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Mobilization of intracellular calcium stores participates in
the rise of [Ca?*]; and the toxic actions of the HIV coat
protein GP120
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Abstract

The HIV envelope glycoprotein, GP120, increases intracellular Ca?" concentration and induces degeneration of human and animal
neurons in culture. Using patch-clamp recordings and Ca2" imaging techniques, we have now examined the contribution of
intracellular stores of calcium in the effects of GP120. We report that in rat hippocampal neuronal cultures, GP120 induces a
dramatic and persistent increase in [Ca?"]; which is prevented by drugs that either deplete (caffeine, carbachol, thapsigargin) or
block (dantrolene) Ca2* release from intracellular stores. In contrast, N-methyl-p-aspartate (NMDA) receptors or voltage-dependent
calcium channels do not participate in these effects, as: (i) the increase in [Ca2*]; was not affected by NMDA receptor antagonists
or calcium channel blockers; and (i) and GP120 did not generate any current in whole-cell recording. Dantrolene, a ryanodine
stores inhibitor, also prevented neuronal death induced by GP120. Our results show that the GP120-induced rise in [Ca?™);
originates from intracellular calcium stores, and suggest that intracellular stores of calcium may play a determinant role in the
pathological actions of GP120.

Introduction

Both native and recombinant envelope glycoprotein GP120 of thehat external calcium may provide the sources for the toxicity. On
human immunodeficiency virus type 1 (HIV-1) induce neurotoxicity the other hand, there are several indications that intracellular stores
in cultures of rodent retinal ganglion cells or hippocampal neuronf calcium may also play a role in various pathologies, including
(Brennemaret al., 1988; Dreyert al., 1990; Loet al., 1992; Muller those that depend on the activation of NMDA receptors (review in
etal, 1992; Savio & Levi, 1993; Meuci & Miller, 1996) and human Mody & MacDonald, 1995).

brain neuronal cultures (Lannuzetal, 1995). This protein may We have now studied the role of intracellular stores of calcium in
therefore participate in the central nervous system (CNS) damagihe effects of GP120 on hippocampal neurons in culture using whole-
that occurs in patients with acquired immunodeficiency syndromeell recordings in parallel with intracellular calcium measurement.
(AIDS) (Price etal, 1988; Ketzleretal, 1990). The mechanisms We report that in postnatal (Postnatal day 2; P2) rat hippocampal
underlying this toxicity have not been determined, but there arecultures maintaineth vitro for more than 15 days, GP120 induces a
several indications that, as for other brain pathologies (Choi, 1988)Xjramatic and persistent rise in [€3; in neurons. This rise is entirely
the damage may be mediated by a toxic accumulation &t Cia due to the release of calcium from intracellular stores, as it was fully
cultures of rat neurons, GP120 induced a slow rise irf{G;awhich blocked by drugs that either deplete stores or preveAt @auced
was blocked byN-methylp-aspartate (NMDA) receptor antagonists C&'-release, and is not affected by antagonists of NMDA receptors
(Lipton etal, 1991; Loetal, 1992) orL-type calcium channel or calcium channels. The toxicity of GP120 was also prevented by
blockers (Dreyeet al., 1990; Loet al,, 1992). However, GP120 did dantrolene, a ryanodine stores inhibitor. Therefore, our results suggest
not change [C&']; in embryonic cultures of rat hippocampal neurons that in hippocampal neurons, intracellular calcium stores play a major
(Meuci & Miller, 1996) or human CNS neurons (Lannuzlal., role both in the C&" rise and the GP120 toxicity. A preliminary
1995), but potentiated the NMDA-induced €arise in both prepara- report of this work has been presented (Medital., 1996b).

tions. GP120-induced neurotoxicity is also abrogated by the NMDA

receptor-channel blocker MK801 (Liptcet al., 1991; Sindowet al., .

1994; Lannuzekt al,, 1995; Meuci & Miller, 1996) and by blockers Materials and methods

of voltage-gated calcium channels (Dreyral, 1990), suggesting  Primary culture of rat hippocampal neurons

Cultures were prepared from the hippocampi of 2-day-old postnatal
(P2) Wistar rats killed by rapid cervical dislocation. The hippocampi
were removed and dissected free of meninges in cooled (6 °C)
oxygenated phosphate-buffered saline (PBS) witR*Cand Md¢".
' They were then transferred to €a and Md¢*-free PBS, cut
) ) o ) into small pieces (0.2-0.4 mm) and incubated for 30 min at room
tPresent addresPharmakologisches Institut, Universitat Bern, Switzerland. temperature (20-22 °C) with 0.3% (w/v) protease fraspergillus
Received 14 April 1998, revised 30 September 1998, accepted 2 November 1998/zae (type XXIIl) and 0.1% (w/v) DNAse (type I). The reaction

CorrespondenceY. Ben-Ari, as above.
E-mail: ben-ari@cochin.inserm.fr

*Present addressDepartment of Cardiology, Children’s Hospital, Boston
MA 02115, USA.



1168 |. Medinaet al.

