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ABSTRACT. The nicotinic acetylcholine receptor (hnAChR) belongs to a family of five channel-forming
proteins that regulate communication between the approximatéfycélls of the nervous system. A
minimum mechanism of inhibition of the muscle-type nACHRI§y the honcompetitive inhibitors cocaine

and MK-801 [(+)-dizocilpine, an anticonvulsant] indicated they bind to a regulatory site, with higher
affinity for the closed-channel form than for the open-channel form, thus shifting the equilibrium toward
the closed-channel form and inhibiting receptor function. The mechanism predicts that compounds that
bind to this regulatory site with equal or higher affinity for the open-channel conformation than for the
closed-channel conformation will prevent receptor inhibitidh Does a neuronal form of the receptor
behave similarly? The mechanism of inhibition of the neuronal NnAChR by cocaine and MK-801 using
rapid chemical kinetic techniques was investigated. @8@4 nAChR stably expressed in HEK 293 cells

was used in these investigations. Whole-cell currents originated from a major and minor nAChR isoform.
Only the major isoform has been characterized. For the dominant, rapidly desensitizing isoform, the
carbamoylcholine dissociation constant for the site controlling receptor actividtide,2 mM; the channel-
opening equilibrium constanth~1, is 4; and the dominant desensitization rate constantis 20 s1.
Cocaine inhibits the receptor noncompetitively, with an appakerdf 84 and 26uM at high and low
carbamoylcholine concentrations, at which concentrations the receptor is mainly in the open- or closed-
channel form, respectively. Similar results were obtained with MK-801. A combinatorially synthesized
RNA ligand and a cocaine analogue alleviated cocaine inhibition of this neuronal receptor.

lonotropic neurotransmitter receptors are integral mem- noncompetitive inhibitors cocaind %), philanthotoxin-343
brane proteins that mediate signal transmission between(16), and MK-801 (7) bind to a regulatory site on the closed-
neurons and at neuromuscular junctio@. (The muscle- channel conformation of the muscle-type nAChR with higher
type nicotinic acetylcholine receptor (NACHRjo1),51y0 affinity than to the site on the open-channel form, thereby
subunit stoichiometry] is the archetypal ligand-gated ion shifting the equilibrium toward the closed-channel form and
channel (reviewed in ref3 and4; ref 5). In this laboratory, inhibiting receptor function I, 11, 12). The simplified
transient kinetic techniques were developgdg) to measure reaction scheme for the muscle nAChR is shown in Figure
the rate and equilibrium constants associated with the 1.

activation and desensitization of ionotropic neurotransmitter nAChRs in the central and peripheral nervous system differ
receptors and the mechanism of their inhibitidn §—12). substantially in their pharmacological and structural features
Understanding the mechanism by which therapeutic agentsfrom the nAChR at the neuromuscular junction (feS;

for example, local anesthetics, and abused drugs such aseviewed in refsl9 and20). Here, we report investigations
cocaine, inhibit the NAChR has been a goal for over two of the mechanism of action of the B34 neuronal receptor
decades3) and the subject of many publications (reviewed expressed in HEK 293 cells, its inhibition by the abused drug
in ref 14). cocaine and the anticonvulsant MK-80H-j¢dizocilpine],

By using rapid chemical kinetic techniques-8), it was and prevention of this inhibition. The334 acetylcholine
shown recently that the muscle-type nAChR has two binding receptor is a major subtype of the neuronal nAChR in
sites for noncompetitive inhibitorsl®). Only the rapidly autonomic ganglia (reviewed in re?1); a3-containing
equilibrating inhibitory site has been investigated so far. The nAChRs are present at particularly high density in the
superior cervical ganglion, pineal, and adrenal glands

TAV.K. and the experiments with the neurome84 nAChR were (reviewed in ref21). They are also present in tiseibstantia
supported by a grant (DA11643A) from the National Institutes of Health nigra, striatum, hippocampudocus coeruleushabenulo-

awarded to R. E. Oswald and G.P.H. Preparation of the combinatorially ; ; i
synthesized RNA ligand and of the cocaine analogue was supportedInterpedunCUIar tract, and cerebellum (reviewed in2bi

by Grant NS08527 from the National Institutes of Health awarded to ~ Cocaine is a commonly abused drig,(23). Inhibition

G-P-TH- . J hould be add 4 Teleoh (607)01‘ dopamine reuptake via the dopamine transporter is
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255-4809. Fax: (607) 255-6249. E-mail: gph2@cornell.edu. generally believed to be the primary mechanism underlying

! Abbreviations: nAChR, nicotinic acetylcholine receptor; SCG, the reinforcing properties of this drug24). However,
superior cervical ganglion; PCP, phencyclidine. increasing evidence suggests that this alone cannot fully
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Ficure 1: Proposed inhibition mechanism for the rapidly equili-
brating inhibitor site of the muscle nAChR. A represents the

Krivoshein and Hess

available and were obtained from Sigma, Fisher Scientific,
or EM Science. Cell culture media and supplements were
purchased from Invitrogen/Gibco (Grand Island, NY); cell

culture plastic ware was purchased from Corning Inc.
(Corning, NY).

