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Acquired immunodeficiency syndrome (AIDS) is frequently 
associated with dementia. The wide spectrum of neurolog- 
ical abnormalities associated with this dementia may involve 
a neurotoxin that activates the NMDA subtype of glutamate 
receptor in neurons. We have found that the antimicrobial 
agent pentamidine, which is prescribed for AIDS patients for 
the prophylaxis and treatment of Pneumocystis cariniipneu- 
monia, is an effective NMDA receptor antagonist. Pentami- 
dine inhibited 3H-dizocilpine binding to the NMDA receptor 
in rat brain membranes at a site separate from glutamate, 
glycine, and spermidine, with an affinity near 2 PM. Similar 
concentrations of pentamidine block NMDA-induced in- 
creases in intracellular Ca*+ and NMDA-induced currents in 
cultured forebrain and cortical neurons, apparently without 
use dependence or voltage dependence, suggesting that 
pentamidine may represent a novel chemical class of NMDA 
receptor antagonist. Finally, pentamidine protects neurons 
from the lethal effects of acute NMDA exposure in vitro. As 
pentamidine may accumulate in the brain at relevant con- 
centrations following repeated high-dose parenteral admin- 
istration, these findings suggest that the drug may be neu- 
roprotective in viwo. 

Infection with the human immunodeficiency virus- 1 (HIV- 1) is 
commonly associated with profound disturbances in CNS func- 
tion (Navia et al., 1986a; Gabuzda and Hirsch, 1987). Most 
studies have reported that CNS disturbances, collectively termed 
HIV- l-associated dementia complex (Report of a working group 
of the American Academy of Neurology AIDS Task Force, 199 l), 
eventually develop in 60% or more ofpatients with AIDS (Navia 
et al., 1986a; Gabuzda and Hirsch, 1987). The basis of these 
neurological alterations is presumably associated with the 
pathological changes in neuronal as well as non-neuronal cells 
that are observed in postmortem specimens (Navia et al., 1986b; 
Gabuzda and Hirsch, 1987; Price et al., 1988). Although loss 
of cortical neurons has been demonstrated in several studies 
(Ketzler et al., 1990; Everall et al., 1991; Wiley et al., 1991), 
HIV-l generally does not directly infect neurons (Wiley et al., 
1986, 199 l), and the precise etiologic agent underlying HIV-l- 
associated dementia complex is not clear. A neurotoxic action 
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of the HIV- 1 coat protein, gpl20, has been suggested (Brenne- 
man et al., 1988; Dreyer et al., 1990). Recently, Lipton et al. 
(199 1) demonstrated that gpl20-induced neurotoxicity could 
be prevented by the NMDA receptor antagonists 2-amino-5- 
phosphonovalerate (APV) and dizocilpine (MK801). Increased 
cerebrospinal fluid levels of quinolinic acid, an endogenous neu- 
rotoxin that activates NMDA receptors, has also been found in 
patients afflicted with AIDS (Heyes et al., 1989, 199 1). Finally, 
it was recently demonstrated that HIV- l-infected human mono- 
cytoid cells secrete a neurotoxin (Giulian et al., 1990; Pulliam 
et al., 199 1). This neurotoxin is apparently different from quin- 
olinic acid, but nevertheless kills cells by a mechanism that can 
be blocked by NMDA receptor antagonists (Giulian et al., 1990). 
Although the chemical nature of this neurotoxin remains un- 
known, these data suggest that an NMDA antagonist may be 
useful therapeutically in AIDS patients to prevent or delay the 
onset of the component of dementia that arises from the loss 
of neurons. 

The bisamidine antimicrobial pentamidine is frequently used 
in AIDS patients in both the treatment and prophylaxis of op- 
portunistic lung infections by Pneumocystis carinii. Recent 
structure-activity studies in our laboratory with arcaine, which 
is a competitive antagonist at the polyamine site on the NMDA 
receptor complex (Reynolds, 1990a,b), suggested that pentam- 
idine might also act as an NMDA receptor antagonist. Accord- 
ingly, we investigated possible interactions of pentamidine 
NMDA receptor and report here that pentamidine is a potent 
and effective NMDA receptor antagonist. Moreover, pentami- 
dine also protects neurons against the neurotoxic actions of 
NMDA, thus demonstrating that pentamidine is a novel neu- 
roprotective agent in vitro. 

