Journal of NeuroVirology, 11

: 144-156, 2005

© 2005 Journal of NeuroVirology
ISSN: 1355-0284 print / 1538-2443 online
DOI: 10.1080/13550280590922757

©

Taylor & Francis
Taylor & Francis Group

Cerebrospinal fluid from human immunodeficiency
virus—infected individuals facilitates neurotoxicity
by suppressing intracellular calcium recovery
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Neurologic decline associated with penetration of human immunodeficiency
virus type 1 (HIV-1) into the central nervous system is thought to be due, in
large part, to inflammation and local secretion of neurotoxic substances. To
examine the cellular processes that mediate neurotoxicity in vivo, the authors
evaluated the ability of neurons to maintain intracellular calcium homeostasis
in the presence of toxic cerebrospinal fluid (CSF) (CSFicx) collected from a
subset of HIV-infected individuals. Exposure of rat neural cultures to CSFox
resulted in a gradual increase in intracellular calcium in neurons (463%),
microglia (4+251%), and astrocytes (+52%). Pretreatment of neural cultures
with CSFiox resulted in an exaggerated calcium response to a brief pulse of
glutamate and a >90% suppression of the rate of recovery of intracellular
calcium. Attempts to model the deficit using inhibitors of calcium transport
across endoplasmic reticulum, mitochondrial, or plasma membrane indicated
that blockade of the plasma membrane sodium/calcium exchanger was best
able to reproduce the deficits seen during exposure to CSFi,x. Because the
inability of cells to maintain calcium homeostasis would lead to exaggerated
responses from a wide variety of stimuli, therapeutics designed to facilitate
calcium transport from the cell may provide more comprehensive and effective
intervention than strategies targeted to specific receptor pathways. Journal of
NeuroVirology (2005) 11, 144—156.
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Introduction

The neurological dysfunction that develops in some
individuals infected with the human immunodefi-
ciency virus type 1 (HIV-1) is thought to be due, in
large part, to the release of toxic substances from acti-
vated macrophages and microglia (Giulian et al, 1990;
Kaul et al, 2001; Lipton, 1992, Pulliam et al, 1994;
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Xiong et al 2000). In vitro studies of macrophages
or neural tissue infected with HIV and postmortem
analyses of brain tissue have identified a number of
proinflammatory substances that are elevated in re-
sponse to HIV. These substances include cytokines
such as tumor necrosis factor alpha (TNF«) (Graziosi
et al, 1996; Grimaldi et al, 1991; Perrella et al,
1992; Wesselingh et al, 1997; Yeung et al, 1995),
the chemokines, stromal cell-derived factor (SDF)-
1o (Hesselgesser et al, 1998; Zheng et al, 1999b)
and macrophage chemoattractant protein (MCP)-1
(Kelder et al, 1998), excitotoxins (Heyes et al, 1991),
arachidonic acid metabolites (Genis et al, 1992),
platelet-activating factor (Gelbard et al, 1994), and
novel toxins (Giulian et al, 1996). Numerous stud-
ies have suggested that HIV proteins such as gp120
(Brenneman et al, 1988; Lipton et al, 1991; Nath and



Geiger 1998), gp41 (Adamson et al, 1999), and tat
(Conant et al, 1998; Haughey et al, 1999; Magnuson
et al, 1995; Nath and Geiger, 1998; New et al, 1997)
may trigger the inflammatory interactions and con-
tribute to neuronal damage. In addition, tat may
directly interact with neurons to facilitate damage
(Cheng et al, 1998). Although the above substances
have been shown to promote neurotoxicity, the un-
derlying mechanisms are still poorly understood.
In vitro research into the mechanisms of toxicity has
repeatedly implicated glutamate receptors and intra-
cellular calcium accumulation as important factors in
the etiology of neuronal damage. These conclusions
are largely based on observations showing a facili-
tation of glutamate receptor activity or the ability of
glutamate receptor antagonists to suppress the toxic
activity of the compound under study. However, most
studies suggest that the effects on glutamate receptor
function are due to indirect actions of the toxin (s), al-
though the specific pathways have not yet been iden-
tified. Perhaps the most extensive characterization of
toxic activity has been done for the HIV-1 proteins
gp120 and tat. In these studies, a wide range of antag-
onists acting on many diverse receptor and signaling
pathways were found to be protective (Haughey et al,
1999; Holden et al, 1999; Zheng et al, 1999a).

Similar results were observed in studies designed
to characterize the actions of macrophage-derived
toxins. Toxins generated in vitro using enriched cul-
tures of choroid plexus macrophages inoculated with
the feline immunodeficiency virus (FIV) were found
to induce a gradual increase in intracellular calcium
followed by death of a subset of neurons (Bragg
et al, 2002a). Pharmacological characterization of
the macrophage toxins indicated that many different
sources of calcium could contribute to the gradual
destabilization of intracellular calcium (Bragg et al,
2002b). The broad profile of protective antagonists re-
sembled results seen with gp120 (Holden et al, 1999)
and tat (Haughey et al, 1999). Analysis of the kinetics
of intracellular calcium changes after exposure to the
toxins suggested that the destabilization of calcium
was largely due to deficits in the ability to recover
normal calcium homeostasis (Bragg et al, 2002b).
Such alterations in intracellular calcium homeostasis
could explain the facilitation of glutamate receptor
activity as well as the diverse profile of pharmaco-
logical antagonists. If similar processes are active in
vivo, then it makes sense that therapeutic strategies
need to be targeted to downstream processes that reg-
ulate calcium homeostasis.

