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SUMMARY
The effects of aikylene bis-9,9’-aminoacridines and 1 ,2,3,4-tet-
rahydro-9-aminoacridine (THA) were studied on single-channel
currents activated by N-methyl-D-aspartate (NMDA) in outside-
out patches from cultured rat hippocampal neurons. These corn-
pounds reduced the channel open times with concentration and
voltage dependence, which was consistent with an open-channel
blockade mechanism of action. In nominally Mg2�-free solutions,
the forward blocking rate constants for 1 ,2-propane-bis-9,9’-
aminoacridine, 1 ,4-butane-9,9’-aminoacndine, and THA were 1.1
x 1 08, 1 .4 x 1 08, and 3.5 x 1 0� M1 SSC� , respectively, at a
holding potential of -80 mV. The unblocking rate constants for
the bis-9-aminoacndines were similar and in the range of 7 sec�,
whereas THA had an unbiocking rate constant of approximately
6.2 x 1 03 sec-1 . In the presence of Mg2� (�-5 MM), the predictions

of the model for open-channel blockade by the 9-aminoacndines
were invalid, because the relationships between the channel
lifetimes and 9-aminoacndine concentrations were not linear. The
effects of Mg�� (-�.-0-50 MM) on the open-channel blockade of the
NMDA receptor by the 9-aminoacridines were evaluated further
by measuring the burst times in the presence of 1 2-propane-
bis-9,9’-aminoacndine (5 MM). The results suggested that the
interactions of 9-aminoacridines and Mg2� with the ion channel
ofthe NMDA receptor were not mutually exclusive. Simultaneous
occupancy of the NMDA receptor ion channel by Mg2� and a
channel-blocking organic cation could be a common mechanism
of channel blockade for this receptor under physiological condi-
tions.

The NMDA receptor is thought to play a key role in complex

physiological processes such as learning and memory (1) and
synaptic plasticity (2), as well as in various pathophysiological
processes (3). The control of NMDA receptor activity in vivo

is complex, as indicated by the number of regulatory factors
that act on the receptor. For instance, there is a requirement

for a coagonist such as glycine (4), a voltage-dependent block-
ade of its ion channel by Mg�� (5, 6), a non-voltage-dependent

antagonism by Zn2� (7, 8), and a potentiation of channel

activation and a low affinity channel blockade by polyamines
such as spermine and spermidine (9-11). Previous studies have
provided evidence for a single Mg�� binding site located deep
within the receptor ion channel (12-14). This has led to the
use of � as a tool to test whether other noncompetitive
NMDA receptor antagonists act by binding within the receptor
ion channel. Competitive interaction of � with a test agent
is considered evidence that the binding site for the test agent
must be located within the channel. Although electrophysiolog-
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Health (ES05730).

ical studies have shown that Mg�� can be used to “protect” the

NMDA receptor from blockade by agents such as phencyclidine
(15) and MK-801 (16), which are believed to act by binding

within the channel, the exact mechanism by which Mg�� pro-

tects the channel against blockade by these agents is still

unclear. Two possible mechanisms exist that could explain the

effects of a channel-blocking agent on the NMDA receptor in

the presence of � One possibility considers that the inter-

action of Mg�� with the ion channel could be mutually exclusive,

so that the binding of Mg�� within the channel precludes the

binding of another cation (such as PCP or MK-801) and only
when Mg�� is not occupying the channel can the other cation

bind. The second possibility considers that the binding of Mg��
within the channel does not prevent the binding of another

cation but simply lowers the affinity of the channel for this

cation through electrostatic repulsion or by induction of a
conformational change. Obviously, the location of the binding

site for Mg�� with respect to that for the test agent is a key

determinant. For example, channel-blocking agents that bind

deep within the channel would be physically displaced from the
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Fig. 1. Structures of the alkylene bis-9,9’-aminoacndines (acndine araphanes) (23) and THA. For the bisacridines n represents the number of CH2
groups in the alkylene bridge.

channel by � whereas peripheral (shallow) channel-block-
ing agents may not.

In this study, we have been able to demonstrate that 1,2-
PAA and 1,4-BAA (Fig. 1) block the open channel ofthe NMDA
receptor with concentration and voltage dependence, as has

been previously reported for 9-aminoacridine and THA (17, 18,

19). Furthermore, we provide evidence that Mg�� and the 9-
aminoacridines bind to separate sites within the ion channel of

the NMDA receptor and that the presence of Mg�� within the
channel does not prevent the binding of the 9-aminoacridines.

Simultaneous occupation of the NMDA receptor ion channel

could be a common mechanism describing the interactions of

blocking agents such as MK-801 and PCP in the presence of

� but this has not been adequately addressed to date. Part

of this work has appeared in abstract form (20, 21).

