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ABSTRACT
1-Aminocyclopropanecarboxylic acid (ACPC) has been shown
to protect against neuronal cell death after ischemic insult in
vivo. Such results can be correlated with in vitro assays in
which ACPC protected neurons against glutamate-induced
neurotoxicity by reducing the activity of N-methyl-D-aspartate
(NMDA) channel activation. Electrophysiological studies have
determined that ACPC inhibits NMDA receptor activity by act-
ing as a glycine-binding site partial agonist. In this study, rapid
drug perfusion combined with whole-cell voltage-clamp was
used to elicit and measure the effects of ACPC on NMDA
receptor-mediated responses from cultured hippocampal neu-
rons and cerebellar granule cells. The ACPC steady-state dose-
response curve had both stimulatory and inhibitory phases.
Half-maximal activation by ACPC as a glycine-site agonist was

0.7 to 0.9 mM. Half-maximal inhibition by ACPC was dependent
on NMDA concentration. Peak responses to a .100 mM ACPC
pulse in the presence of 1 mM glutamate were similar to those
of glycine but decayed to a steady-state amplitude below that
of glycine. The removal of ACPC initially caused an increase in
inward current followed by a subsequent decrease to baseline
levels. This suggests that relief of low-affinity antagonism oc-
curs before high-affinity agonist dissociation. Simulations of
ACPC action by a two glutamate-binding site/two glycine-bind-
ing site model for NMDA channel activation in conjunction with
the concurrent role of ACPC as a glycine-site full agonist and
glutamate-site competitive antagonist were able to success-
fully approximate experimental results.

The extensive neuronal loss observed after ischemic insult
has been attributed to a massive and sustained release of
glutamate resulting from anoxic depolarization (reviewed in
Szatkowski and Attwell, 1994). Glutamate, in the presence of
glycine, can cause activation of N-methyl-D-aspartate
(NMDA) receptor cationic channels (Johnson and Ascher,
1987; Kleckner and Dingledine, 1988). Because these chan-
nels have a high permeability for calcium ions (Mayer and
Westbrook, 1987; Schneggenburger et al., 1993), sustained
activation of these channels can elevate levels of intracellular
calcium to toxic levels (Garthwaite and Garthwaite, 1986;
Hartley and Choi, 1989; Choi, 1992). NMDA antagonists
reduce both glutamate-induced neurotoxicity in primary cell
cultures (Hartley and Choi, 1989) and brain damage after
ischemic insult in a variety of animal models (Meldrum,
1994). Based on this preclinical evidence, several NMDA

antagonists are under evaluation for the treatment of isch-
emic insult (e.g., stroke and traumatic brain injury) in hu-
mans (Bigge and Boxer, 1994; Muir et al., 1994).

NMDA antagonists acting at distinct loci are effective in
limiting ischemia-induced excitotoxic damage in animals
(Bigge and Boxer, 1994). However, based on clinical observa-
tions with competitive NMDA receptor antagonists (e.g.,
4-(3-phosphonoprop-2-enyl)piperazine-2-carboxylic acid) and
use-dependent channel blockers (e.g., CNS 1102), both psy-
chotomimetic-like side effects and memory impairment may
limit their therapeutic potential (Sveinbjornsdottir et al.,
1993; Muir et al., 1994; Rockstroh et al., 1996). These clini-
cally undesirable actions of NMDA receptor antagonists may
result from vastly reduced NMDA receptor/channel activa-
tion and ion flow (Rogawski, 1993; Parsons et al., 1995),
preventing NMDA channel-mediated synaptic currents. The
use of glycine partial agonists may minimize side effects by
allowing a moderate level of NMDA receptor activation and
normal synaptic transmission while attenuating excessive
NMDA receptor activation leading to neurotoxicity (Maccec-
chini, 1995).
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1-Aminocyclopropanecarboxylic acid (ACPC) has been
shown to reduce neuronal damage in animal models of global
(Fossom et al., 1995b) and spinal ischemia (Long and
Skolnick, 1994). Furthermore, i.v. administration of ACPC
produced no adverse side effects in humans (Cherkofsky,
1995) and no remarkable behavioral effects in rodents after
doses as large as 2 g/kg (Skolnick et al., 1989).

In vitro electrophysiological and radioligand binding stud-
ies suggest that ACPC is a high-affinity, partial agonist act-
ing at glycine agonist-binding sites on NMDA receptor ion
channels with a 60 to 95% efficacy in comparison to saturat-
ing glycine (McBain et al., 1989; Watson and Lanthorn, 1990;
Priestley and Kemp, 1994). Despite its relatively high effi-
cacy as a glycine-site agonist, 1 mM ACPC elicits a ;50%
reduction in glutamate neurotoxicity in granule neuron cul-
tures (Boje et al., 1993; Fossom et al., 1995b). Interestingly,
the efficacy of ACPC as a glycine-binding site agonist in both
glutamate-induced neurotoxicity and NMDA-stimulated
cGMP formation in cerebellar granule neuron cultures in-
creased with increasing concentrations of glutamate (or
NMDA) in these cultures (Fossom et al., 1995a,b). Interpre-
tation of these assays, which measure the summed responses
of a population of neurons in culture, may not be straightfor-
ward because the addition of glutamate agonists will cause
neuronal depolarization and possible activation of voltage-
gated ion channels in addition to activation of NMDA recep-
tor ion channels. Nevertheless, these observations are con-
sistent with the hypothesis that an inhibitory component of
ACPC action may result from 1) an ACPC-dependent com-
petitive inhibition of NMDA agonist binding or 2) an ACPC-
mediated reduction in NMDA agonist binding through a non-
agonist modulatory site.

By using rapid perfusion techniques in conjunction with
whole-cell single-electrode voltage-clamp of cultured hip-
pocampal neurons and cerebellar granule cells, we separated
the actions of ACPC on NMDA ion channel activation into
two kinetically distinct components: one stimulatory and one
inhibitory.

Materials and Methods
ACPC used in these experiments was prepared via three different

synthetic routes. ACPC purchased from Research Organics (Cleve-
land, OH) was synthesized from N-acetyl-DL-methioninate (Vaidy-
anathan and Wilson, 1989). Two lots of ACPC were donated by
Symphony Pharmaceuticals (Malvern, PA). One lot was synthesized
from cyclopropane-1,1-dicarboxylic acid dimethyl ester according to a
method similar to that of Schubert (1990). A second lot was synthe-
sized from a-bromo-g-butyrolacetone according to a method similar
to that described by Logusch (1986). All other chemicals were ob-
tained from Sigma Chemical Co. (St. Louis, MO) unless otherwise
indicated.

