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SUMMARY
The inhibition ofN-methyl-D-aspartate (NMDA) receptor channels
by the vasodilatory and anti-ischemic agent ifenprodil was ex-
amined on cultured rat hippocampal neurons. Whole-cell and
single-channel patch recordings were used. Ifenprodil inhibition
of NMDA currents could be separated into two components,
with IC50 values of 0.75 and 1 61 �tM. The high and low affinity
components were both voltage independent but could be sepa-
rated by their kinetics and dependence on extracellular calcium
and glycine. The maximal inhibition of inward current by ifenprodil
(�9O%) was equally divided between the two components in 0.3
mM extracellular calcium and 500 nM glycine. The low affinity
action of ifenprodil had rapid kinetics and appeared to result from
allosteric inhibition of the glycine modulatory site on the NMDA
receptor. The macroscopic kinetics of the high affinity component
were slow. The rate of onset was concentration dependent, and
complete recovery required 1 -2 mm. Unlike open-channel block-
ers, ifenprodil block was not use dependent, and pre-exposure
to ifenprodil also reduced subsequent NMDA responses. Low
concentrations of ifenprodil were less effective after calcium-

dependent inactivation of whole-cell currents, but the IC50 was
unaffected, suggesting that calcium and ifenprodil act on a
common set of channels. On outside-out membrane patches,
ifenprodil reduced the frequency of channel opening without
altering the single-channel conductance. Open time histograms
of the large conductance events revealed two mean open times
of �2 and 8 msec, but only the duration of the long openings
was decreased by ifenprodil. This effect was concentration de-
pendent and revealed a blocking rate constant of 6 x 1 0�
M1sec1. However, the proportion of current blocked by low
concentrations of ifenprodil was larger in outside-out patches
than in whole-cell recordings, suggesting that intracellular factors
may influence ifenprodil efficacy. These results indicate that high
affinity ifenprodil binding is extracellular and does not require
agonist binding or channel opening. Because low concentrations
of ifenprodil only partially inhibited the current and affected only
the long openings, ifenprodil may promote a modal shift in
channel gating.

The use of glutamate receptor antagonists as ‘neuroprotec-

tive’ agents in hypoxic-ischemic brain damage has been actively

studied in the past few years (1, 2). Several lines of evidence

have suggested that NMDA receptors play an important role

in the accompanying neuronal death (reviewed in Ref. 3).

Calcium influx through NMDA channels appears to initiate
this process, and NMDA-induced neuronal cell death in vitro
is dependent on extracellular calcium (4, 5). Thus, potent and

selective receptor antagonists for this receptor could be impor-

tant therapeutic agents. A number of binding sites have been

pharmacologically characterized on the NMDA receptor chan-

nel (reviewed in Ref. 6). Antagonists act via several of these
sites, including the glutamate recognition site, the strychnine-

insensitive glycine modulatory site within the NMDA channel,
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and allosteric sites on the receptor. Although some noncompet-
itive antagonists such as MK-801 are highly potent, behavioral

side effects could become important limiting factors in thera-

peutic trials (7); thus, it is worthwhile to investigate other

compounds with distinct mechanisms of action.

The phenylethanolamine ifenprodil was originally developed

as a vasodilator (8) and has been used sporadically as a cerebral

vasodilator (e.g., Ref. 9). It has also been reported to have

neuroprotective action in animal models of focal cerebral is-

chemia (10). Recently, ifenprodil has been shown to noncom-

petitively antagonize NMDA receptors in several experimental

preparations (1 1), but its mechanism of action remains unclear.

Ifenprodil is structurally unrelated to other NMDA receptor

antagonists and has not been reported to have behavioral side

effects. It has been suggested that ifenprodil antagonizes

NMDA receptors by an interaction with polyamines (12, 13),

which have been reported as positive modulators of NMDA

receptor function (14-16). However, other investigators have
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proposed that ifenprodil stabilizes an inactivated form of the

channel (17).

We examined the action of ifenprodil on NMDA receptors

on hippocampal neurons in cell culture, using whole-cell and

single-channel recording. Ifenprodil antagonism of NMDA-

activated whole-cell currents had two components, which dif-

fered in their mechanism. At high concentrations ifenprodil

was a glycine antagonist, but this mechanism of action is

unlikely to be significant in the presence of physiological con-
centrations of glycine. The high affinity component had slow

macroscopic kinetics, accounted for 30-50% of the total inhi-

bition, and was not additive with calcium-dependent inactiva-

tion of the NMDA channel. The action of ifenprodil could not
be attributed to antagonism of polyamines.

Materials and Methods

Cell culture. Cultures of hippocampal neurons were prepared as
previously described (18). Hippocampi from postnatal day 1 Sprague

Dawley rat pups were incubated in low-calcium saline with papain (5-
20 units/ml; Worthington Biochemicals) for 1 hr. The papain was

inactivated with bovine serum albumin and trypsin inhibitor, and the
tissue was mechanically dissociated and plated onto a confluent layer

of hippocampal astrocytes. The culture medium contained minimum

essential medium, 0.6% glucose, 5% heat-inactivated horse serum (Hy-

clone), and a supplement including 200 �g/ml transfernin, 200 �M

putrescine, 60 nM sodium selenite, 40 nM progesterone, 40 ng/ml

corticosterone, 20 ng/ml triiodothyronine, and 10 �g/ml insulin. Cul-
tunes were treated 1 day after plating with a mixture of 5’ -fluoro-2-

deoxyuridine and uridine (15 and 35 �tg/ml, respectively) to suppress

overgrowth of background cells; half-changes of medium were done
twice weekly.

