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It is generally accepted that viral and cellular products from immune competent
mononuclear phagocytes (MP) (brain macrophages and microglia) underlie the
neuropathogenesis of HIV-1-associated dementia (HAD). What remains
unanswered, however, is the composition of and mechanisms for such MP-
induced neurological dysfunctions. In attempts to address these issues culture
¯uids from HIV-1ADA-infected monocyte-derived macrophages (MDMs) (de-
pleted or enriched with progeny virus) were placed onto the CA1 area of rat
hippocampal brain slices (the site of mammalian learning and memory) and
neuronal long-term potentiation (LTP) assayed. LTP was induced by high
frequency stimulation (HFS). Lipopolysaccharide (LPS) served as a surrogate
macrophage activator. Synaptic strength was assayed by the initial slope of
evoked ®eld excitatory postsynaptic potentials (EPSPs). Synaptic potentiation
following HFS was observed in slices incubated with uninfected (control) MDM
culture ¯uids. Themagnitudeof theLTP response was 150.2+21.10% compared
to basal levels (n=6). Synaptic strength was enhanced in virus-infected
(135.7+28.9%, n=8) and LPS-activated MDM (123.3+5.1%, n=7) but at lower
levels than controls. The lowest levels of LTP were in brain slices incubated with
virus-infected and LPS-activated MDM ¯uids at (109.5+9.9% n=12). Interest-
ingly, bath application of progeny HIV-1 virions showed minimal LTP effects.
Virus-infected,LPS-activatedMDM¯uids,withprogenyvirus, reducedsynaptic
strength but were not statistically different than replicate culture ¯uids depleted
ofvirus. Incontrast, IL-1bandquinolinicacid, signi®cantlydiminishedsynaptic
strength. These results, taken together, suggest that soluble HIV-1-infected MDM
secretory products, but not virus per se, signi®cantly affect LTP. This
electrophysiological system, which monitors neuronal function following cell
exposure to HIV-1 infected materials could provide a novel testing ground for
therapeutics designed to protect brain function in HAD.

Keywords: human immunode®ciency virus; monocyte-derived macrophages;
long-term potentiation; hippocampal slices; neurotoxicity; HIV-1-associated
dementia

Introduction

HIV-1-associated dementia (HAD) is a complication
of progressive viral infection usually occurring

during signi®cant immunosuppression (Glass and
Johnson, 1996; Lipton and Gendelman, 1995;
Spencer and Price, 1992). Neurological de®cits
consist of a spectrum of cognitive, motor and/or
behavior impairments which may lead to death in
the absence of opportunistic infections. Common
pathological features, associated with cognitive
dysfunction include monocyte-macrophage brain
in®ltration, formation of multinucleated giant cells,
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astrogliosis, microglial nodules, myelin pallor,
disruption of the blood-brain barrier and neuronal
drop-out (Michaels, 1988; Price et al, 1988).
Interestingly, HIV-1 does not infect neurons. Dis-
ease is likely caused through macrophages/micro-
glia immune products disrupting neural homeo-
#stasis (Epstein and Gendelman, 1993; Everall et al,
1991; Ketzler et al, 1990; Masliah et al, 1992; Wiley
et al, 1991). It is now well established that the
major target cell for virus is brain macrophages and
microglia. Surprisingly, the levels of HIV-1 in brain
produced by productive macrophage infection does
not always predict cognitive decline (Glass et al,
1995). Indeed, virus appears necessary, but not
suf®cient, to cause HAD. An observed discordance
between neuropathology and neurological de®cits,
taken together with the ability of virus-infected
macrophages to elicit neuronal loss has led to an
hypothesis that HAD is a metabolic encephalopathy
(Zheng and Gendelman, 1997). In support of this is
the ®ndings that HIV-1-infected macrophages se-
crete a variety of neurotoxins including, but not
limited to, pro-in¯ammatory cytokines (for exam-
ple, TNF-a, IL-1b), quinolinic acid (QUIN), arachi-
donic acid and its metabolites, platelet activating
factor (PAF), NTox and nitric oxide.

Among these neurotoxic substances pro-in¯am-
matory cytokines appear to be involved in many
neuropathological and neuroendocrine processes.
This may occur through cytokine activation of the
hypothalamic-pituitary-adrenal axis (Rothwell and
Hopkins, 1995); by modulation of neuronal activity
within the limbic system (Haas and Schauenstein,
1997); by age-related impairments in cognitive
function (Lynch, 1998); by effecting acute and
chronic neurodegenerative disorders (Rothwell
and Relton, 1993, Mrak et al, 1995); through
regulation of neuronal gene expression and cell
proliferation (Mehler et al, 1993); and by cytokine's
in¯uence on synaptic plasticity (Patterson and
Nawa, 1993). Importantly, cytokines have been
reported to inhibit long-term potentiation (LTP) in
rodent hippocampal cells (Bellinger et al, 1993;
Cunningham et al, 1996; Katsuki et al, 1990; Li et al,
1997; Tancredi et al, 1990, 1992). It is quite
probable, therefore, that macrophage secretory
products, which include cytokines, may play a
pivotal role in the neuropathogenesis of HAD by
altering the induction of neuronal function which
includes LTP.