Neuronal Cultures. For low-density cultures of rat hippocampal
neurons, two dissections were required: one to plate a layer of glial
cells that sustain low-density neuronal growth, and a second dissec-
tion to plate neurons on top of the confluent layer of glial cells. For
both dissections, seven Charles River postnatal day 1 newborn pups
were decapitated, and hippocampi from both hemispheres were re-
moved and digested with papain (100 U) for 20 min. After hip-
pocampi were removed from the papain solution and triturated to a
single-cell suspension, cells were plated at a density of 75,000
cells/ml onto 35-mm dishes. For the glial cell layer, the dishes were
coated with calf skin collagen (50 mg/ml) and poly(L-lysine) (100
mg/ml), and cultures were grown in modified Eagle’s medium con-

taining 2 mM glutamine (Biological Industries, Kibbutz Beit
HaEmek, Israel) and supplemented with 3.6 g/liter D-glucose, 10%
fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin
(Biological Industries). After ;10 days, a final concentration of 275
nM fluorodeoxyuridine and 680 nM uridine was added to the conflu-
ent glial cell layer to arrest cell division. Neurons were plated on top
of this layer 2 weeks after the original dissection and grown in same
culture medium described above except that the fetal bovine serum
was replaced by 5% horse serum (Biological Industries).

For granule cell cultures, 6- to 8-day-old Sprague-Dawley rat pups
were decapitated, and their cerebella were isolated as previously
described (Gallo et al., 1982) with the exception that cytosine b-D-
arabinofuranoside was not added. Cells were plated onto poly(D-
lysine)-coated culture dishes and maintained in basal Eagle’s me-
dium containing 2 mM glutamine (GIBCO BRL), 25 mM KCl, 0.1 mg
of gentamycin/ml, and 10% fetal bovine serum. All cultures were
maintained at 36°C in humidified air containing 5% CO2.

Electrophysiology and Rapid Perfusion System. Conven-
tional whole-cell voltage-clamp experiments using an Axopatch 200A
amplifier (Axon Instruments, Foster City, CA) were performed at
room temperature at 1 to 2 weeks after neurons were plated. All
experiments were conducted at a holding potential of 260 mV, un-
less indicated otherwise. The extracellular control solution consisted
of 160 mM NaCl, 2.5 mM KCl, 0.2 mM CaCl2, 10 mM glucose, 10 mM
HEPES, 400 nM tetrodotoxin, 5 mM bicuculline methochloride, and
10 mg/ml phenol red and adjusted to pH 7.3 and 325 mOsm. The
intracellular solution consisted of 125 mM CsMeSO3, 15 mM CsCl,
0.5 mM CaCl2, 3 mM MgCl2, 5 mM Cs4-1,2-bis(2-aminophe-
noxy)ethane-N,N,N9,N9-tetraacetic acid, and 2 mM Na2ATP and ad-
justed to pH 7.2 and 305 mOsm.

For rapid application of agonist-containing solutions, a flowpipe
consisting of an array of nine glass barrels (;400 mm o.d.) was
positioned ;100 mm away from the neuronal soma, such that the
flow from one of the barrels continuously bathed the entire neuron.
At a given moment, a stepper motor positioned an adjacent barrel in
front of the neuronal soma, and a different solution began to flow.
Solution flow was controlled by solenoid valves that were driven by
an Isolatch valve driver (Parker Hannifin, Fairfield, NJ). A Macin-
tosh PPC 7600 computer with an ITC-16 analog-to-digital converter
(Instrutech, Port Washington, NY) was used to synchronize stepper
motor movement, valve opening, and data acquisition. The time
constant for solution exchange was ;10 ms. Synapse, a Macintosh-
based electrophysiological software package (Synergistic Systems,
Silver Spring, MD), controlled data acquisition and was used for data
analysis.

Concentration-Response Analysis. To determine a numerical
description to characterize the biphasic nature of the ACPC concen-
tration-response curve, the following multiple component logistic
equation was used to determine half-maximal efficacy for activation
(E1/2) and inhibition (I1/2):

100 z
INMDA1ACPC

INMDA1Glycine
5

SS@ACPC#

E1⁄2
Dn1DEmax

S1 1 S@ACPC#

E1⁄2
Dn1DS1 1 S@ACPC#

I1⁄2
Dn2D (1)

where INMDA1ACPC and INMDA1Glycine are the steady-state ampli-
tudes measured for currents activated by NMDA in the presence of
the given concentration of ACPC or 10 mM glycine, respectively; Emax

is the maximum efficacy of ACPC for the given concentration of
NMDA; and n1 and n2 are the Hill coefficients for the stimulatory
and inhibitory components of ACPC action, respectively. Equation 1
is used to fit the biphasic data shown in Fig. 2A without assuming a
particular mechanism of action.
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Equation 2 is a more standard dose-response equation with the
exception that an offset has been added to account for a curve with a
lower asymptote not equal to zero.
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In this case, E1/2 represents the concentration of NMDA at which
activation with a given concentration of ACPC yields a half-maximal
efficacy, Emax is the maximal efficacy, nH is the Hill coefficient, and
E0 is the degree of putative partial agonism that can be observed for
ACPC at limiting NMDA concentrations. The number of variable
parameters in eq. 2 was reduced to accommodate the limited number
of data points in Fig. 2B. Thus, E0 was determined from the relative
efficacies of 7.5 and 15 mM ACPC in comparison with glycine (see
Fig. 2B). This average was then used as a constant in the fit using eq.
2.

Equations 3 and 4 were used for standard concentration-response
and concentration-inhibition analyses, respectively.
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DnH

(4)

where Imax is the maximal response, EC50 is the concentration of the
half-maximal stimulatory response, IC50 is the concentration of the
half-maximal inhibitory response, and nH is the Hill coefficient. All
errors are standard deviations.

Simulations. Simulations were conducted on a Power Macintosh
G3 computer using the program FastFlow, originally written by Dr.
J. D. Clements (Benveniste et al., 1990) and extensively modified by
M.B. This program simulates whole-cell currents under voltage-
clamp by numerically calculating the probability of occupancy of
each channel state assuming that transitions between states follow
simple first order reaction kinetics.