Cell Culture. The KXa384R2 cell line was established
by Xiao et al. 40) by transfection of HEK 293 cells with
the rat neuronal nAChR3 andf4 subunit genes. Cells were
cultured at 37C in Dulbecco’s modified Eagle’s medium,
supplemented with 10% heat-inactivated fetal bovine serum,
0.25 mg/mL G418 (Geneticin) antibiotic, 100 units/mL
penicillin G, and 0.1 mg/mL streptomycin, in a humidified
atmosphere of 5% C{and 95% air, in 25 cfflasks. The

nondesensitized (active) receptor, L the neurotransmitter, and | theCells were passaged every 3 days. For whole-cell current

inhibitor. AL, and AL, are, respectively, the closedind open-
channel forms in the absence of an inhibitor. AndIAL , are,

recordings, the cells were plated on 35 mm diameter plastic
dishes. At 56-70% confluence, the cells were scraped off

respectively, the closed- and open-channel forms in the presencethe dish, dispersed in fresh medium until a single-cell

of an inhibitor. DL, represents the desensitized (inactivated) form,
and IAL," an inhibited inactive formKy is the dissociation constant
of the activating ligandK, andK, are the dissociation constants of
the inhibitor from the open- and closed-channel forms, respectively.

suspension was achieved, transferred to a new dish, allowed
to sediment for 30 min, and then immediately used for the
electrophysiological experiments.

kopandkop are the rate constants for channel opening in the absence  Whole-Cell Recording&he whole-cell current recordings

and presence of inhibitok, and k;* are the rate constants for
channel closing in the absence and presence of inhilbggand

k43 are the dominant rate constants for receptor desensitization an
resensitizationk; andk, are the rate constants associated with the
relatively slow formation of an inactive state of the receptor with
the inhibitor bound that can be observed at high concentrations of
inhibitor and neurotransmitted g, 12).

explain the drug’s complex pathophysiological effects (see,
for instance, ref25). In addition to the muscle-type and
neuronal NnAChRSsI(, 15, 26, 27), cocaine also inhibits other
ligand-gated 28—32) and voltage-gated3@, 34) ion chan-
nels. Despite intensive efforts during the last two decades,

were performed with use of an Axopatch 200A integrating

gratch clamp amplifier and Clampex 5.5 data acquisition

software (both from Axon Instruments, Foster City, CA) as
described by Hamill et al.4Q). The solution in the pipet
(intracellular buffer) was 140 mM KCI, 2 mM Mggll mM
CaCb, 11 mM EGTA, 2 mM tetraethylammonium chloride,
25 mM HEPES/KOH (pH 7.4); the extracellular buffer was
145 mM NacCl, 3 mM KCI, 2 mM MgC}, 0.1% glucose, 25
mM HEPES/NaOH (pH 7.4). Glass pipets (electrodes) were
pulled on a PIP5 two-stage puller (HEKA Electronik,
Lambrecht/Pfalz, Germany) and fire-polished on a MF-830
microforge (Narishige Scientific Instrument Lab., Tokyo,

there are no suitable medications for the treatment of cocaineJapan). The electrode resistance was typicatiy 81Q. The

inhibition (24, 35). Two new approaches have recently

series resistance was typically-8 MQ. The fluctuation in

emerged. One is based on the use of catalytic antibodies thathe transmembrane voltage was no more than 10%. All

bind to cocaine and hydrolyze 86, 37). The other approach
relies on understanding the mechanism of receptor inhibition
(2). It led to the idea of finding ligands that bind to the same
site as noncompetitive inhibitors do but unlike inhibitors have
a higher affinity for this site on the open-channel receptor
form than the closed-channel forml)( In contrast to
inhibitors, these ligands would not shift the channel-opening
equilibrium toward the closed-channel receptor form but
would displace inhibitors, thus alleviating the inhibitidt).(
Ligands that alleviate cocaine and MK-801 inhibition of the
muscle nAChR were subsequently identifield 8).

Here, we extend our previous observations on the mech-
anism-based prevention of cocaine inhibition of the muscle-
type nAChR () to the neuronal nAChR containing tfoe3
and 34 subunits, using both macromolecular RNA ligands
and cocaine derivatives to prevent inhibition. Some of this
work was reported previously in a preliminary forr@9%.