Like the macrophage toxins, cerebrospinal fluid
(CSF) from HIV-1-infected humans (Meeker et al,
1999) and FIV-infected cats (Bragg et al, 2002a) has
neurotoxic activity. To evaluate if toxic HIV+ CSF
(CSFiox) also induced a similar deficit in the ability
of cells to recover intracellular calcium homeostasis,
we applied HIV+ CSF to cultures of rat cortical neu-
rons and measured the effects on intracellular cal-
cium. A dramatic suppression of the ability of neu-
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rons to recover from an increase in intracellular cal-
cium was observed that was mimicked by blockade
of the plasma membrane Na*/Ca?* exchanger.

Results

Neuronal response to CSFy,x

On the average, most neurons responded to the CSFyox
with a progressive rise in intracellular calcium (late
calcium destabilization), starting after about 15 to
20 min. This type of response is illustrated in Figure 1
for several neurons continuously exposed to CSFyox
over a period of 66 min. The image illustrates a
field containing a scattered group of large and small
neurons (N) as well as microglia (MG) and astro-
cytes (A). After exposure to CSFyo, small increases
in intracellular calcium were seen in several neurons
(e.g., N1, N2), with peak responses between 0.1 to
0.5 min. Other neurons showed low or negligible re-
sponses (N3, N4). Although continuously exposed to
the CSF.x, calcium recovered to near baseline levels
by 1.2 min. The first signs of the late rise in calcium
were seen at 16 min. By 66 min, increases in intracel-
lular calcium were seen in most neurons, although
the magnitude of the response varied considerably
(e.g., N2 versus N4) and was unrelated to the acute
response (e.g., N1 versus N3). An estimate of the num-
ber of neurons with a significant delayed response
to CSFox was obtained by setting a confidence limit
based on the distribution of responses in control cul-
tures treated with artificial CSF (aCSF). An individual
neuronal response that was 2.57 standard deviation
units above the control mean (an increase of >70.7%;
99% confidence limit) was considered to be a signif-
icant rise in intracellular calcium. Empirically, this
excluded >95% of control neurons. Using this crite-
rion, 69.8% of the neurons exposed to CSFy,x showed
a significant rise in calcium versus 4.8% in control
cultures treated with aCSF. Most of the responding
cells (68.4%) showed small or negligible acute in-
creases in calcium. The largest increases in calcium
were generally accompanied by observable swelling
of the neuron but only a few cells (0.9%) were ob-
served to burst. Approximately one in five neurons
(22.3%) failed to show significant changes in intra-
cellular calcium. CSF collected from HIV-negative in-
dividuals (not illustrated) showed some activity with
25.6% of the neurons achieving the cutoff.

Calcium responses in astrocytes and microglia

The late destabilization of intracellular calcium was
not restricted to neurons. Varied responses were seen
in astrocytes (A) and microglia (MG), some of which
are illustrated in Figure 1. One astrocyte (A) and
three microglial cells (MG1 to MG3) are highlighted.
In the microglia, the calcium signal was generally
very low during the acute phase of the experiment
(0 to 3 min), with small relative increases occasion-
ally seen. After approximately 16 min, increases in
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0.5 Min

Figure 1 Increases in intracellular calcium (Fluo-3 fluorescence) in cultured rat cortical neurons (N), microglia (MG), and astrocytes
(A) exposed to toxic HIV+ human CSF (CSF,,,). The field illustrates typical responses seen in each cell type. The brightfield image (BF)
shows the morphology and location of the various cells. Basal calcium levels (fluorescence) are low prior to stimulation (0 Min). Some
neurons showed modest acute increases in intracellular calcium (N1, N2), which largely recovered within 1.2 min. Other neurons (e.g.,
N3, N4) showed small or negligible acute increases. After 16 min, a delayed rise in intracellular calcium began with neurons achieving
moderate-large increase in calcium by 66 min. The delayed increases in intracellular calcium were independent of the acute response
(e.g., N1 versus N3). One astrocyte (A) and three microglial cells (MG1-3) are shown that represent the various types of responses seen
following exposure to CSF\,. These cells typically showed negligible acute responses to CSF,.. After approximately 16 min, increases
in intracellular calcium began to emerge. By 66 min, the microglia showed responses that span the range from very intense (MG1), to
moderate (MG2) to negligible (MG3). An astrocyte (A) showed a small progressive rise in calcium typical of most astrocytes. Cells are

pseudocolor coded for relative fluorescence intensity: white > red > yellow > green > blue > purple > black.

intracellular calcium began to emerge. After 66 min,
microglia showed calcium responses ranging from in-
tense (MG1) to mo derate (MG2) to negligible (MG3).
On the average, 32.1% of the microglia responded
to CSFiox, with a late rise in calcium versus 5.3% in
control cultures. An astrocyte (A) in the same field
showed a small delayed increase in calcium in the
absence of an acute response. This type of response
was seen in 34.0% of the astrocytes versus 9.0% in
control cultures. A few astrocytes (6.2%) showed an
abrupt rapid decline in intracellular calcium and, in
one case, observable blebbing (not shown). This latter
observation suggested that the CSFy,, may be toxic
to a small subset of astrocytes. Thus, both microglia
and astrocytes responded to CSF, although these
responses could be quite variable from cell to cell.
A comparison of the average calcium responses
of neurons, astrocytes, and microglia during conti-
nous expsure to CSFy is provided in Figure 2. Neu-
rons showed a very small average acute increase
in intracellular calcium followed by a gradual in-
crease in the chronic phase of stimulation reaching a
mean peak value 63% above baseline (t = 3.54, df =

