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ABSTRACT HIV infection often involves the development
of AIDS-related dementia complex, a variety of neurologic,
neuropsychologic, and neuropathologic impairments. A pos-
sible contributor to AIDS-related dementia complex is the
HIV envelope glycoprotein gp120, which damages neurons via
a complex glutamate receptor- and calcium-dependent cas-
cade. We demonstrate an endocrine modulation of the dele-
terious effects of gp120 in primary hippocampal and cortical
cultures. Specifically, we observe that gp120-induced calcium
mobilization and neurotoxicity are exacerbated by glucocor-
ticoids, the adrenal steroids secreted during stress. Impor-
tantly, this deleterious synergy can occur between gp120 and
synthetic glucocorticoids (such as prednisone or dexametha-
sone) that are used clinically in high concentrations to treat
severe cases of the Pneumocystis carinii pneumonia typical of
HIV infection. Conversely, we also observe that estradiol
protects neurons from the deleterious actions of gp120, re-
ducing toxicity and calcium mobilization.

A cornerstone of neuroendocrinology is the ability of hor-
mones to influence the nervous system, including altering
neurochemistry, electrophysiology, and behavior. Only re-
cently has it been recognized that hormones can endanger or
protect neurons, compromising or enhancing, respectively, the
likelihood of a neuron surviving a coincident insult. Perhaps
the best documented case of such endangerment involves the
adrenal steroid hormones glucocorticoids (GCs), which are
secreted in response to stress. Physiological concentrations of
GCs impair the capacity of hippocampal, cortical, and striatal
neurons to survive excitotoxic seizures, ischemia, and energy
deprivation; moreover, stress itself can exacerbate the neuro-
toxicity of these insults (1, 2). As an example of protection,
estrogenic steroids decrease excitotoxic or oxidative damage to
hippocampal and cortical neurons (3, 4); in addition, post-
menopausal estrogen replacement decreases the risk of late-
onset Alzheimer disease (which primarily damages cortex and
hippocampus) (5–7). In the present report, we document a new
instance of GC endangerment and estrogenic protection that
may be of clinical relevance.

About 20% of cases of HIV infection involve AIDS-related
dementia complex (ADC), a variety of neurologic and neuro-
psychologic impairments accompanied by diffuse neuropatho-
logic changes in cortical and subcortical regions (8–11); the
neuropathologic changes are of sufficient magnitude to be
thought to contribute to the functional impairments (9, 11).
ADC was initially thought to be due to opportunistic central
nervous system infections secondary to immunosuppression
but is now recognized to arise directly from HIV infection of
the brain. The virus appears to gain access to the brain through
infected blood monocytes in a Trojan horse scenario (12).
Within the brain, HIV targets macrophages and microglia,

from which it damages neighboring neurons through a multi-
step cascade that appears to involve the release of an as yet
unidentified excitatory amino acid. This leads to overactiva-
tion of potentially excitotoxic glutamatergic N-methyl-D-
aspartate receptors and mobilization of excessive cytosolic
calcium. These deleterious effects of HIV appear to involve its
envelope glycoprotein gp120. In vitro and in vivo models
demonstrate that gp120 can damage neurons and glia, and does
so by activating N-methyl-D-aspartate receptors, mobilizing
cytosolic calcium, and subsequently generating nitric oxide
(13–17). Moreover, transgenic overexpression of gp120 in mice
results in neuropathologic changes reminiscent of HIV infec-
tion (18). Although ADC is likely to involve other factors,
particularly cytokines, gp120 remains central to thinking about
the deleterious effects of HIV within the brain; thus, we tested
the ability of GCs and of estrogen to modulate gp120-induced
neurotoxicity. This represents one of the few neuroendocrine
studies, to our knowledge, relevant to ADC.

MATERIALS AND METHODS

Preparation of Cultures. Cells were dissociated with papain,
rather than trypsin, filtered through an 80-mm cell strainer, and
resuspended in a modified MEM (Univ. California, San Fran-
cisco, Tissue Culture Facility; ref. 19) supplemented with 10%
horse serum (HyClone, Logan, Ut). Cells were plated at a
density of 20,000 cells per cm2 on either 48-well tissue culture
plates (for neurotoxicity studies) or on 12-mm glass coverslips
(Carolina Biological, Burlington, NC; for calcium studies),
both having been pretreated with poly-(D-lysine) (Sigma).
Cells were maintained in this same medium for 11–14 days
before use, at which time, immuncytochemical staining of
neurons with an antibody (Sigma) against neuron-specific
microtubule-associated protein 2 indicates the neurony
nonneuron ratio to be approximately 30:70.