MATERIALS AND METHODS

Chemicals (+)-MK-801 maleate (dizocilpine maleate),
(—)-ecgonine methyl estdtCl, carbamoylcholine chloride,
acetylcholine chloride, andH)-cocaineHCI were purchased
from Sigma, and §(—)-nicotine was from Aldrich. Salts
and other buffer constituents were of the highest purity

measurements were carried out at ambient—22 °C)
temperature and a transmembrane voltage® mV. The
current signal was low-pass filtered at 1 kHz using the
amplifier’s built-in circuitry (4-pole low-pass Bessel filter)
and digitized at 206800 Hz.

Rapid Application of Ligand SolutionsThe cell-flow
method used for rapid ligand application to membrane-bound
proteins on cell surfaces has been described elsewBre (
Briefly, a single voltage-clamped cell without processes was
lifted off its substratum, placed at a distance of ca. 260
from the porthole of a U-tube, and perfused with neurotrans-
mitter solution (sometimes also containing the inhibitors).
The linear flow rate of solutions emerging from the flow
device with a porthole 20@m in diameter was typically
~2 cm/s. Cells were allowed to recover for at least 2 min
between each application, a time sufficient for complete
resensitization (reactivation) of the receptors.

The observed rise time of the whole-cell current to its
maximum observed value in the experiments described was
50 to 150 ms, depending on the agonist concentration
employed and the linear flow rate used. Because desensitiza-
tion of the nAChR also occurs on the millisecond time scale,
the observed current amplitude was corrected for desensitiza-
tion as described previousIy)
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Most of the cells tested showed a two-exponential current 33 mM for carbamoylcholine), the observed current decay
decay. In some cases (such as experiments done with lowcan no longer be fitted with two exponentials; instead, three
concentrations of an agonist), the slower component was tooexponential terms are needed (Figure 2B))( We believe
slow to be resolved in the time interval of the ligand that the fastest component, with a time constant of 20
application. In other cases, the current associated with thems, that is observed only at such elevated agonist concentra-
slower component was practically fully suppressed by the tions, may reflect inhibition of the receptor by the agonist.
inhibitor used (see Results and Discussion). Unless indicatedSuch rapid inactivation of the receptor prior to the fast
otherwise, only the dominant, rapidly desensitizing current desensitization process has been observed previously with
component was analyzed. the muscle-type nAChR5@, 53).

Fitting the Experimental Data to the Equatiorsl linear In Figure 2C, the concentration dependence for nicotine-
and nonlinear least-squares regressions and plotting of theand carbamoylcholine-elicited currents is shown. Because
experimental results were performed using Origin 7.0 data each cell contains a different number of receptors, each data
analysis software (Origin Lab Corp. Northampton, MA). The point was normalized to a standard concentration of agonist
subroutine used can be obtained by writing to this laboratory. (330 «M for nicotine and 3.3 mM for carbamoylcholine).

RNA Aptamer 1I-3Class Il RNA aptamer #3 (aptamer 1he experimentally determined ratio of corrected current

11-3) was prepared as described by Ulrich et @R)( amplitudes elicited by 33Q:M nicotine and 3.3 mM
carbamoylcholine is 1.% 0.1 (average of six independent
RESULTS AND DISCUSSION measurements). Thus, both carbamoylcholine and nicotine
o o o behave as full agonists, eliciting essentially the same
Activation, Desensitization, and Self-Inhibition of ihg34 maximum current at saturating concentrations. This is in

NAChR Induced by AgonistBrevious investigations of the  greement with previous repor3.

mechanism of the.34 nAChR were performed by using  “The data in Figure 2C were plotted according to e)1 (
techniques with low time resolution, suck a 2 min ion

flux (e.g., refs40and43) or Xenopus lagis oocyte voltage- [ =] RMLZ[LZ + (L + Kd)Z]*l (1)
clamp recordings (g., ref 44). As shown previously45— ACM

47), the measured current due to the formation of open |, is the current amplitude, the concentration of activating
receptor channels obtained in these experiments is a ”OtJUSFigand,lM the current due to 1 mol of open receptor-channels,

a measure of the concentration of open receptor channels;ngr,, the number of moles of the receptor in the membrane.
but reflects also the rates of receptor activation and inactiva- g, is the agonist dissociation constant for the site controlling
tion (desenS|t|zat|on) 6). The rapid c'hemlcal reaction  receptor activation, and ~* is the channel-opening equi-
techniques used here allow one to obtain current amplitudes|jpriym constant. The value df;Ry, 2.7 NA, that gives the
that reflect the concentration of open receptor chani@ls ( pest fit of the data to eq 1 was obtained by reiteratif).(

This approach has previously been used in investigations of - Egtimates foiy and® for nicotine can be obtained from
several neurotransmitter receptors [reviewed in Hess andi,e slope and intercept, respectively, when the data are plotted