Electrophysiology and drug delivery. Standard outside-out and
whole-cell patch-clamp recordings (19) were performed on neurons

after 1-2 weeks in culture. The extracellular solution contained (in

mM) Na, 162; K, 2.4; Ca2�, 1.3 or 0.3; � 0; Cl, 167; HEPES, 10; and
glucose, 10; pH adjusted to 7.3; osmolarity adjusted to 325 mOsM with
sucrose. Tetrodotoxin (500 nM), strychnine (2 SM), and picrotoxin (50

�M) were added to block spontaneous electrical activity and glycine
and -y-aminobutyric acid channels, respectively. Patch pipettes were

pulled from borosilicate glass (TWF 150, WPI), coated with Sylgard,
and fire-polished and had DC resistances of 2-10 M�I. Pipette solutions

contained (in mM) CsC1, 126; CsF1, 14; EGTA, 10; and HEPES, 10; pH
adjusted to 7.2 with CsOH; osmolarity adjusted to 295 mOsM. The
chamber was continuously perfused (1-2 ml/min) at room temperature
(m20’). Single-channel currents in the outside-out patch configuration

and whole-cell currents were recorded using an Axopatch lB (Axon
Instruments), with the current filtered at 10 kHz. Membrane current
records were monitored on a chart recorder and stored on videotape

for later analysis using a digital data recorder (VR1O; Instrutech Corp.).
NMDA (2-10 �tM) and ifenprodil (0.3-1000 �tM) were dissolved in

the extracellular solution and applied via an array of flow pipes (400-
�m i.d.) positioned within 100-200 �im of the cell. Each flow pipe was
controlled by solenoid valves; solutions were changed by simultaneously

closing one valve and opening another. The solution exchange time
constant was less than 20 msec, as measured by the change in mem-

brane current evoked by kainic acid in two concentrations of sodium
(20). Ifenprodil solutions were freshly prepared before each experiment.
Ultrapure calcium and sodium salts (Aldrich) were used in the flow
pipes for drug delivery. In most cases, the extracellular glycine concen-
tration was 500 nM; in some experiments, this was varied from 0 to 100

�M; the estimated glycine concentration in nominally glycine-free
solutions was 50 nM. Concentration-response curves were fitted with

equations given in the figure legends. NMDA was obtained from
Cambridge Research Biochemicals; other chemicals were obtained from
Sigma.

Single-channel analysis. Low concentrations of NMDA (2 �zM)

and glycine (500 nM) were used during single-channel recordings, to

minimize the number of overlapping events. Single-channel currents
were replayed, filtered at 2 kHz (eight-pole Bessel; Frequency Devices),

digitized at 10 kHz, and analyzed on an IBM AT-compatible computer

using pClamp software (version 5.5). Opening and closing transitions
were detected using a 50% threshold criterion. Events briefer than 200

�sec were deleted from the events list when the filter cut-off frequency

was 2 kHz. Mean open time histograms were fitted with the sum of
two or three exponentials. Amplitude histograms were fitted with the

sum of one or more gaussian functions, using least-square methods.

Single-channel conductance was checked for each patch, using the
observed reversal potential. Cumulative point-per-point amplitude his-

tograms were used to obtain estimates of channel opening probability.

Because multichannel patches were used, the estimate of opening
probability (P0) obtained was np, where n is the number of channels

and p is the probability of opening for a single channel. Results are
presented as mean values ± standard deviation.

Results

Ifenprodil selectively blocks NMDA receptors in a

voltage-independent manner. Whole-cell recordings were

made from hippocampal neurons after 6-14 days in culture.

Neurons were initially voltage-clamped at -50 mV, and drug

applications were made by switching between large-bore flow

pipes containing either the control medium or test solutions.
Fast applications (exchange rate, <20 msec) of NMDA, kainate,

or AMPA produced inward currents with fast-on, fast-off mac-

roscopic kinetics in all neurons tested (n > 100). To minimize

calcium-dependent desensitization of the NMDA-evoked cur-
rent (21, 22), NMDA was applied in the presence of 0.3 mM

CaCl2. As shown in Fig. 1A, a high concentration of ifenprodil

(100 �tM) applied during the continuous perfusion with NMDA

rapidly antagonized the inward current (Fig. 1A). However, the

recovery after the application of ifenprodil had two easily

separable components, one that was similar to the rate of

solution exchange and a second component with a strikingly

slower recovery rate. The degree of inhibition as well as the
onset and recovery rates were similar at holding potentials of

-50 mV and +40 mV. Ifenprodil decreased the NMDA-evoked

current at -50 mV to 30 ± 4.6% of control (n = 16), compared

with 36.2 ± 3.9% (n = 11) at +40 mV.

Responses evoked by AMPA showed fast desensitization to

a steady state current, whereas kainate responses did not show

appreciable desensitization (23). Ifenprodil was applied after

the currents had reached a stable level. Ifenprodil had no

significant effect on responses evoked by kainate (100 �tM) or

AMPA (50 jiM). In the presence of ifenprodil, the response to

kainate was 92 ± 3.7% of control (n = 10), whereas the steady

state AMPA-evoked response was 104 ± 6.7% (n = 10) (Fig.