A
A
NMDA,1s At=2s
250 A
5 250
3]
=
=
© 2
b S E
125 § 5
= a
w o
5
# ¢ & @& B i
0
B NMDA
6007 +
S 120, bath
LE 4001 i O e B NMDA
5 fwﬂm PR o 0%
200 l gp 120, pipette o 10004
\ s
3 8 =
01 - Roepsoammie-ortd - :é‘i 7504  gp 120
0 2 4 6 — e
Time (min) R(..u 500
S
C D 250 -
—=—gp 120
400 —o—NMDA 5
300 0 —
S 137
Lf 200 =
: :
100 ,EE:
7 7 O
0 2 4 6 8 10 % 100 1000
Time (min) gp 120 concentration (pM)
Fig. 1. Fig. 2.

Fluorescence units

© 1999 European Neuroscience AssociatiBaojopean Journal of Neuroscienctl, 1167-1178



GP120-induced rise in [G4]; in neurons 1169

was stopped with 10% NU serum (Becton Dickinson, Franklin Lakesjdentification of neurons in the mixed culture (functional NMDA
NJ, USA). The tissue was washed and triturated using a fire-polishedeceptors having so far been reported only for neurons, McBain &
Pasteur pipette in Ga- and Mg"-free PBS with 0.05% DNAse. Mayer, 1994). We also used NMDA applications to eliminate neurons
After a brief centrifugation (5 min, 3000 r.p.m.), the cell pellet was whose [C&"]; was initially high; only neurons showing an NMDA-
resuspended in culture medium and plated at a density of 20 000wduced increase in fluorescence of at least 200% were analysed.
40 000 per cri Growth medium contained 10% NU serum and 90% Finally, we used this test to estimate the time of {Ta recovery,
Eagle’s minimum essential medium (EMEM, Gibco, Rockville, MD, i.e. the efficiency of the cell's G4 extrusion systems; neurons
USA) supplemented with penicillin (5 U/mL) and streptomycinuy were included in the analysis only when cells recovered to control
mL). Glass coverslips' were coated with 1@/mL poly+-lysine  fluorescence levelst{ 10%) within 60 s of NMDA application.

(MW range 30 000-70 000, Sigma, St Louis, MO, USA). Petri dishes Where mentioned, fluorescence was measured simultaneously with
were incubated at 37 °C in an atmosphere of carbogen (95%n@  patch-clamp recording. In this case, the patch pipette containgei 30
5% CG,)) and high (100%) humidity. Twenty-five per cent of the fluo-3 to prevent washout during whole-cell recording.

culture medium was freshly replaced twice a week. Cells were viable Changes in fluorescence were quantified off-line using the program

for up to 6 weeks. Fluo (IMSTAR, Paris, France). Part of the image, corresponding to

the limits of a cell (mainly the border of the soma) was outlined on
Measurement of intracellular calcium-dependent fluo-3 one of the images, and fluorescence was quantified within those limits
fluorescence in all successive images, recorded at selected intervals. Changes in
To monitor changes in [G4];, neurons were loaded withja fluo-  fluorescence were calculated &&/Fni,, where AF = (F —Fmin);

3 acetoxymethyl ester (AM). Neurons were washed witt?fggee  Fmin IS the mean fluorescence of four to 10 images before the first
external solution containing (in m): NaCl, 170; KCI, 1; CaGj, 2;  application of NMDA or other agentst is the fluorescence of
N-2-hydroxyethylpiperaziné¥ -2-ethanesulphonic acid (HEPES), 10; Subsequent imageaF, induced by applications of NMDA, caffeine,
glucose, 10; pH 7.4; were incubated with fluo-3 AM (Molecular (1S,3R)-l-gm|nocyclopentane-l,S-dlcarboxyllc acithA¢PD) and
Probes, Eugene, OR, USA) for 30 min in the dark at room temperaturf'apsigargin, was taken as the difference between the peak value of
(2022 °C), the dye washed off and the coverslips reincubated in thuorescence changes during drug applications g Changes in
dark for a further 30-60 min at room temperature to allow de-fluorescence induced by GP120 were calculated as the difference
esterification of the dye. Petri dishes or coverslips with dye-loaded®tWeenFmiy and the mean fluorescence of five consecutive points,
cells were transferred to the stage of an Axioscope Karl Zeisdncluding the maximal one selected during or 60 s after GP120
microscope (40< water immersion lens) to which a confocal laser aPplication. Cells were considered to be non-responding when this
scanning microscope (BioRad, Hercules, CA, USA) equipped witH€an was not significantly different froff, (P < 0.05).

an argon—krypton laser and a photomultiplier is combined. Excitation o ]

was delivered at 488 nm and the emission intensity was recorded &ra-2 videoimaging

> 500 nm. All measurements were made at room temperature, &ells were loaded with Am fura-2 AM using the same procedure
previously described (Medinatal, 1996a). During experiments, as described above for fluo-3. Fura-2 fluorescence was imaged with
neurons were continuously perfused with external solution containingn Axioscope Karl Zeiss microscope (40water immersion lens).