38, P < .001). Microglia showed a small acute in-
crease (15%) in intracellular calcium (¢t = 2.35, df =
30, P < .05) followed by a very large delayed in-
crease (251%; t = 3.34, df = 30, P < .01). Individual
microglial responses were almost always much larger
than the neuronal response, although considerable
cell-to-cell variability was seen (e.g., Figure 1). Al-
though astrocytes had a much weaker signal than the
neurons and microglia, the relative calcium increase
was similar to that seen in the neurons (due to the
very low baseline). A 52% increase (t = 19.35, df =
96, P < .001) was seen over time in the absence of an
acute increase. However, the absolute increase in flu-
orescence brightness in the astrocytes was only 22%
of the absolute increase in neurons and 14% of the
absolute increase in microglia. The average acute re-
sponse in control cultures (open symbols) was a grad-
ual decrease in fluorescence for each cell type. During
the chronic phase of stimulation, a small (13% =+ 3%)
but significant (¢t =4.382, df = 65, P < .001) maxi-
mal increase in intracellular calcium was seen in the
neurons (open circles), albeit at a level 4.8-fold lower
than neurons stimulated with CSF,x. No significant
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Figure 2 Summary of the average changes in intracellular calcium (% increase in Fluo-3 fluorescence) in neurons, astrocytes, and
microglia following exposure to GSF,. A, Acute changes were minimal with only the microglia showing a significant, albeit small,
increase above basal calcium. B, After approximately 20 min, a progressive rise in intracellular calcium was seen in all cells exposed to
CSF o (note the 10-fold change in scale). The average microglial response (maximum increase = 251%, n = 31) greatly exceeded that of
neurons (63%, n= 39) or astrocytes (52%, n= 97). The large microglial response was principally due to the high relative intensity of
approximately one third of the microglia. Control cells exposed to artificial human CSF (open symbols) showed relatively small changes
in intracellular calcium over the same time course (maximum increases: neurons, 13%, n = 66; astrocytes, —9%, n=22; and microglia,

10%, n = 19).

increases were seen in the astrocytes or microglia un-
der these conditions (open triangles and squares).

CSFox and intracellular calcium recovery

Previous studies have suggested that a prominent ac-
tion of macrophage-derived toxins is the ability to
inhibit the recovery of intracellular calcium (Bragg
et al, 2002b). To assess the ability of CSF;. to inter-
fere with intracellular calcium recovery following a
challenge, neural cultures were treated with CSFyox
for 10 min followed by the application of a brief, 6-s,
pulse of 100 uM glutamate (Figure 3). To achieve a
maximal effect from the brief CSF application, a 1:10
final dilution was used (Meeker et al, 1999). As il-
lustrated in Figure 3A, intracellular calcium began
to increase gradually during the 10-min exposure to
CSFiox. The glutamate pulse applied at the end of
the 10-min incubation in CSFy.x produced a rapid in-
crease in intracellular calcium that was 2.7-fold larger
than the glutamate-induced increase seen in control
cultures treated with aCSF. In the control neurons,
intracellular calcium recovered to basal calcium lev-
els within 2 min. In contrast, neurons treated with
CSF,.x showed a slower decline that failed to return
to prestimulation baseline within 6 min. The recov-
ery profile of individual neurons exposed to CSFox
was also more complex. Of a total of 158 neurons, a
subset of 25 (16%) showed a prominent secondary
peak after washout of the glutamate. The magnitude
of this effect was large enough to be seen in the av-
erage curve. Fourteen neurons (9%) burst following
the glutamate challenge while another group of 42
neurons (26%) showed a continuous increase in cal-

cium rather than recovery. Only a few neurons (3.8%)
showed rapid recovery of calcium as seen in the
control condition. The remaining neurons (45.2%)
showed varying intermediate rates of recovery. In
spite of the individual response variation, the net ef-
fect of the CSFox, when normalized and expressed
as rate of decline from peak calcium (except those
that burst), was a relatively consistent decrease in the
rate of recovery. Average recovery rates for the treated
and control neurons are illustrated in Figure 3B. After
approximately 24 s, the rate of decline in intracellu-
lar calcium stabilized at —0.0225 + 0.0054 min~! in
the neurons treated with CSF;.,x versus a decline of
—0.4496 £+ 0.0106 min~?! for the controls. This rep-
resents a 20-fold decrease in the rate of intracellular
calcium recovery after exposure to the CSF,x. How-
ever, because the net steady-state rate of recovery of
intracellular calcium is dependent on a balance be-
tween a number of uptake and export processes, the
experiments could not totally rule out the possibility
that the decrease in the rate of intracellular calcium
recovery might be due to an inward calcium influx
that overwhelmed the clearance processes. The use
of 1 uM tetrodotoxin (TTX) in these experiments min-
imized the likelihood that calcium influx was stim-
ulated through synaptic influences. An estimate of
the rate of calcium entry into the cell was obtained
based on the ability of Mn** ions to quench FURA-
2 fluorescence. Comparison of relative quench rates
(rates of divalent cation influx) in neurons treated
with CSFi.x versus control neurons (Figure 3C) in-
dicated that influx was decreased after exposure to
CSFiox rather than increased. Thus, loss of calcium
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Figure 3 Intracellular calcium recovery in cultured cortical rat neurons following exposure to a brief (6-s) pulse of 100 ©M glutamate
applied 10 min after addition of CSF,,. The CSF,, was applied at a dilution of 1:10. A, Neurons exposed to CSF,, (n= 158) showed
a gradual accumulation of intracellular calcium and a greater and more sustained response to glutamate relative to control neurons
treated with aCSF (n = 44). B, An estimate of the recovery of intracellular calcium was obtained by stimulating with a 6-s pulse of 100
uM glutamate followed by rapid washout. Fluorescence readings after glutamate washout (F) were normalized to the peak fluorescence
(Fpeax) and a log transform applied (logF/F ). The resulting lines were near-linear giving rise to slope (recovery rate) estimates of
—0.4496 + 0.0106 min~" for control neurons treated with aCSF (n= 52) and —0.0225 & 0.0054 min~' for neurons exposed to CSF
(n = 128). There was no overlap between the 95% confidence limits of each regression line. C, The rate of calcium influx was measured
using Mn** quenching of FURA-2. An estimate of the initial (2 min) influx rate of —0.0590 + 0.0005 min~" for control neurons was
similar to the rate of —0.0331 £ 0.0022 min~" for neurons exposed to CSF,,,. The more extended rate component (2 to 10 min) for CSF
(—0.0094 + 0.0005 min~!, n= 101) was substantially lower than the estimate for control neurons (—0.0238 + 0.0004 min~*, n= 80),
indicating less divalent cation influx.