Results
Initial efficacy estimates of ACPC were determined from

measurements made in rat cerebellar granule cells at a hold-
ing potential of 260 mV using two concentrations of ACPC
(10 mM and 1 mM) and NMDA (15 and 150 mM). Figure 1, A
and B, illustrates responses in which a pulse of NMDA elic-
ited currents in the continual presence of ACPC. The efficacy
of the response was determined by comparison of steady-
state current amplitudes to the same concentration pulse of
NMDA in the continual presence of 10 mM glycine in the
same cell. The efficacy of 10 mM ACPC relative to saturating
glycine was 72.2 6 2.2% (n 5 5 cells) and 78.5 6 1.0% (n 5 3
cells) at 15 and 150 mM NMDA, respectively (Fig. 1C). Cor-
responding efficacies of 46.6 6 7.2% (n 5 5 cells) and 71.4 6
3.7% (n 5 3 cells), respectively, were obtained with 1 mM
ACPC (Fig. 1C). Relative responses to the same concentra-
tions of NMDA in the presence of ACPC in comparison to
glycine controls measured at a holding potential of 160 mV
were similar to relative responses measured at 260 mV
(paired t test, p . .4 for 15 mM NMDA, n 5 5 cells; p . .9 for
150 mM NMDA, n 5 4 cells), indicating that ACPC efficacy is
not voltage dependent.

This apparent difference in the efficacy of 1 mM ACPC
warranted a more detailed examination of its concentration-

effect relationship at both 15 and 150 mM NMDA. There was
considerable overlap of the rising phases of both dose-re-
sponse curves, with both curves reaching a plateau in efficacy
between 5 and 250 mM ACPC, followed by a decrease in
efficacy at concentrations of .250 mM (Fig. 2A). Increasing
NMDA concentrations by 10-fold extended the plateau phase
of the concentration-response curve and resulted in a smaller
overall decrease in NMDA-mediated responses at millimolar
concentrations of ACPC (Fig. 2A). Fitting this data to eq. 1
yielded a maximum efficacy (Emax) of 72.8% in the presence
of 15 mM NMDA and 82.9% in the presence of 150 mM. The
concentration of half-maximal activation (E1/2) by ACPC was
0.65 and 0.46 mM in the presence of 15 and 150 mM NMDA,
respectively. The I1/2 values deduced using eq. 1 were 2.0 mM
in the presence of 15 mM NMDA and 10.7 mM in the presence
of 150 mM NMDA.

The high concentrations of ACPC required to reduce its

Fig. 1. Efficacy of 10 mM and 1 mM ACPC with 15 or 150 mM NMDA. A,
representative records of currents elicited by a 1-s pulse of 150 mM
NMDA (gray bars) in the continual presence of either 10 mM or 1 mM
ACPC (striped bars) from cultured granule cells. The responses had
steady-state amplitudes that were 73.2 and 72.1% of the control re-
sponses recorded in the continual presence of 10 mM glycine (black bar).
B, when 15 mM NMDA was pulsed in the presence of either 10 mM or 1
mM ACPC, steady-state response amplitudes were 68.9 and 52.5% of the
control responses recorded in the presence of 10 mM glycine. C, histogram
showing a summary of comparisons exemplified in A and B for three to
seven cells. In all cases, responses to ACPC were less than their glycine
controls. In the presence of 15 mM NMDA (striped columns), relative
responses to ACPC were reduced when the ACPC concentration was
increased from 10 to 1000 mM, whereas in the presence of 150 mM NMDA
(filled columns), relative responses were similar. Chloride channel cur-
rents elicited by 1 mM glycine alone were subtracted from responses to 1
mM glycine with either 15 or 150 mM NMDA and compared with NMDA-
mediated responses in the presence of 10 mM glycine. These data indicate
that 1 mM glycine can also change the efficacy of the response in an
NMDA-dependent manner.

ACPC Actions at NMDA Receptors 1209



efficacy at low concentrations of NMDA (Fig. 2A) could pos-
sibly result from a high-affinity contaminating byproduct of
ACPC synthesis rather than to ACPC itself. To investigate
this possibility, experiments identical with those shown in
Fig. 1 were repeated with three different lots of ACPC pro-
duced by different synthetic routes (Logusch, 1986; Vaidy-
anathan and Wilson, 1989; Schubert et al., 1990). The results
obtained from each of these preparations were not signifi-
cantly different from those presented in Fig. 1B (data not
shown). Thus, it is highly unlikely that a low concentration of
a putative high-affinity contaminant could produce the same
relative partial agonism at 10 and 1000 mM ACPC for 15 mM
NMDA for each of the three batches examined.

In the presence of 15 mM NMDA and 1 mM glycine, NMDA
channel-mediated responses also had a reduced efficacy

(78.9 6 3.9%, n 5 3 cells) in comparison with 10 mM glycine
controls. Efficacy increased to 94.8 6 7.2% (n 5 4 cells) for
responses measured in the presence of 150 mM NMDA and 1
mM glycine (Fig. 1C). Note that for 1 mM glycine responses,
controls currents lacking NMDA had to be subtracted from
those responses containing NMDA to remove the significant
contribution resulting from glycine-gated chloride channels.
Although the NMDA-dependent reduction in efficacy pro-
duced by 1 mM glycine is qualitatively similar to that of
ACPC, different lots of glycine produced by different syn-
thetic routes were not tested; thus, we cannot conclusively
verify whether glycine or a contaminant is responsible for
this action.

Data from Figs. 1 and 2 indicate a dependence of ACPC
efficacy on NMDA concentration. A full NMDA concentra-
tion-response relationship for the efficacy of 1 mM ACPC is
shown in Fig. 2B. When the data from Fig. 2B were fit with
eq. 2, the maximal efficacy, Emax, at saturating concentra-
tions of NMDA was 93%, whereas the minimal efficacy, E0, of
1 mM ACPC at limiting concentrations of NMDA was 48.2%.
The concentration of NMDA at which 1 mM ACPC increased
by half its potential increase in efficacy, E1/2, was 119 mM,
and the slope of the concentration-response curve had a Hill
coefficient (nH) of 1.8. Note that a lower concentration of
ACPC (10 mM) yields higher efficacies at 7.5, 15, and 150 mM
(Fig. 2B).

NMDA concentration-response curves (3–300 mM) were
acquired in the presence of either 10 mM glycine or 10 mM
ACPC to determine whether ACPC differentially influences
NMDA apparent affinity in comparison with glycine. ACPC
(10 mM) was used because its responses with NMDA reside in
the plateau phase of the ACPC concentration-response
curves and because it is a 100-fold lower concentration than
the concentration at which NMDA-dependent inhibition is
observed (Fig. 2A), enabling maximal responses with mini-
mal inhibitory effects. NMDA concentration-response mea-
surements yielded an EC50 value of 36.0 6 9.0 mM and a Hill
coefficient of 1.5 6 0.2 in the presence of ACPC (n 5 4 cells)
and an EC50 value of 35.2 6 4.9 mM and Hill coefficient of
1.6 6 0.2 in the presence of glycine (n 5 4 cells, data not
shown).