Grewer @)]. according to eq 2, which is a rearranged form of eq 1.
Here, for the first time, a rapid chemical reaction technique
is used in investigations of the354 neuronal nAChR. The (IyRy - 14— 1)M2 = @12 + p'2. Ke'L™t (2

trace in Figure 2A shows a representative response to a

saturating (3.3 mM) concentration of carbamoylcholine, a The values ofp~2, the channel-opening equilibrium constant,
stable analogue of acetylcholine. The observed currentfor nicotine and carbamoylcholine are 331 and 3.8+
amplitude decreases as the concentration of activating ligandg 5, respectively. For nicotind is 73+ 18 uM, and for
increases (Figure 2B), reflecting an accelerated desensitizatarbamoylicholineKq is 2.1+ 0.4 mM. The values for the
tion of the receptor. The current decay corresponds to acarhbamoylcholine dissociation constant for the site controlling
desensitization of the receptor and becomes faster as tthceptor activationKy, and for the channel-opening equi-
concentration of agonist increases. In most cases, twO|iprium constant,®~1, are close to those reporte@5
exponential functions are required to adequately fit the previously for nAChRSs in a rat pheochromocytoma (PC12)
current decay region of the traces. cell line containinga3, o5, o7, 32, and4 subunits $6).

The existence of two desensitization components deservesTwo values ford 1 for the rata354 nAChR expressed in
further explanation. In one of the previous investigations of Xenopus lageis oocytes were calculated from thg andkop
agonist effects with this cell line containing the334 values obtained using the single-channel current-recording
neuronal receptor4@), only a single time constant of technique §7); these were 2.21@) and 120 §8).
desensitization was specified; however, the duration of the We estimated the dominant desensitization rate constant,
ligand application employed\(1.5 s) was too short to resolve kg, (Figure 1), based on the concentration dependence of the
the desensitization processes. Moreover, the authors observedbserved desensitization coefficien{Figure 2D). The data
two types of cell, one with a rapid and another with a slow were plotted according to the following equatid):(
current decay. In a subsequent paper using the same receptor
and cell line 49), it was mentioned that often a clear o = kg @LA(L + K)?® + L7 71 (3)
monoexponential decay was not observed. Multiple single-
channel conductances were observed previously for theSince values foKy and® have been determined (see above),
recombinantly expressem3f4 nAChR (18, 50, 51). the only parameter to be evaluated was The estimates

We observed that at very high agonist concentrations{3.3 for ks, are 154+ 1 and 20+ 1 s for nicotine and
10 mM for nicotine, 10 mM for acetylcholine, and 18 and carbamoylcholine, respectively. The values are somewhat
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Ficure 2: Cell-flow experiments with HEK 293 cells containing th854 nAChR. The current traces were recorded with the same cell

at pH 7.4, 22-24 °C, and—60 mV. The length of carbamoylcholine application is indicated by a horizontakbarthe time constant(s)
associated with the desensitization reaction(s),ldadhe current associated with the individual time constants. The time constpatsl(

current amplitudesl{) are indicated as meat standard deviation. In panels A and B, observed currents are indicated as solid lines, and
the current corrected for desensitization is given by the dotted line. The current calculated for the desensitization reaction is indicated by
the dashed line; the currents associated with the different desensitization processes are indigateghpgindl 3. The time constant is

similarly numbered. (A) 3.3 mM carbamoylcholing.= 1283+ 107 ms,la; = — 449.0+ 0.6 pA, 7, = 289+ 6 ms, anda, = —2274.9

+ 1.4 pA. (B) 33 mM carbamoylcholing; = 636+ 18 ms,la; = —292.0+ 0.1 pA, 72 = 198+ 6 ms, anda, = —283.7+ 0.1 pA, 13

=16.4+ 0.1 ms, andaz = —2422.14+ 0.1 pA. (C) Dependence of the whole-cell current amplitudgspn the concentration of an

agonist, carbamoylcholin&j or nicotine @). Each data point represents three to eight independent measuremertg (22 — 60 mV,

pH 7.4) made with two to six cells. For carbamoylcholine, all points were normalized to the response to 3.3 mM carbamoylcholine. For
nicotine, all points were normalized to the response to 330 mM nicotine. The curves were scaled to each other using the experimentally
determined ratio of currents elicited by 38 nicotine and 3.3 mM carbamoylcholine (1410.1). The theoretical lines drawn are based

on eq 1. For nicotineKq is 73+ 18 uM and @ is 0.30+ 0.09 and for carbamoylcholin&g is 2.1+ 0.4 mM and® is 0.26+ 0.04. (D)
Desensitization of thet334 nAChR by carbamoylcholineX) and nicotine @). The data in panel C were used. The rate coefficient for

rapid receptor desensitizatioa,(see eq 4), at each agonist concentration was evaluated from the decay phase of the current as described
in the text. The rate constant for receptor desensitizakianwas evaluated from the concentration dependence @he lines through the

data points were drawn using eq 4, and valuesdgrd, andKqy are 204+ 1 s71, 0.26, and 2.1 mM, respectively, for carbamoylcholine and

