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Open Channel Block and Alteration of N-Methyl-p-Aspartic Acid Receptor
Gating by an Analog of Phencyclidine

J. G. Dilmore and J. W. Johnson
Department of Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

ABSTRACT We investigated inhibition of the N-methyl-p-aspartic acid (NMDA) receptor-channel complex by N-ethyl-
1,4,9,9a-tetrahydro-4aR-cis-4aH-fluoren-4a-amine (NEFA), a structural analog of phencyclidine (PCP). Using the whole-cell
recording technique, we demonstrated that NEFA inhibits NMDA responses with an ICg, of 0.51 uM at —66 mV. We
determined that NEFA binds to the open channel, and subsequently the channel can close and trap the blocker. Once the
channel has closed, NEFA is unable to dissociate until the channel reopens. Single-channel recordings revealed that NEFA
reduces the mean open time of single NMDA-activated channels in a concentration-dependent manner with a forward
blocking rate (k) of 39.9 uM~" s~'. A computational model of antagonism by NEFA was developed and constrained using
kinetic measurements of single-channel data. By multiple criteria, only models in which blocker binding in the channel causes
a change in receptor operation adequately fit or predicted whole-cell data. By comparing model predictions and experimental
measurements of NEFA action at a high NMDA concentration, we determined that NEFA affects receptor operation through
an influence on channel gating. We conclude that inhibition of NMDA receptors by PCP-like blockers involves a modification
of channel gating as well as block of current flow through the open channel.

INTRODUCTION

N-methylp-aspartic acid (NMDA) receptors have been thesuch as memantine and amantadine, are routinely used in
focus of extensive study due in part to their demonstratedhe treatment of neurodegenerative diseases including Par-
roles in such physiological processes as synapse formatidanson’s disease (Fischer et al., 1997) and are well tolerated
during development and long term changes in synapticlinically (Ditzler, 1991). Several experimenters have pro-
efficacy. NMDA receptors have attracted attention alsoposed that the mechanism of action of an antagonist plays a
because their overactivation has been implicated in a varietgrucial role in determining its therapeutic potential in the
of pathological conditions including ischemia (Rothmantreatment of the pathological conditions (Chen et al., 1992;
and Olney, 1995) and epilepsy (Rogawski, 1993). There haBogawski, 1993; Antonov et al., 1995; Blanpied et al.,
been extensive research into the possibility that the deletet997). A thorough understanding of the interaction between
rious consequences of NMDA receptor overactivation maychannel blockers and NMDA receptors would clearly ad-
be prevented or reduced by the use of antagonists of NMDArance the prospects of designing new NMDA antagonists
receptor function. One mechanism by which potentiallyfor therapeutic use.
therapeutic antagonists could act is by blocking the channel The classical description of open channel block, based on
of the NMDA receptor. block of nicotinic acetylcholine receptors by local anesthet-
Numerous drugs have been found that block the channéts, utilized the sequential model (Adams, 1976; Neher and
of the NMDA receptor with high affinity, but their thera- Steinbach, 1978). In this model, the antagonist can bind
peutic potential varies tremendously. MK-801, ketamine,only to open channels and its presence in the channel
and phencyclidine (PCP) are three such compounds (Huetprevents channel closure as well as current flow though the
ner and Bean, 1988; Mayer et al., 1988; MacDonald et al.¢channel. Several drugs have been proposed to act as sequen-
1991) that appear to have limited therapeutic value. PCHal blockers of the NMDA receptor channel including
and ketamine have unacceptable psychotomimetic effects -aminoacridine (Costa and Albuquerque, 1994; Benveniste
humans (Luby et al., 1959; Krystal et al., 1994), and be-and Mayer, 1996) and IEM-1857 (Antonov and Johnson,
havioral studies in a variety of species suggest that MK-801.996).
has similar psychotomimetic effects (reviewed in Ellison, PCP (Lerma et al., 1991; MacDonald et al., 1991), MK-
1995). In contrast, other NMDA receptor channel blockers 801 (Huettner and Bean, 1988), ketamine (MacDonald et
al., 1991), and memantine (Blanpied et al., 1997; Chen and
Lipton, 1997) have been shown to inhibit NMDA responses
by the related “trapping” model of open channel block. As
Received for publication 17 April 1998 and in final form 13 July 1998. i the sequential scheme, the antagonist has access to its
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to describe the action of trapping channel blockers:

R, i
H NEFA
2+k,., k.. k‘%k‘ B _ Binding affinity = 0.224 pM
R+tA == RA+A =—— RA, —— R*A,;+B A
k, 2:k, a
e )
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RB+A — RAB+AZT RAB =—— R*AB -
2 . 3 a’
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MK-801
Scheme 1 Binding affinity = 0.014 uM
CH3

where R is the NMDA receptor, A is NMDA, B is the

blocker, an asterisk indicates that the channel is open, and

Ry is the desensitized state of the receptor. The model MayiGUre 1 The chemical structures of NEFA, PCP, and MK-801. The

be conceptualized as having two partitions, an upper arrinding affinities are taken from Kozikowski and Pang (1990) and were

that does not have blocker bound, and a lower arm that doedgtermined by displacement GH]MK-801.

connected by the blocker binding and unbinding reactions.

The rates of transitions among the states in the lower arm of

the model have a great influence on the inhibitory effects oNMDA receptor. Computational modeling of the antago-

a trapping blocker (Lingle, 1983; Johnson et al., 1995). It isnism suggests that, when bound in the channel, NEFA

sometimes assumed that binding of a trapping blocker doesfluences receptor operation through an effect on channel

not influence receptor operation (that is, that correspondingating. Some of the data in this paper have been previously

rates of transitions in the upper and lower arms of trappingresented in abstract form (Dilmore and Johnson, 1994,

block models are the same; e.g., Huettner and Bean, 1988995).

MacDonald et al., 1991), but the validity of this assumption

has not been examined. Differences between the rates ETHODS

transitions in the upper and lower arms have been propose

to explain some of the actions of memantine and amanta€ell culture

dine (Blanpied ?t al'_’ 19_97; Chen ;_ind Lipton, 1997) AForebrain cultures were prepared as described in Antonov et al. (1995).

central goal of this article is to determine whether binding ofgyiefly, pregnant Sprague-Dawley rats were sacrificed at 16 days after

PCP-like blockers influences receptor operation. conception by CQinhalation and the cerebral hemispheres of the embryos
Because PCP is strongly psychotomimetic, a detailedvere rgmoved. The‘hemispheres were dissociated and cellg were plated at

understanding of its mechanism of action may provide? 9ensity of approximately X 10° cells/ml onto a poly-L-lysine-coated

insight into the properties that determine whether an NMDAglass coverslip and grown In a serum-containing medium.

receptor channel blocker can be used clinically. Unfortu-

nately, electrophysiological investigations of the action ofWhole-cell recording

PCP are difficult to perform due to its slow kinetics (Mac- The whole-cell configuration of the patch-clamp recording technique was

Donald et al., 1991). We have overcome this limitation byused to record current from the cultured rat neurons three to six weeks after

analyzing the actions of one of the conformationally re-plating. The intracellular solution contained 120 or 100 mM CsF, 10 mM

stricted  structural analogs of PCP synthesized by-SCh 10 mM HEPES, and 10 mM 1,2-bis-(2-aminophenoxy)ethane-

Kozikowski and Pang (1990N-ethyl-1,4,9,a-tetrahydro- g Bee ettt T e e o 1.5

4aR-cis-4xH-fluoren-4x-amine (NEFA; Fig. 1). NEFAWas 4. 1.17 mm, warner Instruments Corp., Hamden, CT) that contained a

shown to displace®H]MK-801 with lower affinity than thin filament. Pipette resistances were between 1.5 and)bad series