Cultured hippocampal neurons were selected for measur-
ing the kinetics of onset and removal of ACPC to better define
its actions on NMDA receptor channels (Fig. 3). Cultured
hippocampal neurons have a high number of NMDA receptor
channels relative to cerebellar granule cells and thus yield
measurements with a better signal-to-noise ratio. It should
be noted that relative steady-state current responses to 15
mM NMDA in the presence of either 10 mM or 1 mM ACPC
recorded from hippocampal neurons were 71.9 6 3.6 and
47.3 6 5.2% of the responses to 15 mM NMDA and 10 mM
glycine, respectively (n 5 4 cells). These results were not
significantly different from corresponding measurements of
ACPC efficacy determined from cultured cerebellar granule
cells (Fig. 1B).

Figure 3A illustrates the effects of a 2-s pulse of either 30
mM or 1 mM ACPC or of 10 mM glycine in the presence of 15
mM NMDA. Both 1 mM ACPC and 15 mM NMDA were
chosen to minimize the efficacy of ACPC in comparison with
glycine, so the kinetics of inhibition by ACPC could be easily
observed. The application of NMDA alone produced currents
in the absence of added coagonist (Fig. 3A), presumably due

Fig. 2. Steady-state efficacy of ACPC varies with NMDA concentration in
cultured cerebellar granule cells. A, ACPC concentration-response curves
at 15 and 150 mM NMDA. Voltage-clamped cells where pulsed for 1 s with
either 15 mM (E) or 150 mM NMDA (F) in the continual presence of
varying concentrations of ACPC and compared with a control response in
which the same concentration of NMDA was pulsed with 10 mM glycine.
Data were fit with eq. 1. For 15 mM NMDA, Emax 5 74.5%, E1/2 5 0.65
mM, n1 5 1.4, I1/2 5 2.0 mM, and n2 5 1.0 (n 5 3–6 cells). For 150 mM
NMDA, Emax 5 83.1%, E1/2 5 0.46 mM, n1 5 1.0, I1/2 5 10.7 mM, and n2 5
0.8 (n 5 3–7 cells). B, cells were pulsed for 1.5 s with NMDA (7.5 mM to
4 mM) in the continual presence of either 10 mM, 1 mM ACPC, or 10 mM
glycine. E, 10 mM ACPC responses relative to the 10 mM glycine control
response with the same concentration of NMDA. F, responses in the
presence of 1 mM ACPC relative to the glycine control response. The solid
line represents a fit using eq. 2. Final fit parameters were Emax 5 92.9%,
E1/2 5 119.6 mM, and nH 5 1.8. For the fit, E0 was held constant at 48.2%
(n 5 2–4 cells).
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to the presence of low concentrations of endogenous glycine
in the hippocampal cultures. The average amplitude of these
currents measured immediately before the application of a 1
mM pulse of ACPC was 7.8 6 6.8% of the peak onset response
to ACPC (n 5 11 cells). The addition of exogenous glycine or
ACPC caused a dramatic increase in NMDA receptor-medi-
ated currents. When the responses shown in Fig. 3A are
overlaid and enlarged (Fig. 3B), it can clearly be observed
that the efficacy of the 30 mM ACPC response is relatively
constant, whereas the efficacy of the 1 mM ACPC pulse
changes significantly during the course of the ACPC pulse.
The average peak activation in response to a pulse of 1 mM
ACPC was 77.2 6 5.3% (n 5 10 cells) of peak activation in the
presence of glycine (Fig. 3C). Although responses to glycine
in the presence of NMDA decrease gradually to 86.8 6 3.6%
of the peak response for the length of the pulse (n 5 10 cells),
the response to 1 mM ACPC decreases rapidly to 61.9 6 6.3%
of its peak response with an exponential decay time constant
of 33.4 6 11.0 ms (n 5 9 cells). Final steady-state responses
to ACPC were 55.0 6 3.2% of steady-state responses to gly-
cine (Fig. 3C), consistent with the values obtained in Figs. 1
and 2. On removal of ACPC (1 mM), NMDA-mediated cur-
rents increased by 49 6 4.9% compared with steady-state
responses to ACPC (n 5 7 cells). The efficacy of this peak
response (peak offset, Fig. 3C) on removal of ACPC was

85.9 6 6.4% of the steady-state response to the same concen-
tration of NMDA in the presence of glycine (n 5 10 cells). An
identical experiment to that depicted in Fig. 3A was per-
formed in the presence of 2 mM rather than 0.2 mM calcium
to test the possibility that ACPC stimulatory or inhibitory
effects might be different under more physiological condi-
tions. Peak onset, peak offset, and steady-state responses to
either 30 mM or 1 mM ACPC in the presence of 15 mM NMDA
were similar to values reported above (n 5 5 cells, data not
shown).

Because glutamate is the physiological agonist that binds
to the glutamate-binding site of the NMDA channel, ACPC
concentration-response curves were measured with saturat-
ing (10 mM) glutamate. Under these conditions, the efficacy
of ACPC ($1 mM) as a glycine-binding site agonist equals
that of 10 mM glycine (Fig. 4A). The EC50 values for peak and
steady-state responses to the application of 10 mM glutamate
in the presence of varying concentrations of ACPC were 24.3
and 81.6 nM with Hill coefficients of 0.8 and 0.8, respectively
(n 5 3–5 cells, Fig. 4B). In the presence of ACPC, apparent
dissociation of glutamate required two exponentials for suc-
cessful fitting. tfast was 53.9 6 8.8 ms (Afast 5 50.6 6 5.4%)
and tslow was 356.6 6 39.6 ms (Aslow 5 49.4 6 5.4%, n 5 8
cells), whereas the removal of glutamate in the presence of
glycine yielded a tfast value of 96.9 6 17.1 ms (Afast 5 46.7 6

Fig. 3. Kinetics of ACPC association and dissociation in the presence of 15 mM NMDA. A, a cultured hippocampal neuron was bathed with 15 mM
NMDA in the presence of endogenous glycine. After 1.5 s, either 30 mM or 1 mM ACPC or 10 mM glycine was added for 2 s. Exogenous glycine agonist
was then removed, followed by NMDA removal 3.5 s later. Traces depicted are from the same neuron. The addition of 30 mM or 1 mM ACPC caused
a rapid rise in inward current that had a peak amplitude of 86% in comparison to the glycine control peak amplitude. ACPC (1 mM) responses then
rapidly decayed to 50.4% of the control steady-state current, whereas responses to 30 mM ACPC only decreased slightly to 80.4% of control responses.
Removal of 1 mM ACPC caused a transient increase in inward current to 93.3% of the glycine steady-state current before a slow current decay (middle),
whereas the removal of 30 mM ACPC (left) or 10 mM glycine (right) did not yield this peak offset response. B, enlargement and overlay of onset and
removal glycine agonist in A emphasized the differences in onset and removal kinetics of ACPC and glycine. Only the 1 mM ACPC pulse trace (thick
lines) yielded the complex kinetics of the peak onset and peak offset responses. C, comparison of the relative amplitudes on the addition and removal
of 1 mM ACPC indicates that the efficacy of ACPC in comparison with glycine in the presence of 15 mM NMDA is significantly increased at peak onset
and peak offset amplitudes.
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4.7%) and a tslow value of 525.5 6 94.1 ms (Aslow 5 53.3 6
4.7%, n 5 8 cells).

