocyte donors are shown. A graph representing the average of the data for all three donors
is also provided as part of C in replicate supernatants as analyzed by reverse zymography.
The graph represents an average of two independent donors, each analyzed in triplicate.
Significant upregulation of TIMP-1 was demonstrated using both of these techniques (P =
0.0015 and 0.05). Error bars represent standard error of the mean. Statistical analyses were
performed with GraphPad Prism 3.0 and ANOVA.
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Fig. 2.
TIMP-1, astrocytes, and HIV-1. TIMP-1 levels were measured by ELISA from primary
human fetal astrocytes treated with HIV-1 (A) and culture supernatants from virus-infected/
IL-1β-activated macrophages (B), CSF from patients with HIV-1 (C) and different areas of
the brain from a patient with HIV-1 encephalitis (D). Graphs in A and B each represent data
from two independent donors analyzed in triplicate determinations. In C, analysis of CSF
samples from 27 donors is shown. HIV-1-seropositive patients without neurological
impairment (n = 10) and HAD patients (n = 10) showed significant reduction (P < 0.01) in
TIMP-1 levels in CSF when compared to seronegative controls (n = 7). D demonstrates
regional TIMP-1 expression in an HIVE subject. Protein was extracted from cerebellum,
basal ganglia, and white matter. TIMP-1 levels were measured in triplicate. Levels of
TIMP-1 in white matter were significantly lower as compared to those in cerebellum (P <
0.05). Error bars represent SEM. Statistical analyses were performed using GraphPad Prism
3.0 and one-way ANOVA.
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Fig. 3.
Levels of TIMP-1 in human brain tissue. Protein extracts and total RNA isolated from
human autopsy brain tissue obtained from control donors, HIV-1-seropositive individuals
without cognitive impairment, and HIVE brains were analyzed HIV+ for TIMP-1 and
MMP-2 by ELISA, and for GAPDH and IL-1β by quantikine mRNA ELISA. GFAP levels
were quantitated (data not shown). Each sample was analyzed in duplicate determinations
for the ELISA and for RT-PCR. TIMP-1 levels were normalized to total protein content.
GAPDH was used to normalize mRNA data sets. Data were analyzed with GraphPad Prism
3.0 using one-way analysis of variance for multiple comparisons. Correlation was evaluated
with Spearman's coefficient of correlation for nonparametric comparisons. A and B show
TIMP-1 and MMP-2 protein levels in brain lysates and C demonstrates normalized IL-1β
transcript levels. D depicts correlation of normalized IL-1β to GFAP. E shows correlation of
normalized TIMP-1 levels to normalized GFAP levels. F is the correlation of normalized
TIMP-1 to IL-1β.
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Fig. 4.
Acute and chronic activation stimulate differential expression of TIMP-1, MMP-2, and
MMP-1 in human astrocytes. In order to assess the effect of chronic immune activation on
TIMP-MMP balance, astrocytes were cultured for different days, as indicated, in media with
or without 20 ng/ml IL-1β and TIMP-1 profiles were compared. Control cells cultured in the
absence of IL-1β were maintained in parallel. Culture medium was completely exchanged
daily with media supplemented with or without IL-1β. All culture super-natant samples were
collected and cellular MTT activity was measured. Supernatant samples were analyzed
using TIMP-1 (A), MMP-2 (B), and MMP-1 (C) ELISA kits. Each time point was
performed in independent triplicate determinations. Data were analyzed with GraphPad
Prism 3.0 and one-way ANOVA. Error bars represent standard error of the mean. The effect
of chronic activation was evaluated using three independent astrocyte donors.
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