Materials and Methods 
Receptor binding assays. Nonequilibrium 3H-dizocilpine binding and 
dissociation kinetic assays were performed using well-washed mem- 
branes from rat brain as previously described (Reynolds and Miller, 
1988b; Reynolds, 1990a). Nonspecific binding was defined by the ad- 
dition of 30 NM unlabeled dizocilpine. Data were analyzed using the 
EBDA and KINETIC routines (Elsevier Biosofi, New York, NY). 

CelI culture. Primary cultures were prepared from embryonic day 1 l- 
18 rat fetuses as previously described (Aizenman et al., 1990). For [Ca’+], 
recordings, cells were plated on poly-L-lysine-coated 3 1 mm glass cov- 
erslips in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 
with 10% fetal bovine serum, penicillin (24 U/ml), and streptomycin 
(24 pg/ml). After 24 hr the medium was replaced with one containing 
10% horse serum and the coverslips were inverted. Cultures were used 
2-t weeks later. For neurotoxicity and electrophysiological studies, cells 
were plated on 12 mm coverslips coated with collagen and poly+lysine 
in DMEM with 10% F- 12, 10% heat-inactivated iron-supplemented calf 
serum, penicillin (24 U/ml), and streptomycin (24 &ml). This medium 
was changed on a Monday-Wednesday-Friday schedule. Cells were 
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Figure 1. Pentamidine inhibits ‘H-dizocilpine binding to NMDA re- 
ceptors. A, Nonequilibrium 3H-dizocilpine binding was inhibited by 
pentamidine. The apparent potency of pentamidine was similar in the 
presence of 0.1 ELM glutamate and 0.03 FM glycine (1.82 f  0.25 PM; 
squares) and 100 PM glutamate and 30 PM glycine (2.59 * 0.19 PM; 
circles), but was significantly reduced by the addition of 50 PM sper- 
midine (6.85 f  0.44 PM; p < 0.01, Student’s t test, triangles). Hill slopes 
were 0.84 + 0.09, 1.63 + 0.06, and 1.3 1 & 0.07 respectively. The results 
represent the mean (?SEM) of five experiments performed in duplicate. 
B, Spermidine increased ‘H-dizocilpine binding in a concentration-de- 
pendent fashion. Pentamidine clearly reduced both the maximum re- 
sponse and the affinity of spermidine at each concentration tested. The 
results represent the mean (+SEM) of four experiments performed in 
duplicate. C, Pentamidine, like Zn2+, slowed the dissociation of 3H- 
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treated with 2 PM cytosine arabinoside after 2 weeks, and cells were 
used 1 week later. 

Intracellular Caz+ recordings. [Caz+], was monitored in individual 
cultured forebrain neurons that had been loaded with 5 PM fura- AM 
(Molecular Probes) in HEPES-buffered salt solution (HBSS) that con- 
tained 5 mg/ml BSA for 1 hr as previously described (Reynolds et al., 
1990). After rinsing, coverslips were mounted in a chamber (approxi- 
mately 0.5 ml vol) and perfused with Mg2+-free buffer at a rate of 20 
ml/min. Neurons mounted in this way were illuminated using light from 
a 150 W Hg-Xe lamp that was alternately filtered through 340 and 380 
nm narrow band-pass filters and directed to a Nikon Diaphot micro- 
scope using a liquid light guide and quartz optics. Fluorescence output 
from individual neurons was passed through a 5 10 nm narrow band- 
pass filter, and light collection was limited to the cell body by means 
of a rectangular diaphragm placed in the light path. Background fluo- 
rescence was subtracted from the signal by moving the coverslip to a 
cell-free area at the end of the recording period and recording light levels 
from an identical area. The signal was not otherwise filtered. The ratio 
of the background-subtracted fluorescence signal was converted to [CY+], 
by means of parameters obtained from a calibration curve (typical val- 
ues: R,,,, 0.3; R,,,, 5.5; constant, 600) derived by using 20 PM fura- 
free acid with 10 EGTA-buffered free Ca*+ concentrations between 10 
and 1500 nM. Drugs were applied by superfusion, typically employing 
20 set exposure to agonists and 3 min pretreatment with antagonists. 
In the absence of pentamidine, the mean NMDA- and glycine-stimu- 
lated increase in [Ca*+], was 363 + 51 nM (n = 13) above basal levels 
of 20-50 nM. 