Glutamate concentrations were lowered to a concentration
comparable to 15 mM NMDA (1.0 mM glutamate), and hip-
pocampal neurons were pulsed with 10 mM glycine or 3 mM
ACPC (Fig. 5A). In the continual presence of 1 mM glutamate,
peak responses to pulses of ACPC could be differentiated
from steady-state responses at concentrations of .1 mM
ACPC. Peak responses approached values comparable to the
control glycine peak at 100 mM ACPC (96.8 6 9.7%) and
exceeded (112.7 6 4.5%) the glycine peak response at 3 mM
ACPC (Fig. 6A). Fits to eq. 3 yielded an EC50 value of 0.7 mM

and an nH value of 0.7. In contrast, steady-state responses
over the same concentration range decreased with increasing
ACPC concentration. Fits to eq. 4 yielded an IC50 value of 3.3
mM and an nH value of 0.8 (Fig. 6A, n 5 3–5 cells). Interest-
ingly, when ACPC concentration-response analysis is com-
pared between the peak response in 1 mM glutamate shown
in Fig. 6A and the steady-state response to a 10 mM pulse of
glutamate in various concentrations of ACPC (Fig. 4B),
ACPC EC50 values decrease by 8.7-fold with a 10-fold in-
crease in glutamate concentration (Fig. 6C).

Figure 5, A and B, indicate that responses to the glycine
control pulse in the presence of 1 mM glutamate desensitized
significantly, yielding a steady-state response that was
69.6 6 4.5% of its peak response (Fig. 6A). The peak response
to a 1 mM ACPC pulse equaled the glycine peak response
(100.9 6 2.5%, n 5 5 cells) but decayed to a lower steady-
state level that was 59.1 6 6.8% of the glycine steady-state
response. Figure 6B shows that the ratio between the steady-
state and peak response to ACPC decreases with increasing
ACPC concentration, with a half-maximal inhibition of 1.3
mM and Hill coefficient of 0.7 (n 5 5 cells). At low concen-
trations of ACPC, this ratio approaches the ratio of the 10 mM
glycine control and is a measure of the degree of glycine-
insensitive desensitization (Villarroel et al., 1998) under
these conditions. The time constant of decay from peak to
steady state of NMDA channel currents activated with a
pulse of 10 mM glycine was 202.6 6 32.5 ms (Fig. 5C, n 5 15
cells). Responses in the presence of 1 mM ACPC also decayed
with a similar time constant (211.4 6 24.5 ms, n 5 5 cells).

In the presence of either 15 mM NMDA or 1 mM glutamate,
the removal of ACPC concentrations of .300 mM yielded an
initial rapid increase in inward current followed by a slow
decrease in current (Figs. 3, A and B, and 5, A and D).
Biphasic exponential fits of currents during the removal of
ACPC in the presence of 15 mM NMDA yielded an average
time constant of 32.2 6 6.5 ms for the rising phase and a time
constant of 1812.0 6 837.6 ms for the declining phase of the
response (n 5 9 cells). In the presence of 1 mM glutamate
(Fig. 5D), no significant change in either the rising or declin-
ing phase time constants was found for increasing concentra-
tions of ACPC from 300 mM to 3 mM. The average time
constants for the rising and declining phases of the response
to the removal of 0.3 to 3 mM ACPC were 125.8 6 52.4 and
1579.2 6 463.6 ms, respectively (n 5 6 cells, Fig. 5E). No rise
in inward current was observed on the removal of ACPC
concentrations of ,300 mM; the time course of the decay of
current could be characterized by a single exponential time
constant of 852.4 6 159.7 ms in the presence of 15 mM NMDA
and 766.2 6 97.9 ms in the presence 1 mM glutamate. In
experiments on the same cells, the removal of 10 mM glycine
caused a reduction of inward current with a time constant of
542.2 6 77.4 ms in the presence of 1 mM glutamate (n 5 16
cells) and 420.9 6 43.9 ms in the presence of 15 mM NMDA
(n 5 10 cells). It should be noted that the NMDA agonist was
removed before complete deactivation after the removal of
ACPC to prevent excessive current rundown resulting from
prolonged agonist applications.

The complexity of activation and modulation of NMDA
channels coupled with the evidence that ACPC acts at both
glutamate- and glycine-binding sites indicated that standard
concentration-response analysis may not accurately predict
ACPC action (see Discussion). We therefore tried to simulate

Fig. 4. ACPC is fully efficacious in the presence of 10 mM glutamate. A,
cultured hippocampal neurons were pulsed with 10 mM glutamate in the
presence of either 50 nM to 3 mM ACPC, 10 mM glycine, or solutions
containing no added glycine (endogenous glycine). Inward currents
peaked and desensitized to steady-state levels in a manner dependent on
ACPC concentration. Above 100 nM ACPC, peak responses slightly ex-
ceeded peak responses to glutamate in the presence of glycine. No differ-
ence was observed in steady-state amplitudes for responses elicited in the
presence of 1 or 3 mM ACPC in comparison with those elicited in the
presence of 10 mM glycine. The decay of the responses on the removal of
glutamate in the presence of either ACPC or glycine had kinetics that
required two exponential fits (see Results). B, peak (F) and steady-state
(E) concentration-response analysis of NMDA receptor-mediated cur-
rents elicited in the presence of 50 nM to 1 mM ACPC in comparison with
peak currents elicited in the presence of 10 mM glycine. Responses of 30
nM ACPC were not included in this analysis because they were similar to
responses elicited in the absence of any added glycine agonist. Dotted line
indicates the relative amplitude of steady-state responses to 10 mM
glutamate and 10 mM glycine in comparison to their peak responses. Solid
lines represent fits to the eq. 3. Fitted parameters for peak measurements
were Imax 5 104.6%, EC50 5 24.3 nM, and nH 5 0.8. For steady-state
measurements, fitted parameters were Imax 5 82.3%, EC50 5 81.6 nM,
and nH 5 0.8.
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the ACPC data presented (Figs. 4–6) with the model shown
schematically in Fig. 7A. This model is based on a model
presented previously (Benveniste et al., 1990), in which there
are two binding sites for both glutamate and glycine and an
element of negative cooperativity for agonist binding. Gluta-

mate is used as the glutamate agonist, ACPC is used as the
glycine agonist, and additional states have been added to
provide full two-site competitive antagonism. The forward
and reverse rate constants are presented in Table 1.