1B).

Ifenprodil concentration-response curves are bi-

phasic. The dose dependence of ifenprodil action (0.1-300 �tM)

was tested by application of three different concentrations of

ifenprodil to each neuron; the results were then pooled to
construct a concentration-response curve. All neurons were

tested with NMDA (10 �tM) at a holding potential of -50 mV.

The inhibition by 3 and 100 �M ifenprodil for one neuron is

shown in Fig. 2A. Because the rate of onset of antagonism was

concentration dependent, the duration of application was ad-

justed to allow the current to reach steady state levels. Ifenpro-

dil had no effect at concentrations lower than 0.1-0.3 �tM, and

the maximal inhibition was observed at 300 �tM (15 ± 3.8% of

control, n = 4). Although inhibition was not complete at 300
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�zM, the limited solubility of ifenprodil at �1 mM prevented

testing of higher concentrations. The normalized inhibition

curve was biphasic and was fitted with the sum of two binding

site isotherms of the form

1IFL ICON{Al(1 - ([IFL]/([IFL] + IC501)))

+ A2(1 - ([ILF]/([IFL} + IC502)))�

where ‘CON �5 the normalized control current, ‘IFL is the total

current in the presence of ifenprodil, [IFL] is the concentration

of ifenprodil, IC50, and IC502 are the concentrations that inhib-

ited 50% of the current, and A1 and A2 are the coefficients of
the two components. As shown by the fitted curve in Fig. 2B,
the two components were responsible for approximately equal

proportions of the antagonism (A1 = 0.51 and A2 = 0.49), with

IC� values of 0.75 and 161 tiM.

The recovery after ifenprodil application had two distinct

components at high concentrations, a rapid phase followed by
a slow relaxation (see Fig. 2A). However, the proportion of the

blocked current that recovered at a slow rate did not increase

for [IFL] of >10 �zM. The amount of current subject to slow
recovery was estimated by measurement of the residual inhi-

bition at 1 sec after washout of ifenprodil. The residual inhi-
bition was 0.42 ± 0.03 (n = 9), 0.44 ± 0.06 (n = 12), and 0.43

A B

Fig. 1. A, The inward current evoked
by flow pipe application of 10 �M

NMDA was blocked by a 1 0-sec
coapplication of ifenprodil (1 00 �zM)

at holding potentials of -50 and +40
mV. Note the slow recovery after
removal of ifenprodil. B, In the pres-
ence of ifenprodil (100 � the
NMDA-evoked current was reduced
to 30% of control at -50 mV,
whereas responses evoked by kain-
ate (100 �M; V5, -50 my) and AMPA
(50 �tM; Vh -50 mV) were not signif-
icantly altered. The extracellular so-
lution for this and subsequent fig-
ures contained 0.3 mM Ca2� and 500
nM glycine, unless otherwise noted.

± 0.06 (n = 4) for 30, 100, and 300 �sM ifenprodil, respectively

(Fig. 2B). This is nearly the same as the inhibition due to the
high affinity component of the concentration-response curve

and suggests that the slow relaxation represents recovery from
high affinity block.

Macroscopic kinetics of ifenprodil block also had two

components. The rate of onset of inhibition increased with

the ifenprodil concentration. The onset for five concentrations
of ifenprodil (0.3-30 �tM), during the continuous application of
NMDA, is shown in Fig. 3A. At low concentrations, the onset
was quite slow and was well fitted by a single-exponential
function (r0�,), ranging from 7.5 ± 0.2 sec at 0.3 �tM (n = 4) to
1.4 ± 0.3 sec at 10 �tM (n = 8). The concentration dependence

of r0,,, is shown in Fig. 3B. For concentrations of �30 �tM, two

exponentials were required to fit the onset; at 30 �M, r0,,1 was
416.7 ± 57.6 msec and T0fl2 was 44.8 ± 12.1 msec (n = 9).
However, as r0,,2 approached the drug delivery rate at high

concentrations (�20 msec at 100 �iM ifenprodil), it is likely that

we underestimated the time constant for the fast component.
The two kinetic components of the onset suggest that separate
processes may contribute to antagonism, one of which becomes
apparent only at ifenprodil concentrations above 10 MM. This
is consistent with the two components of inhibition seen in the
concentration-response curve (see Fig. 2).

Fig. 2. A, Responses to NMDA (10 MM)

in the presence of 3 and 100 MM ifenpro-
dil are shown for one neuron at a holding
potential of -50 mV. B, Maximum inhi-
bition during ifenprodil application (#{149})
was fitted with the sum of two single-
binding site absorption isotherms. The
IC� values were 0.75 and 161 MM, with
coefficients of 0.51 and 0.49, respec-
tively. 0, Residual inhibition immediately
after the fast component of recovery.
Data points are the average ± standard
deviation of 4 to 16 cells.
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Fig. 4. A, Inward current evoked by NMDA (10 MM) before and during a
30-sec application of ifenprodil(100 MM). Inhibition did not increase during
the long application and showed full recovery. B, A 15-sec application of
ifenprodil in the absence of NMDA resulted in inhibition of the subsequent
responses, followed by a slow recovery. C, The same protocol as in B
was used, except only one application of NMDA was given during the
recovery period, demonstrating that the recovery rate is not dependent
on reopening of the channels. The holding potential was +40 mV in B
and C. The extracellular solution contained 1 .3 mr�i [Ca2�]0.
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The recovery from inhibition also showed two components.