Materials and Methods

Hippocampal cultures. The culture procedures were essentially

the same as those reported by Alkondon and Albuquerque (22). Neurons

cultured for 7-21 days were used for the experiments.
Single-channel current recordings and analyses. Outside-out

patches were obtained by standard patch-clamp techniques (23), using

7-10-MfI borosilicate microelectrodes with filaments (World Precision
Instruments, New Haven, CT) that were coated with Sylgard (Dow

Corning Corp., Midland, MI) to reduce noise. Single-channel currents
were activated by NMDA (10 MM; Sigma) and glycine (1 MM; Sigma)
and monitored using an LM-EPC-7 amplifier (List Electronics, Darm-

stadt, Germany). The bis-9-aminoacridines (synthesized by Dr. Chester
Himel) (24, 25) and THA (Aldrich, Milwaukee, WI) were dissolved in

the bathing solution and were applied to the patch by continuous

perfusion via an array of capillary tubes, by insertion of the tip of the

patch-bearing electrode into the appropriate tube. The currents were
stored for off-line analysis on videocassette tapes after passage through
a PCM device (Neuro-Corder DR-3M; Neuro-Data Instruments Corp.,

New York, NY). Records were filtered at 3 kHz on playback (eight-

pole Bessel, -3 dB, Frequency Devices 90; Frequency Devices, Inc.,
Haverville, MA), digitized at 12.5 kHz into an IBM AT computer, and

then analyzed by the automated IPROC-2 program (Axon Instruments,
Foster City, CA). Open events were considered terminated when the
amplitude decreased to <50% of the estimated mean single-channel
amplitude. The analysis provided the frequency, amplitude, and dwell
times of the single-channel currents. Time constants were obtained
from exponential least-squares fits of the dwell time histograms, based
on a Levenburg-Marquardt algorithm. Bursts were defined as a se-

quence of openings separated by closed intervals of <4.5 msec. This

criterion time was determined according to the method described by

Jahr and Stevens (26), where the misclassification of an interburst
closed interval as an intraburst closed interval is offset by the miselas-
sification of an intraburst closed interval as an interburst closed

interval. The effective cutoff frequency (fe) Of the analysis was 2.9 kHz.
This bandwidth does not prevent very brief transitions (lasting less
than approximately 58 �isec) from going undetected, so that channel
open times and brief closed/blocked times might be slightly overesti-
mated. Values for the respective time constants represent the mean ±

standard error from the indicated number (n) of patches. Log-binned
histograms were created by importing the events list output from

IPROC into the pStat program of pClamp software (Axon) and were
not fitted.

Recording solutions. The bathing solution had the following corn-
position (in mM): NaCl, 165; KC1, 5; CaCl2, 1.8; HEPES, 5; D-glucose,
10; and tetrodotoxin, 0.0003 (pH 7.3, 340 mOsM). The solution inside

the electrode had the following composition (in mM): CsCl, 80; CsF,

80; Cs-EGTA, 10; and HEPES, 10 (pH 7.3, 330 mOsM). External and
internal solutions were prepared with salts purchased from Sigma

Chemical Co. (St. Louis, MO). Mg�� concentrations were verified by
atomic absorption spectroscopy for both nominally Mg�-free solutions

and solutions where MgC12 (Mallinkrodt Specialty Chemicals Co.,
Paris, KY) was added from 10 mM stock solutions.

Single-channel current simulations. Single-channel currents
were simulated to evaluate the predictions of various models. The

simulations were performed using a computer program (written in C)
that was based on a Markov model for channel kinetic behavior. The

rate constants used in the simulations were obtained from the data

presented here as well as those reported by Jahr and Stevens (26). The
models used to test the predictions of the test for competition between

Mg�� and 1,2-PAA were extensions of the four-state model reported by
Jahr and Stevens (26). For the simultaneous occupancy model, all of
the transition rates were fixed except those corresponding to transitions
from the Mg�-blocked state that did not terminate in the open state.
The simulated data were then analyzed in the same way as the actual
data.

Results

Open-channel blockade by 9-aminoacridines. In out-

side-out patches from cultured fetal rat hippocampal neurons,

NMDA-activated channels predominantly had a conductance
of 49.6 ± 0.3 p5. The reversal potential of these single-channel
currents was approximately 1.2 mV in solutions containing
<0.5 MM Mg�� (Fig. 2). Any additional conductances that may

have been present (see Ref. 27) were excluded from the present
analysis. In the presence of 1,2-PAA (10 MM), 1,4-BAA (10 tiM),

or THA (50 MM), the channel lifetimes (r,,.0) were dramatically
shortened at negative holding potentials, whereas very little

shortening of the Topefl occurred at positive holding potentials

(Fig. 3). The control open time histograms at -80 mV were

usually best fitted by a single-exponential function, but some
histograms were better fitted with a double-exponential func-