Electrophysiological studies. Whole-cell patch-clamp recording con- 
ditions were similar to those described earlier (Aizenman et al., 1988). 
Cells were continuously superfused at a rate of 0.5 ml/min with a phys- 
iological solution based on Hank’s salts (composition, in mM: NaCl, 
137; NaHCO,, 1; NaHPO,, 0.34; KCl, 5.36; KH,PO,, 0.44; CaCl,, 2.5 
HEPES, 5; dextrose, 22.2; phenol red, 0.011 g/liter; adjusted to pH 7.2 
with 0.3 N NaOH). One micromolar TTX was routinely added to the 
superfusate. Glycine (1 PM) was added to minimize llariability of this 
amino acid among dishes (Johnson and Ascher, 1987). The intracellular 
pipette solution contained (in mM) CsCl, 140; MgCl,, 1; CaCl,, 1; EGTA, 
2.25; HEPES, 10; adjusted to pH 7.2 with concentrated TEA-OH. Whole- 
cell recordings were performed with patch electrodes of 3-5 MQ, utilizing 
an Axopatch IC patch-clamp amplifier (Axon Instruments). Data were 
acquired and analyzed with a PC-based computer/interface system and 
commercially available software (pamp, Axon Instruments). Drugs 
were applied via puffer pipettes placed in close proximity to the cells 
under study. 

Toxicity studies. Assessment of cell survival was performed by count- 
ing surviving cortical neurons utilizing trypan blue exclusion (Pixley 
and Cotman, 1985; Aizenman et al., 1990). Cell counts were performed 
under phase-contrast optics with an inverted microscope at 200 x mag- 
nification. Neurons were identified as phase-bright cells with one to 
three long, tapering processes. The accuracy of this identification has 
been confirmed by both tetanus immunocytochemistry and electro- 
physiology (Rosenberg and Aizenman, 1989). Neurons that had ex- 
cluded the dye were counted over 30 fields (7.5 mm2) with the use of a 
grid-containing eyepiece. Cell counts were performed by a person blind 
to the arrangement of treatment groups. 

Materials. Pentamidine isethionate was obtained from Sigma (St. 
Louis, MO). )H-dizocilpine (22.5 Ci/mmol) was purchased from DuPont/ 
New England Nuclear. Unlabeled dizocilpine was a gift of Dr. Richard 
Ransom (Merck Sharp and Dohme, West Point, PA). All other materials 
were from commercial sources. 

t 

dizocilpine. Both pentamidine and Zn*+ were tested at 10 PM. This 
concentration was sufficient to reduce the dissociation rate of )H-di- 
zocilpine from 0.00354 + 0.0009 to 0.00227 + 0.0008 min-l in the 
presence of pentamidine and to 0.002 19 & 0.000 11 min-l in the pres- 
ence of Zn*+ (mean f  SEM; n = 4). One-way ANOVA revealed a 
significant difference between groups (F = 64.6; p < O.OOOl), and post 
hoc tests with the Bonferroni correction for comparison of multiple 
means showed a significant difference between pentamidine and control 
and also Zn2+ and control @ i 0.00 1). 
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Figure 2. Pentamidine inhibits NMDA- and glycine-induced [Caz+li 
increases. A, [Ca2+li changes in cultured forebrain neurons were moni- 
tored using the Ca*+-sensitive fluorescent dye fura-2. NMDA (30 PM) 
and glycine (1 PM) were added together at the arrowheads. Two control 
responses were obtained in the absence of pentamidine. Pentamidine 
was added at the concentrations indicated starting 100-l 20 set before 
addition of NMDA and glycine. A short period of perfusion of pentam- 
idine-free buffer was sufficient to reverse the drug action substantially. 
The trace represents data from a typical cell. B, Concentration-response 
data for inhibition of NMDA- and glycine-induced [Ca’+], increase. The 
Hill slope of this plot was 0.56 + 0.093. The data represent the mean 
(BEM) of 6-12 determinations per point made in separate cells. C, 
The a&on of pentamidine is relatively specific for NMDA receptors. 
A concentration of pentamidine sufficient to inhibit NMDA response 