PCP. We therefore expected that it would exhibit fasterresisFance compensation was usegl in many experimen'ts. The extrace_llular

inetics than PCP, permiting us to examine and model 521t onste f secc ok of i dsoted i ontro, st

mechanism of action over a range of concentrations. NEFA-, | “and 10 mM HEPES. Cells were initially bathed in this 1 mM CaCl

provides an easily manipulated experimental model for thontrol solution while a gigachm seal was made. After rupture of the patch
interactions of PCP with the NMDA-receptor channel of membrane the extracellular solution was changed to control solution
complex. containing 0.4 mM calcium. Intracellular BAPTA and low extracellular

calcium were used to reduce calcium dependent inactivation of the NMDA

We have characterized NEFA using whole-cell and Slr1-response (Rosenmund and Westbrook, 1994). Unless otherwise noted, a

gle-channel patch clamp techniques and found it to be aByncentration of 5uM NMDA was used to activate responses. In all
intermediate-affinity trapping open channel blocker of theexperiments, 1QuM glycine was coapplied with NMDA. Both 200 nM
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tetrodotoxin and uM strychnine were included in all extracellular solu- module of PCLAMP 6.02 software. The majority (16/18) of open time
tions to inhibit spontaneous synaptic inputs and activation of inhibitory distributions were fitted with two exponentials; the remainder were ade-
glycine receptors, respectively. Stock solutions were kept frozen until thequately fitted with a single exponential. Closed and open times shorter than
day of experimentation. All voltages are corrected for tf&mV junction 0.181 ms (approximately-2.179/f; Colquhoun and Sigworth, 1995) were
potential that was measured between the intracellular and extracelluladeleted from histograms before fitting, and the fits were corrected for the
solutions. All chemicals were purchased from Sigma Chemicals (St. Louisdeleted events. No attempt to correct open times for missed closures or
MO) except for NEFA, which was the generous gift of Drs. Alan closed times for missed openings was made. The consistency of the data
Kozikowski and Yuan-Ping Pang. presented here with previous recordings at higher time resolutions where
The extracellular solutions were controlled by using a five-barrel fastcorrections were made (e.g., Antonov and Johnson, 1996) suggest that no
perfusion system (Blanpied et al., 1997; see “Computational modeling’significant errors were introduced.
below). The barrels were placed approximately L®dfrom the cell under Burst analysis was performed to estimate the channel closingaaie (
study. Whole-cell current traces were filtered at 5 Hz using a ButterworthScheme 1). If the NMDA receptor had a single open state accessible from
lowpass filter and sampled at 20 Hz using the Fetchex module of PCLAMPonly one fully liganded closed state, thencould be estimated as the
6.02 software (Axon Instruments, Foster City, CA). Single exponentialinverse of the mean open time. However, the complex behavior of the
functions were fit to the slow phase of onset and offset of inhibition usingNMDA receptor (e.g., Gibb and Colquhoun, 1992; Kleckner and Palotta,
PCLAMP’s Clampfit module and the SIMPLEX method of error minimi- 1995) resulted in two complications in estimatiagFirst is a population
zation. The time constant of recovery from inhibition was measured byof brief openings. To approximate as accurately as possible the activity of
fitting a single exponential function to the whole-cell current during the NMDA receptors with the simplified model of Scheme 1, we ignored the
first 75 s of agonist application following removal of antagonists as brief open time, in which the NMDA receptor spends far less time than in
described in the text. The concentration-inhibition curve was constructedhe main open state (see Fig. 6). A second complication is the presence of
by fitting whole-cell current data measured-a66 mV with the following multiple closed-time populations, three of which were resolved here (see

equation: Results). The state occupied during the briefest population of closures may
have access only to the open state (Jahr and Stevens, 1990), and is occupied
Invoa — I 1 far less than the open state (Antonov and Johnson, 1996). The briefest
I \viDA = <|C50)n“ (1) closed state thus has little effect on total current flow, and we ignored it in
1 — estimatinga. The duration of the longest closed state depends on agonist
[B] concentration (Antonov and Johnson, 1996), suggesting that entry into this

) . ) state involves agonist unbinding. We therefore defined transitions to the
wherelyupa = steady state current invoked by NMDA glycine appli-  prigfest closed state as within-burst and transitions to the intermediate and
cation, Iy = steady state current in the presence of NEFA and agonisigngest closed states as between-burst. We estimatedhe inverse of the
solution, 1G;, = concentration (inuM) where 50% of the response is  ean purst duration, which approximates the rate of entry into the first
inhibited, [B] = blocker concentrationM), andny, is the Hill coefficient,  gjgnificantly occupied closed state accessible from the main open state. The
which reflects cooperativity of drug action. In all concentration-inhibition approximately 40-fold separation between the time constants of the briefest
plots, percent inhibition is plotted on the ordinate. , ~ and intermediate closed times permitted a reasonably unambiguous defi-

The voltage dependence of antagonism was determined by fitting,iion of bursts. The critical time used to define bursts was defined so
whole-cell current data measured over a range of membrane potentials Wifat the number of short events misclassified as between bursts and the
the following equation: number of long events misclassified as within bursts were equal (Method

2 from Colquhoun and Sigworth, 1995). The valuestgf ranged from
ls _ g ) 1.03 to 2.58 ms, with an average of 1.930.22 ms; these values are
I nvDA [B] consistent with previous measurements (e.g., Howe et al., 1988; Traynelis
+ K. g/nVo and Cull-Candy, 1991; Gibb and Colquhoun, 1992; Antonov and Johnson,
0 1996). The mean burst duration for each patch was calculated as the
arithmetic mean of burst durations.

where [B] is blocker concentrationuM), K, is the 1G, (uM) for the
blocker at 0 mVV,, is the membrane voltage (in mV), akgis the change
in V,, that results in are-fold change in 1G,.

Computational modeling

Single-channel recording Whole-cell current during application of agonists and NEFA were fitted
with Scheme 1. The upper arm of Scheme 1 has been reported in numerous
The outside-out configuration of the patch-clamp technique (Hamill et al.,studies to model NMDA receptor-mediated whole-cell currents accurately
1981) was used to record single-channel currents. The intracellular an(Clements et al., 1992; Clements and Westbrook, 1991, 1994; Lester and
extracellular solutions were the same as those used in whole-cell recordingahr, 1992; Costa and Albuquerque, 1994; Colquhoun and Hawkes, 1995;
In all single-channel experiments, solutions containingud® NMDA + Rosenmund et al., 1995). Inclusion of two identical binding sites for
10 uM glycine were used to activate NMDA receptors. Pipettes wereNMDA was based on the work of Benveniste and Mayer (1991) and
pulled from standard wall borosilicate glass (0.d. 1.5 mm; i.d. 0.86 mm)Clements and Westbrook (1991, 1994). Inclusion of glycine binding and
that contained a thin filament; their resistance ranged from 7 to @& M allosteric interaction between the glycine and NMDA binding sites
The data were filtered at 2 kHz Jfusing an 8-pole Bessel filter and (Vyklicky et al., 1990) was obviated by addition to all solutions of a nearly
sampled at 20 kHz using the Fetchex module of PCLAMP 6.02 softwaresaturating concentration (1AM) of glycine. Interference from CGa-
Transitions between the closed and open states were identified using haffependent desensitization of NMDA receptors (Mayer et al., 1987) was
amplitude event detection (Colquhoun and Sigworth, 1995). The data fronminimized by use of a low extracellular €aconcentration (0.4 mM) and
a patch were rejected i#5% of all channel openings were multiple level inclusion of BAPTA in the intracellular solution. Under these conditions,
openings. Data for open time analysis included patches that contained 2@&sensitization is well modeled by a single desensitized state accessible
to 3910 channel openings (mean, 9t4229). Closed time analysis was only from the fully liganded closed receptor (Clements and Westbrook,
performed on patches that displayed from 596 to 2962 channel closures991; Lester and Jahr, 1992; Lester et al., 1993). The inclusion of a
(mean, 1542+ 468). Histograms were plotted as the logarithm of event desensitization step from the open state (Lin and Stevens, 1994) was shown
durationversushe square root of the number of events (Sigworth and Sine,to be unnecessary (Colquhoun and Hawkes, 1995). The specific form of
1987). Histograms were fitted with exponential functions by the log max-Scheme 1 used to model channel block was adapted from previous studies
imum likelihood method (Colquhoun and Sigworth, 1995) using the PStat(Neher, 1982; Lingle, 1983; Huettner and Bean, 1988; MacDonald et al.,