1 pm tetrodotoxin (TTX) and 1Qum 6-cyano-7-nitroquinoxaline-2,3- The cells were illuminated using the monochromator Polychrome I
dione (CNQX). Drugs (GP120, caffeine, dantrolene, etc.) were appliedPhotonics, Planegg, Germany) at 340 and 380 nm. Emitted light
via five parallel tubes (inner diameter 50t) placed at a distance passed through a 480 nm barrier filter to an intensified CCD camera
of 2-5 mm from the cell. To prevent leakage of drugs into the bath(Photonics). Excitation control, image acquisition and outline analyses
the tips of the tubes were filled with external solution. At the of images were performed using Axon Imaging Workbench-2 (Axon
beginning or end of each experiment, brief (1-s) test pulses piv60 Instruments, Foster City, CA, USA). Every cell in the image was
NMDA with 20 um glycine were applied though a micropipette analysed independently for each time point in the captured sequence.
placed under visual control within 40—@@n of the soma of a neuron, Ratios at saturating and zero Ta(Ryax andRmin, respectively) were

as previously described (Mediret al., 1994, 1996a). This enabled obtained by perfusing cells with external solution containingnb m

Fic. 1. Effects of NMDA (50um) and GP120 (200w) on calcium-dependent fluorescence in 2-week-old cultured hippocampal neurons. The external solution
in all experiments containediiv TTX and 10um CNQX (see Materials and methods). (A) Consecutive confocal images obtained every 2s (a) and 5s (b) in
the same cell. (a) Sixteen consecutive fluorescence changes in response to brief NMDA application to the soma from a distance phafeMD@5s was

applied for 1 s in the pause between the acquisition of the second and third images). (b) Twenty-four consecutive fluorescence changes during GP120 applicat
The bar above images 3-10 indicates the presence of GP120 in the bath. Note the slow rise in fluorescence induced by GP120. (B) Changes in fluorescenc
the neuron illustrated in A during focal application of GP120, which increased the fluorescence. (C) Average changes in fluorescence induced by long (40
bath applications of 5am NMDA (n = 18) and 200 p GP120 @ = 19), as indicated. The plot shows mearSEM data. (D) Dose-response curve of GP120
concentration versus fluorescence change; the numbers denote the number of experiments.

Fic. 2. Limited effect of GP120 on [CG4]; in glial cells. (A) Fluorescence of cells loaded with fura-2 AM(@). Excitation wavelength= 380 nm. The
microscopic field includes one neuron (marked by ‘N’) and 15 glial cells. The star indicates a glial cell responding to application of GP120 (B, response ir
bottom plots). The neuron was identified visually by using morphological criteria and the response evoked by bath application of NMDAv{&0glycine

(10um, B, top plot). (B) [C&"]; change in the neuron (top plot) and glial cells (bottom plot) during application of GP120 and NMDA. Note that the NMDA
application induced an additional [€4; increase in the neuron but had no effect on4Qain the glial cells. The only glial cell that responded to GP120

(open circles) is identified in A (star).

Fic. 3. Neurons and glial cells loaded with fluo-3. This image was obtained following focal application of NMDA to the neuron (red arrow). A second
micropipette (yellow arrow) containing 20nmcaffeine was positioned close to a glial cell (caffeine 1) or neuron (caffeine 2); the fluorescence changes in the
neuron and the eight marked glial cells during focal application of caffeine in position 1 (close to glial cell 4) or position 2 (close to the neuron) are shown
below in Fig. 6.
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TasLE 1. Summary of fluorescence changes during GP120 application under different experimental conditions

GP120 derivative AF/F in total AF/F in responding neurons Responding neurons
Experimental condition (%) P (t-test) n (total) (%) P (t-test) ) (%)
Bacculovirus

APV + C** 219+ 55 0.656 20 312 63 0.954 14 70

APV + D600 160+ 52 0.794 19 27273 0.759 11 57

Control (no blockers) 181 59 12 305+ 67 7 58

MK-801 + D600 163+ 23 0.762 22 239 11 0.625 14 64

Control (no blockers) 17% 35 7 230+ 11 5 71

MCPG (+ D600 + APV) 102+ 33 0.797 21 160- 46 0.754 13 61

Control (+ D600 + APV) 119+ 44 7 189+ 51 4 57
Cho cells

APV + C* 112+ 50 0.811 7 195+ 58 0.93 4 57

Control (no blockers) 129 46 6 188+ 41 4 67
Drosophila

APV + C* 202+ 98 0.714 4 268t 102 0.65 3 75

Control (no blockers) 163 56 8 216+ 59 6 75
Bacculovirus

+antibodies 83 7 0 0 0

+denaturated ab 11t 39 0.005 4 143+ 31 — 3 75
Drosophila

+antibodies 54 6 0 0 0

+denaturated ab 149 68 0.043 5 246+ 59 — 3 60

+preimmune serum 16% 66 0.04 6 242+ 66 — 4 67

Experiments with different GP120 derivatives and different blockers were performed on different culture Hatshews the significance of the difference in
fluorescence, either from no-block control or from antibody condition.

CaCl, and 4um ionomycin, and subsequently with a ¥afree  fields) were counted per coverslip, with two to three coverslips for
solution containing 5 m ethylene glycol bif§-aminoethyl ether)- each experiment. Cell survival was calculated as the percentage of
N,N’-tetraacetic acid (EGTA). The [€4]; was determined according neurons incorporating fluorescein diacetate (or not incorporating

to the equation of Grynkiewicet al. (1985). propidium iodide). Quantitative measurements after GP120 treatment
gave similar results with either dye. However, the results obtained with
Electrophysiological recording propidium iodide are presented as they allowed clear discrimination