Mammalian-based memory function involves
modi®cations of synaptic connections between
neurons. LTP is a ubiquitous form of use-dependent
synaptic plasticity that is present at most excitatory
synapses in the central nervous system (CNS).
Importantly, LTP is thought to be an indicator of
learning and memory function and an electrophy-
siological manifestation of a long-lasting increase in
the strength of stimulated synapses. LTP was ®rst
described in the hippocampus (Bliss and Lùmo,

1973), and it has now been observed at numerous
synapses in both the invertebrate and vertebrate
CNS. It is induced by brief repetitive high frequency
stimulation (HFS) and may last for hours or days.
The prominence of LTP is in structures involved in
learning and memory, such as hippocampus and
amygdala. This has led to the idea that LTP may
underlie mnemonic functions. Indeed, lesions of
the hippocampus produce severe amnesia in
mammals (Squire, 1992). Because LTP shares
certain properties with associative learning it has
been intensively studied as a primary experimental
model for memory functions in the mammalian
CNS (Bliss and Collingridge, 1993). Moreover, it has
been used to investigate effects on functions of
neuronal networks, such investigations might not
be assessable during studies of single cell function.

Can LTP be used as an experimental system to
study the neuropathogenic processes of HAD?
Several lines of evidence suggest that it can. First,
recent reports have shown neuronal killing follow-
ing neural cell exposure to virus-infected macro-
phage secretions (Xiong et al, 1999; Zheng et al,
1999). Second, a physiologic assay to dynamically
monitor the neurotoxic effects of virus-infected
macrophage products has remained elusive. Since
a primary manifestation of HAD consists of de®cits
in learning and memory electrophysiological tech-
niques to investigate the effects of macrophage
secretory products on LTP appears both reasonable
and well founded. In this regard, our current works
utilized the CA1 area of rat hippocampus as a
neuronal target and lipopolysaccharide (LPS) as the
inducer of macrophage secretory products to study
LTP.

Enhancement of synaptic strength, induced by
HFS was assayed by the initial slope of ®eld
excitatory postsynaptic potentials (EPSPs). Cell
culture ¯uids prepared from HIV-1ADA-infected
monocyte-derived macrophages (MDM) with/with-
out LPS activation were applied to hippocampal
brain slices. A prolonged enhancement of synaptic
strength was observed following hippocampal
incubation of control MDM ¯uids. Increased
synaptic strength, but at reduced levels, was
observed by ¯uids from virus-infected and LPS-
activated MDM. This reduction of synaptic poten-
tiation was not signi®cantly affected by addition of
progeny virus in the culture ¯uids. Taken together,
these data highlight the importance of both viral
infection and macrophage immune activation in
altering neuronal synaptic plasticity.

Results

Experiments were performed to explore one poten-
tial mechanism underlying neuronal dysfunction in
HAD namely the effects that immune activated and
virus-infected macrophage secretory products have
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on neuronal LTP. Fluids were prepared from
control (uninfected), HIV-1-infected, LPS-activated/
uninfected and LPS-activated/HIV-1-infected
MDMs. Replicate samples were obtained from
virion-depleted MDM ¯uids. At the time of maximal
viral production (7 days after HIV-1ADA inoculation
at a multiplicity of infection (MOI) of 0.1 culture
¯uids were recovered. The maximal RT activity in
the infected MDM ¯uids was 17.82+0.82 (c.p.m./
ml6105 cells); a level 87-fold higher than in
replicate uninfected MDM (Xiong et al, 1999).
MDM (virus-infected and control uninfected) were
treated with LPS at 1 mg/ml after 7 days of virus or
mock infection. The maximal TNF-a level at peak
viral replication following LPS treatment was
0.3 ng/105 cells.