1804 Biophysical Journal Volume 75 October 1998

TABLE 1 Values for rate constants determined by fitting the No Effect, Gating, and Binding models to whole-cell current traces

Model ko (s7) Kar (UM ™s7) ko (s7) o (s7) B (s
No Effect 6.9+ 1.35 2.1 22.9% 121* 3.1%
Gating 90.3+ 19 2.1 22.9% 41.4* 4.6 0.23+ 0.06
Binding 227+ 30 0.59= 0.36 30.6+ 15 121+ 3.1

* Values that were held constant during fitting. The other values in the table are means of five measute®Enihe remaining rate constants in Scheme

1 were held constant during fitting of all three models. Two such rate constants were determined from single channel data presented 2eis:;

k, = 39.9uM~ts % Values for the other rate constants were set based on previously published data (see Methed®:lkuM "t s % k, . = 22.9

st B=31sYky=kj=5s"%k =k =1s* The number of channels, a parameter used to scale the size of the response, was free in all fits.

1991; Costa and Albuquerque, 1994; Chen and Lipton, 1997; Blanpied ethen applied during continued application of agonists. After
al., 1997). response inhibition reached steady state, the antagonist so-

All the rate constants in the upper arm of Scheme 1 were fixed during, iy \yas washed off with a solution that contained ago-
computational modeling (see Table 1 for values). The agonist binding and".

unbinding rates were taken from Benveniste and Mayer (1991). Th({]IStS alone. Percent inhibition was quamiﬁed as 00
channel closing ratey, was estimated from burst analysis performed here. (Inmoa — 1e)umpa» Wherelyupa is the steady state cur-
The channel opening ratg, was calculated from the value afand the rent in agonists alone arig is the steady state current in the
maximal probability of a channel being open (maxinRal.., = 0.025;  npresence of blocker (see Methods). A concentration-inhibi-
Rosenmund et al., 1995) based on the equaien+ B) = maximalPoren o curve is presented in Fig. B. NEFA is a potent

We used the value of maxim#,,, that Rosenmund et al. (1995) esti- . . . .
mated from the charge transfer measurements during whole-cell recordindgh'b'tor of NMDA responses with an Ko of 0.51 uM at

in the presence of MK-801 and agonists. The result of this approach was-66 mV and a Hill coefficient of 1.24.

preferred because it required the fewest assumptions regarding the mech- We next investigated the dependence of the macroscopic
anism of action of MK-801. The value of the resensitization réfewas — kinetics of inhibition on blocker concentration. To ensure
based on the measurements of Lester et al. (1993) and Sather et al. (199%81 kinetic measurements were made after complete solu-

The value of the desensitization ratg)(was set to the value reported by . . .
Lester et al. (1993). This value was somewhat arbitrary, given the widetlon eXChange' we did not use the first 250 ms of the current

range of desensitization rates that were observed in our experiments.
However, data fitting and simulations were also performed with a model

that did not contain a desensitized state and similar results were obtained A 0.5 uM NEFA
(data not shown). Fitting inaccuracies due to cell-to-cell variability in J—
desensitization kinetics were minimized by the use of a low concentration 5 uM NMDA

(5 uM) of NMDA.

Simulations of whole-cell current during application of agonists and
NEFA were performed using SCoP 3.5 (Simulation Resources, Inc., Ber-
rien Springs, MI). The simulations were generated by numerically solving
the differential equations that arise from Scheme 1. The model was fitted
to whole-cell current traces using the SCoPfit module of SCoP. During inhibition
fitting runs, rate constants were allowed to vary as described in the text.
The x? statistic was used to evaluate goodness of fit. The concentration of
drugs rose and fell in the simulations according to an exponential function
with a time constant of 40 ms. This is a conservative estimate based on the

previous measurement of a 50- to 500-fold replacement of the extracellular B
solution in 120 ms (Blanpied et al., 1997). _
All values are reported as the meanSE. Significance was tested by 100 —
using one way repeated-measure analyses of variance and two-tailed Stu- i
dent’s t-tests where appropriate. The Bonferroni post-hoc correction for 80 —
multiple comparisons was employed to maintain the family-wise 0.05. i
c
2 60
2
2 4
Whole-cell recording e § ICg, = 0.51 uM
20 —
Previous work by Kozikowski and Pang (1990) demon- .
strated that NEFA displaced tritiated MK-801 with an af- 0 T
finity of 224 = 5 nM (Fig. 1), suggesting that NEFA is an 0.1 1 10
antagonist of the NMDA-activated channel. Initial experi- NEFA Concentration (uM)

ments were performed to test this conclusion electrophysi-
ologically. Fig. 2A shows an example of the protocol used FIGURE 2 NEFA antagonizes the response to NMDA) A current
to measure the whole-cell !5@ The voltage of the neuron trace from a whole-cell voltage clamp recording is shown. In this and all

subsequent figures, NMDA was coapplied with @B glycine. The cell
under StUdy was ClampEd a6 mV, 5uM NMDA and 10 was held at-66 mV. (B) A concentration-inhibition curve was constructed

uM glycine were applied for approximately 30 s, and theyy fitting experimental data with Eq. 1. Each data point represents the
response was allowed to reach steady state. Blocker wasean of measurements from three to six neurons.
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record following initiation of solution exchange. As a result, blocker concentration in Fig. B. The inverse ofr,, was
fast components of block that were clear following appli- significantly correlated with concentration (Fig.B3 P <
cation of blocker at higher concentrations (FigABwere  0.001), indicating that at higher concentrations of NEFA the
ignored. The fast components were typically much smalleinhibition proceeded more quickly. The values of the slope
than a slower component of block that was reasonably welandy-intercept of this plot are given in Table 2. The inverse
fitted by a single exponential (Fig. 8). We used ther of  of 74 did not correlate with blocker concentration (FigB3
single exponential fits to the slow component of currentP > 0.1). The mean value af; was 68+ 6.7 s.
relaxations to characterize the macroscopic kinetics of block The voltage dependence of antagonism was also investi-
with a single parameter and to compare our results wittgated in seven cells at membrane potentials freB6 to
previous work. An example of single exponential fits to the +34 mV. The block was strongly voltage dependent, with a
onset (time constant,,) and offset (time constant,;) of  27.2 mV change in voltage producing edfiold difference in
inhibition are shown in Fig. 3A. The inverse of the time ICy, (data not shown). This degree of voltage dependence
constants derived from such fits is plotted as a function ofcorresponds to & (apparent depth in voltage field of
binding site) of 0.94 (Woodhull, 1973). This value suggests
that the binding site for NEFA is close to the intracellular
mouth of the channel. This estimate must be viewed with
A 4 uM NEFA caution, however, as it has proven to be inaccurate in the
5 uM NMDA case of channel block by Mg (Johnson and Ascher, 1990).
We next tested the hypothesis that NEFA behaved ac-
cording to the trapping model of open channel block. The
first set of experiments was performed to determine whether
the NMDA receptor could trap NEFA. An experimental
paradigm for testing whether an antagonist can be trapped is