15+ 1 s%, 0.30, and 73«M, respectively, for nicotine.

lower than those reported for the muscle-type nAChR in nAChR expressed iiX. laevis oocytes is higherK, is 17
BC;3H1 cells, 35 st for carbamoylcholine &) and 47 st UM (27). K, for cocaine inhibition of neuronal nAChRs
for nicotine 69). This is in agreement with the observation expressed in the PC12 cell line (as determined by 25la"
that the neuronah34 nAChR has relatively slow desen- influx measurements) is10 uM (15). Additional informa-
sitization kinetics §0). tion about the mechanism of inhibition by cocaine of the
Effect of Cocaine on Closed- and Open-Channel Confor- rapidly desensitizing neuronaB34 nAChR is obtained from
mations of then344 nAChR.It has been known for many the rapid chemical kinetic measurements presented here.
years that cocaine is a noncompetitive inhibitor of the NAChR  Representative current traces for cocaine inhibition of the
in the electric organ of certain fisii%, 26). The affinity for rat o354 nAChR expressed in the HEK 293 cell line are
cocaine of the nAChR in the electric organ ©brpedo given in Figure 3A and B.

californica and Electrophorus electricuss relatively high When cocaine is coapplied with the agonist, carbamoyl-
[K, is 58 and 14uM, respectively 61)]. K, for the open- choline, it depresses the current amplitude. In the presence
channel form of the mouse muscle-type nAChR ¢BC of 3.3 mM carbamoylcholine and 38V cocaine, the slowly

cells) is 300uM (10). The affinity for cocaine of the:354 desensitizing nAChR current is depressed to a much larger
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Ficure 3: Inhibition of the o384 NnAChR by cocaine or MK-801. The same cell was perfused with carbamoylcholine alone or with
carbamoylcholine plus cocaine or carbamoylcholine plus MK-801. In the cell-flow experiments in panels A and B, the duration of the
application of ligands is indicated by a horizontal bar. Conditions and designations are as in Figure24 {€2—60 mV, pH 7.4). The
currents associated with the different desensitization processes are indicéteahloly,. The time constant is similarly numbered. (A) 3.3

mM carbamoylcholine alone; = 936 4+ 29 ms,la; = — 806.2+ 0.6 pA, 72 = 221+ 3 ms, anda, = — 3483.5+ 0.7 pA. (B) 3.3 mM
carbamoylcholine coapplied with 38Vl cocaine.ry = 150+ 7 ms,la; = — 231.2+ 0.5 pA, 72 = 26.9+ 0.6 ms, anda, = — 2237+

1 pA. Each data point in panels<E represents three to five independent measurements done with an average of two to three cells. (C)
Inhibition of the rapidly equilibrating site by cocaine. Ratios of the maximal current amplitudes in abkgaoel, presence,, of cocaine,

are shown. The inhibitor, at the indicated concentrations, was coapplied with eith€»)38 Q.33 @) mM carbamoylcholine. From the
current rise time, we estimated that the receptors were preincubated with the inhibitor for, on av&@@ges. The best fit of the data to

eq 4 gives & value of 84+ 12 uM and akK, value of 26+ 1 uM at high and low concentrations of carbamoylcholine, respectively. (D)
Inhibition of the rapidly equilibrating site by MK-801. Conditions were as in panel C. The best fit of the data to eq 4 #vealae of

116 + 16 uM and aK; value of 57+ 6 uM. (E) Inhibition by MK-801 of the slowly equilibrating site. Ratios of the maximal current
amplitudes in the presendg, and absencey, of MK-801, are plotted®) as a function of the duration of preincubation with the inhibitor
alone. The activating ligand was 1 mM carbamoylcholine, and the MK-801 concentration was kept constaritl) t@€oughout the
preincubation period and the perfusion with agonist. The rate constant for the slow inhibition pkicegss calculated to be 14 0.5

s71, as described in the text.

extent than the rapidly desensitizing one. This is the first tion of an inhibitor (cocaine), anqps) is the observed
report of the discrimination in cocaine inhibition between dissociation constant of the inhibitor.

rapidly and slowly decaying components (receptor isoforms). At a low agonist concentration (330M carbamoyl-