Effects of MDM products on LTP
To study the effects of MDM secretory products on
the induction of LTP, virus-depleted MDM ¯uids
were placed onto the hippocampal slices in an
oxygenated (95% O2 and 5% CO2) holding chamber
for 1 h before electrophysiological recordings.
Control experiments were done on both untreated
and basal media-treated slices. Since there was no
signi®cant difference between untreated and basal
media-treated slices in LTP magnitude they were
counted together as assay controls. In control slices,
HFS induced a signi®cant enhancement of synaptic
strength (LTP) lasting for hours. An example of the
HFS-induced LTP in untreated hippocampal slices
is shown in Figure 1A. Individual sample EPSPs
recorded before (a) and after (b) HFS are illustrated
in Figure 1B. The magnitude of LTP recorded in
untreated slices, when measured 50 ± 60 min after
HFS, was 148.6+9.6% of basal levels. The differ-
ence in synaptic strength recorded before and after
HFS was statistically signi®cant (Figure 1C, mean+
s.e.m, n=18, P50.05). In contrast, after incubation
of brain slices with HIV-1-infected and LPS-
activated MDM ¯uids, the synaptic strength follow-
ing HFS was signi®cantly reduced. The average
synaptic strength was 109.5+9.9% of basal levels
(Figure 2, n=12). In comparison to the LTP recorded
in controls, the differences were statistically sig-
ni®cant (P50.05). Thus, the induction of LTP was
blocked by HIV-1-infected and LPS-activated MDM.
In addition to alterations in LTP induction, HIV-1-
infected and LPS-activated MDM ¯uids also sig-
ni®cantly inhibited short-term potentiation (STP),
but had no apparent effects on post-tetanic potentia-
tion (PTP), as shown in Figure 3. The magnitude of
PTP and STP in control slices was 183.8+16.9 and
164.9+11.5% of basal levels, respectively. While
the slices were incubated with HIV-1 infected and
LPS-activated MDM ¯uids, the magnitude of PTP
and STP was reduced to 147.4+15.9, and
121.4+11.2% of basal levels, respectively. Impor-
tantly, the LTP magnitude was 135.7+28.9% of
basal levels (n=8) when slices were treated with

culture ¯uids from HIV-1-infected MDM (Table 1),
and the LTP height was 123.3+5.1% of basal levels
when slices were incubated with uninfected LPS-
activated MDM (Table 1, n=7). In comparison to the
LTP height in control slices, there was no signi®cant
difference (P40.05). Neither PTPs nor STPs in these
cases were signi®cantly affected (Figure 3). One-
way ANOVA indicated that only HIV-1-infected
and LPS-activated MDM ¯uids signi®cantly inhib-
ited STP and LTP. A suppressive effect of HIV-1-
infected and LPS-activated MDM culture ¯uids on
the maintenance of LTP was also demonstrated.
Bath application of HIV-1-infected, LPS-activated
MDM culture ¯uids reversibly blocked LTP (n=2,
data not shown). In contrast, MDM culture ¯uids
obtained from uninfected cells had no effect on
LTP. The magnitude of LTP was 150.2+21.1% of

Figure 1 Time course and magnitude of LTP in the Schaffer-
collateral to CA1 synapses recorded from rat hippocampal slices
(A). The graph plots the initial slope of falling phase of the
evoked EPSPs recorded from CA1 dendrite ®eld (stratum
radium) in response to constant test stimuli, for 30 min before
and 90 min following high frequency stimulation (HFS, 100 Hz,
500 ms62). The HFS was delivered at the time indicated by the
arrow. Each point in this graph is an average of six consecutive
sweeps. Representative traces before and after the induction of
LTP, taken at the times indicated by letters a and b respectively,
are illustrated in (B). Note the increase in slope of evoked EPSPs
following HFS (HFS induced LTP). An average of 18 slices tested
is shown in (C). The LTP magnitude was 148.6+9.6% (n=18) of
basal level when measured at 55 ± 60 min after HFS. The
difference is statistically signi®cant (P50.05) in comparison
with the magnitude before HFS. *Denotes statistical signi®cance
between basal and LTP EPSP levels.
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basal levels (n=5, Table 1) when the slices were
treated with culture ¯uids from uninfected (control)
MDM. This enhancement of synaptic strength was
statistically signi®cant (P50.05) in comparison to
basal levels. This indicates that the culture ¯uids
from uninfected MDMs without LPS-activation had
no effect on the blockade of LTP.

Effects of MDM culture ¯uids containing progeny
virus on LTP
To compare the effects of MDM culture ¯uids with/
without progeny virus (HIV-1ADA), we conducted
experiments in a modi®ed BL-3 containment
laboratory. Here we tested MDM culture ¯uids
containing progeny virus on LTP. Incubation of
the slices with virus-containing MDM culture ¯uids
with LPS-activation completely blocked STP and
LTP induction (Figure 4). The PTP was also
attenuated. The synaptic strength was below basal
levels. The synaptic strength for PTP, STP and LTP
was 112.2+21.8, 93.6+12.5 and 82.1+13.9% of
basal levels, respectively (n=3). The effect of virus-
containing MDM culture ¯uids without LPS-activa-