tion. When double-exponential distributions were observed, the

NH2

o1�Io
1 ,2,3,4.-tetrahydro-9-am�noacridine
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Fig. 2. Characteristics of NMDA-activated single-channel currents in
outside-out patches from cultured fetai rat hippocampai neurons. A, Top,
sample recordings of outward single-channel currents activated by a
mixture of NMDA (1 0 ��u) and glycine (1 sM) (holding potential = +50
mV; r� = 5.12 ± 1 .70 msec, n = 4). Bottom, sample recordings of
inward single-channel currents activated by a mixture of NMDA (1 0 �M)

and glycsne(1 �iM)(hOldiflg potential = -80 mV, r�= 5.39 ± 0.64 msec,
n = 5). 0 and C, channel conducting and nonconducting current levels,
respectively. The records are discontinuous. B, Current-voltage relation-
ship for NMDA-activated single-channel currents. #{149},Currents recorded
in solutions containing approximately 5.4 pM Mg�; #{149},currents recorded
in nominally Mg�4-free solutions contelning <0.5 �M Mg2�. Uider efther
condition the channel conductance was approximately 50 pS; the rever-
sal potentials were -2.0 ± 0.03 mV in solutions containing approximately
5.4 MM Mg�� and 1 .2 ± 0.08 mV in nominally Mg�-free solutions. Each
point represents the mean ± standard error from three to seven patches,
where the error bars were smeller than the symbol size.

time constant of the longer component matched the time con-
stant obtained from fits of other histograms that were clearly
single-exponential distributions. In the presence of the 9-ami-

noacridines, the open time distributions clearly contained only
a single component (Fig. 4A). In addition to being voltage
dependent, the reductions in r� were also directly dependent
on the 9-aminoacridine concentrations. The concentration and
voltage dependencies were consistent with a mechanism of
open-channel blockade (28). Applying a sequential model to
the blockade of NMDA-activated currents by the 9-aminoac-
ridines, plots of 1/r,� versus the concentration ofthe acridines
(Fig. 5) allowed for the determination of the forward blocking
rate constants shown in Table 1. For the bis-9-aminoacridines,

the blocking rates approached the limits of diffusion, consistent
with a shallow binding site within the channel, whereas the

rate for THA blockade was slower and more voltage dependent,

suggesting a channel binding site located deeper in the channel.

Because the 9-aminoacridines block the channel in the open
state, they should produce a new component in the closed time

distributions that would correspond to the channel open but
blocked state. All of the 9-aminoacridines altered the closed

time distributions (Fig. 6). Note that, although log-binned
histograms are shown to illustrate the change in the closed

time distributions in the presence of the 9-aminoacridines, fits
oflinear-binned histograms were used to obtain the closed time
constants (see Table 2). Furthermore, the time constants for
the blocked state of the channel appeared to be concentration
independent (data not shown). THA dramatically increased the
number of “closed” events in the distribution of the shortest
time constant, revealing that the predominant blocked state
was relatively short, with a time constant of approximately 0.16

msec (n = 6) at a holding potential of -80 mV, and indicating

that the lower limit (due to the bandwidth of the analysis) of
the unblocking rate was approximately 6.2 x iO� sec’ (Fig. 6C;
Table 2). In the presence ofthe bis-9-aminoacridines, the closed
time distributions were best fitted by three exponential corn-

ponents, with the longest component most likely representing
a combination of the presumed blocked state and the normal
channel-closed state. Therefore, the channel-blocked state for
the bis-9-aminoacridines was relatively long lived, indicating
an unblocking rate on the order of 7 seC1 at -80 mV (Fig. 6,
A and B).

The sequential model for open-channel blockade predicts

that the channel burst duration (r�) increases in the presence
of a blocker because channel openings during each receptor

activation are interrupted by the channel entering the blocked

state, whereas the total time the channel is open and unblocked

during each receptor activation should not change (see Ref. 28).

Under control recording conditions, the burst-time distribu-
tions were fitted best by a double-exponential function, with
the longer bursts containing three or four open events on

average. In contrast, in the presence of the 9-aminoacridines,
the burst-time distributions were clearly a single-exponential

function, with the average burst consisting of only one or two
open events (Fig. 4B). The reduction in Tb..�,t induced by the

bis-9-aminoacridines indicated that the channel-blocked state

produced by the bis-9-aminoacridines was much longer than
the burst criterion time (4.5 msec), because r� became dra-
matically shorter with increasing concentrations of the bis-9-

aminoacridines. Because the bis-9-aminoacridines produce a
channel-blocked state that lasts hundreds of milliseconds, the

proper burst criterion time should have been close to 1 sec to
detect a ‘true’ burst that included channel blockages by these
agents. However, under our recording conditions the result
would have been erroneous due to the level of channel activity.