Electrophysiological recordings were performed using the patchP&tween viable and damaged cells, being impermeable to the intact
clamp technique in whole-cell configuration. Currents were recordedn€mbrane. Fluorescein diacetate-treated coverslips always had
using EPC-9 amplifier (HEKA Electronics, Liambrecht) and stored ™= 25% weakly fluorescent neurons, which were difficult to classify
on digital tape using a DTR 1201 recorder (Bio-Logic, Claix, France) @S ‘living’ or ‘dead". All quantifications were made on living cultures
Unless otherwise mentioned in the text, the internal solution containeB€cause both the fluorescein diacetate and propidium iodide was
(in mm): CsCl, 100; Cs-gluconate, 80; EGTA, 1.1; CaCD.2;  Washed outfrom part of cells after fixation with 4% paraformaldehyde.
HEPES-Cs, 10; Mg-ATP, 4.0; guanosiné-tphosphate (GTP), Neurons were identified visually as cells with characteristic shape
0.6; creatine phosphate, 6.0; pH 7.2. The resistance of recordingiendritic tree). After some experiments< 5), cells were fixed and

borosilicate glass pipettes was 3-&@Mand series resistance was in Neurons were identified by using monoclo@aiubulin II antibodies
the range of 10-30 KA. The external solution contained (inmji  (Sigma Chemical, St Louis, MO, USA). No difference in the amount

NaCl, 170; KCI, 1; CaC2|, 2; MgC|2, 1; HEPES, 10; glucose, 10; of neurons identified visually.and immunocytochemically was found
pH 7.4. TTX (1pm) and CNQX (10um) were routinely added to (100-300 neurons per experiment).
block synaptic activity.
To record current—voltage relationships, ramps of potential fromMaterials
—100 mV to+30 mV (duration 1 s) were applied using pPCLAMP 6 Three types of recombinant HIV-1 GP120 were used in the present
software (Axon Instruments, USA), a Labmaster DMA board (D|PS|’study: GP120 from a baculovirus expression system (GP120-bac)
Francg) and an IBM AT compu_te_r_(lntersys, USA). For_ analysis, data(lntracel Corporation, Washington D.C., USA); GP120 from the
were filtered at 1-3 kHz and digitized at 5-10 kHz using pCLAMP- j,ammalian (cho cells) expression system (GP120-cho) (Intracel
6 software. Corporation); and GP120 derivative JR-FL produced from Drosophila
o Schneider 2 cells (GP120-JR-FL) was obtained as described (Wu
Cytotoxicity assay etal, 1996), and was provided by R. Wyatt (Dana-Faber Cancer
To study the toxic effect of GP120, 14-day-old cultures of neuronsnstitute, Boston, MA, USA). GP120 was kept as 200 stock
were incubated for 24 h with 4004pGP120 and/or other drugs as solution at —20 °C. This stock solution was diluted to 2@0ith
mentioned. Then, fluorescein diacetate () or propidium iodide  the external solution 2—10 min before application. Rabbit polyclonal
(7.5um) were applied for 2 h to stain viable and dead cells, respectantibody to GP120 (IgG purified, Intracel Corporation) was reconstit-
ively. Cells were washed with external solution and visualized usinguted with water at a concentration of 1 mg/mL, stored at —20 °C and
a Nikon fluorescence microscope with Nomarski optics or a confocadliluted to 4ug/mL with a 200 m GP120 solution extempora before
scanning microscope. At least 100 neurons (five to 10 microscopian experiment.
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Dantrolene was from Sigma Chemical; a 2@ stock solution was  of GP120 (200 p) induced a slow (30-90 s) increase in fluorescence
prepared in dimethyl sulphoxide (DMSO) (20v); taking steps to  in 12 out of 19 experiments. The average fluorescence change was
avoid exposure to strong light at any stage and stored at —20 °Q.79 + 39%, n = 19 (unless otherwise mentioned, the meaBE
Thapsigargin was from Alomone Laboratories, Jerusalem, Israelevel of fluorescence change was calculated for all the experiments).
Propidium iodide and fluorescein diacetate were from MolecularBecause GP120 increased?Can only 60% of neurons, we mention
Probes, Eugene, OR, USAa-methyl-4-carboxyphenylglycine the level of fluorescence in these responding neurons as well as their
(MCPG), CNQX, p-2-amino-5-phosphonopentanoic aciotAPV), number (for details see Table 1). The apparent half-maximal activation
NMDA were from Cookson Tocris, Bristol, UK. All other reagents, concentration (EC50) of GP120 was 110 (Fig. 1D). This value is
unless otherwise specified, were from Sigma Chemical Co. in the same range as that reported previoush6( pv) by Dreyer

All results are presented as mean valueSEM, and Student’s- etal (1990). The high level of fluorescence persisted in all neurons
test was used to compare two groups of data with significant differencfor at least 3—7 min after washoubR/Fp,;, = 180+ 40%, n = 19,
taken to be at the 5% level. 4 min after washout, Fig. 1C). The slow time course of GP120 action
and the persistence of €arise were not due to the perfusion system,
as application of NMDA (5Qum with 20 um glycine) produced a fast
(<5s) and reversible rise in €adependent fluorescence that
GP120 induces a persistent increase in [Ca®" ]; recovered immediately after washout in 11 out of 18 neurons. Four

Figure 1A and B illustrates the increase in fCh induced by  minutes after NMDA applicationAF/Fp,, was 37= 17% ( = 18)
application of NMDA and GP120-bac to hippocampal neurons fromand was significantly different from fluorescence observed 4 min after
P2 rats maintained in culture for more than 15 days. NMDA wasGP120 application (Fig. 1C). Interestingly, the effects of GP120 were
applied at the beginning and/or the end of each experiment to confirrabserved only during the first application. A second application,
that cells were neurons and not glia, and to estimate the amplitudeven 3 h later, had no effect on [€3; (AF/F = 2 = 3%, n = 13).

of fluorescence change during the increase irf{(;asee Materials  Therefore, all experiments were performed on neurons from separate
and methods). A brief 1-s pulse of NMDA (%01) with glycine  cover slips or culture dishes.