Figure 2 Incubation of hippocampal slices with culture ¯uids
from LPS-activated, HIV-1-infected MDMs blocked LTP induced
by HFS in CA1 area (n=12). Monocytes were recovered from
PBMCs of HIV-seronegative donors and puri®ed by centrifugal
elutriation. The cell, 498% monocytes, were cultured for 7 days
as adherent monolayers then exposed to HIV-1ADA at an MOI of
0.1 for an additional 7 days. Select cultures were treated 8 h with
LPS (1 mg/ml). The crude culture ¯uids (depleted of progeny
viruses) were applied to the brain slices for 60 and 30 min prior
to the start of recordings, respectively. Upper panel illustrates
the time course and magnitude of LTP after incubation of slices
with the culture ¯uids collected from HIV-1-infected, LPS-
activated MDMs (open circle) and the time course and
magnitude of LTP from normal slices (solid square). Each point
(mean+s.e.m.) in the graphs represents an average of 12 (open
circle) and 18 (solid square) independent experiments. Note that
LTP was affected by LPS-activated, HIV-1-infected MDM ¯uids.
Arrow indicates the time when HFS was delivered. The bar
graph in the lower panel shows that the averaged initial slope
measured at 55 ± 60 min after HFS (LTP) was 109.5+9.9% of
basal level in the slices treated with HIV-1-infected, LPS-
activated MDM culture ¯uids (open bar). In comparison with
the averaged initial slope from control slices (black bar), the
difference is statistically signi®cant suggesting a blockade of LTP
by HIV-1-infected, LPS-activated MDM culture ¯uids. *Denotes
statistical signi®cance between control (black bar) and HIV-1-
infected LPS activated MDM ¯uids (open bar), P50.05.

Figure 3 Summary of the effects of MDM culture ¯uids on
neuronal PTP (top), STP (middle) and LTP (bottom). PTP, STP
and LTP were expressed as an average of percent change in ®eld
EPSP slope at 1, 10 ± 15, and 55 ± 60 min after HFS. Data are
expressed as mean+s.e.m. Note that HIV-1-infected, LPS-
activated MDM suppressed both STP and LTP. *Denotes
statistical signi®cance between control group and HIV-1-infected
LPS activated MDM ¯uids, P50.05, compared with control
group.
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tion on LTP was also examined. The LTP magnitude
was 138.6+14.2% of basal levels (Figure 4, n=3).
The differences were statistically signi®cant in
comparison with the LTP magnitude from those
slices incubated with virus-containing MDM cul-
ture ¯uids with LPS-activation (P50.05). However,
the differences were not signi®cantly different from
those slices incubated with virion-free HIV-1-
infected MDM culture ¯uids without LPS-activation
(P40.05). Incubation of slices with virions (amount
of virus used was based on the RT activity detected
on virus-containing MDM culture ¯uids) alone had
no signi®cant effect on LTP. The magnitude of LTP

was 141.1+16.4% of basal level (n=4), indicating
that virus per se was not crucial in the inhibition of
LTP induction.

While incubation is a widely used means to test
the effect of any viral or cellular product in tissue
slices, we observed a `wash-out' effect in some
slices. To overcome this problem, we used bath
superfusion in our subsequent experiments. Brief
bath perfusion of virion-containing MDM culture
¯uids (1 : 6 dilution, 3 ± 6 min) had same inhibitory
effect on both STP and LTP (n=4, data not shown).
In contrast, bath perfusion of virus (HIV-1ADA) alone
had no signi®cant reduction on LTP (n=2, data not
shown). This is consistent with the data obtained
from our incubation experiments.

Effects of individual MDM secretory products
on LTP
It is well known that HIV-infection and immune
activation of brain macrophages and microglia
cause release of neurotoxins. Several of these
neurotoxic secretory factors have been identi®ed
by our laboratory and those of others (Gallo et al,
1989; Nottet et al, 1996). In attempts to uncover how
individual macrophages secretions could affect LTP
we tested two of the most widely researched
cytokines (TNF-a, IL-1b) and quinolinic acid
(QUIN) for their ability to alter LTP. The concentra-
tions of these putative neurotoxins were adminis-
tered at the exact concentrations observed in virus-
infected and activated MDM ¯uids. This was done
to discern whether the blockade of LTP was
mediated by the actions of such factors contained
in MDM culture ¯uids. TNF-a, IL-1b and/or QUIN
were administered either separately or in combina-
tion. When applied by bath, TNF-a had no effect on
LTP at concentrations 5 ± 10 ng/ml, the concentra-
tions produced by HIV-1-infected, LPS-activated
macrophages (Persidsky, unpublished observa-
tions). The average LTP height was 153.6+35.1%
of basal levels (Figure 5, n=3). In contrast, bath
application of IL-1b (5 ± 10 ng/ml) inhibited LTP.
The average LTP height was 102.9+11.9% of basal
levels (Figure 5, n=3). This reduction in LTP was
statistically signi®cant (P50.05) when compared to
control slices. In addition to cytokines, HIV-1-
infected, immune-activated brain macrophage and
microglia produce other neurotoxic factors, such as
QUIN. As a weak NMDA receptor agonist, QUIN is a
neurotoxin but only at high levels (Kim and Choi,
1987). It has been demonstrated that HIV-infected
and LPS-activated monocytes produce high levels
of QUIN (Nottet et al, 1996). To examine the effect of
QUIN on LTP, we infused the slices with QUIN at
concentrations of 50 nM (n=3), 100 nM (n=3),
200 nM (n=2) and 600 nM (n=3). QUIN inhibited
LTP in concentration dependent manner (data not
shown). At a concentration of 200 nM, levels
achieved in HIV-1-infected LPS-activated MDM
(Nottet et al, 1996), the magnitude of LTP was