Experimental Procedure for Toxicity Studies. Cultures were
incubated for 72 h in MEM containing 200 pM gp120
(HIVSF2pg120, dissolved in a citrate buffer, supplied through
the National Institutes of Health AIDS Reagent Program,
from Chiron) andyor indicated quantities of steroid hormone
(obtained from either Steraloids, Wilton, NH, or Sigma;
steroids were dissolved in 1 ml of ethanol for stock solutions,
but 1 ml of the stock solution was diluted in 10 ml of DMEM).
Experimental solutions were made just prior to each experi-
ment by diluting appropriate amounts of stock gp120 andyor
steroids in DMEM (GIBCOyBRL) to the required concen-
tration; gp120 and steroidal controls were exposed to citrate or
ethanol alone, respectively.

Cultures were exposed to gp120 andyor steroids either after
complete removal of prior medium or after spiking medium
with microliter amounts of solutions. After 72 h, medium was
removed and cells were fixed for 24 h in 4°C methanol. Neuron
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death was then assessed by quantitative cell counts after
cultures were stained for microtubule-associated protein 2
(Sigma). A transect across the center of the well was counted;
only neurons with intact processes were counted.

Calcium Imaging. After treatment for 24 h with or without
1 mM corticosterone, medium was removed and coverslips
were treated with 2 mM fura 2AM (Molecular Probes) and
0.005% pluronic acid dissolved in Hanks’ balanced salt solu-
tion (GIBCOyBRL) with 50 mM Hepes buffer at pH 7.4 and
5 mM glucose (HBSSh) for 25 min. Coverslips were placed on
a stage with continuous perfusion with HBSSh medium on an

inverted Olympus microscope (Scientific Instruments, Sunny-
vale, CA) with 310 or 320 objectives. gp120 was dissolved in
HBSSh at a concentration of 200 pM. Five initial readings prior
to gp120 exposure (arrow) were followed by 60 readings at
10-sec intervals afterward. Calcium concentrations in individ-
ual cells were determined from the ratio of light intensity at
340- and 380-mn excitation wavelengths by using standard
imaging techniques and analysis with FLUOR and METAFLUOR
software from Universal Imaging (West Chester, PA).

The area under the curve of the increase of free cytosolic
calcium concentrations above the averaged baseline was cal-

FIG. 1. Exposure to GCs exacerbates gp120-induced cell death in neuronal cultures, whereas estradiol is protective. Data are expressed as
percentage of numbers of neurons in control wells (no gp120 or steroid) in the same plate. (A) In both hippocampal and cortical cultures, neuron
loss was more pronounced in cultures treated with gp120 and 1 mM corticosterone than in cultures treated with either agent alone. (B) gp120-induced
neuron loss varied with corticosterone concentrations. Significant levels of gp120-induced neurotoxicity coincided with corticosterone concen-
trations above the Kd (approximately 5 nM) of the type II GC receptor. (C) gp120-induced neuron death was worsened by the 1 mM concentrations
of the synthetic GCs dexamethasone and prednisone. (D) Treatment of cortical cultures with estradiol reduced gp120-induced neurotoxicity. pp
and ppp indicate significant difference at the P , .01 and .001 levels, respectively, when compared with control (0% neuron loss, derived from
cultures exposed to neither gp120 nor any steroid); # and ## indicate significant difference at the P , .05 and .01 levels, respectively, when
compared with gp120 alone; $$ indicates significant difference at the P , .01 level, when compared with hormone alone; Newman–Keuls post-hoc
tests after ANOVA. gp, gp120 (200 pM); CORT, corticosterone; Dgp, denatured gp120; DEX, dexamethasone; PRED, prednisone.
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culated (for 60 measures after gp120 exposure) by using an
in-house macro program for EXCEL spreadsheet. Results are
expressed as nanomoles of calcium.

RESULTS

Cultures were prepared from 18-day fetal rats (20) and were
studied after 11–14 days in culture, a time when synapses have
formed and steroid responses are demonstrable (21, 22). In
cortical cultures, no significant neuron loss occurred after
administration of either gp120 or an upper physiological
concentration of corticosterone (the GC of rats; Fig. 1A).
However, a highly significant synergy occurred between the
two. A synergy also occurred in hippocampal cultures, where
gp120 alone was also neurotoxic. The gp120 contribution to the
toxic synergy did not occur if the glycoprotein was heat-
denatured (80°C for 30 min; data not shown).