(20 um) through a micropipette (142m in diameter) induced a fast To verify whether the observed effects were specific for GP120,
rise in C&"-dependent fluo-3 fluorescence (by 58%8%;n = 12)  we have used recombinant glycoprotein from three different sources:
that recovered to control levels within 10-30s. A similar focal (i) from bacculovirus; (i) mammalian; and (iii) drosofila expression
application of GP120 (400-6004p through a micropipette (10— systems (see Materials and methods). All three GP120 derivatives
30 um from the soma) did not have any significant effect on{Ga  had similar effects on neuronal &a (Table 1). Another test for
(AF/Fin = 19 £ 13%,n = 12, Fig. 1B). In contrast, bath application specificity of the effect of GP120 was performed by using GP120

Results

© 1999 European Neuroscience AssociatiBnropean Journal of Neuroscienctl, 1167-1178
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immunodepletion with 41g/mL purified polyclonal anti-GP120 anti- GP120-cho (five out of 73 responding glia) and GP120-JR-FL (two

bodies. Solution of the immunodepleted GP120 from bacculoviruout of 64 responding glia). Ratiometric calcium measurement showed

and the drosofila expression system failed to change the neuron&P120-bac-induced increase in fC} in five out of eight neurons

calcium in 10 and 12 experiments, respectively (Table 1). In contrasiby 317+ 121 v, n = 8) but in only 15 out of 236 glial cells

the application of GP120 (200w incubated with denatured antibodies (263 + 62 v, n = 15 and 20+ 6 nv, n = 236, respectively; Fig. 2).

(15 min at 80 °C) or rabbit preimmune serum significantly increased

neuronal C&" (Table 1). The rise in [Ca2*]; is not mediated by glutamate receptors or
Ratiometric calcium measurement using fura-2AM confirmed thesevoltage-gated calcium channels

observations: GP120-bac (20@)pincreased neuronal [€a] by  Early studies suggested that GP120 may act via the release of

328+ 89 (n = 11), whereas the immunodepleted solution had nogjytamate, and an indirect activation of both NMDA receptors and

effect on [C&"]; (A[Ca**]; was 15+ 6 v, n = 9, SD,P < 0.05). voltage-gated channels (Dreyetral., 1990; Liptonet al., 1991). We
o ) therefore studied the effect of GP120 on fCh in the presence of
Limited effects of GP120 on glia blockers of NMDA and voltage-gated calcium channels. Thé"Ca

Because glial cells have been suggested to be involved in signahflux through voltage-gated calcium channels, activated by voltage
transduction from GP120 to neurons (Dreyer & Lipton, 1995; Meucisteps from —80 to —20 mV, during simultaneous fluorescence and
& Miller, 1996; see also below and Discussion), we simultaneouslywhole-cell recording, was effectively blocked by 100 C#" as
measured GP120-induced calcium changes in both neurons and gbaown previously (Medinat al., 1994) or by 10Qum methoxyverapa-
(e.g. see Fig. 2). Using the above approach we could visualize onmil (D600) (not shown). In contrast, thetype calcium channel

to three neurons and five to 20 glial cells in a single image (sedlocker nimodipine (1Qum) did not block the increase in [€4];

Fig. 3). Bath application of GP120-bac increased’[Qgin eight out  induced by depolarization (not shown). NMDA receptors were effec-
of 91 glial cells studied in 14 experiments (on averddeF was tively blocked by the competitive NMDA channel antagomstPV

13+ 4%, n = 91 and meam\F/F in the eight responding cells was (100um, Fig. 4A). In the presence af-APV (100um) and Cd"
109+ 22 rm). Similar results were observed after application of (100um) or D600 (100um), GP120 induced changes of €a

© 1999 European Neuroscience AssociatiBaoyopean Journal of Neuroscienctl, 1167-1178
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Fic. 6. (A) Neurons and glial cells loaded with fluo-3. This image was obtained following focal application of NMDA to the neuron. A second micropipette
containing 20 mn caffeine was positioned close to a glial cell (caffeine 1) or neuron (caffeine 2); the fluorescence changes in the neuron and the eight marke
glial cells during focal application of caffeine in position 1 (close to glial cell 4) or position 2 (close to the neuron); see Fig. 3 for full colour version of this
panel. (B) Application of caffeine at position 1 induced a calcium rise in glial cells 6 and 5, but not in the neuron. Application of caffeine at position 2 induced
a calcium rise in neuron and only one glial cell 2. (C,D) Effects of focal applications of,a2@affeine (C) or 3Qum carbachol (D) on the response induced

by a subsequent bath application of 200 BP120. Note that a second application of caffeine (C) or carbachol (D) induced a much smaller increase in
fluorescence than the first one, suggesting that the stores are empty.