THA also reduced � suggesting either the existence of a

long-lived blocked state, in addition to the brief one described

above, or the occurrence ofa direct transition from the channel-

blocked state to a closed state.
Open-channel blockade by � Although not the major

focus of this study, characterizing the blockade by Mg�� of

NMDA-activated currents in our system was necessary to study
the effects of Mg�� on channel blockade by the 9-aminoacri-
dines, especially in light of the recent evidence for varying
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Fig. 3. Voltage-dependent reduction in NMDA-activated channel open times in the presence of 9-aminoacridines. Sample recordings of currents
activated by a mixture of NMDA (1 0 �u) and glycine (1 �M) in the presence of 1 ,2-PAA (1 0 zM) (left) (bottom, holding potential = -80 mV, r�

0.76 ± 0.05 msec, n = 3; top, holding potential = +40 mV, r�,, 3.82 ± 0.92 msec, n = 3), 1 4-BAA (10 �u)(middle)(bottom, holding potential =

-80 mV, � = 0.66 ± 0.04 msec, n = 4; top, holding potential = +50 mV, r� = 3.62 ± 0.18 msec, n = 4), or THA (50 �M) (right) (bottom,
holding potential = -80 mV, r�,,= 0.48 ± 0.01 msec, n = 4; top, holding potential = +50 mV, r�,,= 4.98 ± 0.98 msec, n = 3) are shown. 0 and
C, channel conducting and nonconducting current levels, respectively. The records are discontinuous.
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Fig. 4. Representative histograms of open and burst times at a holding potential of -80 mV, in the presence and absence of the 9-aminoacridines.
A, Open-time histograms for NMDA-activated channel activity under the indicated conditions. The values of r� are given in the legends to Fig. 1
(control) and Fig. 3 (in presence of 9-aminoacidine). B, Burst-time histograms for NMDA-activated channel activity under the indicated conditions.
Control, TULV$t 1.67 ± 0.60 and 17.93 ± 1.80 msec, n = 5; 1,2-PAA (10 SM), r� 1.29 ± 0.09 msec, n = 3; 1,4-BAA (10 NM), r� 0.78 ±

0.03 msec, n = 4; THA (50 SM), r� 2.05 ± 0.1 2 msec, n = 4. All of the histograms were normalized to the bin containing the greatest number
of events. Solid lines, exponential fits to the histograms.

sensitivities of different recombinant NMDA receptors to B, a). This finding was consistent with a mechanism of open-

blockade by Mg�� (29-31). Mg�� was found to cause a voltage- channel blockade, as has been previously reported for the

and concentration-dependent reduction in r0� (Fig. 7, A and effects of Mg�� on NMDA-activated currents (5, 6, 26). The
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A B C

Fig. 5. Concentration and voltage dependence of channel open time in the presence of the 9-aminoacridines. The effects on channel open time of
various concentrations of the 9-aminoacridines were determined at various holding potentials, i.e., -40 (#{149}),-60 (U), -80 (A), and -1 00 mV (#{149}).A,
1/Topen VOI’5U5 [1 ,2-PAAJ; B, 1/r�.,, versus [1 ,4-BAA]; C, 1/r,,,�,, versus [THA]. Each point represents the mean from three to seven patches. The

solldilnes correspond to least-squares fits of the data to the equation 1/r�,, a + k+[9-aminoacndine], where a i5 the channel closing rate (ordinate
intercept) and k+ represents the forward blocking rate constant at that holding potential. The slope of each line corresponds to the forward blocking

rate constant at that holding potential. At -80 mV, the rate constants were 1 .1 x 1 0�, 1 .3 x 1 0�, and 3.8 x 1 0� M’ sec� for 1 ,2-PAA, 1 4-BAA,
and THA, respectively.

TABLE 1

Blocking rate constants determined according to a model of open-
channel blockade

Chann� blocker Forward rate constant, k�

ar’ sec’

1 ,2-PAA
1 4-BAA

3.3 x 10�’ exp(�V/67)

5.3 x 1 0� exp(-V/83)
THA
Mg��

7.7 x 1 0� exp(-V/53)
1 .4 x 106 exp(-V/21)

a v, t�oi�ng potential (in my).

concentration dependence of the reduction in Topen was linear

over the range of Mg�� concentrations studied and allowed for

determination of the forward blocking rate constant (Fig. 7, B,

a; Table 1). The Mg�-blocked state was found to be voltage
dependent but concentration independent (Fig. 7, B, b) and

had a time constant of 1.03 ± 0.06 msec (n = 4) at -80 mV.
From the relationship Kd k/k±, where k and k+ represent
the unblocking and blocking rate constants, respectively, the
Kd values for Mg�� at various holding potentials were deter-
mined (Fig. 7, B, c). The � measured in the presence of
added Mg�� was shorter than that found under nominally Mg��-

free conditions ([Mg�J < 0.5 SM), and the reductions in Tbu�t

were somewhat concentration dependent (Fig. 7, B, d).