Table 1 MDM culture ¯uids affect neuronal LTP

HIV-1
LPS

±
±

±
+

+
±

+
+

ctrl
ctrl

LTP (% of basal)

Slices tested
P values:

150.2
+21.1

6
0.94

123.3
+5.1

7
0.12

135.7
+28.9

8
0.59

109.5
+9.9

12
0.01

148.6
+9.6

18
±

MDM ¯uids were placed onto hippocampal brain slices and
LTP recorded thereafter. The initial slope of evoked EPSPs was
measured as an indicator of LTP following HFS. Unpaired two-
tailed t-test, compared with control (ctrl) group.

Figure 4 Effects of HIV-1-infected MDM culture ¯uids depleted
or containing progeny virions on neuronal LTP. Incubation of
hippocampal brain slices with HIV-1-infected, LPS-activated,
virion-depleted MDM culture ¯uids showed a signi®cant
inhibition of LTP as compared to controls (P50.05). However,
no statistical differences were observed between LPS-stimulated
and control (unstimulated) MDM. In contrast, incubation of
slices with virion-containing, HIV-1-infected, LPS-activated
MDM culture ¯uids showed a marked blockade of LTP. The
enhancement of LTP inhibition by progeny HIV-1 virions was
not statistically signi®cant when compared to replicate controls
depleted of virus (P40.05). Importantly, HIV-1-infected, virion-
containing MDM ¯uids showed a modest LTP induction.
*P50.05, **P50.01.
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97.5+7.5% of basal levels (Figure 5). Combined
bath application of QUIN (100 nM) with TNF-a
(5 ng/ml) attenuated the effects of QUIN on LTP
(n=2, data not shown). Synergistic effects were seen
in 1/3 slices tested when QUIN (50 ng/ml) was
administered with IL-1b (5 ng/ml) (data not shown).

Discussion

The present study demonstrates that the secretory
factors produced by HIV-1ADA-infected and immune-
activated MDMs inhibit the induction of LTP in the
CA1 region of rat hippocampus. This inhibition of
LTP induction was enhanced by HIV-1ADA. To per-
form these works we employed BL-3 electrophysio-
logical techniques to investigate the effects of MDM
culture ¯uids with/without progeny virus on LTP.

Since neuronal injury or loss has been reported in
the hippocampus of AIDS patients (Reyes et al,
1994), it is highly relevant to investigate the effects
of viral and cellular factors from HIV-1-infected
MDM on LTP in the hippocampus. The CA1 area of
rat hippocampus served as the neuronal target and
LPS as the activator of the macrophage secretory
function. Induction of LTP induced by HFS was
measured by electrophysiological recording of
electrically evoked ®eld EPSPs. MDM culture ¯uids
prepared from HIV-1ADA-infected MDM with or

without progeny virus and with or without LPS
activation were applied onto brain slices. A
prolonged potentiation of synaptic transmission
was observed following hippocampal incubation
of MDM culture media. However, the synaptic
potentiation was signi®cantly reduced following
incubation of the brain slices by ¯uids from virus-
infected and LPS-activated MDMs (Figure 2). This
inhibitory effect was enhanced with the existence of
progeny virus in the culture ¯uids. Other condi-
tioned culture ¯uids had no signi®cant inhibitory
actions on synaptic potentiation. These results
clearly demonstrated the blockade of LTP by
secretory products from virus-infected and LPS-
activated MDMs. Similar inhibitory effects were
observed when bath perfusion of hippocampal slice
occurred with culture ¯uids from virus-infected and
LPS-activated MDMs. HIV-1ADA virus per se had no
signi®cant actions in the blockade of LTP induction
when applied by bath, but showed an enhancement
on the effect the culture ¯uids on the inhibition of
LTP when the virus was present in the culture
¯uids. Such data highlight the importance of both
HIV-1-infection and immune activation for induc-
tion of alterations in synaptic plasticity.