Selected simulated data of a glycine agonist pulse in the

Fig. 5. Kinetics of ACPC association and dissociation in the presence of 1 mM glutamate. ACPC (3 mM) or glycine (10 mM) pulsed in the presence of
1 mM glutamate and resulting NMDA channel-mediated responses were recorded from cultured hippocampal neurons. A, on the addition of 1 mM
glutamate, a significant degree of inward current was observed resulting from NMDA channel activation by glutamate with endogenous glycine. On
the addition of either ACPC or glycine, inward current rapidly increased, peaked, and then decreased to a steady-state level. Although peak currents
elicited by the 3 mM ACPC pulse were 113% of the peak currents elicited by glycine in this cell, steady-state currents in the presence of 3 mM ACPC
were 36.8% of the steady-state current elicited by glutamate and 10 mM glycine. Peak offset responses on removal of 3 mM ACPC were 87.8% of the
steady-state glycine control responses. B, peak to steady-state decays during a pulse of either 10 mM glycine (F) or 3 mM ACPC (E) were fitted with
single exponentials and yielded time constants of 228 and 204 ms, respectively. C, bar graph of peak to steady-state decay time constants. No
significant difference is observed between 3 mM ACPC (filled column) and 10 mM glycine (speckled column) in the presence of 1 mM glutamate. D, fit
to responses of the removal of 3 mM ACPC (E) requires the sum of two exponentials. The fast time constant of 183 ms describes the rise to the peak
offset response, whereas the slow time constant of 2169 ms describes the decay of the response. Note that the removal of 10 mM glycine in the presence
of glutamate can be fit by a single exponential time constant of 690 ms. E, comparison of the rising (speckled column) and declining (filled column)
phase components time constants during the removal of 1 mM ACPC in the presence of either 15 mM NMDA or 1 mM glutamate. The time constant
of the rising phase after the removal of ACPC in the presence of 15 mM NMDA is ; 4-fold faster than that in the presence of 1 mM glutamate. In
contrast, the declining phases decay with similar time courses. The gap indicates a change in scale of the bar graph.
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presence of 1 mM glutamate are presented in Fig. 7B. This
figure indicates that onset responses to 3 mM ACPC pro-
duced the characteristic peak to steady-state decay that had
been observed in Fig. 5, A and B. The peak to steady-state
decay time constant of the response to 10 mM or 3 mM ACPC
simulated from our model was 131 and 146 ms and is com-
parable to the 205-ms decay time constant resulting from a
simulated 10 mM glycine pulse. Furthermore, biphasic offset
responses (Fig. 5, D and E) to the removal of ACPC were also
observed (Fig. 7B). Kinetics observed on the removal of 3 mM
ACPC were 107 ms for the rising phase and 1738 ms for the
declining phase.

Concentration-response simulations (Fig. 7C) over the
same range of ACPC concentrations presented in Fig. 6A
appeared similar to the experimental data. Analysis of the
peak current according to eq. 3 yielded an EC50 value of 0.9
mM and a Hill coefficient of 0.8. Steady-state inhibition like
that observed in the experimental data (Fig. 6, A and B) was
also exhibited by this model (Fig. 7, C and D). Steady-state
responses at relatively low ACPC concentrations (E0)
reached 61% of the modeled peak glycine response with an
IC50 value of 2.7 mM (Fig. 7C). In Fig. 7D, the ratio of
steady-state to peak measurements for the experimental
data almost completely overlays the values predicted by this
model. Simulated peak and steady-state responses to pulses
of 10 mM glutamate in the presence of differing concentra-
tions of ACPC also approximated experimental results (Fig.
4B). Peak dose-response analysis yielded EC50 and Imax val-
ues of values of 13.3 nM and 97.5% with an nH value of 0.9,
whereas analysis of steady-state responses yielded EC50 and
Imax values of 49.9 nM and 86.8% with an nH value of 0.9.

These simulations predict that steady-state apparent af-
finities for glutamate deduced from glutamate concentration-
response curves will be shifted slightly in the presence of 10
mM ACPC (EC50 5 1.1 mM) in comparison to similar curves
generated with kinetic parameters for glycine (EC50 5 0.6
mM). Such differences might not be detectable under our
experimental conditions.

One-site models for NMDA channel activation like that
shown in Scheme 2 exhibited the same basic characteristics
observed for the two-site model (Fig. 7B). The main difference
between one- and two-site models is that one-site models did
not have a prolonged plateau phase of lower efficacy in com-
parison with glycine controls but rather increased, peaked,
and declined over a narrower range of ACPC concentrations.

The contribution of endogenous glycine has been ignored in
these simulations. Such a contribution should affect the ris-
ing phase of the ACPC concentration-response curve. At very
low ACPC concentrations, the NMDA channel activity will be
abnormally high. As ACPC concentration increases, the prob-
ability that ACPC will replace glycine as the agonist bound at
the glycine-binding site will also increase. This may partially
explain the low Hill coefficient observed in the experimental
data for the rising phase of the ACPC concentration-response
curve (Fig. 2A). In contrast, because the ACPC inhibitory
effect probably results from the binding of ACPC at the
glutamate agonist-binding site, endogenous glycine will not
affect the degree of inhibition observed. For this reason, the

mM glutamate (Fig. 6A, M). Responses are represented as percentages of
their glycine control response and emphasize the 8.7-fold difference in
apparent affinity of ACPC in each condition.