dependent fluorescence similar to those observed in control conditiortee presence af-APV, TTX, CNQX and Cd™ (to block all ongoing
(Fig. 4A, Table 1). MK801, an open NMDA channel blocker, also did synaptic activity), GP120 increased intracellular calcium in seven out
not significantly affect changes in [€4]; induced by GP120 (Table 1). of 13 experimentsJF/F = 174+ 41% in responding cellsn(= 7)

We then studied a possible involvement of metabotropic glutamatand 94+ 33% in all cells ¢ = 13)]. The analysis of voltage—current
receptor (MGIluR)-dependent calcium release from intracellular storeselationships in responding cells before, during and after GP120
Application of 10um TACPD, a mGIuR agonist, induced a transient application did not reveal any transmembrane ionic current (Fig. 5D).
increase in fluorescence by 25172% (= 12, Fig. 4B, Table 1). Therefore, the rise in [Gd]; induced by GP120 in 2-week-old
MCPG (10um), which antagonizes mGIuRs in certain populations of cultured hippocampal neurons is not due to the activation of ionotropic
hippocampal neurons, effectively prevented this d§e/F = 4 = 1%, or metabotropic glutamate receptors. It is also not mediated by
n=38, SD, P =0.001), but failed to block the effects of GP120 voltage-gated calcium channels or other channels that can be measured
(Fig. 4B and Table 1). by whole-cell patch-clamp.

We also tested a possible action of GP120 on NMDA receptor To prevent a possible contamination of the calcium signal, sub-
currents. Application of the protein did not modify the amplitude of sequent experiments were performed in the presence qfisi@@+
currents induced by 5am NMDA or the voltage-dependent Mg or 100um D600 and 10Qum APV.
block of these channels. Beside® activation of membrane current
was observed in the range of potentials from —90+bb mV (n = Depletion of intracellular stores by caffeine or carbachol
43), [Fig. 5A and B, see also Liptoetal, 1991]. This set of prevents the effect of GP120
experiments cannot, however, exclude the possibility that the patchFwo types of intracellular G stores have been characterized, i.e.
clamp recordings were performed on neurons insensitive to GP12@he inositol trisphosphate (JRsensitive and ryanodine-sensitive stores
Thus, we made simultaneous measurements of fluo-3 fluorescen¢®r reviews see Henzi & MacDermott, 1992; Berridge, 1993, 1997;
and whole-cell current during GP120 application (Fig. 5C and D). InSimpsonet al., 1995). These stores can be activated and depleted by
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Fic. 7. Inhibitors of intracellular stores prevent the GP120-induced calcium response in neurons, but not in adjacent glial cells. (A,B) The fluorescence chanc
in neuron (A) and glial cells (B) during bath application of 1@ thapsigargin and 200\pGP120, as shown by bars. One neuron (A) and seven glial cells (B)
were visualized in one frame. (B) Fluorescence changes in the single responding glial cell and the mean fluorescence of non-respondiad)cells (

(C) Dantrolene (1Quwv) blocks the effects of GP120 (12&pon neurons. Note that dantrolene also abolished the calcium rise induced by caffeine and decreased
the NMDA-induced calcium rise by 30%. Caffeine (2@ml0 s) was applied focally as in Fig. 6A. Dantrolene and GP120 were bath applied. (D) Out of seven
glial cells observed, in only one did GP120 change the fluorescence and the effect was not blocked by dantrplene (10

caffeine (an agonist of ryanodine-sensitive stores) and carbachadlise (AF/F = 360 and 520%). Therefore, this approach is suitable to
which increases the turnover of inositol phosphates by muscariniselectively stimulate Ga stores in neurons without affecting the
receptor activation (Simpsoetal, 1995). The interpretation of C&" stores in glial cells. Repeated tests showed that the effects of
experiments based on bath applications of caffeine or carbachol i®ath applications of GP120 were fully prevented by focal applications
however, complicated, as both agonists increase calcium in gliabf caffeine QF/F =39+ 12%, n= 16) or carbachol AF/F =
cells, which subsequently modulate f¢§ in neighbouring neurons 18 + 13%,n = 6) to neurons, suggesting an involvement of neuronal
(Nedergaard, 1994). Furthermore, glial cells may be involved inC&" stores in the actions of GP120 (Fig. 6C and D).

signal transduction from GP120 to neurons (see Dreyer & Lipton, Because these results suggest that GP120 induces releas&"of Ca
1995; Meuci & Miller, 1996). We therefore developed a procedurefrom intracellular stores, we wanted to know whether the failure of
that enables selective stimulation and depletion of calcium stores iGP120 to induce the [G4]; rise in 30% of neurons during the first
neurons or glial cells under visual control (Fig. 6A and B). Caffeineapplication and in all neurons during the second application is related
(20 mv) or carbachol (3um) were applied focally (to neurons or to the refilling of stores by calcium. We found that all neurons=(