' shown in Fig. 4. It is similar to the protocol shown in Fig.
@ J 50 pA 2 A except that when the level of inhibition reached steady
30s state, agonists and antagonist were simultaneously removed,
the cell was perfused for 100 s with control solution, and
B agonists were reapplied without antagonist. If the channel
012 " ik does not trap NEFA, then the response should recover
P g A 1. during the 100-s wash in control solution at the same rate as
'i”; 0.10 — o it does in the presence of agonist. Becausefein the
g’ 0.08 B presence of agonists is 68 6.7 s (Fig. 3B), in 100 s the
b - response should recover to approximately 77% of its orig-
S 0.06 — inal size if NEFA is not trapped. However, if the blocker
F'@: 0.04 ] can be trapped, i.e., if channels accumulate in state RB
& . (Scheme 1) during application of antagonist agonists,
002 MEL AL - then the response would still be largely antagonized upon
0.00 i f — T reapplication of agonists. Percent trap was quantified as the

o 2 4 6 8 10 12 percent of the original response to NMDA glycine (mea-
NEFA Concentration (M) sured at steady state just before application of antagonist)
that was antagonized upon reapplication of agonists. As
FIGURE 3 Dependence on NEFA concentration of the inverse of theshown in Fig. 4A, the initial response evoked by reappli-
time constants of response inhibitioA) @ current trace from a whole-cell  cation of agonists was considerably reduced (88%) com-
recording is shown. The onset and offset of antagonism of whole-celbared with the control response. This experiment strongly

recordings were fit with single exponential functiorsel{d lineg, whose . e
time constants are shown. Fits began 250 ms after the beginning of solutioﬁupports the hypOthESIS that NEFA can be trapped within

exchange. The cell was held a66 mV. A brief return to control solution the closed channel.

during steady state inhibition as shown here was used to permit accurate An alternative explanation may be presented to account
determination of baseline currenB)(The inverse of the time constant of for the apparent trapping. The NMDA channel may close on
the single exponential fits to whole-cell current during inhibition by NEFA NEFA and not trap it, but rather slow its unbinding rate. In

(1/7,,) is plotted against concentration of NEFA. The data were fit with a .

stra?ght line and were significantly correlated with the concentration ofterms of Scheme 1, channels could a.CCl_JmUIate n State, RB
NEFA (P < 0.001). The slope of the line is 0.0078M* s * and the ~ a@nd slowly “leak” to state R by unbinding of antagonist
intercept is 0.03 5. The inverse of the time constant of single exponential (transition not shown). It would then appear that NEFA was
fits to whole-cell current during recovery from inhibition by NEFA {J{) trapped while in fact it was unbinding very slowly in the
is plotted against co_nct_eptranon of NEFA. The data were fit Wlth a stra|ghtabSence of agonists. This possibility was tested by varying
line, and were not significantly correlated with the concentration of NEFA .

(P > 0.1). All data are plotted as meansSE. Where the number of data from_lo to 300 s the duration of the eXposure. to control
points at a given concentration was one or two, the value or mean value i§0lution between the removal of antagonisiagonists and

plotted and no error bars are shown. reapplication of agonists. Fig. B provides two specific
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TABLE 2 Experimentally measured properties of inhibition by NEFA using 5 M NMDA compared to predictions of the No
Effect, Gating, and Binding models

Experimental No Effect

Property Figure data model Gating model Binding model
ICs0 (M) 8 A 0.51 0.16 0.41 0.42
Ny 8A 1.24 0.98 1 1
Slope uM~*s7h) 8B 0.0076 0.014 0.0096 0.0097
y-intercept (5% 8B 0.030 0.033 0.0169 0.0168
Tost(S) Not plotted 65.9+ 8.7 106+ 15.5 115+ 16.4 116+ 16.4
Ton (S) 8C 10.2 7.8 12.6 12.6
Steady state inhibition (%) g 96 97.3 93.5 93.4
7 of trap (s) 8D 13 8.0 12.6 12.8
Steady state trap (%) 86 89.8 86.7 87.6

Graphical comparisons of experimental values and model predictions are shown in the indicated figures. Model predictions were based on measurement
from simulations of the kinetics and steady state level of inhibition of whole-cell currents and of the progression of receptors into the trafped stat

text). The values of,,, steady state inhibitiory, for trap, and steady state trap were measured usjll NEFA in simulations and in experimental data.

To determine the value af for simulations and experimental data, the values of the time constant of recovery from inhibition by each concentration of
NEFA were averaged.

examples of the protocol used to test this hypothesis. Thduration of exposure to control solution was chosen to
two traces show whole-cell current during reapplication ofensure that all NMDA receptors had sufficient time either to
agonists after washes of 10 and 150 s in the same cell. Thenter the trapped state (RB) or to unbind antagonist and
current traces during reapplication of agonists overlay alagonists. This protocol allowed us to measure the occupa-
most exactly, indicating that NEFA either is unable totion of state RB as a function of the duration of antagonist
unbind from the closed channel or can do so only extremelapplication. The data provide insight into the kinetics of the
slowly. Fig. 4C shows the effect of varying the duration of transitions among the closed, blocked states of the channel
wash by control solution on the percent of the originaland were important for evaluation of computational models
response antagonized immediately following reapplication(see below). In contrast to the steady state experiments, the
of agonists. The slope of the line was not significantly percent trap observed with brief applications of antagonist
different from 0 P > 0.65), indicating that the duration of was much smaller than the percent block (Figh)5 Both
the wash does not significantly affect the percent trap ovethe percent block and percent trap were characterized as a
the duration of recordings obtained in this study. Howeverfunction of the duration of blocker application (Fig.B).
the slope of the line that describes the relationship is nonThe percent inhibition proceeded with a time constant of
zero (—0.0082%/s), suggesting that unblocking may occurl0.2 s and reached a steady state value of+9®.8%,
at a very slow rate. Fitting the data in FigBAwith a single  consistent with Figs. B and 4 A. The percent trap pro-
exponential decay equation yields a time constant of 2.gressed with a similar time constant (13.0 s) and reached a
hours. Therefore, determining whether the data in FiB. 4 steady state value of 86 1.7%, consistent with Fig. €.
reflect very slow unblocking in the absence of agonist (a
process that could be important when channel-blockin
drugs are usedn vivo) would require an experimental
duration on the hour time scale. When applied alone (i.e.One of the goals of the research reported here is to develop
without agonists present), even in high concentrations (4@ quantitative kinetic model of the mechanism of action of
M) NEFA does not antagonize subsequent responses tdEFA. It is crucial in the development of kinetic models to
NMDA (n = 3; data not shown). Consistent with Scheme 1,constrain as many rate constants as possible. We next esti-
the results of these experiments indicate that transitionmated the values of two rate constants that appear in
between states R and RB (Scheme 1) do not occur at aBcheme 1 using single-channel analysis.
appreciable rate in either direction under the conditions of Outside-out patches were exposed tould NMDA +
our experiments. These sets of experiments confirm severd0 uM glycine and patch current was recorded, typically for
predictions of the trapping model of open channel block. 15 min. Closed and open time histograms and mean burst
The previous experiments established that the NMDA-duration were measured as described in the Methods sec-
activated channel can close on NEFA and that the receptdion. We found that the closed time distribution was ade-
can subsequently release agonists. To further investigate tlygiately fitted by three exponentials (Antonov and Johnson,
transitions among inhibited states a protocol similar to thatl996). The time constants of the three exponentials were
shown in Fig. 4 was used, but instead of allowing the0.61* 0.06 ms, 24.3+ 6.2 ms, and 362 36 ms ( = 7).
amount of antagonism to reach steady state, NEFA wagVe estimated the rate of channel closutér( Scheme 1) as
applied for a variable period of time. Following application the inverse of the mean burst duration (see Methods). The
of antagonist+ agonists, the cell was bathed in control mean value of the burst duration was 8.270.95 ms,
solution for 100 s and then agonists were reapplied. Thigorresponding to am of 121 s 2.