Test for competition between Mg�� and 9-aminoacri-

dines in channel blockade of the NMDA receptor. The
experiments that characterized the effects of 9-aminoacridines
described above were performed in nominally Mg�-free solu-
tions containing <0.5 �zM � Additional experiments with
9-aminoacridines were performed in solutions containing Mg��

(�-.-5 SM), and the results were qualitatively the same as those
presented above, in that the 9-aminoacridines caused a concen-

tration- and voltage-dependent reduction in r�. However, the
concentration dependence was not linear (Fig. 8). This finding

raised the question of whether Mg�� and the 9-aminoacridines
were competing for a single site within the open channel of the
receptor or whether the binding of Mg�� and a 9-aminoacridine
could occur simultaneously. To differentiate between these two
possibilities, experiments were designed to test for competition

(see Ref. 32) between Mg�� and 1,2-PAA for binding within the
channel. NMDA-activated single-channel currents were re-

corded in the presence of 1,2-PAA (5 MM) and varying concen-
trations of Mg�� (‘�-0-50 �LM). For these experiments, the Tb��t

were analyzed using a criterion time (4.5 msec) that was based

on the Mg�-blocked state. For such an analysis, the bursts

contained only channel blockages caused by Mg�� (fast) and

excluded channel blockages caused by 1,2-PAA (slow). The
T�,t in the presence of both Mg�� and 1,2-PAA was compared

with the Tburst in the presence of only 1,2-PAA (Fig. 9). As

shown in Fig. 9, the burst distribution in the presence of 1,2-

PAA was a single-exponential function but as the concentration

of Mg�� was increased the distribution became a double-expo-

nential function. At 25 and 50 �iM � the faster component
had a time constant almost identical to r�. This meant that
the faster component simply represented isolated, single-event

bursts. Doubling the burst criterion time slightly altered the
Tbunt but did not remove the faster component. Therefore, the

longer T�t was thought to represent the bursts that included

channel blockages due to Mg�� and excluded those due to 1,2-

PAA. The ratios of these Tbu�t values, when plotted against the

concentration of � increased slightly as the concentration
of Mg�� was increased (Fig. 10). However, a much larger in-

crease in the � would be expected for a mutually exclusive
competition between Mg�� and 1,2-PAA for binding within the

channel (Fig. 10; see Discussion). If the binding of 1,2-PAA (a
“slow” unblocker) and Mg�� (a “fast” unblocker) within the

channel were mutually exclusive, then the ratio of Tbu�t in the

presence of both Mg�� and 1,2-PAA to � in the presence of

only 1,2-PAA should have increased linearly as the concentra-
tion of Mg�� increased, because the burst criterion was based
on the Mg��-blocked state.

. Discussion

The present results demonstrate that the bis-9-aminoacri-

dines 1,2-PAA and 1,4-BAA, as well as THA, are open-channel

blockers of the NMDA receptor. This is evident from the
voltage- and concentration-dependent reduction of Topefl in-

duced by the acridines. Both 1,2-PAA and 1,4-BAA are more
effective in reducing r0,.,, than is THA, which is reflected in

the forward blocking rate constants (see Table 1). Additionally,

the channel-blocked state produced by the bis-9-aminoacri-

dines is relatively stable, with a duration of approximately 150-
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Fig. 6. Representative log-binned closed-time histograms in the absence and presence of 9-aminoacridines. A, COntrOl (top) and in the presence of
5 �M 1 ,2-PAA (bottom); B, control (top) and in the presence of 1 0 �M 1 ,4-BAA (bottom); C, control (top) and in the presence of 50 ,�M THA (bottom);
0, control (top) and in the presence of 50 �M Mg2� (bottom). All of the histograms contained 8 bins/decade. The relative frequency was the number
of events normalized to the number of open events in that recording. For the THA histograms, this had the effect of de-emphasizing the peak in the
distribution due to the THA-blocked state. When the number of events was instead normalized to the length of the recording, the peak corresponding
to the THA-bIOCked state was dear, while those of the bis-9-aminoacidine were deemphasized. This was because the frequencies of channel
openings in the presence of the bis-9-aminoacndines (“slow” unblockers) were reduced by approximately 50%, whereas THA (a “fast’ unblocker)
increased the frequency of openings by approximately 300% and Mg�� (a “fast” unblocker) increased the frequency of openings by approximately
200%. A-D were obtained from different patches held at -80 mV in nominally Mg2�-free solutions except where Mg2� was added.
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TABLE 2

Channel closed time constants in the presence and absence of 9-
aminoacrldines
Vakies represent the means ± standard errors for five to nine patches.

Chann� dosed tme �nts’
cha�neI biocker

T� T2 73 T4

“Sec

Control 0.19±0.03 1.26±0.10 24.5±3.4 294±56
THA 0.16 ± 0.01 2.10 ± 0.29 52.3 ± 9.0 161 ± 32
1 2-PM 0.08 ± 0.01 0.99 ± 0.22 � � 87 ± 26
1 4-BAA 0.24 ± 0.07 2.40 ± 0.29 - 228 ± 31

a HOIdk�g potential. -80 mV.
b Component not present.