recovery (efflux) could account for all of the changes
in steady-state intracellular calcium following treat-
ment with CSF.y.

Pathways for calcium recovery

To provide an indication of the relative contribu-
tion of various calcium recovery processes to the
long-term calcium destabilization seen after treat-
ment with CSFy.x, we attempted to mimic the toxic
process by treating cultures with inhibitors of each
of the major recovery pathways. The effects of each
inhibitor on neuronal calcium accumulation are sum-
marized in Figure 4. Each curve is contrasted with the

average effect of CSFx seen in parallel experiments
(open circles). The potential contribution of organelle
uptake of calcium by the endoplasmic reticulum and
the mitochondria to acute and long-term calcium
destabilization are illustrated in Figure 4A and B.
Inhibition of ATP-dependent calcium transport into
the endoplasmic reticulum by pretreatment with the
inhibitor thapsigargin (1 uM) resulted in a small
gradual increase in intracellular calcium that rose,
significantly (t = 9.06, df = 41, P < .001), to a peak
of 24% after about 3 min and remained relatively
stable thereafter. Inhibition of mitochondrial respi-
ration with carbonyl cyanide p-(trifluromethoxy)-
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Figure 4 Changes in neuronal intracellular calcium in response to chronic blockade of the sarcoplasmic-endoplasmic reticulum ATPase,
the mitochondrial uniporter, the plasma membrane calcium ATPase or the plasma membrane Na*/Ca** exchanger. A, B, Inhibition
of the sarcoplasmic endoplasmic reticulum ATPase by thapsigargin (n = 42) resulted in a gradual increase in intracellular calcium through
the acute phase (A) that was mostly sustained throughout the long-term phase (B) (note the change in scale from acute to long-term).
Inhibition of mitochondrial respiration with FCCP (n = 62) or the mitochondrial uniporter with ruthenium red (n = 209) both induced
an acute increase in intracellular calcium that gradually recovered to baseline. None of these compounds achieved the long-term increase
seen with CSF,. (open circles, n = 51). C, D, Blockade of the plasma membrane calcium ATPase with orthovanadate (vanadate, n = 41)
had a negligible average effect whereas inhibition of the Na*/Ca*" exchanger with benzamil (n= 31) or removal of extracellular Na*
(n = 78) resulted in a small, gradual acute rise (C) followed by a large delayed increase in calcium that mimicked the increase seen with

CSFox.(D).

phenylhydrazone (FCCP) resulted in a moderate,
rapid increase in intracellular calcium that peaked
at 20% (t =4.947,df=61, P < .001) and then de-
creased gradually to baseline. Ruthenium red, an
antagonist of the ryanodyne receptor and mitochon-
drial calcium transport, also resulted in an acute
peak of 24% (t = 10.02, df = 208, P < .001) followed
by a decrease to near-baseline levels. A few cells
showed late rises in calcium based on the criterion of
a 70.7% increase established earlier for the response
to CSFyox: thapsigargin, 9.5%; FCCP, 8.6%; ruthenium