Fig. 6. ACPC apparent affinities and efficacies in the presence of 1 mM
glutamate. A, peak amplitudes (f) and steady-state amplitudes (F) to a
pulse of varying concentrations of ACPC (1 mM to 3 mM) in the presence
of 1 mM glutamate were plotted relative to the peak response elicited by
10 mM glycine under similar conditions. Peak responses were fit accord-
ing to eq. 3 and yielded an Imax value of 101.3%, an EC50 value of 0.71 mM,
and an nH value of 0.7. Steady-state responses were fit according to eq. 4
and yielded an Imax value of 53.8%, an IC50 value of 3.27 mM, and an nH
value of 0.8. Dashed line indicates the steady-state amplitude to the 10
mM glycine control response in the presence of 1 mM glutamate. B, ratio
of the steady-state to peak response for differing concentrations of ACPC
according to the protocol for the experiment shown in Fig. 5A. Fits to eq.
4 yielded an Imax value of 67.3%, an IC50 value of 1.34 mM, and an nH
value 0.7. Dashed line indicates the steady-state to peak ratio for the
glycine control response. Dotted line represents the standard deviation of
that response. C, Comparison of the steady-state response to 10 mM
glutamate in the presence of varying concentrations of ACPC (Fig. 4B, f)
to peak responses to varying concentrations of ACPC in the presence of 1
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Fig. 7. Simulations of ACPC responses in the presence of glutamate as a glycine-site agonist and a glutamate-site competitive antagonist. A, model
in which NMDA channel activation requires the binding of two agonist molecules at the glutamate-binding site and two agonist molecules at the
glycine-binding site and includes competitive antagonism at the glutamate-binding site. In addition, an explicit transition was modeled between the
fully liganded closed and open states (transition 6). Note that an additional transition to another fully liganded closed state has been modeled to
simulate glycine-insensitive desensitization (transition 7). Superscripts indicate the molecules that bind to the glutamate-binding site; subscripts
indicate the molecules that bind to the glycine-binding site. Forward and reverse transition rate constants are given in Table 1. B, results from the
model depicted in A for a protocol similar to that used in Fig. 5A. Thin line represents the response to 10 mM glycine in the presence of 1 mM glutamate;
dashed and thick lines represent the response to 10 mM and 3 mM ACPC, respectively. C, concentration-response analysis of simulated peak and
steady-state responses like those in B. For peak responses (f), Imax 5 108.3%, EC50 5 0.9 mM, and nH 5 0.8. For steady-state responses (M), Imax 5
61.3%, IC50 5 2.67 mM, and nH 5 1.2. Horizontal line indicates the steady-state response to 10 mM glycine. All responses are relative to the 10 mM
glycine peak response. D, comparison of steady-state to peak amplitude ratios for experimental data (Fig. 6B) to simulated data. M, experimental data.
f, simulated data. E, comparison of simulated peak (f) and steady-state responses (F) to 10 mM glutamate pulses in the presence of various
concentrations of ACPC. Responses are relative to peak amplitudes for responses simulated for 10 mM glutamate and 10 mM glycine control response.
Fits of concentration-response data for peak responses yielded an Imax value of 97.5%, an EC50 value of 13.3 nM, and an nH value of 0.9, whereas fits
of ACPC and 10 mM glutamate steady-state responses yielded an Imax value of 86.8%, an EC50 value of 49.9 nM, and an nH value of 0.9. Dashed line
indicates the simulated steady-state amplitude of the glycine control response relative to its peak amplitude.
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response to glutamate in the absence of added ACPC was not
subtracted from the measured responses.

Discussion
For ligand-gated ion channels, partial agonists are com-

monly thought to have a reduced efficiency of causing an
allosteric transition (*) between a channel in an agonist
bound closed state (RA) and its open state (RAopen) relative to
full agonists:

Apparent partial agonism could also be observed if the
agonist (A) increased channel transitions to other agonist-
bound nonconducting (desensitized) states or if an agonist
could not saturate its respective binding site to yield a fully
efficacious response because of experimental limitations
(e.g., lack of solubility).

Because NMDA receptor ion channels require the binding
of two coagonists, glutamate and glycine, for channel activa-
tion (Kleckner and Dingledine, 1988), a putative partial ag-
onist could act as a full agonist at one binding site but also
reduce the binding of agonist at the other type of coagonist
binding site (e.g., Scheme 2).

ACPC Apparently Acts at Both Glycine- and Glutamate-
Binding Sites

Evidence presented here indicates that ACPC acts as a full
glycine agonist. In the absence of added glycine, increasing
concentrations of ACPC up to 10 mM yields an increase in
NMDA receptor-mediated responses (Figs. 2A and 4A). In
addition, with saturating glutamate concentrations, ACPC
can attain 100% efficacy (Fig. 4B).

The action of ACPC as a low-affinity glutamate-site com-
petitive antagonist is indicated by an increase in the steady-
state responses (relative to 10 mM glycine) to millimolar
concentrations of ACPC with increasing concentrations of
NMDA (Figs. 1 and 2) or glutamate (Figs. 4B and 6A).

The actions of ACPC as a glycine-site agonist and gluta-
mate-site competitive antagonist can be kinetically isolated
by applying high concentrations of ACPC in the presence of a
subsaturating concentration of glutamate agonist (Figs. 3A
and 5A). Peak onset responses to a pulse of 1 or 3 mM ACPC
can reach 100% efficacy (Figs. 6A and 7A), reaffirming the
role of ACPC as a full glycine agonist. At these ACPC con-
centrations, the time course of current decays from peak to
steady state should be limited by glutamate agonist dissoci-
ation if steady-state currents contain a component resulting
from competitive antagonism by ACPC at the glutamate-
binding site (Scheme 2). A 1 mM ACPC pulse in the presence
of 15 mM NMDA resulted in a peak to steady-state decay time
constant that was similar to the apparent dissociation time
constant observed on removal of NMDA in the presence of
ACPC (27.8 6 7.6 ms, n 5 5 cells, data not shown). In
addition, the peak to steady-state decay time constant for a
pulse of 1 or 3 mM ACPC in the presence of 1 mM glutamate
(Fig. 5, B and C) was similar to the weighted average of the
two exponential apparent dissociation time constant (204.1 6
30.9 ms, n 5 8 cells) observed on the removal of glutamate in
the presence of ACPC (Fig. 4A). However, it should be noted
that control glycine responses in the presence of glutamate
decay with a similar time course (Fig. 5C). This might sug-
gest that other NMDA receptor channel desensitization phe-
nomena (e.g., glutamate-sensitive desensitization) are pre-
dominant when a subsaturating concentration of glutamate
is used (Nahum-Levy and Benveniste, in preparation).

The biphasic response observed on removal of ACPC in the
presence of glutamate or NMDA also indicates that ACPC
acts as both a glycine agonist and a glutamate competitive
antagonist (Figs. 3A and 6A). The rising phase of the peak
offset response probably results from glutamate agonist re-
binding after rapid, low-affinity dissociation of ACPC,
whereas the declining phase will mainly depend on high-
affinity, slow dissociation of ACPC from its glycine-binding
site.