At low concentrations, only a slow recovery could be observed

(see, e.g., Fig. 2A); for 3 MM ifenprodil, the half-recovery time

was 18.8 ± 2.6 sec (n = 8). As shown in Fig. 3C, an additional

fast recovery become apparent at higher concentrations of

ifenprodil, with a time constant of �30 msec. In contrast to the

rate of onset, neither component of the recovery was concen-

tration dependent, as shown for the slow recovery rate in Fig.
3D. The fast recovery was well fitted with single-exponential

functions. The fast recovery time constants at ifenprodil con-
centrations of 30, 100, and 300 MM were 31.1 ± 17.1 (n = 9),

30.1 ± 13.2 (n = 12), and 31.2 ± 8.3 (n = 4) msec, respectively.

The rapid onset and slow recovery with ifenprodil resemble

the action of some open-channel blockers, such as MK-801

(24). Slow open-channel-blocking drugs show use dependence,
and recovery from block is increased by re-exposure to the

agonist. However, inhibition of NMDA current did not increase
during prolonged applications of ifenprodil (Fig. 4A). In addi-

tion, pre-exposure to ifenprodil shortly before application of
NMDA also antagonized the inward current, suggesting that

ifenprodil can act on NMDA receptors that are not open. As

shown in Fig. 4B, a 10-sec exposure to ifenprodil resulted in a

50% block of the response, even at a positive holding potential
(+40 mV). Repeated applications of agonist revealed a half-
recovery time of �20 sec and full recovery at 90 sec (Fig. 4B).
However, recovery did not depend on channel activity, inas-
much as a similar recovery was seen when NMDA was applied

90 sec after initial exposure to ifenprodil (Fig. 4C). Similar

results were obtained on five neurons.
Calcium-dependent inactivation and high affinity

ifenprodil block are not additive. Inactivation or desensi-

tization of NMDA currents has several components, one of
which is calcium dependent (21, 25, 26). Calcium-dependent

inactivation is voltage dependent and virtually absent when

Fig. 3. A, The onset of inhibition for 0.3, 1 , 3, 10, and 30
MM ifenprodil is shown for one neuron at a holding poten-
tial of -50 mV. B, At concentrations lower than 10 MM,

the onset was well fitted by a single exponential, which
became faster with increasing concentrations. A second
exponential was required to fit the onset for high concen-
trations of ifenprodil, but only the slow time constant is
plotted in B (see text). C, The rate of recovery from
ifenprodil (1 00 MM) also had two components. The fast
recovery was apparent only at >10 MM ifenprodil. D, The
slow recovery rate was independent of ifenprodil concen-
tration. The data were filtered at 1 kHz for curve fitting;
slow onsets were filtered at 10 Hz for display. Data in B
and 0 are the average of 4 to 12 cells.
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[Ca2’]0 is <0.3 �zM (22). It became apparent that the degree of

inhibition by ifenprodil was highly dependent on the external
calcium concentration. In 1.3 mM [Ca2�]0, the NMDA-induced

current was followed by a slowly developing relaxation, which

reached a steady state level within 10-20 sec, consistent with

calcium-dependent inactivation (Fig. 5A). Under these condi-

tions, ifenprodil blocked 43 ± 4% of the steady state current (n
= 8). However, in 0.3 mM [Ca2�]0, calcium-dependent macti-

vation was minimal, and 70 ± 4.6% of the steady state current

was blocked by ifenprodil (n = 16). Therefore, the ifenprodil-

resistant current was approximately 20-30% of the initial peak

current regardless of [Ca2�]0, as shown for the same neuron in

Fig. 5A. Likewise, when calcium-dependent inactivation was
prevented by holding the membrane potential at +40 mV,

antagonism by ifenprodil in 1.3 mM [Ca2�]0 was similar to that

observed in low external Ca2� (Fig. 5B). This suggests that

channels inactivated by Ca2� cannot be further inhibited by
ifenprodil and that the apparent voltage dependence of ifenpro-

dil action in 1.3 mM [Ca2�]0 simply reflects the presence of

calcium-dependent inactivation.
The concentration-response curve was modified when

[Ca2�]0 was increased from 0.3 to 1.3 mM (Fig. 6). The solid

line shows the best fit to the data of Fig. 2 in 0.3 mM [Ca2�]0.

In the presence of 1.3 mM [Ca2�]0, the concentration-response

A
100 �M.1fenprodiI 100 th1.1renpr��diI

-SOmV � � I O.2nA

Fig. 5. A, Ifenprodil (1 00 MM) was applied in the presence of 1.3 m�i
[Ca2�]0 (left) or 0.3 m� [Ca2�]0 (right) after the NMDA-evoked current
reached a steady state. Note the calcium-dependent inactivation of the
NMDA-evoked current in 1 .3 mr�i [Ca2’]0. The ifenprodil-resistant current
was similar in 0.3 mM and 1 .3 m� [Ca24]0. The holding potential was
-50 mV. B, The histograms show the inhibition of NMDA responses at
holding potentials of -50 and +40 mV. Ifenprodil inhibition showed an
apparent voltage dependence in 1 .3 mr�i [Ca2�]0. NMDA responses were
normalized to the steady state immediately preceding ifenprodil applica-
tion.