gkingle-channel analysis
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FIGURE 5 Channels accumulate slowly in the trapped statg.The

- 10-s application of NEFA is followed by 100 s of wash with Ringer's
FIGURE 4 NEFA can be trapped within the closed chann&). After solution. The percentage of channels that are inhibited at the end of the

response inhibition reached steady state, both antagonist and agonists W%{gplication of NEFA 70% inhibitior) is much larger than the percentage

\r;er?:v;(inT:]:aceIlliev;asTtr)]:thri(i fg;;é)owzén Sim”:ﬁ:):falﬁt:gn' ?n(jtaag()?]?;sét(s?f channels that trap antagonidB8o trap. The holding potential was 66
pplied. P Y 9 V. (B) Percent inhibition and percent trap depend on the duration of the

consistent with the idea that NEFA was trapped within the closed channel, L . .
. ) . locker application. The time constant of block is 10.2 s and the steady
The holding potential was-66 mV. B) NEFA unbinds very slowly or not . . .
state value is 96%. Trap proceeds with a time constant of 13.0 s and the
at all from the closed NMDA channel. Two current traces from the same

. . . steady state value is 86%.
cell are shown. The current trace drawn with a dotted line begins 120 s later y ?

than does the current trace drawn with a solid line. This transposition was
performed so that the times of reapplication of agonists can be superim-
posed. Between application of antagonistagonists and subsequent ap-

plication of agonists alone, the cell was washed with control solution forhyrst duration. Analyzing the mean open time provides a
either 150 s golid ling) or 10 s (lotted ling. The two current races  \nre gecyurate estimate, especially when data contain a
recorded during reapplication of agonists overlay, indicating that NEFA . .
did not escape from the closed channel during the wash with control€latively small number of channel openings. The.nllimb_er
solution. The holding potential was66 mV. (C) Population data show Of channel openings that could be recorded was limited in
that there is no correlation between the duration of the wash with controthe presence of high concentrations of antagonist because
solution and the percent traf (- 0.65). the blocker greatly reduces the frequency of channel open-
ings. Therefore, we used the reduction in the mean open
time to estimateék,. The mean open time histograms were
The forward blocking rate for NEFAK() also was ob- fitted with one or, more commonly, two exponentials (see
tained from analysis of single-channel recordings. TheMethods). The area of the exponential with the longer time
value ofk, can be estimated from the blocker concentra-constant was consistently larger, and was used here for
tion-dependent reduction in either the mean open time or thestimatingk, .
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An open-channel blocker decreases mean open time of @f rate constants derived from previous work and from the
channel according to the equation: above single-channel analysis (see Methods and Table 1),
we fitted Scheme 1 to whole-cell currents recorded in the
presence of NEFA and agonists. Hypotheses concerning the

3

©) effects of blocker binding on specific receptor state transi-
wherer, , is the mean open time in the presence of antaglions were tested by permitting the appropriate rate con-
onist and agonists, [B] is blocker concentratiep, is the ~ Stants to vary during fitting, as described below.

mean open time under control conditions, dna is the The model was fitted to five applications (three cells) of
forward rate constant of block (Neher and Steinbach, 1978 #M NMDA + 10 uM glycine and either 2 or GuM
NEFA decreased the mean open time in a concentratioNEFA recorded at-66 mV. To constrain both the blocking
dependent manner (Fig. 6). As shown in Fig.D6 the and trapping behavior of the model, “trapping” protocols
inverse ofr, depended linearly on blocker concentration (protocol shown in Fig. 4) were used for fitting. Only
with a slope of 39.uM ! s™%. In accord with Eq. 3, this protocols in which the duration of exposure to antagonist
value was used as an estimate of kheof NEFA. was 60 or 90 s and the duration of the subsequent wash with
NMDA + glycine was at least 120 s were used.

We first tested the simple hypothesis that receptor oper-
ation is not altered by binding of NEFA (“no effect” model).
We next evaluated the hypothesis that NEFA influenceslo realize this hypothesis computationally, the values of
receptor operation (e.g., channel gating) while bound withirrate constants in the lower arm were held constant at values
the channel of the NMDA receptor. Because the transitiongqual to the corresponding rate constants in the upper arm of
among blocked states (lower arm of Scheme 1) are electrdscheme 1 (Table 1). The only rate constant that was per-

1 1
— =+ k+[B]

Tob  Toc

Computational modeling

physiogically indistinguishable, we used a computationaimitted to vary during fitting was the antagonist unbinding
model of Scheme 1 to test the hypothesis. Using the valuesate,k_. This version of the model provided poor fits to the

FIGURE 6 NEFA causes a reduction in
the mean open time of the NMDA channel.
(Left) Representative single-channel cur-
rents from an outside-out patch in the ab-
sence Q) and the presence of gM (B)
and 15uM (C) antagonist. The holding
potential was—66 mV. Righ?) The open
time histograms for patches exposed to
NEFA showed a concentration-dependent
reduction in the mean open time. Single
channel current and histograms shown in
A, B, andC are taken from the same patch.
The histogram imA contains 3910 channel
openings and was fitted with a double ex-
ponential function with time constants
(relative areas) of 1.14 ms (0.264) and 5.49
ms (0.736). The histogram iB contains
358 channel openings and was fitted with a
double exponential function with time
constants (relative areas) of 0.298 ms
(0.309) and 2.433 ms (0.691). The histo-
gram inC contains 818 channel openings
and was fitted with a single exponential
function with a time constant of 1.37 ms.
(D) NEFA reduces the mean open time of
NMDA-activated channels. The mean du-
ration of the prominent mean open time at
—66 mV is plotted as a function of con-
centration of NEFA. Each point represents
the mean of three to nine experiments. The
slope of the line is the forward rate of
antagonismk, , and is equal to 39.a4M~*

s % The inverse of the intercept is the
duration of the prominent mean open time
of the unblocked receptor (5.1 ms).
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experimental datan(= 5; Fig. 7 A), with the inhibition  stricted our fitting to two intuitively appealing limiting
proceeding much more quickly than was experimentallyhypotheses: that NEFA affects exclusively channel opening
observed. and closing (“gating” model), or that NEFA affects exclu-

We next investigated models in which NEFA affects sively agonist binding and unbinding (“binding” model).
receptor operation. In preliminary fits, we permitted all rate The gating model was implemented by allowing «’, and
constants in the lower arm of the model to vary. AlthoughB’ to vary during fitting runs. Using this model, the model
this approach provided excellent fits, we found that fits ofprovided excellent fits to the data & 5; Fig. 7B). Channel
nearly equal quality could be achieved with widely varying gating is predicted to be slowed considerably when com-
combinations of parameters. We concluded that the modgdared to the corresponding transitions in the upper arm of
had too many free kinetic parameters (a total of 7) tothe model. The channel opening rate was slowed 13.4-fold,
provide useful testing of hypotheses. Therefore, we rewhile the channel closing rate was slowed 2.9-fold. These
changes caused an alteration in the maximal probability that
a channel is open from 0.025 for unblocked channels to
0.0055 for blocked channels. The binding model (wHerge
ki, andk/_ were allowed to vary) also provided excellent
A 5 uM NMDA fits to the datarf = 5; Fig. 7 C; Table 1). The agonist
unbinding rate was predicted to increase by a factor of 1.3
compared to the corresponding rate for unblocked channels,
while the agonist binding rate was reduced 3.5-fold. These
values result in a change in the NMDA dissociation constant
of each binding site on the receptor from 1Qu®1 for
unblocked channels to 51M for blocked channels.