It is important to mention that in slow functional assays [such choline), when the ion channels are predominantly closed,
as ion flux experiments on the second-to-minute time scale K, reflects the affinity for cocaine of the closed-channel
(62) and X. laevis oocyte recordings on the seconds time conformation of the receptor. At a high agonist concentration
scale R7)], the slower component will make the dominant (3.3 mM carbamoylcholine), when the ion channels are

contribution to the measurements. predominantly openkqps) reflects the affinity for cocaine
The fast process for the inhibition of the receptor by of the open-channel conformation of the recept).(The
cocaine that occurs during the mixing time of ligand<Q values forK; andK;, obtained from the slope of the lines

ms) is shown in Figure 3C. The inhibition measurements (Figure 3C), are 26t 1 and 844 12 uM, respectively.
can be well-approximated (solid lines in Figure 3C,D) by  since cocaine exhibits greater potency at lower concentra-
eq 4 @) tions of the agonist, inhibition of the receptor by this abused
drug can be described by a mechanism (Figure 1) previously
I_O =14+ [ (4) established for the muscle-type nAChR in {1 cells (L1,
I, Ki(obs) 12), in which an inhibitor binds to a regulatory site on the
closed-channel conformation of the nAChR with higher
lo andl, are the current amplitudes in the absence and theaffinity than to the site on the open-channel conformation
presence of inhibitor, respectively. [I] is the molar concentra- and thereby shifts the equilibrium toward the closed-channel
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form, inhibiting the receptor. For the mechanism proposed slower process goes to completion within about 1 s. The data
(Figure 1), the principle of microscopic reversibility [see were fitted using eq 51Q)
Hammes 63)] requires that the ratio d{//K is equal to the
ratio of ®"/®, where ® and ®" are the channel-closing
equilibrium constants in the absence and presence of an
inhibitor, respectively. Having determined (Figure 2C) that
® is equal to 0.26 for carbamoylicholine, we can estimate |,;—.,, is the current amplitude in the presence of inhibitor
®" as 0.84 in the presence of inhibitor corresponding to after a long preincubation timeé;.—o) is the initial value of
channel-opening equilibrium constants of 3.8 and 1.2 in the the current amplitude in the presence of inhibitor (i.e., total
absence and presence of inhibitor, respectively. current amplitude minuk=.,); andk" is the rate constant
Neuronalo3-containing nAChRs are the main mediators for the slower inhibition process. THgi=./lo term was set
of fast synaptic transmission in the autonomic nervous systemas 0.255 (the value wita 4 spreincubation), andi—oy/lo
(64). This includes neurotransmission in sympathetic and andk” were varied by a fitting routine (see Materials and
parasympathetic nerves that innervate the he&rknockout Methods).l =0/lo Was estimated as 0.129 0.033, and"
mice have a severe cardiac phenotypd).(After in vitro was estimated as 1 0.5 s*. The results are in general
injection in rats, the concentration of cocaine can be as highagreement with those for the muscle-type nAChR, although
as 26-80 uM in blood and as high as 12850 uM in the the contribution of the slower inhibition process is less
brain 65, 66). So, inhibition of a neuronal NAChR by  prominent with the neuronal receptor than with the muscle-
cocaine, withK, values of 26 and 84M, respectively, as  type receptor12).
reported here, can account for some physiological and The contribution of the slowly equilibrating regulatory site
toxicological effects of this abused drug, such as the can also be seen in the inhibition of the neurondB4
inhibition of sympathetic neural activity that can affect the nAChR by cocaine. Preincubation of a cell with cocaine
heart 64). alone increases inhibition as compared with simple co-
Effect of MK-801 on Closed- and Open-Channel Confor- application (data not shown). This result is in agreement with
mations of the Neuronal nAChROur interest in this previous data obtained with the muscle-type nACHR) (
compound was initiated by reports that it is capable of and the rat neuronal384 nAChR @7, 69).
alleviating cocaine-induced behavioral sensitization and Alleviation of Cocaine Inhibition ofa384 nAChR by
intoxication (see, i.e., re67). We, therefore, investigated Aptamer II-3.Aptamers are combinatorially selected biopoly-
the effects of MK-801 on the neuronaBf4 receptor using  mers (usually oligonucleotides) that bind various targe®s (
the same conditions as for cocaine (see above). 71). The technique for selection of such aptamers, SELEX
Like cocaine, MK-801 depresses the current amplitude (systematic evolution of ligands by exponential enrichment)
when coapplied with carbamoylcholine, acetylcholine, or (70, 71), was modified 42) for use with a membrane-bound
nicotine, in agreement with previous reports (Figure 33).( protein, theTorpedonAChR. Displacement of the RNA
As with cocaine, the slowly desensitizing current component aptamers from the membrane-bound nAChR by the cocaine
(receptor isoform) is affected to a substantially greater extent analogue phencyclidine (PCP) produced two classes of RNA
than the rapidly desensitizing component. A plot of the ratio aptamers, each with a different consensus sequet)e (
of the maximum current for the corrected rapidly desensitiz- Both classes displace cocaine from the muscle-type nAChR