200 msec at -80 mV, and therefore results in a shortening of
Tb�t as we have defined it. THA, in contrast to the bis-9-

aminoacridines, produces a blocked state having a duration of
approximately 0.16 msec at -80 mV (see Table 2). Because the
duration of the THA-blocked state is much briefer than the

burst criterion time, THA should have caused an increase in
Tb�,t. However, THA, similarly to the bis-9-aminoacridines,
reduces Tbu�t. Two possible mechanisms could account for the
shortening of T�t by THA, i.e., 1) the channel could undergo
a direct transition from the blocked state into a closed state or
2) THA could produce a long-duration blocked state, in addition

to the brief blocked state, which would effectively end a burst

when entered. We favor the latter explanation, because this

mechanism is consistent with the “delayed current peaks”

observed in NMDA-activated whole-cell currents when THA
and NMDA are rapidly removed (see Ref. 17). Also, one of the
longer closed-time constants (see Table 2) in the presence of

THA could have been due to an additional, more stable, blocked
state, but this could not be clearly resolved.

Although only a relatively narrow concentration range of

Mg�� has been studied, the effects of Mg�� on NMDA-activated

single-channel currents are similar to those reported previously
(5, 6, 13, 26). Consistent with a mechanism of open-channel

blockade, Mg�� causes a concentration- and voltage-dependent

reduction in r0�. The forward rate constant for blockade by

Mg�� based on this model is 1.4 x 106 exp(- V/21) M’ seC’.

The time constant of the Mg�-blocked state corresponds to an
unblocking rate constant of 3.6 x iO� exp( V/62) sec’. Although

most of the effects of Mg�� are consistent with a mechanism of
open-channel blockade, Mg�� did not cause an increase in Tb�,

an obvious departure from the predictions of a sequential model

for open-channel blockade. Two mechanisms have been pos-
tulated that could explain this deviation, i.e., 1) a transition
from the Mg�-blocked state into a channel-closed state takes
place before Mg�� dissociates (26) or 2) a transition into a long-
lived Mg�-blocked state occurs in addition to the known short-
duration blocked state transitions (13). Either of these transi-

tions occurring at an appropriate rate could explain why Mg��

does not increase � However, the second possibility seems
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Fig. 7. Mg�� blockade of NMDA-activated

single-channel currents. A, Sample re-
cordings of single-channel currents acti-
vated by a mixture of NMDA (1 0 MM) and
glycine (1 au), in the presence of Mg��
(50 au), at holding potentials of -80 and
+50 mV. B, a, Mg�� blocking rate. Plot of
1/re,,,.,, versus concentration of M9�� at
holding potentials of -40 (#{149}),-60 (U),

________________________________ -80 (A), and -1 00 mV (S). Solid lines,
least-squares fits of the data to the equa-
tion l/T�.,, = a + k+[Mg�J, where a is
the channel closing rate (ordinate inter-
cept) and k+ represents the forward
blocking rate constant at that holding p0-
tential. �, Point that was not included in
the fit because it not only was inconsist-
ent with the blocking rates at lower con-
centrations but also resufted in an affinity
constant that was inconsistent with those
shown in c. Each point represents data
from three to five patches. b, Mg�� un-
blocking rate. Plot of � versus hold-
ing potential at 25 �iM Mg�� (0) and 50 �u
Mg�� (� Each point represents the data
from three to five patches. c, Voltage
dependence of the affinity constant of the
NMDA receptor for Mg2�. Kd values were
determined from the relationship Kd = k4
k+, where k_ and k+ are the unbiocking
and blocking rates of � respectively,
estimated from the single-channel kinet-
�s in the presence of various concentra-
tions of Mg�� (up to 50 �M) and assuming
a mechanism of open-channel blockade.
Solid line, least-squares fit to the data
corresponding to the equation Kd = 2.6 x
iO� exp(V/16) M1 seC-’ where V is the

____________ holding potential (in my). The points were

calculated from the data shown in a and
b. d, Voltage dependence of the channel

burst times under nominally Mg�-free
conditions (0) and in the presence of 25
�iM Mg�� (U) and 50 �zM Mg�� (A). Each

point represents the mean ± standard

error from three to five patches.

-100 -80 -60 -40

Voltage (mV)

Fig. 8. Effect of Mg�� on concentration-dependent reduction of the channel open time induced by the 9-aminoacridines. The concentration of Mg��
in these solutions was approximately 5.4 �M. The effects of the 9-aminoacridines on channel open time were determined at various holding potentials,
i.e., -40 (#{149}),-60 (U), -80 (A), and -100 mV (#{149}).A, 1/r�.,, versus [1 ,2-PAA]; B, 1/r�.,, versus [1 .4-BAA]; C, 1/r�, versus [THAI. The lines for

each plot were drawn simply to connect the data points. Each point represents the mean from three to seven patches.
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1 .0
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U,

E

�0.5
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In

‘I,

Burst Time (ms)