Ifenprodil concentration (�.tM)

Fig. 6. The ifenprodil concentration-response curve in the presence of
1 .3 m�i [Ca2�]0 (#{149})was fitted with the sum of two single-binding site
isotherms, as in Fig. 2. Each point was normalized to the steady state
NMDA current preceding ifenprodil application. The IC� values were
0.75 and 200 MM, similar to those seen in low calcium (0.3 mM; �ee Fig.
2). However, the proportion of inhibition due to the high affinity compo-
nent was reduced from 0.51 to 0.31 . The concentration-response
curve for low calcium (-) is replotted from Fig. 2 for comparison.
(. . . .) Best fit to the data in 1.3 mr,i [Ca2’]0, normalized to the initial
peak inward current, demonstrating that only the high affinity component

is reduced after calcium-dependent inactivation of the NMDA current.

curve, normalized to the steady state current preceding ifen-

prodil application, could still be fitted with the sum of two
binding site isotherms. IC50, was 0.75 �iM and IC502 was 200 tiM.

Although the IC50 values were similar, the contribution of the

two components of inhibition was altered by increases in extra-
cellular calcium. Whereas in 0.3 mM [Ca2�]0 the high and low

affinity components were each responsible for approximately

50% of the total inhibition (see Fig. 2B), in 1.3 mM [Ca2j0 the

coefficients of the binding site isotherm were 0.31 for the high

affinity component and 0.69 for the low affinity component.
Inasmuch as the calcium-dependent inactivation reduced the

NMDA current in 1.3 mM [Ca2�]0 to approximately 75% of

control (e.g., Fig. 5A), the change in the coefficients in 1.3 m�t

[Ca2�]0 most likely reflects a decrease in the high affinity

component. This was readily apparent when the ifenprodil

inhibition curve in 1.3 mM [Ca2�]0 was normalized to the steady

state current immediately preceding ifenprodil application (Fig.

6), suggesting that the high affinity action of ifenprodil is not

additive with calcium-dependent inactivation.

Ifenprodil reduced the activity of single NMDA chan-

nels. The effects of ifenprodil on single NMDA-activated chan-

nels were examined in outside-out patches pulled from cultured

hippocampal neurons. In the presence of NMDA, well resolved,

large conductance openings were observed, as shown for one
patch in Fig. 7A, at a holding potential of -50 mV. In the same
patch, ifenprodil (3 MM) produced a dramatic reduction in the

number of channel openings, with no apparent effect on the

single-channel conductance (Fig. 7B). Recovery of channel
activity required 2-3 mm after drug exposure, consistent with

the slow recovery seen in whole-cell experiments (e.g., compare

Figs. 1A and 9A).
Amplitude histograms for one patch in the presence and

absence of ifenprodil are shown in Fig. 8, A and B. NMDA-
activated channels had several conductance levels, as previously
described (27, 28). For six patches, the levels were 50.0 ± 1.7,

38.7 ± 1.8, 28.9 ± 1.7, and 15.1 ± 1.8 pS. Although ifenprodil
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defined as 3 times the short closed interval; events shorter than

the critical gap were excluded from the burst analysis (29). For

six patches, burst duration histograms were fitted with the sum

ofthree exponentials (0.3 ± 0.1, 3.0 ± 0.9, and 21.0 ± 3.4 msec).

In the presence of ifenprodil, only the long burst duration was
significantly reduced (0.3 ± 0.2, 2.4 ± 0.8, and 7.8 ± 1.3 msec).

The reduction in the mean open time and long duration bursts

suggests a kinetic scheme in which ifenprodil permits exit from
the open state to an inactivated or closed state. The rate
constant was estimated from the slope of the relationship

between the inverse of the mean open time and the ifenprodil

concentration (Fig. 9B). At a holding potential of -50 mV, the

slope was 6.045 x i0� M’sec’.

To compare the antagonism of single-channel activity with

inhibition of the whole-cell current, amplitude histograms were

constructed using a point-by-point method. The open proba-
bility, obtained from the normalized area of the histogram, was

reduced with increasing ifenprodil concentrations (Fig. 9C).

Surprisingly, low concentrations of ifenprodil blocked a much

larger proportion of the current than in whole-cell recording in

normal 1.3 mM [Ca2�]0. Ifenprodil (3 tiM) produced a 62 ± 11%

(n = 6) reduction of the open probability but only a 27%

reduction in the whole-cell current (see Fig. 6).

At high concentrations, ifenprodil acts as a glycine

antagonist. Both the concentration-response curve and the

macroscopic kinetics are consistent with a two-component ac-

tion of ifenprodil. We examined whether the low affinity com-

ponent could be due to an interaction with the strychnine-

insensitive glycine modulatory site on the NMDA receptor (30).

Glycine binding is an absolute requirement for channel acti-

vation, and a number of compounds act as glycine antagonists

(31-33). As expected, increasing the extracellular glycine con-

centration increased the initial peak current response to

NMDA at a holding potential of -50 mV. However, increases

in glycine reduced the inhibition produced by 100 MM ifenprodil

(Fig. bA). In the presence of 150 nM glycine ifenprodil reduced

the NMDA current to 20.8 ± 5.4% of control ( V5 = -50 mV, n

= 8), but in the presence of 10 MM glycine the NMDA current

was reduced to only 72.9 ± 4.4% of control ( Vh = -50 mV, n =

7). Similar effects were seen at a holding potential of +40 mV

(Fig. 10).