Results 
We tested pentamidine for activity at the NMDA receptor com- 
plex by monitoring )H-dizocilpine binding to rat brain mem- 
branes. Pentamidine effectively inhibited 3H-dizocilpine bind- 
ing (Fig. 1A) with an apparent potency of 1 .I32 + 0.25 PM (mean 
f SEM; n = 5) in the presence of low concentrations of gluta- 
mate and glycine and 2.59 + 0.19 I.LM in the presence of satu- 
rating glutamate and glycine concentrations. The absence of a 
significant different in potency under these two conditions sug- 
gested that pentamidine did not bind to the glycine or NMDA 
recognition sites. Sodium isethionate had no effects at concen- 
trations up to 1 mM. The addition of 50 PM spermidine to the 
high glutamate and glycine condition significantly reduced the 
potency of pentamidine in inhibiting 3H-dizocilpine binding to 
6.85 f 0.44 PM (n = 5; p < 0.01, Student’s t test). However, it 
is unlikely that this was the result of a competitive action at the 
polyamine site as pentamidine decreased both the affinity and 
maximal effect of spermidine in stimulating 3H-dizocilpine 
binding (Fig. 1B). In contrast, the competitive polyamine an- 
tagonist arcaine predominantly decreases the apparent potency 
of spermidine (Reynolds, 1990a,b). Moreover, low concentra- 
tions of pentamidine decreased the dissociation of 3H-dizocil- 
pine (Fig. 1 CL’), an effect mimicked by Zn*+ but not arcaine (Reyn- 
olds, 1990a,b). 

We next examined the actions of pentamidine in more func- 
tional assays ofNMDA receptor activity. Pentamidine inhibited 
NMDA/glycine-induced increases in intracellular free Ca*+ 
([Ca*+],) in cultured forebrain neurons from fetal rats. Half- 
maximal effects of pentamidine were observed at about 3 PM, 

and the effects were both rapid in onset and quickly reversed 
by washing without subsequent agonist application (Fig. 2). 
Pentamidine was relatively selective for NMDA receptors, as 
high concentrations did not alter responses to AMPA or to 
depolarization with 50 mM KCl, and had only small effects on 
kainate-induced increases in [Caz+li (Fig. 20. Kainate responses 
obtained in this way are insensitive to AP5 (I. J. Reynolds and 
E. Aizenman, unpublished observations), so the effects of pen- 
tamidine are thus unlikely to be the result of inhibition of the 
action of synaptically released glutamate acting at NMDA re- 
ceptors. Similar concentrations of pentamidine (3-30 MM) also 
effectively reduced voltage-clamped NMDA/glycine-induced 
whole-cell currents in cultured cortical neurons from fetal rats. 
Within the range of concentrations tested (3-30 PM, n = 1 l), 
we found the block to be fully reversible (Fig. 3A) as well as 
voltage independent (Fig. 3B). Similar to the Ca*+ experiments, 
the action of pentamidine could be reversed without subsequent 
agonist application in the whole-cell recordings. Full reversal of 
the block at all holding potentials was usually observed by the 
first application of agonist following pentamidine removal, which 
usually occurred within 1 O-30 sec. 

Many studies have demonstrated that acute NMDA exposure 
produces a delayed cell death in culture that is believed to mimic 
neurotoxic actions ofglutamate-like agonists in viva (Choi, 1988). 
Presumably, for pentamidine to be neuroprotective, it should 

t 

by about 80% had no effect on [Ca*+], increases elicited by depolarization 
with 50 mM KCl, or by application of 50 PM AMPA. Pentamidine 
produced a small but significant (p < 0.05, t test) decrease in the [CW+], 
response produced by 100 PM kainate. These results represent the mean 
(SEM) of five or six data points obtained in separate neurons. 
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Figure 3. Effects of pentamidine on NMDA-evoked whole-cell cur- 
rents in cortical neurons in culture. A, Reversibility of block. Whole- 
cell responses in a cortical neuron in culture after application of 30 ju+I 
NMDA and 1 PM glycine (GLY) alone (Control & Recovery) or in com- 
bination with 30 NM pentamidine. Note that the large degree of block 
produced by pentamidine is completely reversible. The neuron was 
voltage clamped at -60 mV. B, Effects of transmembrane potential on 
pentamidine block: whole-cell responses obtained from a second cortical 
neuron after annlication of 30 PM NMDA and 1 PM glycine (GLY) alone 
or in combination with 3 PM pentamidine. The neuron was voltage 
clamped at -60 and +30 mV. Note that the extent of block produced 
by this concentration of pentamidine is equal at both potentials. Thus, 
in three cells tested, 3 PM pentamidine produced 67.5 + 7.1% inhibition 
at -60 mV and 63.8 * 7.9% inhibition at +30 mV holding potential. 