Fig. 9. Representative histograms of the effect of Mg2� on 1 ,2-PAA-induced reduction in NMDA-activated r�,. At a fixed concentration of 1 ,2-PAA
(5 �sM), as the concentration of Mg2� was progressively increased the distribution of channel burst time became a double-exponential fUnctiOn, with
the slower component increasing only slightly. In the presence of no added � � was 2.18 ± 0.04 msec (n = 3); in the presence of 5.4 �

Mg2�, r�,, was 2.85 ± 0.10 msec (n = 5); in the presence of 25 �tM Mg2�, r�1 values were 0.49 ± 0.13 msec (fast component) and 3.29 ± 0.08
msec (slow component)(n = 3); in the presence of 50 MM Mg2�, r�, values were 0.41 ± 0.10 msec (fast component) and 3.92 ± 0.16 msec (slow
component) (n = 3). Solid lines, exponential fits to the histograms. All of the histograms were normalized to the bin containing the greatest number
of bursts.

unlikely, because the closed-time distributions at all Mg��

concentrations indicate only a single blocked state (i.e., there

is no evidence for a time constant that would correspond to a

second, longer, blocked state). This leads us to favor a mecha-

nism of blockade involving a single open-channel-blocked state

that allows for a direct transition into a channel-closed state.

Several biochemical and electrophysiological studies have
reported that Mg�� can alter the interactions of organic cations

such as MK-801 (16, 33) and PCP (15) with the NMDA
receptor in a competitive way. Those studies demonstrated that

the affinity for the organic cation is apparently reduced in the
presence of Mg’�. However, the apparent reduction in affinity
for the organic cation could represent at least two possible

[Mg2�] (NM)

Fig. 10. Test for competition between Mg2� and 1 ,2-PAA. Plots of the
ratio of r�, ifl the presence of Mg�� and 1 ,2-PAA (5 �M) to � �fl the
presence of only 5 �tM 1 ,2-PAA (i.e., burst ratio, r�,, for 1 ,2-PAA plus
Mg�/rsur�a for 1 ,2-PAA versus [Mg�]) are shown. The criterion time for
the burst analysis was 4.5 msec and >1 order of magnitude shorter than
the blocked state by 1 ,2-PAA. , Relationship for the actual data
points, drawn simply between each point; , predicted ratios for
a model based on competition for the same channel site between 1,2-
PAA and Mg�; _ -, relationship for a model allowing for simultaneous
occupancy by 1 ,2-PAA and � The points predicted by the models
were obtained by simulating channel activity, as described in Materials
and Methods.

mechanisms. First, the reduced affinity could be due to a

mutually exclusive competition for the channel (model I),

R* + D # R*D

+Mg� � (model I)
R*Mg�+

where R* represents the open state of the receptor and D
represents an organic cation. Note that for simplicity the closed
states leading to the open state are not shown. Alternatively,

the reduced affinity could be due to simultaneous binding of
both Mg�� and the organic cation (model II),

R* + D �:± R*D
+Mg� �1 (model II)

R0Mg�� + D � R*MW+D

where the presence of � within the channel reduces the
affinity for the organic cation, possibly via electrostatic repul-

sion or a conformational change within the channel. The sym-
bols for model II are the same as for model I. Few studies have
directly addressed the question of whether Mg�� and channel-

blocking organic cations can simultaneously occupy the channel

of the NMDA receptor. One such biochemical study reports

that, under conditions of low ionic strength, Mg�� apparently
increases the rate of MK-801 association to and dissociation
from the channel (33). In that study, the effects of Mg�� on

MK-801 binding within the channel were attributed to a non-
competitive interaction at different sites for each cation that

allowed for an allosteric modulation of MK-801 binding by

Mg�+. Because the effects of the 9-aminoacridines on NMDA-
activated single-channel currents indicate a blockade of the

open channel, we attempted to address the issue of whether

Mg�� acts in a competitive manner with 9-aminoacridines for

binding within the channel of the receptor, using the single-
channel patch-clamp technique. Our approach is modeled after
that reported by Miller (32). Because the bis-9-aminoacridines

have dissociation rates 2 orders of magnitude slower than that
of � determination of whether the binding of Mg�� and 1,2-

PAA is mutually exclusive is made possible by defining the

burst using a criterion time based on the Mg�-blocked state

and then analyzing T�t at a fixed concentration of 1,2-PAA
while increasing the Mg�� concentration. If the interactions of

MW� and 1,2-PAA with the channel are mutually exclusive,
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1 M. E. Nelson and E. X. Albuquerque, unpublished observations.

then defining a burst in such a way makes Tb..,r�t reflect the

probability that the channel is not occupied by 1,2-PAA and

Tbu�t should depend linearly on the Mg�� concentration. The

predictions of a mutually exclusive model and a simultaneous

occupancy model for describing the effects of coadministration
of Mg�� and 1,2-PAA on the channel-burst duration can be

seen in Fig. 10. A comparison of the actual experimental results
with the predictions of each model suggests that Mg�� and 1,2-

PAA interact with distinct sites within the channel of the
NMDA receptor and that they may occupy the channel simul-

taneously.