I I(t=co) I I(t=0)

1/, =

Io—i—lO

expk't) (5)

ing form obtained in the absenchk)(and presencelj of in BC3H1 cells; class | aptamers bind with higher affinity to
MK-801 as a function of the inhibitor concentration is shown the closed- than open-channel receptor form, and as predicted
in Figure 3D. from the mechanism (Figure 1)) are potent inhibitors of

The values oK) Obtained from the slopes of the lines the nAChR. Class Il aptamers bind with about equal affinity
(Figure 3D) using eq 4 are 11& 16 uM at 3.3 mM to the closed- and open-channel receptor forms, and as
carbamoylcholine and 5% 6 uM at 0.33 mM carbamoyl-  predicted from the mechanisr)( do not inhibit the receptor
choline. Thus, MK-801 itself is an inhibitor of the neuronal but do counteract receptor inhibition by cocaitp (Ve have
nAChR and cannot be used to alleviate inhibition of this tested the effect of a representative class Il aptamer, aptamer
receptor by cocaine. This is in agreement with previous II-3, on the neurona&354 nAChR (Figure 4).
results with the muscle-type nAChR, (12). At the concentrations used, the aptamer itself has no effect

Binding of the Inhibitors to the Neuronal34 nAChR on receptor function, when preincubated or coapplied with
Includes an Additional Slow ProcesS&o far, we have  carbamoylcholine (data not shown). However, when co-
described what happens when the inhibitor is coapplied with applied with carbamoylcholine and cocaine, aptamer II-3
agonist. However, besides this fast inhibition process, which reduces the inhibition of the receptor by cocaine (Figure 4).
occurs during the mixing time~70 ms), another slower Figure 4A,B shows the concentration dependence for the
process was detected in the inhibition of the muscle-type alleviation of cocaine inhibition of the open-channel form
nAChR by MK-801 (12). We, therefore, investigated the of the receptor by RNA aptamer II-3. The experimental data
effect of preincubation of the neuronaBs4 receptor with were plotted according to eq @)(

MK-801 on the current (Figure 3E). The data are plotted as

/I, for the rapidly desensitizing form versus preincubation lo_ 1+ [1] Ka ©)

time. Cells were perfused with MK-801 alone for the time I, Ki(obs) [aptamer+ K,
indicated; subsequently, 1 mM carbamoylcholine was co-

applied with 20uM MK-801. About 80% of the inhibition lo andl, are the current amplitudes for the rapidly desensitiz-
process went to completion within the mixing time of MK- ing form in the absence and presence of inhibitor, respec-
801 and the cell surface receptors/Q ms). A second much tively. [I] is the molar concentration of the inhibitor (cocaine),
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FiGurE 4: Alleviation of cocaine inhibition of the354 nAChR

by class Il RNA aptamer 3 (A and B) and by the cocaine derivative
methylecgonine (C). Each data point represents three to five
independent measurements {22} °C, —60 mV, pH 7.4), one
measurement per cell. (A) Alleviation by aptamer II-3 of cocaine
inhibition of the open-channel form of the nAChR. At a constant
concentration of carbamoylcholine (3.3 mM), the ratio of the
maximum current amplitudes obtained in the abserngeand
presencel;, of a constant concentration of cocaine (18@) was
determined as a function of the concentration of aptamer 11-3. Using
eq 4, the best fit of the data in experiments in which the ligands
were coapplied with carbamoylcholine give&a value of 1.0+

0.2 uM for the aptamer and &,(obs) value of 56+ 3 uM for
cocaine using eq 6. (B) Alleviation by aptamer II-3 of cocaine
inhibition of the closed-channel form of the nAChR. At a constant
concentration of carbamoylcholine (0.33 mM), the ratio of the
maximum current amplitudes obtained in the absengeand
presencel;, of a constant concentration of cocaine (@d) was
determined as a function of the concentration of aptamer 11-3 using
eq 6. The best fit of the data givesa value of 2.0+ 0.5 mM for

the aptamer and &ps) Value of 23+ 2 uM for cocaine. (C)
Alleviation by methylecgonine (structure given in the figure) of
inhibition of the open-channel form of the nAChR. The best fit of
the data in experiments in which the ligands were coapplied with
carbamoylcholine gives Ka value of 79+ 54 uM for methyl-
ecgonine and &ns) value of 58+ 12 uM for cocaine.

T T
0 200

and [aptamer] the molar concentration of the aptamer II-3.
Kibs) is the observed dissociation constant of the inhibitor,
and K, is the dissociation constant of the aptamer. Pre-

incubation with the aptamer does not produce substantially

greater alleviation of receptor inhibition than coapplication
alone does (not shown).