We used two additional approaches to evaluate the va-
lidity of these models. First, we used thé measure of
goodness of fit to compare how well each model fit whole-
cell current data. Thg? for the fits based on the gating and
binding models were consistently much lower than e
for the model which incorporated no change in receptor
operation (analysis of varianc€; = 129.54;P < 0.001).
The x? from the gating and binding fits were not signifi-
cantly different from one another, though a trend existed
with the gating model producing slightly better fitB &
0.020; 2-tailedt-test with Bonferroni correctionpp,, =
0.01).

We further tested the validity of each model (the no
effect, gating, and binding models) by examining their
ability to predict characteristics of NEFA action that were
not revealed in the whole-cell experiments to which the
models were fit. Each model was used to simulate responses
to applications of NEFA+ agonists over a wide range of
conditions. To permit appraisal of the significance of any
discrepancies between model predictions and data, five pa-
rameter sets for each model were used. The kinetic param-
eters in each of the five sets were fixed at the values that
provided the best fit to each of the five drug application
protocols (see above) to which the model was fit. The five
kinetic parameter sets for each of the three models were
used to simulate two additional types of protocols.

FIGURE 7 Fits of the trapping model of channel block to whole-cell The first type of protocol simulated with the models was

recordings of inhibition by NEFA. Whole-cell current (holding potential o .
—66 mV) is shown with dots; fits of the indicated versions of the trapping along application of 0.1 to 1aM NEFA in the presence of

model of open channel block (Scheme 1) are shown with solid lines. Ar@gOnists like that shown in Fig.& The percent antagonism
application protocol similar to that shown in Fig. 4 was used for modelfor each simulated current was measured. The individual
fitting. (A) A poor fit results when it is assumed that NEFA does not affect datg points were a\/eraged and are presented as mM&H
channel operation (the no effect model). In th|_s model, the or_lly ratej, Fig. 8 A. Both the gating and binding models predict
constant that was allowed to vary was(B) By allowinga’ andp’ (gating . s .

model) to vary in addition tdk, the model fit the data accuratelCBy concent'rat|on-|nh|b|tlpn curves that are in reasonable agree-
allowing k.’ andk, (binding model) to vary in addition te, the model ~Ment with the experimental data. However, the no effect

again fit the data accurately. model performed poorly. We next analyzed the kinetics of

6 uM NEFA

No Effect

Gating

Binding
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FIGURE 8 Experimentally measured characteristics of inhibition by NEFA compared to predictions of three versions of the trapping model of open
channel block. &) Measured and simulated concentration-inhibition relation for NEFA. Fit of Eq. 1 to experimental data is sltidifir(e). The 1G,

and Hill coefficient for each data set are tabulated in Tabl&8pMeasured and simulated dependence on NEFA concentration of the inverse of the time
constant of the onset of block. Fit to experimental data is shawetid(ling). (C, D) Measured and simulated dependence of inhibit@hgnd trap D)

on duration of application of @M NEFA. Percent inhibition and percent trap were measured as described in text. Experimental data and single exponential
fits (solid lineg are replotted from Fig. B. In all plots, the gating and binding model simulations predicted accurately the experimental data while the no
effect model produced far less accurate predictions. All data are shown as m&ifiseach simulated data point is the mean of results from five separate
simulations (see text).

the simulated currents. For all strategies, the onset andf NEFA lasting 5, 10, 15, 60, or 90 s, and a 100-s wash
offset of inhibition were multiexponential. To characterize with control solution. Percent inhibition was calculated
the kinetics of antagonism for comparison to experimentafrom the whole-cell current measured just before the re-
data, simulated current relaxations were fit with single ex-moval of NEFA. Percent trap was calculated from the
ponential functions. The time constant of the onset of inhi-whole-cell current measured just after reapplication of the
bition of predicted currents are plotted against NEFA con-agonist solution. Again, the gating and binding models
centration in Fig. 8. The time constants measured from the performed well in capturing most aspects of the data, in-
simulated data employing the gating and binding modelsluding the slow progression of channels into the trapped
were again within the SE of experimental data at mosttate. The no effect model again deviated considerably from
concentrations. In contrast, the simulated data generated lexperimental data points (Figs. 8,andD). A summary of
the no effect model were in clear disagreement with experthe performance of the simulations is displayed in Table 2.
imental data (Fig. 3B). Based on these data, we reject the no effect model.

The second type of protocol that we used to compare the Across this variety of test protocols, all of which involved
simulations to experimental data was a trapping protocoapplication of 5uM NMDA, the performance of the binding
similar to that shown in Fig. 5A. The simulations were and gating models was essentially indistinguishable (Figs.
comprised of a 15-s application of agonists, an applicatiory, 8). However, we found that the predictions of the two
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6 uM NEFA models differ significantly when a higher NMDA concen-
- tration was used: the binding model predicts a much stron-
300 uM NMDA ger dependence of blocker action on agonist concentration

than does the gating model. We simulated whole-cell cur-
o rents according to a trapping protocol similar to that shown
......... ' in Fig 4 A using 300uM NMDA. Kinetic rate constants
{ derived from fits to applications in BM NMDA and NEFA
were used and no kinetic parameters were allowed to vary in
creating simulations in 300M NMDA. After an applica-
tion of 6 uM NEFA reached steady state, both antagonist
and agonists were removed, the cell was perfused for 100 s
with control solution, and agonists were reapplied without
Gating Prediction antagonist (Fig. 9). The gating model predicts the percent
----- Binding Prediction inhibition and percent trap much more accurately than the
binding model (Fig. 9B andC).
B The data presented above argue strongly that binding of
100 — NEFA in the channel of the NMDA receptor affects NMDA
. receptor operation and that the predominant effect is on
80 — channel gating. However, a final concern regarding this
= conclusion must be addressed. In the no effect model the
60 — number of adjustable rate constants is two fewer than in the
- gating model. The poor performance of the no effect model
40 — therefore might be due to an inability to compensate for any
inaccuracies in the fixed values of the rate constants in the
20 — upper arm of Scheme 1 (see Methods). To address this
concern, fits were performed with a “modified no effect”
model. In this model the rate constants of the lower arm
were fixed to the same value as the corresponding rate
Data Gating  Binding constant in the upper arm, but each pair was allowed to vary
in unison. Thusk,, k., andk!_, 8 andp’, ky andkj, k. and
C k;, andk,. and K. were free. Only the parameters directly
100 — measured in this study, channel closing rateand«’ and
— the forward rate of antagonisky, , were fixed. The modi-
80 — ;; fied no effect model possessed three more free parameters
than the gating or binding models yet provided poorer fits
60 — than those models based ghestimates of goodness of fit
= (P < 0.01). These results further support the conclusion that
40 — NMDA receptor channel gating is affected by the binding of
. NEFA.

20 - *

. | m DISCUSSION

-

l 200 pA

30s

% Inhibition

H

% Trap

Data Gating  Binding In this study we have investigated the interaction between a
PCP analog (NEFA) and the NMDA receptor. Electrophys-
FIGURE 9 The predictions of the gating and binding models differ atiological experiments were used to characterize the basic
high agonist concentrationA) Comparison of whole-cell current¢ty inhibitory properties of NEFA. Through computational
and predicted currents derived from the gatisglifl line) and binding modeling we demonstrated that a simple model of trapping