red, 2.3%. This response frequency was similar to
that seen in control cultures (4.8%). The potential
contribution of plasma membrane calcium transport
processes to calcium destabilization is illustrated
in Figure 4C and D. Inhibition of the high-affinity
plasma membrane calcium transporter with sodium
orthovanadate (10 uM) had a negligible average ef-
fect on intracellular calcium accumulation, although
some individual neurons exhibited a large delayed
rise in calcium (4.2%). Inhibition of the plasma mem-
brane Na'/Ca®" exchange with benzamil (500 uM)
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induced a gradual and continuous rise in intracellu-
lar calcium that began after approximately 30 s and
continued to rise through the acute phase of the ex-
periment (Figure 4C; t = 3.086, df = 30, P < .01).
The average maximum long-term rise in intracellular
calcium of 97% (t = 4.284, df = 30, P < .0001 rela-
tive to basal) was similar to that seen following treat-
ment with CSFyo. The frequency of neurons respond-
ing to benzamil was 54.6%, slightly lower than the
69.8% seen with CSFy.y. To further evaluate the role
of the Na*/Ca?* exchanger, the sodium gradient was
reversed by the replacement of extracellular sodium
with an equimolar concentration of N-methyl-D-
glucamine (thereby inactivating the exchanger). In
the relative absence of extracellular sodium, a very
gradual acute rise (t = 4.693, df = 31, P < .001) was
seen (Figure 4C) followed by a rapid delayed rise (t =
8.769, df = 31, P < .001; Figure 4D). The delayed in-
crease was similar to that seen with benzamil and
CSFiox. The percentage of cells responding to the de-
pletion of extracellular sodium with a delayed in-
crease in calcium was slightly higher at 80.8% versus
69.8% for CSFox and 54.6% for benzamil. To verify
that the calcium increases were due to the inability
of the cell to recover from a calcium load, the kinet-
ics of recovery were estimated following a pulse of
100 uM glutamate. The average rates of recovery in
the presence of inhibitors of organelle calcium up-
take or plasma membrane calcium efflux are summa-
rized in Figure 5A and B, respectively. The average
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rate of recovery following glutamate-stimulated cal-
cium uptake (0.0649 + 0.0019 s~!) was unaffected by
ruthenium red (—0.0594 + 0.0048 s~ 1) but was accel-
erated 5.3-fold by thapsigargin (—0.342 £+ 0.0216 s *;
Figure 5A). Treatment with FCCP and orthovanadate
slowed the initial rate of recovery by 1.5- to 1.8-fold
relative to untreated cultures (Figure 5B). Benzamil
(Figure 5B) caused the most dramatic slowing (24-
fold) of the rate of intracellular calcium recovery
(—0.0027 4+ 0.0013 s71). Only a small reduction of
calcium was seen over the first 6.5 min. At later time
points, a significant rise in calcium was seen. Rela-
tive to controls, the extent of calcium recovery ranged
from 88% to 122% after approximately 9.5 min for all
drugs except benzamil. In the presence of benzamil,
the maximal recovery was 13% and occurred at 4 min
after the peak. This failure of cells to effectively clear
intracellular calcium in the presence of benzamil sug-
gests that the Na*™/Ca?" exchanger performs most of
this function under these conditions.

Discussion

How do HIV-associated toxins disable neurons?

A substantial body of work indicates that tox-
ins released by macrophages and microglia con-
tribute to the development of HIV encephalitis and
HIV-associated dementia. Numerous studies indicate
that the toxic activity involves glutamate receptor
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Figure5 Intracellular calcium recovery in the presence of blockers of the sarcoplasmic endoplasmic reticulum ATPase, the mitochondrial
uniporter, the plasma membrane calcium ATPase, or the plasma membrane Na*/Ca?* exchanger. Calcium recovery curves illustrate both
rapid and slower recovery components. A, Thapsigargin (n = 43) evoked a transient acceleration of calcium clearance that lasted about
90 s whereas ruthenium red (n= 11) did not affect calcium recovery relative to neurons challenged in the absence of drug (No Drug,
n = 70). Ruthenium red failed to show any difference in calcium recovery relative to the control curve (No Drug). B, Vanadate (n = 67) and
FCCP (n = 62) both caused a slight, transient suppression of recovery that lasted approximately 6 min. Benzamil (n = 22) produced an
almost complete suppression of calcium recovery acutely followed by an increase in intracellular calcium in the absence of any exogenous
stimulation. Estimates of the initial recovery rates (0 to 5 min) indicated that the rate in benzamil was 24-fold lower than control neurons

(No Drug).



activation (Haughey et al, 1999, 2001; Heyes et al,
1991; Holden et al, 1999; Lipton et al, 1991; Lipton,
1993; Nath and Geiger, 1998) and subsequent in-
creases in intracellular calcium (Dreyer et al, 1990;
Haughey et al, 1999; Holden et al, 1999; Nath et al,
1995; Navia et al, 1998). However, evidence impli-
cating glutamate receptors has largely been indirect,
showing that glutamate receptor antagonists suppress
toxicity or that putative toxins indirectly facilitate
the activation of glutamate receptors. For example,
the actions of HIV-1 and FIV envelope proteins and
the cytokine interleukin (IL)-6 appear to enhance the
ability of glutamate to evoke increases in intracellu-
lar calcium while having no clear direct actions at
glutamate receptors (Bernton et al, 1992; Bragg et al,
1999; Gruol et al, 1998; Lipton et al, 1991). Attempts
to more clearly define the mechanisms that underlie
cell injury present a complex picture in which nu-
merous pharmacological agents acting through very
different pathways have been shown to suppress
toxicity. Antagonists that block increases in intra-
cellular calcium accumulation through N-methyl-
D-aspartate (NMDA) glutamate receptors or inosi-
tol triphosphate (IP;)-regulated channels have been
among the most potent compounds that protect neu-
rons (Haughey et al, 1999; Holden et al, 1999; Lipton
1993), although substances that inhibit voltage-gated
calcium channels (Dreyer et al, 1990; Holden et al,
1999), chemokine receptors (Zheng et al, 1999b), and
Nat/K* exchange (Holden et al, 1999) have also been
shown to have protective efficacy. An obvious dif-
ficulty in the interpretation of these studies is that
it has been hard to pin down a single pathway that
might be primarily responsible for neurotoxicity and
therefore might be an effective therapeutic target. A
potential explanation for the apparent pharmacologi-
cal diversity in the above studies is that each pathway
may feed into a common intracellular end point that
is disrupted by exposure to the virus and/or related
toxins. The inability of the cell to clear intracellular
calcium may represent this common end point and
provide a unifying mechanism consistent with the
pharmacological observations.