The concentration-response curve for glycine potentiation of
the NMDA current is shown in Fig. 11. A 50 nM residual

concentration of glycine was incorporated into the final con-

centration, based on the responses observed in nominally gly-

cine-free solutions. The data could be fitted with the logistic
equation, in the absence of ifenprodil, with an EC50 of 195 nM

and a Hill coefficient of 1.3. Ifenprodil caused a nightward shift
of the glycine concentration-response curve, but high concen-

trations of glycine could not completely overcome ifenprodil

inhibition (Fig. hA). The residual inhibition was approxi-

mately 30% in the presence of either 3 or 100 MM ifenprodil,

which is the same proportion of antagonism due to the high

affinity ifenprodil component in 1.3 mM [Ca2�]0. Thus, the

action of low concentrations of ifenprodil was glycine inde-

pendent. To examine the interaction of ifenprodil with glycine

binding, the residual glycine-independent inhibition was re-

moved by normalizing the data to the maximum NMDA-evoked
current at 100 �iM glycine. The glycine-dependent inhibition

was well described by a competitive inhibition model with an
IC50 of 55 �M for ifenprodil (Fig. 11B), suggesting that the low

Fig. 7. Single-channel currents were evoked by application of 2 MM
NMDA to an outside-out patch at a holding potential of -50 mV. Epochs
of 10 sec, containing clearly resolved NMDA channel openings, are
shown for one patch in the absence (A) and presence (B) of ifenprodil (3
MM). Note the decrease in number of events and the duration of the
openings in the presence of ifenprodil. The extracellular solution con-
tamed 500 nM glycine and 1 .3 m� Ca2�. The data were filtered at 2 kHz.

(3 MM) reduced the number of openings, there was no effect on
the single-channel conductances; mean conductance levels were

49.0 ± 1.0, 39.1 ± 1.7, 27.6 ± 2.0, and 17.0 ± 1.0 pS. However,

ifenprodil did affect the open time of NMDA channels. The

open time histograms for the large conductance levels (>35 pS)

are shown for one patch in Fig. 8, C and D. In the absence of

ifenprodil, the open time histograms were fitted with the sum

of two exponentials with time constants of 1.7 ± 0.7 and 7.5 ±

1.2 msec (n = 33). In 3 �zM ifenprodil, the long open time was

reduced. For eight patches, r1 was 1.7 ± 0.5 and r2 was 3.5 ±

0.9 msec. The reduction in the long mean open time was voltage

independent; at a holding potential of +40 mV, r1 was 1.5 ±

0.3 msec and r2 was 3.6 ± 0.7 msec (n = 4).

The analysis of mean open time included all events lasting

more than 200 Msec. The reduction in r2 by ifenprodil can be

more clearly defined using burst analysis. Closed time histo-

grams at -50 mV were fit by the sum of three or four exponen-

tials; the short closed time (0.56 ± 0.1 msec, n = 33) was

constant between patches and was unaffected by 3 MM ifenpro-

dii (0.63 ± 0.1 msec, n = 8). Thus, the critical gap duration was

294 Legendre and Westhrook
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Fig. 8. A, Amplitude histograms for
one patch were fitted with the sum of
four gaussian functions, with average
peak currents of 2.5, 1 .9, 1 .5, and 0.9
pA. The extracellular solution con-
tamed 2 MM NMDA, 500 n� glycine,
and 1 .3 mM Ca2�. B, In the presence
of ifenprodil (3 MM), single-channel cur-
rent amplitudes were unchanged. For
this patch, the mean amplitudes were
2.4, 1 .9, 1 .3, and 0.9 pA. Open time
histograms of the large conductance
openings (>35 pS) for the same patch
are shown in the absence (C) and
presence (D) of ifenprodil. The long
mean open time was decreased. Open
time histograms were fitted with the
sum of two exponentials, using a bin-
width of 0.6 msec.
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Fig. 9. A. Outward currents
through NMDA channels in an
outside-out patch at a holding
potential of -50 mV are shown.
Ifenprodil (3 MM) reduced channel
activity, which fully recovered
after 3 mm. B, The inverse of the
long mean open time was plotted
as a function of the concentration
of ifenprodil. The data could be
fitted with a regression line with
a slope of 6.045 x 10� M�1sec1.
The value of 1/r�� for [ifenprodil]
=Owasl33.1 ±20.3sec1(n
= 33), corresponding to a mean
open time of 7.51 msec. C, The
open probability (P0) for NMDA
channels (as defined in Materials
and Methods) was plotted as a
function of ifenprodil concentra-
tion. lfenprodil (3 MM) resulted in
a 62 ± 1 1% decrease in P0 (n =

6). Data points are the average
of five to eight patches.

affinity component of ifenprodil inhibition results from antag-

onism at the glycine binding site on the NMDA receptor.

Discussion

Our results demonstrate that two components underlie ifen-

prodil inhibition of responses evoked by NMDA. At low con-

centrations ifenprodil appears to promote transitions to a non-

conducting state of the channel, whereas at high concentrations

ifenprodil acts as an allosteric inhibitor of glycine binding. The
action of low concentrations of ifenprodil is distinct from that
of previously described NMDA receptor antagonists.