(dashed ling models during the indicated applications ofus1 NEFA and . .
300 uM NMDA. Holding potential was—66 mV. The simulations were channel block is able to reproduce and predict many of the

made with no free kinetic parameters; all kinetic parameters were fixed at
the average values (Table 2) determined from fits of the gating or binding
model to responses in the presence @Nd NMDA such as those in Fig.
7. The only parameters allowed to vary during simulation were the numbeiThe difference between data and the gating model is not signifi€ant (

of channels and the baseline current. The models overestimated the amoun®5); the difference between data and the binding model is significant
of desensitization; peak inward currents predicted by both models follow{P < 0.001). C) Comparison of the percent trap measured experimentally
ing the first NMDA application, and by the binding model following the (71.5+ 4.9%;n = 11) and predicted by the gating model (85:51.2%)
second NMDA application, are truncate®) (Comparison of the percent and the binding model (124 3.3%). The difference between data and the
inhibition measured experimentally (927 1.6%;n = 11) and predicted gating model is not significan®(> 0.09); the difference between data and
by the gating model (93.% 0.3%) and the binding model (538 4.2%). the binding model is significantX(< 0.001).
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characteristics of the inhibition by NEFA. The results of Computational modeling

f:omputanonal modellng suggest _that while bo_und, NEI:ATo determine whether binding of NEFA affects NMDA
influences channel gating in addition to blocking current

flow. Both the kinetic and the steady state properties Otreceptor operation, computational modeling of the receptor-

L : . . blocker interaction was performed. The model of NMDA
::‘;'Z'ggsgby NEFA depend on its ability to influence chan- receptor function (upper arm of Scheme 1) has been used

extensively in previous whole-cell studies from several labs
(see Methods). While this model reproduces well the prop-
erties of whole-cell NMDA-activated currents, reproduction
Pharmacological characteristics of many of the NMDA receptor properties described in

) . ) o ] single-channel studies (see, e.g., Gibb and Colquhoun,
NEFA is an intermediate affinity antagonist of the NMDA 1992: Kjeckner and Palotta, 1995) would require a far more
receptor (IGo = 0.51 uM). The degree of inhibition was complex model. There is insufficient information at present
strongly voltage-dependent, suggesting that the binding sitg, determine the form that such a model should take, nor are
for the antagonist is within the channel. NEFA reduced thenhere data that would permit constraints on many of the
mean open time of channels in outside out patches in @dditional required rate constants. Scheme 1 reproduced
concentration dependent manner (Fig. 6) with a microscopigith surprising accuracy the whole-cell currents measured
binding rate of 39.uM~*s™*. This value is similar to most for this study. Even this simple model contains a number of
previous estimates of the microscopigc for other organic  rate constants that could be determined only by performing
channel blockers of the NMDA receptor measured at dits with free parameters. We therefore decided that use of
similar membrane potential, including 9-aminoacridine (22a more complicated model was not warranted. To limit as
uM~1 s71 Costa and Albuquerque, 1994), arcaine (44far a possible the number of free parameters during fits, we
uM™1 s71 Donevan et al., 1992), the IEM compounds, used single-channel recording to measure directly the chan-
(12-36uM ' s7%, Antonov and Johnson, 1996), MK-801 nel closure rated) and the antagonist binding rate, (.
(30 uM~* 571, Huettner and Bean, 1988; 23uM s %, Computational modeling of the inhibitory action of
Jahr, 1992), memantine (3iM ' s™*, Blanpied and John- NEFA generated significant insights into the interaction
son, 1995), and amantadine (381 ' s %, Blanpied and between the blocker molecule and the NMDA receptor. In
Johnson, manuscript in preparation). We conclude tha@rder to constrain the models, we evaluated three limiting
NEFA, like PCP, is a channel blocker of the NMDA receptor. hypotheses regarding changes in receptor operation induced

The mechanism of action of NEFA was investigated atPy binding of NEFA: binding of NEFA has no effect (no

the whole-cell level and was shown to be consistent with thé&ffect model); it alters only channel gating (gating model);
trapping model of open channel block (Scheme 1). NEFACT it alters only agonist binding and unbinding (binding
can bind to the open NMDA-activated channel, and begMdel). The gating and binding models made nearly iden-
trapped in the channel by closure of the channel gate aanaI predictions when block _occurred ina Ic_JW goncentratl?n
agonist dissociation (Fig. 4). In contrast to memantine an@’ NMDA ,(5 “M)' The gating and the binding modgls
amantadine (Blanpied et al., 1997), applications of highaccurate simulation of the accumulation of channels in the

concentrations of NEFA (4AM) in the absence of agonists trapped St'_”“e (Fig. 8?) IS notewprthy because the mod_els
did not produce inhibition of subsequent responses tg'c'e not fitted to brief appll|cat|0ns of .NE.FA‘ The gating
NMDA -+ glycine (data not shown). Although the charac- model proved clearly superior to the binding model, how-

. o . _ever, in its ability to predict both the inhibition by and trap
teristics pf |nh|b|t|or1 by_NEFA re_po_rted here sugggst that |tsOf NEFA in the presence of 30M NMDA (Fig. 9). These
mechanism of action is very similar to that of its parent

o . divergent predictions result from the 4.8-fold difference
compound, PCP, two principal differences can be nOtedbetween these models in the affinity for NMDA of the

First, previous electrophysiological measurements of theg oqior with its channel blocked. The kinetic parameters in
affinity of PCP generally (Lerma et al., 1991; MacDonald ety o qels were determined using data sets collected using
al., 1991; but see Parsons et al., 1995) are consistent with M NMDA, and no kinetic parameters were allowed to
the conclusion based on binding measurementgayy in predicting 300:M NMDA data. The accurate pre-
(Kozikowski and Pang, 1990) that NEFA is of considerably giction by the gating model of data measured in 30@
lower affinity than PCP. Second, NEFA displays the prop-NMDA is therefore a particularly significant validation of
erty of “partial trapping;” in 5uM NMDA, 6 uM NEFA  the model. While the data strongly suggest that NEFA
inhibited 96% of the receptors at steady state, whereas 87%ffects receptor operation predominantly through an effect
of the receptors trapped the drug (FigBp This situation  on channel gating, a weaker effect on agonist binding can-
contrasts with the observation that PCP is trapped by esiot be ruled out.

sentially all blocked receptors after simultaneous removal of A number of other types of NMDA receptor channel
agonist and antagonist solutions (Lerma et al., 1991). Partiddlockers with structures unrelated to PCP have also been
trapping has been also reported for memantine (Blanpied ethown to influence channel gating. The IEM compounds
al., 1997). (Antonov and Johnson, 1996) and 9-aminoacridine (Costa



Dilmore and Johnson PCP Analog Alters NMDA Receptor Gating 1813

and Albuquerque, 1994; Benveniste and Mayer, 1995) drasstates R*A and R*A,B are shown in Fig. 1®. Fractional
tically inhibit channel closure while bound. Amantadine andoccupancy is defined as the fractional of all receptors that
memantine also appear to influence channel gating (Blanare in the indicated state. The conditional probability
pied et al., 1997; Chen and Lipton, 1997; Blanpied andP,,chunbiocked IS defined as the occupancy of state B*A
Johnson, in preparation), although less strongly than théFig. 10 B) divided by the occupancy of all states without
IEM compounds or 9-aminoacridine. blocker bound (R, RA, RA Ry and R*A,). Similarly,

PoperplockealS the occupancy of R*AB (Fig. 10B) divided

by the occupancy of all states with blocker bound (RB,
Relation between macroscopic and RAB, RA,B, R B, and R*A,B). If the rate-limiting assump-
microscopic kinetics tion is correct, therP,pequnbiocked @A Popenbiocked SOUID

Fig. 3 B plots the dependence on blocker concentration ofcmain constant (pseudo-equilibrium S.hOUId be mallntalned)
during periods when the concentrations of agonists and

the macroscopic time constantg, and 7., a plot that is . . :
often used in electrophysiological studies of channel bIock-NI.EFA remain goqstant. Itis clear from Flg' (left) that.
is prediction is incorrect at a low agonist concentration.