Two possible problems with this test for competition between

Mg�� and 1,2-PAA could be that Mg�� might reduce Tbumt by a

mechanism unrelated to channel blockade or that the mecha-
nism by which MW� reduces T�t might result in a closed time

constant that is indistinguishable from that for the long-lived

blocked state induced by the bis-9-aminoacridines. The exper-

iments performed in the presence of Mg�� alone, however,
suggest that if these mechanisms exist they are not significant

in the concentration range used in this study. Although Mg��

does not increase � as predicted by the sequential model,

Tbu=t in the presence of 50 �zM Mg�� (the highest test concentra-

tion) alone is still 4-fold longer than that in the presence of 5

�tM 1,2-PAA alone, suggesting that the experiment should still

be able to reveal the nature of the interaction between Mg��

and 1,2-PAA. Moreover, as mentioned above, it has been dem-

onstrated that simply allowing the channel to close from its
Mg�-blocked state would be adequate to explain why Mg��

does not increase burst length (26), and this transition does
not affect the predictions of the test for competition unless the

transition rate between the Mg�-blocked state and the closed

state is >4-fold faster than the value reported.

Additional support for a mechanism of simultaneous occu-

pancy comes from the nonlinearity of the plots of 1/r� versus

9-aminoacridine concentration in the presence of low Mg��

concentrations. Any model based solely on mutually exclusive

interactions with the open channel of the receptor for both

Mg�� and 1,2-PAA does not predict such nonlinearity. For such
a model, if the concentration of Mg�� is held constant while

the concentration of 1,2-PAA is varied, a linear relationship
between 1/r0� and the concentration of 1,2-PAA would be

expected. However, as can be seen in Fig. 8, this is not the case.

Conversely, if the concentration of 1,2-PAA is held constant

while the concentration of Mg�� is altered, the relationship

between 1/re,.,, and the concentration of Mg�� should also be
linear, but it is not (data not shown). One explanation for this

behavior might be that the binding site for 1,2-PAA also serves

as a low affinity site for interaction with � in addition to

the high affinity site located deeper within the channel. How-
ever, the nonlinearity in the 1/r�,, versus concentration of 9-
aminoacridine plots can also be explained by a model involving

interaction of the acridines with the Mg��-blocked state of the
receptor. The interaction of the acridines with the Mg�-

blocked state of the receptor could be modeled in three ways,
i.e., 1) 1,2-PAA binds to the Mg�-blocked state (model II) and

therefore generates a new blocked state, 2) the acridines simply
facilitate the transition between the Mg�-blocked state and a

channel-closed state, or 3) the 9-aminoacridines bind to the

Mg�-blocked state and increase Mg�� permeation through the
channel by electrostatic repulsion. It is difficult to clearly

distinguish among these possibilities using single-channel

analysis, because these mechanisms involve transitions be-

tween nonconducting states. Preliminary results of whole-cell

patch-clamp experiments indicate that Mg�� alters the unblock-

ing rate of 1,2-PAA, which is consistent with the first possibility

of a new blocked state.’ Additional whole-cell experiments

should be helpful in resolving this issue.

Because the binding of Mg�� within the channel of the
NMDA receptor does not seem to prevent the binding of the 9-
aminoacridines, simultaneous occupation of the channel by
both Mg�� and 1,2-PAA is a likely possibility. This at first

seems surprising, considering the bulk of the bis-9-aminoacri-

dines (see Ref. 25) and considering the number of charges

involved (two for Mg�� and at least two for the bisacridines

(24). However, this seems less unlikely if the binding site for

the 9-aminoacridines is located far from that for � In fact,

the data presented here are entirely consistent with this line of
reasoning. Using the voltage dependence of the Kd for Mg��

(approximately e-fold for 16 mV), we estimate the distance
across the membrane electric field at which Mg�� binding occurs
(34) to be approximately 80% of the way, and the binding site
therefore lies very deep within the channel. Although the
voltage dependence of the binding affinity for the 9-aminoac-
ridines has not been determined due to the uncertainty in
estimating the duration of the channel-blocked state, the weak
voltage dependence of the forward blocking rate constant is

consistent with binding of these agents at a shallow site within

the channel. The deep and shallow locations of the binding
sites for Mg�� and the 9-aminoacridines, respectively, would
reduce the interactions between them and would therefore

make simultaneous occupation of the channel possible.
In summary, both Mg�� and the 9-aminoacridines interact

with the open channel of the NMDA receptor. The binding of
Mg�� seems to be at a site located deep within the channel,
whereas the binding of the bis-9-aminoacridines seems to occur
at a shallow site. The separation between these two binding

sites allows for the simultaneous binding of Mg�� and the 9-
aminoacridines within the channel. Simultaneous occupation

of the NMDA receptor channel may also occur with other
organic cations and might be a more accurate description of
channel blockade by organic cations under conditions where
physiological concentrations of Mg�� are present.
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