Different mechanisms for the two components of in-

hibition. Prior binding and electrophysiological studies have
suggested several possible mechanisms for the noncompetitive

antagonist action of ifenprodil, including actions at the Zn2�,

polyamine, and glycine sites on the NMDA receptor (17, 34).

The biphasic nature of the ifenprodil concentration-response
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Fig. 10. A, Whole-cell responses to NMDA (1 0 MM) in 150 n� and 10 MM

glycine are shown for one neuron at holding potentials of -50 mV and
+40 mV. lfenprodil block was larger in the low glycine solution at both
holding potentials. B, Results for all neurons tested are summarized. The
extracellular solution contained 1 .3 mr�i Ca2�.

curve in our experiments suggested the possibility of two sep-

arate mechanisms. In addition, the low and high affinity com-

ponents also showed distinct macroscopic kinetics. The fast

rates of onset and recovery could be attributed to the low

affinity site, because they were present only at high concentra-

tions of ifenprodil. Because the K values of the two components

differed by 200-fold and the high affinity component did not

completely block the NMDA-evoked current, it was possible to

reliably separate the proportion of current blocked by the two

components. Thus, the characteristics of the two components

could be examined in relative isolation.

Glycine is a co-agonist at NMDA receptors (31); thus, glycine

antagonism can be misinterpreted as noncompetitive NMDA

antagonism (e.g., see Ref. 35). The glycine dependence of ifen-

prodil block could be clearly attributed to the low affinity site.

First, low concentrations of ifenprodil could not be overcome

even by supramaximal concentrations of glycine. Second, the

proportion of current that was glycine independent was equal

to the maximal inhibition due to the high affinity component.

As a result, the rightward shift of the glycine dose-response
curve by ifenprodil appears to be consistent with a weak com-

petitive action on the glycine binding site. However, if this

were truly a competitive interaction, the on-rate of ifenprodil

would be limited by the dissociation rate of bound glycine

molecules, which is approximately 300 msec (36). Although we

were unable to determine the true rate constants for the low

affinity site, both the fast on- and off-rates were much faster

than 300 msec and approached the rate of solution exchange

(20-30 msec). The most likely possibility is that ifenprodil

binding results in an allosteric decrease in the affinity of glycine

binding, e.g., the approximate 5-fold rightward shift in the

glycine dose-response curve would then predict a dissociation

rate of glycine of �60 msec, assuming the association rate was

unaffected. This is near the observed value of 20 msec for the

fast onset time constant for ifenprodil. The low affinity of this

interaction may explain why this has not been detected in

binding studies (34) (but see Ref. 37). However, it is unlikely

that the low affinity action seen in our experiments will con-

tribute significantly to ifenprodil block of NMDA channels in

vivo, due to the high ambient concentrations of glycine (30, 38).

The high affinity binding site. The effects of low concen-

trations of ifenprodil had several unique features, compared

with those of other NMDA receptor antagonists. The recovery

rate of the macroscopic current was extremely slow, with a time

constant of approximately 30 sec. Similar slow recovery rates

have been observed with highly potent channel-blocking drugs,

such as ketamine or MK-801 (24, 39, 40), but the recovery for

ifenprodil was voltage independent. The onset time constant

was also slow but was dependent on ifenprodil concentration,

consistent with a bimolecular reaction between ifenprodil and

the receptor. Assuming that drug binding is slow with respect

to channel opening (see Ref. 24), the K can be estimated from

the onset � and recovery (rr�ove�) of the macroscopic

current, where

K = (r0��� . [IFN])/Trecovery

For 1 MM ifenprodil, the onset time constant was 5.3 sec, giving

a calculated K1 of 180 nM. This is in reasonable agreement with

our measured IC50 of 750 nM. Several experiments exclude the

possibility that ifenprodil acts as a conventional open channel

blocker. Low concentrations of ifenprodil were not voltage or

use dependent, as occurs with ketamine (39, 40); thus, the site

of action is unlikely to be within the membrane electric field.

Likewise, NMDA-evoked responses on neurons preexposed to

ifenprodil were also inhibited, providing clear evidence that

ifenprodil binding does not require either agonist binding or

channel opening.

An estimate of the kinetics of this interaction could be
derived from single-channel experiments. Like Zn2�, a voltage-

independent NMDA antagonist, low concentrations of ifenpro-

dil reduced the frequency of channel opening and the mean

open time, without altering the single-channel conductance.

Recovery of channel activity was slow, with a rate similar to

the slow recovery rate of the macroscopic current. The decrease

in mean open time with increasing ifenprodil concentration

was used to estimate the apparent blocking rate constant, as
has been done for other noncompetitive NMDA antagonists,

including � MK-801, and Zn2� (18, 24, 41). The inactivation

rate constant was relatively fast, �6 x i0� M’ sec’, suggesting

that ifenprodil binding is limited primarily by diffusion. This

rate is similar to those of Mg�� (1.6 x i0� M’ sec’) (40) and

MK-801 (3 x i0� M’ sec�) (23) but 10 times faster than that

of Zn2� (4 x 106 M1 sec�). An additional difference between
ifenprodil and Zn2� was apparent from analysis of the open