Figure 4A,B demonstrates that the affinity of aptamer II-3
toward the closed-channel form of the neuronreds4
receptor is comparable to that for the open-channel form.
This is what was predicted by the mechanism of nAChR
inhibition (Figure 1) and demonstrated earlier for the muscle
type of the receptorl).

Alleviation of Cocaine Inhibition ofa354 nAChR by
MethylecgonineUnderstanding the mechanism of cocaine

Biochemistry, Vol. 43, No. 2, 2004487

inhibition of the muscle type nAChRL(9—12) and how to
test for compounds that alleviate this inhibitiod) (led
subsequently to the discovery of several low molecular
weight cocaine analogues that are capable of relieving
cocaine inhibition of the muscle-type nAChRSgj. The
compounds are either synthetic phenyltropane (RTI-4229-
70) (72) or carbomethoxytropenone (RCS compounds)
analogues of cocaine§).

We have tested the natural cocaine metabolite methyl-
ecgonine 13) with the 354 nAChR. Methylecgonine, which
does not inhibit thex34 nAChR at concentrations up to 1
mM (not shown), alleviates inhibition of this receptor by
cocaine (see Figure 4C). The apparent affinity of methyl-
ecgonine toward the neuronal nAChR is substantially lower
than for the muscle-type nAChRJ). Nevertheless, because
the compound lacks systemic toxicity4), it can be used in
a high dose, which can partially overcome its low potency.
Moreover, derivatives of methylecgonine, created by, for
example a combinatorial synthesis approach, might have a
higher potency.

CONCLUSIONS

Both cocaine and MK801 are noncompetitive inhibitors
of the neuronatt384 nAChR. The dissociation constants of
cocaine for the neuronal receptd{ (= ~26 uM for the
closed-channel receptor form akg= ~84 uM for the open-
channel receptor form), unlike those for the muscle-type
NAChR, fall within the concentration range of cocaine found
in the blood of cocaine-treated animaB5(66). As with
the muscle-type nAChR, the neurored$4 nAChR has two
binding sites for the inhibitors, one equilibrating in the
millisecond, the other in the second time domain. The
mechanism of inhibition of the rapidly equilibrating inhibitor
site of the neuronabi34 nAChR and the muscle-type
NAChR appears the same (Figure 1). The predictions of the
mechanism (Figure 1) are (i) compounds that inhibit are
expected) to bind with higher affinity to the closed-channel
conformation than to the open-channel conformation and
thereby shift the channel-opening equilibrium to the closed-
channel form and inhibit the receptor. These predictions are
realized with both the inhibitors, cocaine (Figure 3C) and
MK-801 (Figure 3D). (ii) Compounds that bind to the same
site as the inhibitors but with equal or higher affinity for the
open- than the closed-channel receptor conformation will not
inhibit and are capable of displacing inhibitors that bind to
this site (). These predictions are realized) {vith both a
combinatorially synthesized RNA polymer (refsand 42
and Figure 4A,B) and cocaine derivatives (r8&and 73
and Figure 4C).

Addiction to cocaine is a serious social, medical, and
economic problem in the United States and worldwide.
Countless attempts have been made previously to find
compounds that will displace abused drugs, such as cocaine,
from their sites of action in the nervous system. So far, no
compound has been found that alleviates cocaine inhibition
(24), and currently no drugs exist in the United States for
the treatment of cocaine inhibition. We have shown previ-
ously that cocaine inhibition of the muscle-type nAChR can
be alleviated using combinatorially selected RNA ligands
(aptamers)1) and nontoxic cocaine analogu@8)identified
by a mechanism-based approach. The easily available and
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thoroughly studied muscle-type nAChRs of thecalifornica
electric organ and the BE1 clonal cell line were used as
model systems. However, because of their low affinity for
cocaine, NAChRs at the neuromuscular junction are likely
to make only a minor contribution to the pharmacological
and toxicological effects of this abused drug. On the other

hand, neuronal nAChRs in the central and peripheral nervous
systems have a much higher affinity for cocaine than does

the

therefore, appear to be more important targets for cocaine.

muscle-type nAChR1(). Such neuronal nAChRs,

Our approach for finding compounds that are potentially
useful for the treatment of cocaine addiction and intoxication
differs in that we first investigated the mechanism of
inhibition. Using transient kinetic methods, developed in this
laboratory 6—8), it is now possible to distinguish between
alternative mechanisms of inhibition. Previously, this allowed
us to develop an approach for successful prevention of
inhibition of the muscle nAChR by the abused drug cocaine
(1, 38) and now of the neuronat3s4) nAChR.
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