glial cells) by micropipettes (tip diameters: 0.5#h). As shown in  5) which did not respond to GP120 in this set of experiments showed
Fig. 6, a application of caffeine to a neuron induced® Caise in an increased [CGd]; in response to focal applications of caffeine
neuron but not glial cellsn(= 18 out of 21 experiments), or in (AF/F = 201 =+ 56) and carbachol\F/F = 171+ 40, carbachol was
neuron and one to two adjacent glia (three experiments). The caffeirgpplied 2 min after caffeine). GP120 (20@)pwas routinely present
application to a single glial cell increased calcium in the target cellin the bath during caffeine and carbachol application. Moreover, four
and in one to five adjacent glial cells. In most experiments (12 oubut of four neurons which responded to the first application of GP120
of 14), the activation of glial cells had no effect on calcium in (AF/F = 208+ 38%) and showed no change in f&% during
adjacent neurond\F/F,in = 8 = 3,n = 12). Only in two experiments  the second application 45 min latehR/F = 11 = 5), responded to
did the activation of glial cell by caffeine induce a neuronal calciumcaffeine QF/F = 222 + 34) and carbacholF/F = 232 + 29).
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compared to control values obtained at the caffeine carbachol
beginning of each experiment. Asterisks show prepulse prepulse dantrolene dantrolene
values significantly different from controls carbachol caffeine thapsigargin thapsigargin
(pairedt-test). In experiments with caffeine prepulse prepulse garg

application after a carbachol prepulse, caffeine
was first applied to estimate the control value,
then the intracellular calcium was increased by
a 1-5 -s application of NMDA to recharge
stores, as shown in Fig. 8C, and a carbachol
pulse was finally applied. A similar approach
was used to restore the calcium pool mobilized
by carbacholn denotes the number of
experiments. (B) Inhibition of neuronal
responses evoked by caffeine (2&jrand
carbachol (3Quwm). As in Fig. 8C, the
intracellular store agonist (caffeine or
carbachol) was first applied, the stores were
then recharged by NMDA, and then it

n=13 n=18
dantrolene or thapsigargin was bath applied for

at least 60 s. CGd was mobilized by a focal .

application of caffeine or carbachol, and the —

peak amplitude of responses was compared to gp120 after carbachol + thapsigargin
that obtained at the beginning of the after caffeine + dantrolene

experiment. Asterisks denote values
significantly different from controls (paired
test). (C) The effects of GP120 are prevented
by caffeine, carbachol, dantrolene or D E
thapsigargin. Similar experiments are shown in

Figs 6C and D and 8A and C. (D) Glial cell

responses to GP120 in control conditions and 30, 150
in the presence of 1am dantrolene or
thapsigarginn denotes the number of glial
cells tested in 14 control experiments, seven
experiments with dantrolene and eight
experiments with thapsigargin. (E)

Mean= SEM changes in fluorescence of glial
cells responding to GP120 alone, and in the
presence of dantrolene or thapsigargin. Glia

104
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o
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The properties of intracellular calcium stores in the CNS have nopretreatmentn = 9, P = 0.01, Fig. 8A). Similarly, caffeine also had
been fully characterized (for review see Simpstral, 1995). In  a significant, albeit smaller, effect on carbachol-induced calcium
cerebella granule cells, {ensitive and ryanodine-sensitive stores release AF/F = 212+ 61% in control and 7% 39% after caffeine
are coupled (Irvinget al., 1992). We therefore studied the interactions application,n = 12, P = 0.016, Fig. 8A). Caffeine and carbachol
between caffeine and carbachol responses in hippocampal neuronsregsponses were significantly decreased both by thapsigargpm(1.0
order to evaluate whether GP120 responses are mediated by one aadblocker of the endoplasmic reticulum LaATPase (Fig. 8B) and
or the other C&" store. Both types of intracellular stores were dantrolene (1quv), a ryanodine stores inhibitor. However, dantrolene
effectively mobilized by brief 10-s applications of agonists (caffeine,was more effective on the caffeine respon&&/F = 270 = 72%

20 mv or carbachol, 3@uv), and consecutive applications of the in control and 55+ 29% in the presence of dantrolene,= 8,
same agonist had a much weaker effect (Fig. 6C and D, for meaR = 0.01) than on the carbachol or8H/F = 272 + 80% in control
data see also Fig. 8A,). Pretreatment with carbachol significanthand 149+ 42% in the presence of dantroleme= 12, P = 0.017).
reduced the response evoked by caffeine (caffeine-induced rise dtherefore, as in the cerebellumstBensitive and ryanodine-sensitive
fluorescence by 228 61% in control and 3@ 7% after carbachol stores are coupled in hippocampal neurons.
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A * P2 rat hippocampi, GP120 (40®pdid not induce significant changes
801 in neuron density even 4 days after application (not shown). However,
* the number of neurons incorporating fluorescein diacetatqul0
10 * viable cell marker) or propidium iodide (7)Bv, dead cell marker)
changed significantly. Figure 9 shows the changes in the number of
living neurons (neurons not incorporating propidium iodide) induced
by GP120 in different experimental conditions. A 24 h GP120
7 (400 pv) treatment of cultures with either GP120 derivative signific-
Q 7 antly decreased the population of viable neurons. The application of
o dantrolene (1Qum) protected neurons from GP120 toxicity. Interes-
tingly, the neurotoxicity of GP120 was effectively reduced by MK801,
but not APV, even at relatively high concentrations (Fig. 9).