We next tested the dose dependency of the corticosterone
endangerment. Previous work showed that such endanger-
ment is mediated by the low-affinity type II GC receptor (for
review, see ref. 2); in agreement with this, the steroid aug-
mented gp120 toxicity only when administered at concentra-
tions above the Kd of that receptor (approximately 5 nM; Fig.
1B).

As will be discussed, synthetic GCs such as prednisone and
dexamethasone are often used in extremely high concentra-
tions to treat various features of HIV infection. We observed
that those compounds, both type II receptor agonists, also
augmented the toxicity of gp120 (Fig. 1C). The endangerment
was GC-specific, in that equal amounts of testosterone (a
non-GC steroid) did not augment gp120 toxicity (data not
shown).

In the course of these steroid-specificity studies, we noted
that estradiol not only did not endanger cortical neurons but
protected them from gp120. There was a nonsignificant trend
toward protection at 1 nM concentrations, which is well above
the Kd of the ERb estrogen receptor that is found in brain
tissue (approximately 0.4 nM; ref. 23), although significant
protection occurred at higher concentrations (Fig. 1D).

As noted, gp120-induced neurotoxicity appears to arise from
its ability to mobilize excessive cytosolic calcium (13–16). We
observed such increases after gp120 administration (see Fig. 2
for representative data from hippocampal cultures; similar
responses were observed in cortical cultures); such mobiliza-
tion was augmented by administration of corticosterone in
both culture types (Figs. 2 and 3A). As with the toxicity data,
the effects of the gp120 were eliminated when denatured
glycoprotein was used (data not shown).

The synthetic GCs prednisone and dexamethasone also
significantly augmented gp120-induced calcium mobilization
(Fig. 3B). In contrast, the non-GC steroid progesterone had no
effect, although estradiol significantly decreased such calcium
mobilization (Fig. 3C). As with the toxicity data, significant
protection only occurred with estradiol concentrations well
above the Kd of its receptor.

Further analysis of the data suggested differing mechanisms
by which GCs and estradiol had their opposing effects on
gp120-induced calcium mobilization (Table 1). GCs enhanced
the gp120 effect both by increasing the percentage of neurons
that responded to the glycoprotein with a rise in free cytosolic
calcium concentrations and by potentiating the magnitude of
the calcium oscillations in those neurons that were responsive.
In contrast, estradiol blunted the effects of gp120 by decreasing
the percentage of neurons that responded to the glycoprotein
with a rise in cytosolic calcium concentrations; however,
estradiol did not alter the size of the calcium response in those
neurons that did respond.

DISCUSSION

A considerable amount is understood about the mechanisms
underlying GC endangerment of neurons, and some of these
mechanisms are likely to be relevant to the present instance.
The steroids decrease glucose transport in the hippocampus,
producing an energy deficit that exacerbates the decline in
ATP concentrations and mitochondrial function during in-
sults. As a result, neurons are less capable of carrying out the
costly task of removing glutamate from the synapse or seques-

FIG. 2. Representative calcium response of a hippocampal neuron exposed to gp120 with (Right) or without (Left) prior exposure to 1 mM
corticosterone for 24 h. Data are presented after subtraction of the average of the five initial basal readings (which averaged between 50 and 100
nM in these studies).
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tering cytosolic calcium, leading to elevated levels of both
during insults. This elevation, in turn, results in exacerbation
of calcium-dependent degenerative events, such as cytoskel-
etal proteolysis or oxygen radical accumulation (for review, see
ref. 2). These GC actions will certainly be relevant to gp120,
insofar as the glycoprotein appears to damage neurons through
glutamate receptor- and calcium-dependent routes (13–16). Of
additional relevance to the present findings, GCs act indepen-
dently of energy status to enhance voltage-gated calcium
currents in hippocampal neurons (24–26). Finally, GCs can
blunt the expression of neurotrophins and inhibit injury-
induced sprouting in the hippocampus (27–29), both possibly
relevant to any compensatory responses to deleterious effects
of gp120. Further work must clarify which of these mechanisms
are relevant to the gp120yGC synergy and explain the roughly
equal vulnerability of both hippocampal and cortical neurons,
as the latter are typically less sensitive to most indices of GC
endangerment (1, 2).