Cont Pent NMDA NMDA+ 
Pent 

Figure 4. Neuroprotective actions of pentamidine in astrocyte-rich 
cultures of cerebral cultures. Assessment of neuronal survival in sister 
coverslip cultures was performed after the following treatments: Cont. 
vehicle alone; Pent, 30 min exposure to 5 PM pentamidine; NMDA, 30 
min exposure to 200 FM NMDA, NMDA + Pent, 30 min exposure to 
a combination of 200 PM NMDA and 5 PM pentamidine following a 
30-min exposure to 5 FM pentomidine alone. Viability was assessed 18- 
24 hr after drug treatments with a trypan blue exclusion method. Values 
shown are pooled from four different experiments from two separate 
culture dates and represent means ? SEM, each experiment was per- 
formed in triplicate. A one-way ANOVA revealed significant differences 
between treatment groups (F = 4.6; p = 0.02). Two post hoc tests among 
selected groups with a Bonferroni correction for two comparisons re- 
vealed a statistical difference between the Cont group and the NMDA 
group (**p = 0.006) and between the NMDA and NMDA + Pent groups 
(*p = 0.02). 

effectively prevent delayed NMDA-induced cell death. Figure 
4 shows that incubating cortical cultures with 200 PM NMDA 
for 30 min was sufficient to kill more than 50% of the neurons, 
assessed by a trypan blue exclusion method. The addition of 5 
PM pentamidine together with the agonist was sufficient to pre- 
vent this action of NMDA completely. It is noteworthy that this 
concentration reduced the NMDA-induced [Ca2+li change by 
60%. Pentamidine (5 PM) was also effective in protecting neurons 
when included for 24 hr after NMDA exposure (data not shown). 
In preliminary studies we have found that overnight incubation 
with pentamidine at concentrations above 30 MM produces a 
marked change in the morphological features of the neurons and 
glia in our culture system. These changes include a loss of phase 
brightness by the neurons as well as the apparent retraction of 
glial processes (Fig. 5) although the cells still excluded trypan 
blue. Removal of pentamidine did not result in recovery of cell 
morphology 24 hr later. We are currently investigating the po- 
tential toxic properties of pentamidine. It is noteworthy, how- 
ever, that these morphological changes were not produced by 
concentrations of pentamidine (5 PM) that were completely neu- 
roprotective in our toxicity assay, even after a prolonged (24 
hr) exposure. 

Discussion 
This study has demonstrated that pentamidine is an effective 
NMDA antagonist in vitro and can prevent NMDA-induced cell 
death in primary cultures of cortical neurons. This finding is of 
particular significance because pentamidine is currently in clin- 
ical use for the treatment of Pneumocystis carinii pneumonia 
in patients with AIDS. As described earlier, the HIV-l-asso- 
ciated dementia complex that eventually develops in the ma- 
jority of AIDS patients is a complex phenomenon associated 
with changes in both neuronal and nonneuronal cells in the 
brain. The neuronal component of this dementia complex may 
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Figure 5. High concentrations of pentamidine are toxic. Cortical neurons were incubated for 24 hr in the absence (A) or presence (B) of 30 PM 
pentamidine. Similar observations were made in four separate culture preparations. The pentamidine-treated cells still excluded trypan blue, but 
the change in morphology of the cells made it difficult to determine whether there was a significant loss of neurons or glia. Scale bar, 40 pm. 

arise from the action of a range of possible neurotoxins (Giulian 
et al., 1990; Pulliam et al., 1991) that either mimic NMDA or 
enhance the neurotoxic effects of NMDA (Heyes et al., 1989, 
1991; Giulian et al., 1990) or, in the case of gp120, synergize 
with glutamate at the NMDA receptor complex (Lipton et al., 
199 1). As an NMDA receptor complex-based mechanism seems 
to be a final common pathway for the action of most of these 
toxins, an NMDA receptor antagonist would appear to be the 
optimal therapeutic agent. In this study we have shown that 
pentamidine prevents NMDA-induced neurotoxicity. This sug- 
gests that pentamidine will also inhibit the action of these neu- 
rotoxins, although this remains to be directly demonstrated. If 
the loss of neurons that is observed in AIDS patients (Ketzler 
et al., 1990; Everall et al., 199 1; Wiley et al., 199 1) is a critical 
event in the development of HIV- l-associated dementia com- 
plex, then parenteral pentamidine use might be associated with 
a lower incidence of neurological dysfunction. However, we are 
unaware of any clinical study that has directly addressed this 
possibility. 