time histograms. Whereas Zn2� reduced both the short and

long open times (18), ifenprodil had no effect on the short open

time. This may suggest the existence of two distinct open states,
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Fig. 1 1. A, Glycine concentration-response curves were plotted in the absence (#{149})and presence of 3 MM (A) and 100 MM (0) ifenprodil. The control
data were fitted using least-squares methods to the equation I = l�,/(1 + (EC�/[Glyfl, where I is the NMDA current, l� is the maximum response,
[Gly] is the glycine concentration, EC� is the glycine concentration that produces a half-maximal response, and n is the Hill coefficient. The EC50
was 195 nM and the Hill coefficient was 1 .3. In the presence of 1 00 pM ifenprodil, the curve was shifted to the right, but supramaximal concentrations
of glycine could not completely overcome the inhibition. The data were fitted with a competitive model, assuming a glycine-independent component
of inhibition (see text). The curve is the least squares fit to the equation I = l�,/(1 + (EC�(1 +([lFL]/IC�))/[Gly]�), where [IFL] is the ifenprodil
concentration and IC� is the concentration of ifenprodil that produced a half-maximal block. The lC� was 55 MM. B, The data shown in A were
normalized and replotted to show the glycine-sensitive component in the absence (#{149})and presence (0) of ifenprodil (1 00 pM). The estimated residual
glycine concentration in nominally glycine-free solutions was 50 nM. Data shown are mean of 4 to 12 cells.

only one of which is affected by ifenprodil. It is tempting to

speculate that this may explain why low concentrations of

ifenprodil do not produce complete inhibition.

Is ifenprodil a polyamine antagonist? A polyamine-sen-

sitive site on the NMDA receptor has been proposed, based on

the potentiation of [3H]MK-801 binding by spermine and sper-

midine (14). Several other di- and triamines have shown partial

agonist or antagonistic action in this assay (17, 42, 43). NMDA

responses on cultured hippocampal neurons and mRNA-in-

jected Xenopus oocytes have also been potentiated by extracel-

lular application of spermine and spermidine (15, 16, 43).

Ifenprodil has been reported to antagonize the spermine-in-

duced increases in [3H]TCP and, thus, to be a polyamine

antagonist (12) (but see Ref. 16). We attempted to test this

possibility using the competitive polyamine antagonist DET

(43). On five neurons, DET (150 MM) had no effect on the

ifenprodil inhibition of NMDA-evoked currents. DET also had

no direct action on NMDA currents. Thus, the effects of

ifenprodil in our experiments cannot be explained by antago-

nism of endogenous polyamines at an extracellular site on the

receptor.

Recently, both binding and physiological evidence have sug-

gested that polyamines increase the affinity of glycine binding

to the NMDA receptor (44). In our experiments, low concen-

trations of ifenprodil had no effect on the EC50 of the glycine

concentration-response curve, although the low affinity action

ofifenprodil did cause a rightward shift ofthe curve. We suspect

that any apparent interaction between polyamines and ifenpro-

dil occurs via the glycine modulatory site. However, it is curious

that polyamines, which are predominantly intracellular con-

stituents (45), would bind under physiological conditions at an

extracellular site. In addition, polyamines are polyvalent cat-

ions and, thus, may have different actions in the low ionic

strength buffers used in binding assays, compared with phys-

iological saline. Of note, Reynolds (46) failed to demonstrate

polyamine potentiation of NMDA responses using fura-2 meas-

urements in cultured forebrain neurons.

Calcium-dependent inactivation. An interesting charac-

teristic of high affinity ifenprodil block is the nonadditivity

with calcium-dependent inactivation. Inactivation of NMDA

channels by calcium has been shown to be voltage dependent

and appears to result from increases in cytoplasmic calcium

(21, 25, 47). This inactivation has a relatively slow onset (r

3-5 sec) and can be differentiated from glycine-dependent

desensitization (22) and from the rundown or washout of
NMDA responses in whole-cell or outside-out recording (26,

48). The mechanism by which Ca2� acts to inactivate the
channel is unclear. Although calcium-dependent inactivation

and low concentrations of ifenprodil result in incomplete block

of the NMDA-evoked current and involve slow macroscopic

kinetics, the mechanisms of action would appear to be different.

Calcium did not shift the IC50 for the high affinity ifenprodil

site, suggesting that calcium does not directly compete with

ifenprodil binding. Several other observations suggest that ifen-

prodil does not share identical mechanisms with calcium. First,

calcium must act intracellularly, whereas ifenprodil appears to

bind to an extracellular site. Second, ifenprodil inhibition is

not completely occluded by previous calcium-dependent mac-

tivation.

Low concentrations of ifenprodil produced a greater maximal

inhibition of NMDA channels in steady state recording from

outside-out patches, compared with the macroscopic current.

Because these experiments were performed in normal extracel-

lular Ca2�, it might have been expected that ifenprodil would

produce only a small inhibition. It is possible either that more
effective dialysis in the patch removed the necessary constitu-

ents for calcium-dependent inactivation or that calcium buff-

ering was more efficient. In any case, it suggests that the

functional state of the NMDA channel may dramatically alter

the action of antagonists such as ifenprodil. Although further

experiments are necessary to define the inactivation mecha-

nisms of the NMDA channel, it seems likely that ifenprodil

and calcium, acting at different sites, may reveal alternative
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modes of gating. Such alterations in gating may also underlie

the incomplete inhibition of voltage-dependent calcium chan-

nels by neurotransmitters (49).
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