ers (e.g., Parsons et al., 1993; Svensson et al., 1994; Ch hen a high agonist concentration is used (FigC1aght),

and Lipton, 1997). These plots are sometimes used to defi S : : .
macroscopic rates of block and unblock. While the correr}?1e kinetics of agonist action are faster but pseudo-equilib-

spondence between microscopic and macroscopic rates figim s still not gpprpached. Npte that, altho'ugh kineticg O.f
straightforward with true noncompetitive or competitive block are faster in higher agonist concgntratlpn, there siill is
antagonists, interpretation of macroscopic rates is mor& slow component of channel block (Fig. AQrighy. None

difficult with channel blockers (see, e.g., Parsons et al.,

of the slow current relaxations shown in Fig. AQcan be
1995). Using the data and model developed in this paper, xplained by any of the rate constants in the model (Table
will evaluate the utility and limitations of the macroscopic

). Instead, the slow macroscopic time constants result from

kinetic measurements made here and examine the implic boeccomt:;nepl effECtS. of IC;W OCfCEFaT(Cy of ott)lenkstates (Fig.

tions for related previous studies. Th) an m;irczg copic rates of bioc fotrhunl OE ' f d
Under conditions in which blocker inhibition kinetics are © quantitative consequences of the fack of pseudo-

in the seconds range or slower, it is often assumed tha‘?q.UIIIbrIum demonstrated in Fig. 10 can be assessed

antagonist binding and unbinding are rate-limiting step Using Eq. 4. This equation could be used to calculate

(e.g., Huettner and Bean, 1988; MacDonald et al., 1991). | Ope'*“”b'?CKedWith any channel blocker if the rate limiting
this rate-limiting assumption is correct, then explicit equa_assumonn were correct. In the case offl NEFA, the

tions can be used to relate macroscopic current relaxationsslﬁ/lp,e1 Of,? I_'Peblﬂt ;o.tg.e.g'ata ;hl(()w? n g'g'?'s.ol'gow
and microscopic receptor properties. The rate-limiting ast™ S (Table ,)‘{ ividing byk, - B (Eq. 4) yields an
stimate of 2.4 10" for Pypequnbiocked HOWEVET, the true

sumption implies that the relative occupancy of each state it . )
the upper arm of Scheme 1 remains approximately at equi\falue. .Of Pc?pe'*”“b'oc‘@g |n'the gating model under. th'ese
librium levels (the arm is in pseudo-equilibrium) during pondltlong Is 1.6 10. (Flg.'lo'C). Thus, the qgant|tat|ve
block and unblock. The same would apply to relative occy-haceuracies as§00|ated with mcorrgctly making the rate-
limiting assumption can be substantial.

pancies of states in the lower arm of the model. If the rate . S .
One experimental implication of these conclusions con-

limiting hypothesis were correct, the current relaxation fol- : o
lowing antagonist concentration jumps such as those show crns blO.Ck by MK-801, Thg facroscopic unblr!d|ng rqte of
in Fig. 3Awould be single exponential. For channel block- K'QOl IS SO SIOW. that inhibition may be con5|der§d Ire-
ers that follow Scheme 1, the time constant of the curreni’ers'b.Ie over the time course of mo§t electrophysiological
relaxation following a jump into blockerr(,) would experlments. Thg assumption that this reflects an e.xtremely
depend on blocker concentration according to the foIIowingSIO\.N microscopic k of MK-801 has been essential for
expression: estimates of the value &, ,cqunpiockea(HUEttNEr aNd Bean,
1988; Jahr, 1992; Rosenmund et al., 1995). However, com-
Uron = K; *[B]* Poperiunblocked = K * Poperblocked  (4) parison of the microscopic rate constants and macroscopic
kinetics of the models developed here reveals that even
where Pypequnbiocked IS the conditional probability that a gross estimates of microscopic rate constants should not be
channel is open given that it is unblocked @eoiockealS ~ based on macroscopic kinetics. When a channel binds
the conditional probability that a channel is open given thablocker, it enters state R*8B, the mean lifetime of which is
it is blocked. The relation betweenrl/ and [B] would be  determined by the rates of transition to R}k and to
linear with a slope (sometimes called the macroscopidRA,B (a'). The transition possessing the faster rate is more
blocking rate) ofPypenunbiocked” K+ likely to occur. In the gating model presented here, the
If reasonably accurate, Eq. 4 would permit simple inter-channel ismorelikely to unbind NEFA than to close (Table
pretation of macroscopic rates of channel blockers. Usind). Channels will, on average, rapidly bind and unbind
the experimental data and gating model developed here, waocker over two times before closing; kherefore is not
can evaluate the validity of the rate-limiting assumption andhe rate of entry into a state with mean lifetime reflected by
Eq. 4 for NEFA (Fig. 10). The fractional occupancies of the macroscopic unbinding rate. Although similar kinetic
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FIGURE 10 Simulated currents,
fractional occupancies, and condi-
tional occupancies of selected states -100 —
in the gating model. The plots were - -600 <
generated by using the average rate 150 — i
constants from Table 1 with applica-

tions of 6 uM NEFA in 5 uM (leff) -800 —
and 300uM NMDA. (A) Whole-cell
currents were simulated using an ag-
onist and antagonist application pro-
tocol similar to that shown in Fig. A.
The current in 300uM NMDA is
truncated at-800 pA. B) Fractional
occupancy of states R*fand R*A,B
during application of NMDA and
NEFA. The fractional occupancy of
R*A, is proportional to the absolute
value of current. The occupancy of
R*A, in 300 uM NMDA is truncated

at  0.005. C) Popedblocked and
Poperunblockeavary during the applica-
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-400

Current (pA)
o
o
|

w

Occupancy of R*A,
00050 4 ¢  ----- Occupancy or R*AB

0.002 —

0.001 — 0.0025

Fractional Occupancy

0.000 0.0000

O

openlunblocked

NEFA is applied. Note that following 2 0.004 — 0.012 4 Popanved
application of NEFA, there is a large 2 '
and sustained change in conditional < 7 b :
probabilities. o:_ 0.002 —
g 0.006 —
iy
5
O 0.000 —
T T T T T T I T I 1 0.000 — 1
0 100 200 300 400 6] 100 200 300 400
Time (s) Time (s}

information is not available for MK-801, it too might plau- ence profoundly the kinetic and steady state characteristics
sibly block and unblock more than once before a veryof antagonism. These characteristics may in turn govern the
long-lived blocked state other than R3B.is entered. If this  therapeutic potential of channel blockers of NMDA recep-
were the case, then,kas measured in single-channel ex-tors (Chen et al., 1992; Rogawski, 1993). Similarly, the
periments would be an overestimate of the rate of entry int@ffects of PCP and related drugs on receptor operation may
a very long-lived state. The value Bf e junpiockeseStimated — explain why they are uniquely able to mimic the behavioral
from MK-801 block experiments then would be underesti-effects of schizophrenia. Improved models of blocker-re-
mated. If, for example, MK-801 on average blocks channelgeptor interactions will advance the understanding of the
two times before the receptor enters a very long-liveddiversity of effects of NMDA receptor channel blockers and
blocked state, the estimatesRf,equnbiockeaWill be low by the design of new blockers with improved therapeutic utility.
a factor of about 2.

In all cases examined so far, the mechanism of action of
channel blockers depends not only on interaction with theve thank Drs. Alan Kozikowski and Yuan-Ping Pang for the generous gift
open channel but also on the effects of blocker binding oref NEFA; Nathan Urban, Angi Qian, and Drs. Dave Wood, Holly Moore,
receptor operation (e_g_, Armstrong, 1971; Ascher et a|_§1nd Bob Poage for their careful reading of various versions of this manu-

] S . script; and Keith Newell and Juliann Jaumotte for skillful preparation of
1978; Neher, 1982; Lingle, 1983; Antonov and ‘]Ohnsontultures. Special thanks is due to Dr. Tom Blanpied for extensive discus-

1996; Blanpied et al., 1997; this study). The effect Ofsgjon of both the manuscript and approaches to computational modeling.
blocker binding on receptor or channel operation can influ-This work was supported by National Institutes of Health Grants
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