CSFox and intracellular calcium regulation

The ability of CSFy. to suppress the clearance of in-
tracellular calcium sets the stage for subsequent cal-
cium accumulation in response to glutamate as well
as numerous other substances that mobilize extracel-
lular or intracellular calcium. The general nature of
the dysfunction would explain the calcium dysregu-
lation in astrocytes and microglia, as seen in Figures 1
and 2 and by others (Haughey et al, 1999; Holden
et al, 1999), as well as the apparent dependence on
synaptic transmission (Bragg et al, 2002b; Diop et al,
1994). Because the calcium overload represents an
imbalance in the cytoplasmic calcium influx and ef-
flux pathways, any antagonist that reduces the intra-
cellular calcium burden would provide partial pro-
tection (e.g., see Bragg et al, 2002b) but would not
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eliminate the problem. In order for therapeutic strate-
gies to be successful, the nature of the functional
changes, including the identification of the putative
microglial/macrophage toxins and their specific tar-
get(s) in the cell, that disable calcium regulation must
be more clearly defined.

Potential targets of CSFyox

There are four major pathways designed to re-
move calcium from the cytoplasm: the sarcoplasmic-
endoplasmic reticulum Ca?" ATPase (SERCA), the
mitochondrial Ca?" uniporter, the plasma membrane
Ca*t ATPase (PMCA), and the plasma membrane
Na™/Ca** exchanger (NCX). Although the pharmaco-
logical tools used for the assessment of calcium trans-
port and exchange have limited specificities, each
compound resulted in a unique pattern of calcium
accumulation. Blockade of calcium uptake into the
endoplasmic reticulum with thapsigargin resulted
in a progressive, acute increase in intracellular cal-
cium that was sustained at a fraction of the increase
seen with CSFy.. Inhibition of mitochondrial res-
piration with FCCP or blockade of calcium uptake
by the uniporter resulted in an acute increase in in-
tracellular calcium but only a negligible effect on
the long-term regulation of calcium. These obser-
vations are consistent with the failure of thapsigar-
gin to influence glutamate-elicited calcium transients
(Kiedrowski and Costa, 1995) and the putative role of
mitochondria in the regulation of acute calcium tran-
sients (Colegrove et al, 2000; Duchen, 2000; Vergun
et al, 1999). Thus, although mitochondrial respi-
ration and calcium transport into the endoplasmic
reticulum are undoubtedly important for cell sur-
vival, deficits in these functions cannot easily explain
the progressive increase in intracellular calcium in
response to CSFy« in the context of our experiments.
Blockade of the ATP-dependent transport of calcium
across the plasma membrane with orthovanadate also
failed to provoke the same magnitude of calcium
deregulation as CSF,x and induced only a small
transient reduction of the recovery rate. However, it
should be noted that a few neurons (<5%) showed a
pronounced deregulation of intracellular calcium in
the presence of orthovanadate, suggesting that con-
siderable variation may exist in the capacity for this
mode of calcium transport in individual neurons.
This observation is consistent with the identification
of PMCA isoforms with different activities (Carafoli
and Stauffer, 1994; Caride et al, 2001; Thayer et al,
2002) that participate in the rapid removal of small
amounts of calcium.

The combined evidence from our studies indicated
that only a dysfunction of the Na*/Ca** exchanger
was capable of generating the large delayed increase
in intracellular calcium associated with CSFiyy.
Benzamil, which preferentially inhibits the Na*/Ca?*
exchanger, and inhibition of exchange activity by re-
versal of the transmembrane sodium gradient were
the only treatments that mimicked the effects of the
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CSFiox. These observations are consistent with previ-
ous studies that suggest the Na*/Ca?" exchanger has
a much larger calcium efflux capacity than the PMCA
and accounts for regulation of cellular calcium home-
ostasis under a variety of physiological and patholog-
ical conditions (Castilho et al, 1999; Colegrove et al,
2000; Khodorov et al, 1993; Lu et al, 2002; Ranciat-
McComb et al, 2000; Thayer et al, 2002).

Na*/Ca?* exchange and intracellular

calcium overload

Three genetically distinct forms of the Na*/Ca?" ex-
changer designated NCX1, NCX2, and NCX3 have
been identified in brain (Thurneysen et al, 2002),
with NCX1 localized predominantly to neurons,
NCX2 localized to glia (Thurneysen et al, 2002), and
NCX3 limited to a subset of neurons. This distribu-
tion of NCX isoforms is consistent with effects of
CSFiox seen in neurons, astrocytes, and microglia and
further suggests the possibility of different functional
capabilities in different cells. Forward operation of
the exchanger is activated following excitatory stim-
ulation by glutamate (Khodorov et al, 1993; Yu and
Choi, 1997) or other substances that increase intracel-
lular calcium. Loss of exchanger activity due to ox-
idative damage (Huschenbett et al, 1998) and/or mito-
chondrial depolarization (Castilho et al, 1999) under
conditions of excitotoxicity have been suggested to
contribute to development of a poststimulation cal-
cium plateau (Castilho et al, 1999; Colegrove et al,
2000; Vergun et al, 1999), delayed calcium deregu-
lation, and death. A similar type of calcium plateau
was seen with CSFyy (Figure 3A) even after a brief
subtoxic pulse of glutamate, indicating a shift to-
ward an excitotoxic-like pattern. Thus, the physio-
logical effects of Nat/Ca®" exchange inhibition may
resemble excitotoxicity in many respects. However,
because the downstream dysregulation of calcium is
not strictly dependent on glutamate receptor stimula-
tion, therapeutics directed to glutamate receptors or
other individual upstream targets would be expected
to have limited efficacy.