404

NN

Surviving cells (%)
NN

Discussion

B The principal observation of our study is that the increase if{a
generated by GP120 in hippocampal neurons is due % @zlease
[ Gp120-bac from intracellular stores. The effects of GP120 on neuronaf{Ga
Il Gp120-cho do not involve NMDA receptors or other measurable channels.
[ Gp120JRFL Earlier studies suggested that the rise indQainduced by GP120
is due to activation of the NMDA receptors or voltage-gated calcium
channels (Dreyeket al,, 1990; Liptonetal, 1991; Loetal., 1992).
However, in whole-cell recordings, GP120 did not generate or
modulate ionic currents, nor did it affect NMDA-receptor mediated
currents (Liptonetal, 1991). As a possible explanation for the
- contradiction between Ga-measurements and electrophysiological
Gp120 Gp120+dantrolene . ..
Gp120+MK801 recordings, the authors proposed a local rise in endogenous glutamate
which could be generated by the glycoprotein but was not detectable
Fic. 9. Dantrolene abrogates neuronal injury mediated by GP120. (A)in whole-cell experiments. Our whole-cell patch-clamp recordings
Neurotoxicity induced by GP120-bac. Cultured neurons were incubated witlhonfirmed that GP120 does not generate ionic currents, and provided

GP120 (400 p) for 24 h with or without various antagonists as indicated. . - : : s <
Note that GP120-induced toxicity was prevented both by dantrolengn{LO direct evidence that in hippocampal neurons, the rise ir? [fds

and MK801 (10um) but not by APV, even at a relatively high concentration Mediated neith(_ar by NMDA receptors nor by Vo_Itage-gated calcium
(300um). Asterisks indicate values significantly different from those observedchannels, as: (i) a large €arise was observed in the presence of
with GP120 aloneR < 0.05). Each column represents the average result fromplockers of NMDA and voltage-gated calcium channels at concentra-

six to 22 experiments. (B) Similar neurotoxic effects of the different GP1204i0ns that fully block currents generated by their activation: and (ii
derivatives. Results obtained during neurons incubation with GP120 (400 p y g y ’ (i)

GP120+ MK801 and GP120+ dantrolene are normalized to corresponding " Simultaneous whole-cell recording and fluorescence monitoring,

Surviving cells (normalised)

control levels [no GP120 added, MK801 (§@) and dantrolene (1aw),  the rise in [C&*]; was not associated with ionic currents.
respectively]. Asterisks indicate values significantly different from those Our results strongly suggest that GP120-induced increase in
observed at control (no GP120 added). neuronal [C&"]; is due to release from intracellular stores. Botl-IP

sensitive and ryanodine-sensitive stores are involved, as GP120 did
Inhibitors of intracellular stores prevent GP120-induced rise in not QVOke arse in [dg]i.When they were either depleted (by
[Ca?*], caffeine, carbachol or thapsigargin) or blocked by dantrolene. Because

) ] these stores interact and are coupled in hippocampal neurons, as
We tested the effect of thapsigargin and dantrolene on the GP12Qnown in the present study, we cannot exclude the possibility that

induced increase in [¢4];. Thapsigargin (1Quv) strongly prevented actions of GP120 primarily involve one of them.

the effects of GP120-bac (med¥/F = 9 + 6%, n = 18, Figs 7A To determine the mechanisms underlying the effects of the protein,
and 8C); only in one experiment did GP120 induce an increase i’great efforts were made to directly induce the rise in{Gaby focal
fluorescence in the presence of thapsigargin (110%, not shownyppiications of GP120 on visually identified neurons or glia. These
Dantrolene (1Quv) also completely prevented the increase in fluores-yere however, unsuccessful, and even high concentrations of GP120
cence induced by_a subsequent applic_ation of GP120-hB4-(= (400-600 i) did not increase [C4],. We cannot offer a simple

3+ 1%, n =13, Figs 7C and 8C). Similarly, dantrolene prevented aypjanation for this failure. One possible explanation is that the target
the effect of GP120-JR-FIAF/F = 15+ 6%,n = 7). Parallel experi- ot GP120 is found in dendritic sites that were not affected by focal
ments were performed in order to determine a possible role of gliahppication of the glycoprotein. An alternative explanation is that the
cells in mediating the actions of dantrolene and thapsigargin Ofhrotein does not act directly on neurons but on other populations of
neurons. As shown in Figs 7B and D, and 8D and E, neithetee|is, and in particular glial cells including macrophages that were
dantrolene nor thapsigargin affected the {achanges produced in present as in earlier studies. Earlier studies have suggested that GP120
glial cells by GP120. Therefore, the effects of the envelope proteincts on glial cells to release a neurotoxic substance that potentiates
are prevented when neuronal stores are blocked or depleted. the activation of NMDA receptors (Dawsoet al, 1993; Hewett
etal, 1994; Ushijimaetal, 1995; also see below). Our results,
however, indicate that the rise in neuronal ¢k induced by GP120

To study GP120-induced neurotoxicity, we have used severatloes not involve glutamate receptors, either directly or indirectly, as
approaches (see Materials and methods). In 14-day-old cultures froih was observed even when ionotropic (AMPA and NMDA) and

Dantrolene prevents GP120-induced neurotoxicity
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metabotropic glutamatergic receptors were fully blocked. Furthermorgeceptor; NMDA,N-methylD-aspartate; P2, postnatal day 2; PBS, phosphate-

the simultaneous measurement ofzft]ain neurons and glia showed buffered salinefACPD, (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid;
L . . TTX, tetrodotoxin.

that the envelope protein increased T in less than 10% of glia

(23 out of a total of 337 glia studied, see also Coda&tal., 1995).

The glial response was not affected by the application of dantrolene
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