A major question underlying the neuropathogen-
esis of HAD is how neuronal dysfunction can occur
when viral replication is nearly exclusively within
brain macrophages and microglia. However, the
existence of virus-infected brain macrophages alone
is necessary but not suf®cient to induce disease. A
paradox does exist between the small numbers of
productively infected brain macrophages and
severity of clinical and pathological de®cits. This
suggests that some sort of cellular ampli®cation or
immune activation is necessary for the generation of
cellular and viral toxins leading to neuronal
dysfunction (Gendelman et al, 1997). Our electro-
physiological experimental results fully support
this hypothesis. These data indicate that viral
infection and immune activation produce high
levels of macrophage toxins as re¯ected by sig-
ni®cant suppression of LTP by HIV-1-infected and
activated MDM culture ¯uids. Our data also
indicate that virus per se is insuf®cient in the
inhibition of LTP induction.

An emerging body of evidence strongly supports
the idea that HIV-1-infected brain macrophages
secrete neurotoxins (Bukrinsky et al, 1995; Gelbard
et al, 1994; Genis et al, 1992; Lipton and Gendel-
man, 1995; Nottet et al, 1995), including but not
limited to HIV-1 protein (gp120, tat, nef and others)
and cell encoded toxins including cytokines (TNF-
a, IL-1b and others), eicosanoids, nitric oxide,
glutamate, QUIN, arachidonic acid and its metabo-
lites. It is hypothesized that the secretory neurotox-
ins mediate neuronal dysfunction or injury
(Gendelman et al, 1997). It remains to be deter-
mined at present which cytokine(s) or other
factor(s) within the culture media is (are) the

Figure 5 Effects of macrophage secretory products on LTP
blockade. TNF-a, IL-1b and QUIN were tested for their abilities
to affect LTP at concentrations found in culture ¯uids of LPS-
activated MDM. TNF-a administered to hippocampal slices at
5 ± 10 ng/ml had no effect on LTP. In contrast, IL-1b inhibited
LTP in a concentration dependent manner. At 200 nM, IL-1b
inhibited synaptic strength when measured 55 ± 60 min after
HFS. The height of stimulation was 102.9+11.9% of basal
levels. *This reduction in synaptic strength was statistically
signi®cant as compared to control (P50.05). *QUIN adminis-
tered to the brain slices at 200 ng exhibited the strongest
blockade of LTP.
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mediator(s) responsible for the blockade of LTP
observed in this study. It was reported that IL-1b
inhibits LTP in the areas of CA1 (Bellinger et al,
1993) and dentate gyrus (Cunningham et al, 1996) of
rat hippocampus and in the CA3 area of mouse
hippocampus (Katsuki et al, 1990). IL-2 (Tancredi et
al, 1990) and IL-6 (Li et al, 1997) have been reported
to suppress LTP in the CA1 area of rat hippocampal
slices. The induction of LTP was also inhibited by
TNF-a in rat hippocampus (Tancredi et al, 1992). In
contrast to cytokines IL-1b and TNF-a, platelet
activating factor (PAF) enhanced LTP (Wieraszko
et al, 1993). In an attempt to dissect out which
secretory product(s) is(are) responsible for the
inhibition of LTP induction observed in our
experiments, we tested the effects of IL-1b and
TNF-a on LTP. We found that IL-1b had inhibitory
effects on the induction of LTP, while TNF-a had no
apparent effect. Based on our present ®ndings and
the aforementioned observations, we could postu-
late that cytokines secreted from HIV-1-infected,
immune-activated MDMs are involved in the
inhibition of LTP induction. Another individual
factor we tested was QUIN. QUIN is produced at
tenfold higher levels from HIV-infected, LPS-
activated monocytes than that produced from HIV-
infected monocytes. It is also thought to underlie
cognitive and motor dysfunction for a variety of
neurological disorders (Nottet et al, 1996). Speci®-
cally, in HIV-associated dementia, QUIN levels
correlate with the degree of neurological dysfunc-
tion observed in infected individuals. In the present
study, we found that QUIN suppressed the induc-
tion of LTP. This may be, at least in part, the
mechanisms underlying neurological impairments
seen in AIDS patients with HAD.