Less mechanistic understanding exists concerning the newer
phenomenon of estrogenic protection of neurons, but the little
known appears relevant to the present case. Estradiol de-
creases glutamate-induced calcium mobilization in the hip-
pocampus (3), thus directly counteracting the glutamate-
receptor-dependent calcium mobilization triggered by gp120.
In the present case, this appears to be some sort of threshold
phenomenon, in that estradiol decreased the percentage of
neurons responding to gp120 with a rise in cytosolic calcium
concentrations without changing the size of that rise in the
responsive neurons; the mechanisms underlying that distinc-
tion await further study. Estrogens have antioxidant activity in
cardiac tissue and endothelium (30–33), as well as in hip-
pocampal neurons (3). Thus, estradiol might blunt the patho-
logic generation of oxygen radicals caused by gp120-induced
calcium mobilization. Finally, estradiol induces expression of a
number of neurotrophins in the hippocampus and cortex and,
as a probable consequence of this, increases the density of

FIG. 3. Exposure to GCs increases gp120-induced mobilization of free cytosolic calcium, whereas estrogen reduces the effects of gp120. Cultures
were incubated in MEM containing steroid hormone for 24 h prior to a 10-min exposure to 200 pM gp120. A total of 60 readings were taken over
the final 10 min, and data presented represent area under the curve of those 60 measures after subtracting pre-gp120 basal values. (A) Calcium
concentrations in hippocampal and cortical cultures treated acutely with gp120 andyor pretreated with 1 mM corticosterone. (B) Pretreatment with
the GCs 100 mM corticosterone, dexamethasone, or prednisone exacerbates the mobilization of calcium; the non-GC steroid progesterone at 100
nM did not exacerbate damage. (C) Pretreatment with estradiol attenuates gp120-induced calcium mobilization. Experiments were carried out and
analyzed as described in Fig. 2. p and pp indicate significantly more calcium mobilization (P , .05 and .01, respectively) when compared with gp120
alone by t test (A) or by Newman–Keuls post-hoc test after ANOVA (B); # indicates significantly less calcium mobilization (P , .05) when compared
with gp120 alone by post-hoc test.
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dendritic spines (34). The antioxidant effects of estrogen are
generally thought to occur in supraphysiologic concentrations,
although the other effects are likely to be physiologic and
receptor-mediated (35). The relatively high concentrations of
estradiol required for reducing both toxicity and calcium
mobilization suggest that the supraphysiologic antioxidant
effects of the steroid may be responsible for protection; this
awaits further study.

The present report is constrained by the obvious artifici-
ality of the use of gp120 outside the context of other possible
contributors to ADC. For example, although there is evi-
dence that pyramidal neurons are predominately damaged
by gp120, interneurons appear to be more susceptible to
cytokine-induced damage (36) [of note, the cultures used in
these studies are 85–90% pyramidal (21)]. Another con-
straint on the present report is the reliance upon an in vitro
system. The impact of these hormones on in vivo models of
HIV infection [e.g., the gp120 transgenic mouse model (18)]
needs to be examined. Should these findings prove relevant
to understanding the progression of ADC in humans, there
are a number of implications. The estrogenic protection
would generate the prediction that among HIV sufferers,
men should have the greater extent of HIV neuropathology
and a higher incidence or severity of ADC-related dysfunc-
tion; this has not yet been tested, to our knowledge. Of
possibly greater importance, estrogen administration could
conceivably be therapeutic for ADC-related dysfunction in
HIV patients; such clinical trials are now in progress con-
cerning the protective effects of estrogen against late-onset
Alzheimer disease.

The GC endangerment might be of clinical relevance in a
number of ways. (i) Despite initial reports of possible adrenal
insufficiency in AIDS, adrenal GC secretory capacity re-
mains intact, and there is, in fact, mild hypercortisolism in a
significant subset of AIDS patients (37); of possible signif-
icance, gp120 stimulates the adrenocortical axis, and gp120
transgenic mice have elevated GC concentrations (38). (ii)
Although the rate of depression in symptom-free HIV-
positive individuals is similar to that in uninfected popula-
tions, there is a dramatic increase in the incidence of
depressions in individuals with AIDS (39–42). An extensive
literature demonstrates that about half of depressives have
significantly elevated GC concentrations (43); although the
rates of hypercortisolism in depressed individuals with AIDS
have not been compared with uninfected depressed individ-
uals, the demonstrated intactness of the adrenocortical axis
in the former suggests that they should hypersecrete GCs at
at least the same rate as other depressed populations. (iii)
One of the most serious consequences of HIV infection is the

frequent cases of Pneumocystis carinii pneumonia, and the
current treatment of choice for serious cases involves ad-
ministration of megadoses of synthetic GCs such as those
used in this study (44–48). Although the number of severe
cases of Pneumocystis carinii pneumonia is declining, best
estimates are that thousands of individuals are still treated
annually in this megadose range (e.g., 160 mg of methyl-
prednisolone per day for 7 days). The present findings
suggest that any of these routes of exposure to elevated GC
concentrations might have adverse neurological conse-
quences; this possibility remains to be tested in a clinical
setting.
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