Changes in other calcium buffering processes could
also contribute to the rise in intracellular calcium. In-
creased levels of calcium-binding proteins have been
shown to decrease the rate of calcium rise (Chard
et al, 1993) and have been shown to be neuropro-
tective in some (D’Orlando et al, 2002; McMahon
et al, 1998) but not all (Isaacs et al, 2000; Mockel
and Fisher, 1994) preparations. However, these pro-
teins saturate quickly and are thought to provide
acute local physiological modulation of action po-
tentials (Jackson and Redman, 2003). In addition to
the decrease in calcium rise, the kinetics of decay
are slowed in the presence of excess calcium-binding
proteins (Chard et al, 1993). These actions, thought
to be protective, contrast with the effects of CSFiux
in which an extended, slow calcium decay is asso-
ciated with deleterious effects. Thus, although a loss
of calcium buffering could contribute to calcium ac-

cumulations, we do not believe such proteins are the
major target of the actions of CSF.. It has also been
suggested that reversal of the Na*/Ca?* exchanger fol-
lowing depolarization may contribute to intracellular
calcium overload. The actions of CSF,,« on intracel-
lular calcium accumulation is unlikely to be due to a
reversal of the Na*/Ca?** exchanger because no acute
effects are apparent that would be expected to pro-
mote exchange reversal and no evidence was found
for increased calcium influx. This is consistent with
the findings of Storozhevykh et al (1998) in which
removal of external Na* greatly delayed calcium re-
covery in cerebellar granule cells after a glutamate
challenge, with no indication of calcium influx due to
reversed Nat/Ca®" exchange. Overall, evidence from
various studies have indicated that the Na*/Ca** ex-
changer plays an important role in maintaining in-
tracellular calcium homeostasis under normal and
pathological conditions. Toxin-induced loss of ex-
changer activity provides a compelling new theoret-
ical framework compatible with the diverse body of
literature on HIV-1-related toxins.

Materials and methods

Primary cultures of rat cortex

Pregnant female Long-Evans rats were lethally anes-
thetized in isoflurane and the uterus was removed
and placed in ice cold HEPES-buffered Hank’s bal-
anced salt solution (HBSS). The fetuses (E17) were
removed and the brain was harvested from the cra-
nium of each fetus and rinsed three times in fresh ster-
ile HBSS. The cerebral hemispheres containing the
cortex and hippocampus were dissected in calcium-
magnesium-free HBSS (CMF-HBSS), transferred to a
15-ml tube containing 5 ml CMF-HBSS + 1.25 U/ml
dispase + 2 U/ml DNase I, and incubated for 20 min
at 36°C. Tissue was then triturated by gentle passages
through the tip of a 10-ml pipette. The cell pieces
were allowed to settle for 2 min, and suspended cells
were transferred to a 50-ml culture tube containing
25 ml of complete medium. The remaining tissue was
resuspended in 3 to 5 ml CMF-HBSS and the trit-
uration procedure repeated until most of the tissue
was completely dispersed. The suspended cells were
counted and seeded at a density 250,000 cells/cm?
in each well of a 48-well plate for toxicity analysis
and 40,000 cells/cm? on poly-D-lysine—treated cover-
slips for imaging. The resulting cultures were approx-
imately 70% neurons on the first day after seeding
and contained a mixed population of neurons, glia,
and microglia at the time of testing. Cultures were fed
by 50% medium exchange three times per week.

Preparation of CSF samples

CSF was collected from HIV+ patients prior to the
introduction of highly active antiretroviral therapy
(HAART). Immediately after collection, the CSF was
centrifuged at 2500 rpm for 10 min and the cell-free



supernatant aliquoted and frozen at —80°C. Toxicity
testing had previously been done on 30-kDa ultrafil-
trates of the CSF, which removed virus and large pro-
teins. These previous studies indicated that this ultra-
filtrate retained all toxic activity (Meeker et al, 1999).
Based on these earlier experiments, CSF was defined
as toxic if cell death in the neural cultures was at
least 2 standard deviations above the cell death seen
in cultures treated with CSF from HIV-negative (HIV-)
patients with no cognitive impairment (Meeker et al,
1999) or a preparation of artificial CSF. The artificial
CSF was used as the vehicle for the CSF dilutions and
proved to be the best standard for defining normal
neuronal responses. Using this criterion, toxic CSF
samples increased cell death in the cultures by 93%
to 178% above the HIV— control CSF. Of these sam-
ples, 17% met the criterion for toxic activity. Toxic
CSF from eight individuals was pooled to provide
sufficient quantities of a consistent source for use in
these experiments and is designated CSFy.x. The goal
of these studies was to identify markers of toxic ac-
tivity in the central nervous system (CNS) that de-
velop during the early stages of pathogenesis. These
studies (Meeker et al, 1999) and parallel animal stud-
ies (Bragg et al, 2002a) showed that the toxic activity
appears early in the disease progression, well before
the appearance of clinically significant neurological
disease. The present experiments were intended to
characterize the basic cellular processes that lead to
neurotoxicity during these early stages of disease and
were not designed to provide direct clinical correla-
tions. Because of this, toxicity and not end-stage dis-
ease was used as a selection criterion for pooling the
CSF. Consequently, the CSF samples with toxic activ-
ity could reflect all stages of HIV-associated disease.
In Table 1, clinical information from the patients with
toxic CSF is contrasted with all other HIV+ patients
tested during the same time interval. Although these
values provide a general indication of the underly-
ing clinical picture associated with CSFyy, it should
be stressed that they currently have limited predic-