The induction of LTP in the CA1 area of the
hippocampus requires an activation of postsynaptic
N-methyl-D-aspartate (NMDA) receptors involving a
rise in intracellular Ca2+ concentration in postsy-
naptic neurons. LTP could be prevented in the
presence of NMDA receptor antagonists (Coan et al,
1987) or by injection of Ca2+ chelators into the
postsynaptic neurons (Lynch et al, 1983; Malenka et
al, 1988). However, this quick rise in intracellular
Ca2+ is unlikely to be suf®cient for the stabilization of
LTP, because application of NMDA onto CA1
neurons induces only STP, but not LTP (Kauer et
al, 1988). It was shown that activation of glutamate
metabotropic receptors and its resultant elevation of
Ca2+ concentration from intracellular stores contri-
butes to the stabilization of LTP (Bashir et al, 1993).
In the present study, we found that HIV-1-infected,
immune-activated MDM culture ¯uids inhibited
both STP and LTP. This suggests that at least some
of the secretory products within the MDM culture
¯uids interact with NMDA and glutamate metabo-
tropic receptors, leading to a decrease in intracel-
lular Ca2+ concentrations and blockade of LTP. This
may be extremely important in seeking potential

therapeutic agents interacting with neuronal mem-
brane NMDA receptors to block individual factor(s)-
mediated suppression of LTP during HAD.

Neurotoxicity induced by HIV-1 coat proteins, for
example gp120, has been demonstrated on cultured
rat cortical (Muller et al, 1992) and hippocampal
neurons (Meucci and Miller, 1996). The neurotoxic
effect of HIV-1 coat proteins may be a consequence
of direct or indirect actions on neurons, by
stimulating neurotoxin release in microglia (Daw-
son et al, 1993). We found that HIV-1 virions per se,
when applied by bath or by incubation, had no
apparent effect on the induction of LTP. This may
be due to the application time of virus in our
experiments which was too short to produce
neuronal injury. Alternatively, the mechanism by
which HIV-1 coat proteins induce neurotoxicity is
through neurotoxin release by macrophages.

Materials and methods

Isolation and culture of primary human monocytes
Human monocytes were recovered from PBMCs of
HIV and hepatitis B seronegative donors after
leukopheresis, and puri®ed by counter current
centrifugal elutriation (Gendelman et al, 1988).
Monocytes were cultured as adherent monolayers
(3.36106 cells/well in 48 mm plastic culture plate)
in DMEM (Sigma, St. Louis, MO, USA) with 10%
heat-inactivated pooled human serum, 50 mg/ml
gentamicin and/or 10 mg/ml cipro¯oxacin (Sigma),
and 1000 U/ml highly puri®ed recombinant human
macrophage colony stimulating factor (MCSF) (a
generous gift from Genetics Institute, Inc., Cam-
bridge, MA, USA). All tissue reagents were screened
and found negative for endotoxin (510 pg/ml;
Associates of Cape Cod, Inc., Woods Hole, MA,
USA) and Mycoplasma contamination (Gen-probe
II; Gen-probe Inc., San Diego, CA, USA). Lipopoly-
saccharide (LPS), from E. coli serotype, was
purchased from Sigma.

HIV-1 infection of monocytes and collection
of MDM
Seven days after plating, MDM were infected with
HIV-1ADA at a multiplicity of infection (MOI) of 0.1
infectious virus/target cell. Culture ¯uids were half
exchanged every 2 ± 3 days. Reverse transcriptase
(RT) activity was determined in triplicate samples
of culture ¯uids as previously described (Kalter et
al, 1991). For RT assays culture ¯uids were added to
a reaction mixture of 0.05% Nonidet P-40 (Sigma
Chemical Co.), 10 mg/ml poly(A), 0.25 mg/ml oligo
(dT) (Pharmacia Fine Chemicals, Piscataway, NJ,
USA), 5 mM DTT (Pharmacia Fine Chemicals),
150 mM KCl, 15 mM MgCl2, and [3H]-dTTP (2 Ci/
mmol; Amersham Corp., Arlington Heights, IL,
USA) in pH 7.9 Tris-HCl buffer for 24 h at 378C.
Radiolabeled nucleotides were precipitated with
cold 10% TCA and 95% ethanol in an automatic
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cell harvester (Skatron, Inc., Sterling, VA, USA) on
paper ®lters. Radioactivity was estimated by liquid
scintillation spectroscopy. All experiments were
performed in triplicate. Seven days after infection,
select HIV-1ADA infected and replicate uninfected
MDM, were treated with/without lipopolysacchar-
ide (LPS) (1 mg/ml) for 1 h. The cells were washed
vigorously and media removed. The MDM condi-
tioned media were ®ltered through 0.04-mm nylon
membrane ®lter to remove HIV-1 by methods
previously described (Oshima et al, 1995). The
presence of virus in MDM conditioned media before
and after ®ltration was determined by RT and by
MDM infectivity assays.

Measurement of TNF-a activity
TNFa bioactivity was measured according to
standard laboratory procedures (Genis et al, 1992).
Brie¯y, the murine L929 cell line was propagated in
DMEM (Sigma Chemical Co.), 5% FCS (Life
Technologies, Inc., Grand Island, NY, USA), 2 mM
glutamine, and 20 mg/mL gentamicin. Cells were
retrieved in log phase and placed (0.76106/well) in
96-well plates (Costar Corp.) with 5 mg/ml actino-
mycin D (Sigma Chemical Co.). Culture ¯uids were
inoculated into cell monolayers, and degree of cell
lysis was determined by crystal violet staining after
a 24 h incubation (Hogan and Vogel, 1988).