Additional Mechanisms Contributing to Putative Partial
Agonism of ACPC

According to Fig. 2A, there is a .2000-fold difference be-
tween E1/2 and I1/2 values for ACPC. Standard dose-response
analysis (e.g., eqs. 3 and 4, Imax 5 1) with such a difference
between EC50 and IC50 values would predict that an inter-
mediate ACPC concentration could be found that would yield
a 100% efficacious response in comparison with the glycine
control. Because this was not observed experimentally, we
attempted to find an additional mechanism that could poten-
tially account for a reduced ACPC efficacy at relatively low
ACPC concentrations. Such a mechanism must fulfill the
following criteria: 1) the mechanism must be dependent on
glutamate agonist concentration, because increasing gluta-
mate agonist concentrations to supersaturating levels yields
full agonism (Figs. 2B and 4A), and 2) the mechanism must
yield fully efficacious peak onset responses to a pulse of high
concentrations of ACPC (.100 mM) in the presence of 1 mM

TABLE 1
Rate constants for simulated data of ACPC as a full glycine-site
agonist and glutamate-site competitive antagonist

Transitiona Drug Binding Site kon koff

mM21 s21 s21

ACPC
1 Glutamate Glutamate 6.0 0.6
2 ACPC Glycine 10.0 0.06
3 Glutamate Glutamate 6.0 4.0
4 ACPC Glycine 10.0 0.4
5 ACPC Glutamate 1.0 2500

Glycine control
1 Glutamate Glutamate 6.0 0.60
2 Glycine Glycine 10.0 0.65
3 Glutamate Glutamate 6.0 2.30
4 Glycine Glycine 10.0 2.12

Both
6 100b 300
7 0.5b 2.0

a Transition numbers are according to the scheme depicted in Fig. 7A.
b Indicates that units are s21.

Scheme 1.

Scheme 2.
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glutamate but decay to less efficacious steady-state re-
sponses in comparison with glycine (Fig. 5, A and B).

Simple mechanisms by which bound ACPC constitutively
reduces the efficiency of NMDA channel opening by modify-
ing transitions between open and closed states (Scheme 1)
can be discounted, because such a mechanism would not
cause efficacy changes during a pulse of ACPC (criterion 2,
above).

A mechanism whereby glycine and ACPC would differen-
tially affect glutamate agonist affinity would fulfill both of
the above criteria; however, no significant differences in EC50

values and Hill coefficients were determined for NMDA con-
centration-response analysis performed in the presence of 10
mM ACPC or glycine.

Simple dose-response analysis that would predict that a
fully efficacious response be found at an intermediate ACPC
concentration is based on assumptions of a single-binding
site model. However, activation of the NMDA receptor chan-
nel probably requires the binding of two molecules of gluta-
mate agonist and two molecules of glycine agonist (Ben-
veniste and Mayer, 1991; Clements and Westbrook, 1991)
and, changes in agonist apparent affinity probably occur
during the activation process (Benveniste et al., 1990; R.
Nahum-Levy and M. Benveniste, in preparation). These fac-
tors may invalidate the interpretation of simplistic dose-
response analysis.

Indeed, with the model depicted in Fig. 7A, simulated
responses to a pulse of relatively high concentrations of
ACPC in the presence of 1 mM glutamate had peak to steady-
state decays and biphasic offset decays (Fig. 7B) that were
similar to experimental data (Fig. 5A). In addition, compar-
ison of Fig. 6A with Fig. 7C indicated that the model could
also predict the concomitant increase in the peak response
with a decrease in the steady-state response with increasing
ACPC concentrations, and concentration analysis of steady-
state to peak ratios virtually overlapped experimental data
(Fig. 7D). Figure 7E indicates that the model also predicts
that ACPC will be fully efficacious under conditions of satu-
rating glutamate with EC50 and Imax values for ACPC-sim-
ulated peak and steady state responses within 2-fold of ex-
perimental data (Fig. 4B). This combined evidence suggests
that ACPC putative partial agonism can be explained solely
by its concurrent action as a high-affinity glycine-site full
agonist and a low-affinity glutamate-site competitive antag-
onist.

Physiological Implications

Figure 4, A and B, indicates that 1 mM ACPC acts as a full
agonist in the presence of saturating concentrations of glu-
tamate (10 mM), yet the acute administration of ACPC has
been shown to be neuroprotective (Long and Skolnick, 1994;
Fossom et al., 1995b). Thus, either ACPC causes neuropro-
tection in vivo via a mechanism unrelated to NMDA receptor
ion channels, or the concentration of glutamate that causes
neurotoxicity as a result of ischemic insult is quite low.

In the rat, a 300 mg/kg dose of ACPC yields plasma con-
centrations of ;5 mM (Cherkofsky, 1995) without toxic ef-
fects (Fossom et al., 1995b); therefore, ACPC concentrations
in the brain could reach a several millimolar concentration.
For millimolar concentrations of ACPC, a simple type of
competitive inhibition might be used to estimate the ratio of

the NMDA channel response to glutamate and ACPC in
comparison with glutamate and glycine:

Iglutamate 1 ACPC

Iglutamate 1 glycine
5

1 1
Kd

[glutamate]
Kd

[glutamate]S1 1
[ACPC]

Ki
D 1 1

(5)

Assuming an apparent equilibrium dissociation constant
(Kd) for glutamate binding to be 2.3 mM (Patneau and Mayer,
1990) and an equilibrium dissociation constant for ACPC at
the glutamate-binding site (Ki) of 2 mM, then 3.5 mM gluta-
mate and 5 mM ACPC would yield a response that would be
50% of the response of the same concentration of glutamate
in saturating glycine.

During ischemic insult, glutamate concentrations can
reach 30 mM (Benveniste et al., 1984; Globus et al., 1991).
However, on recirculation after ischemic insult, glutamate
levels fall rapidly to ;4 mM but require ; 20 to 30 min to
return to baseline glutamate levels. According to eq. 5, the
degree of the NMDA receptor channel immediate and de-
layed response in the presence of 5 mM ACPC would be
reduced by 15 and 48% for 30 and 4 mM glutamate, respec-
tively.

Because ACPC and other NMDA antagonists can cause
significant neuroprotection when administered up to several
hours after ischemic insult (Hartley and Choi, 1989; Fossom
et al., 1995b), the trigger for glutamate-induced neurotoxicity
may be micromolar levels of glutamate for a sustained time
period rather than higher concentrations of glutamate for a
brief time. If this is true, then the hypothesis that “ACPC-
like” putative partial agonists may prevent neurotoxicity
without serious side effects could be rationalized. Normal
synaptic transmission is characterized by a high concentra-
tion of glutamate (;1 mM) for a brief time period (;1 ms)
(Clements et al., 1992). Under such conditions, 5 mM ACPC
would inhibit the response to 1 mM glutamate by ,1%. Thus,
synaptic activation of NMDA receptors would not be im-
paired and would possibly limit psychotomimetic side effects.
However, if under pathological conditions the concentration
of glutamate are sustained in the low micromolar range,
ACPC could yield substantial protection against glutamate
induced neurotoxicity.
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