The relevance of our findings to the clinical situation depends 
in part on the bioavailability and pharmacokinetic character- 
istics of pentamidine in humans. A recent study of the distri- 
bution of pentamidine in AIDS patients postmortem suggested 
that repeated high doses of pentamidine given intravenously or 
intramuscularly results in measurable accumulation of the drug 
in brain in about 35% of patients (Donnelly et al., 1988). The 
mean measurable concentration in the brain was 2.4 &gm 
tissue. Assuming equal distribution between compartments and 
assuming that 1 gm is equivalent to 1 ml, this would correspond 
to a concentration of 1.2 PM pentamidine, which is clearly an 
effective concentration based on our results. It is also noteworthy 
that the limit of detection in the study of Donnelly et al. (1988) 
corresponds to 2.4 PM. Thus, even brains that did not contain 

measurable pentamidine concentrations may still have phar- 
macologically relevant levels. It is also notable that brain pent- 
amidine could be detected in one patient over a year after the 
last dose was administered. This suggests that pentamidine may 
accumulate slowly and be eliminated slowly, which represents 
ideal characteristics for a drug to treat a slowly progressive 
disorder like dementia. More recently, pentamidine has been 
administered by aerosol in order to deliver the drug directly to 
the intended site of action and to avoid systemic toxicity (e.g., 
Hirschel et al., 1991; Murphy et al. 1991). This route of ad- 
ministration will presumably result in lower accumulation in 
the brain. 

The mechanism of action of pentamidine has not been fully 
resolved. It is unlikely that pentamidine acts directly at the 
NMDA or glycine recognition site as the addition of high con- 
centrations of either agonist did not significantly alter the ap- 
parent potency of pentamidine in the 3H-dizocilpine binding 
assay. Although the action of pentamidine could modulate the 
effects of spermidine, this interaction did not appear to be com- 
petitive in nature. Thus, the shift in the affinity of pentamidine 
(2.59 to 6.85 FM) produced by the addition of 50 PM spermidine 
(IO-fold above the EC,, for spermidine) is less than the 1 O-fold 
change predicted for a competitive antagonist. It is also clear 
that the profile of the interaction of pentamidine with the sper- 
midine concentration-response curve (Fig. 1B) is distinct from 
that observed with arcaine, the prototypical competitive poly- 
amine antagonist (Reynolds, 1990b). In addition, pentamidine 
slowed the dissociation of 3H-dizocilpine, which has previously 
been observed with Zn2+, but not the polyamine antagonists 
arcaine or diaminodecane (Reynolds and Miller, 1988b; Reyn- 
olds, 1990a). Moreover, no functional inhibition of NMDA 
response with arcaine has been observed (I. J. Reynolds, un- 
published observations). Thus, the principal effects of pentam- 
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idine are apparently not related to competitive antagonism of 
the polyamine site on the NMDA receptor complex. The ab- 
sence of voltage and use dependency apparently precludes an 
action at either the Mg2+ or phencyclidine sites (Mayer et al., 
1984; Nowak et al., 1984; Honey et al., 1985; Huettner and 
Bean, 1988; MacDonald and Nowak, 1990). If pentamidine acts 
at a previously described site, the Znz+ site appears to be the 
most likely site of action (Peters et al., 1987; Westbrook and 
Mayer, 1987; Forsythe et al., 1988; Reynolds and Miller, 1988a), 
although with the data presented in this study we cannot de- 
termine whether pentamidine is actually acting at the Znz+ site 
or simply mimicking the actions of Zn2+ by binding to a distinct 
site elsewhere on the receptor complex. Nonetheless, an action 
at the Zn2+ site would be consistent with the excellent agreement 
of potency in the various assays, the lack of competition between 
pentamidine and glutamate, glycine, and spermidine, the slow- 
ing of the dissociation of 3H-dizocilpine, the voltage indepen- 
dence of its action, and its neuroprotective actions, all of which 
have been observed with Znz+. 
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