Preparation of hippocampal slices and recordings
of ®eld potentials
The transverse hippocampal brain slices were
prepared as previously described (Xiong et al,
1996). Brie¯y, 19 ± 31-day-old male Sprague-Daw-
ley rats were anesthetized with metofane, decapi-
tated and their brains were quickly removed from
the cranial cavity. The brains were then placed into
an ice-cold (48C) oxygenated arti®cial cerebrospinal
¯uid (ACSF) environment. The hippocampi were
dissected free and 400-mm-thick transverse slices
were cut using a tissue chopper. The slices were
kept in a humidi®ed/oxygenated holding chamber
at room temperature for at least 1 h before being
transferred into a recording chamber. In the
recording chamber single hippocampal slices were
fully submerged in a continuously perfused ACSF
solution at a constant ¯ow rate of 2 ml/min with the
use of a peristaltic pump (Rainin Instrument Co.,
Woburn, MA, USA). The ACSF contained (in mM):
NaCl (124), KCl (3), CaCl2 (2), MgCl2 (2), NaH2PO3

(1), NaCO3 (26), and Glucose (10). ACSF was
equilibrated with 95% O2 and 5% CO2, the resulting
pH was 7.3 ± 7.5. The temperature of the perfusate
was maintained at 308C with an automatic tempera-
ture controller (Warner Instrument Corp., Hamden,
CT, USA). A total of 10 ml (5 ml62) MDM culture
¯uids prepared from both HIV-1-infected (with/
without progeny viruses) and uninfected MDM,
with/without LPS stimulation, were applied onto
hippocampal slices at 60 and 30 min respectively

prior to the slices being transferred to the recording
chamber. In some experiments, crude MDM culture
¯uids were applied onto slices via bath perfusion at
1 : 6 dilution. All MDM ¯uids were stored at 7708C
and thawed before application. One treatment was
done on each slice. The slices from each rat were
used randomly for different treatment.

EPSPs were recorded from the stratum radiatum
of the CA1 sub®eld by a glass microelectrode. The
recording microelectrode was made from borosili-
cated glass capillaries with inner ®laments that
enabled quick back-®lling. The tip diameter of the
microelectrode was *5.0 ml and had a resistance
of 1 ± 5 MO when ®lled with ACSF. Orthodromic
constant current stimuli were delivered through a
bipolar tungsten electrode (insulated except for
the tip) placed in the Schaffer collateral-commis-
sural pathway. The intensity (50 ± 400 mA) and
duration (0.01 ± 0.05 ms) of stimulation were ad-
justed to generate approximately 30 ± 40% of a
maximal response. The evoked EPSPs were
recorded with an Axopatch-1D ampli®er (Axon
Instruments, Inc., Foster City, CA, USA) interfaced
with a Dell Pentium II PC computer (Dell Inc.),
and acquired digitized (at a frequency of 2.5 kHz),
stored and analyzed using pCLAMP software
(Axon Instruments, Inc.). All experiments were
conducted in the presence of 20 ± 50 mM of
picrotoxin (in the perfusate) unless otherwise
indicated. The chemicals used in this study were
purchased from Sigma.

In each experiment, a 30 min control recording
was conducted in most cases (in some cases, a
20 min control was recorded) once the stimulation
parameters were achieved. Each trace was an
average of three consecutive evoked EPSPs. High
frequency stimulation (HFS, 100 Hz, 0.5 S) was
delivered twice at 20 s intervals at the same
intensity as that used at low frequency stimulation.
After a tetanic (high frequency), PTP was followed
by STP (Kauer et al, 1998) which decayed within
about 20 min, and by a more persistent and
signi®cant enhancement in the synaptic transmis-
sion, the LTP, that lasted hours (Bliss and Collin-
gridge, 1993). The initial slopes of ®eld EPSPs were
measured and expressed in percentage of control
(the average of initial slopes from the ®rst 30 min
was treated as 100%, i.e. the basal level). To analyze
data of individual sets on synaptic potentiation, the
mean percentages of the initial slope of the ®eld
EPSP at 1 min, from 10 ± 15 min and from 55 ±
60 min after tetanus were used as PTP, STP and
LTP. Results from several slices with large ¯uctua-
tion (4+2 s.d.) in basal activity were rejected.
Values re¯ect actual voltage amplitude. Statistical
analysis of data was performed using Student's t-
tests or one-way analysis of variance. Differences
were considered signi®cant if P50.05. All data
were expressed as the mean+standard error of the
mean (s.e.m.).
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