Table1 Clinical characteristics of patients from whom CSF,, was
collected relative to all HIV(+) individuals tested during the same
period

CSF,,x All HIV+
Toxicity score 112.9+17.8 9.8+3.8 (n=76)
Age (years) 36.5+ 1.6 41.7 +3.3 (n = 96)
Demetia stage (0-3) 0.25+0.09 0.11+0.03 (n = 93)
Neuropsych score 93.69+23.10 53.83+5.02 (n =93)
CD4 count 120.8 4 50.1 544.7 +41.8 (n = 94)

Plasma HIV (copies/ml) 120959+ 91089 81224 + 29907 (n = 40)
CSF HIV (copies/ml) 3064 + 1558 800+ 389 (n = 40)
AIDS CDC score 1.7540.16 0.91+0.11 (n = 56)

Note. CSF,,x was pooled from eight individuals. Toxicity scores
reflect the average percent increase in cell death in neural cultures
treated with the CSF relative to artifical CSF controls. The neu-
ropsych score is a composite of neuropsychological tests, with the
higher scores reflecting greater neuropsychological impairment.
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tive value. On the average, CSFx induced over 10
times the cell death as the remaining CSF (112.9% =+
17.8% versus 9.8% =+ 3.8% increase in cell death). In-
dividuals from whom the CSF;,, was collected were
slightly younger and had lower CD4 cell counts. Al-
though dementia scores and neuropsychology scores
were higher in the CSFyo group, few had progressed
to advanced stages of dementia (average score of 0.25
out of a maximum of 3). Both plasma HIV and the
CSF HIV copy numbers were greater in the CSFiox.
There was also a tendency for the CSF:plasma ratio
to be greater in the CSFyo. Although on the surface
this characterization suggests more rapid disease pro-
gression in the CSFx group, it is premature to draw
such conclusions. Because the CSF was sampled dur-
ing disease progression, we don’t yet know the end
point. We are continuing to follow these and other pa-
tients for a further and more extensive longitudinal
characterization of the CSF.

Measurement of the effects of CSFyox

on neuronal calcium

Neuronal cultures were washed 2x in HEPES-
buffered aCSF (concentrations in mM: NaCl 137, KCl
5.0, CaCl, 2.3, MgCl, 1.3, glucose 20, HEPES 10, ad-
justed to pH 7.4 with NaOH) and preloaded with the
calcium indicator, Fluo-3 AM (2 to 4 uM, Molecu-
lar Probes, Eugene, OR) in serum-free medium. Af-
ter 30 min, cultures were washed again, incubated
in serum-free medium for an additional 10 minutes,
then washed 2x in aCSF. The coverslips were re-
moved from the culture dish and mounted in a spe-
cialized stage for imaging. Cells were maintained in
1.0 ml aCSF and imaged at a final magnification of
817 x. Regions were selected to contain large cortical
neurons as well as smaller neurons and microglia, if
possible, for comparison. Time lapse digital images
were captured automatically by the Metamorph Sys-
tem (Universal Imaging, Downingtown, PA). Three
prestimulation measurements were taken to establish
basal levels of fluorescence at the beginning of each
experiment. These three readings + SD were used to
define the range of values considered to be basal cal-
cium levels. The increase in fluorescence intensity
within each cell was then measured relative to the
baseline measurements to correct for cell to cell dif-
ferences in dye loading and intrinsic fluorescence.
Cells were stimulated by addition of 1 ml of a 1:10
dilution of CSF;yy (final dilution 1:20). A static bath
was used to maintain exposure to the CSFy.x. Images
were collected automatically to measure both acute
and long-term changes in intracellular calcium. Con-
trol cultures were stimulated with vehicle in the same
fashion as the CSF;.x.

Measurement of intracellular calcium recovery
following a brief glutamate insult

Experiments designed to measure calcium recovery
were done in a flow cell. Cultures preloaded with
Fluo-3 were preexposed to CSFye (1:10 final dilution
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to give maximal effect) for 10 min and then stimu-
lated with a 6-s pulse of 100 uM glutamate in the
presence of 10 uM glycine using pressure delivery of
100 ul from a glass micropipette. A continuous flow
of aCSF (~0.5 ml/min) was used after the CSF,., in-
cubation to rapidly wash the glutamate from the cul-
ture. TTX (1 uM) was added to the aCSF to eliminate
any influences from synaptic activity. To analyze the
rates of recovery, the peak calcium level was deter-
mined (typically 6 to 12 s post stimulation) and des-
ignated t = 0. Neuronal fluorescence readings at all
time points following the peak were divided by peak
calcium (F/Fy). To estimate the rates of recovery, log
(F/Fo) was plotted versus time and the rate constants
(slope of the line) determined by regression analysis.

Pharmacology of calcium recovery

The following compounds were used to character-
ize the effect of various calcium recovery processes
on intracellular calcium homeostasis: thapsigargin
(1 uM), an inhibitor of the endoplasmic reticulum
calcium pump; sodium orthovanadate (10 M), an
inhibitor of the plasma membrane calcium trans-
porter; benzamil (200 uM), an inhibitor of the plasma
membrane Na'/Ca®* exhanger; FCCP (1 uM), an
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