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the receptor sites, The high affinity the channel sites have for many drugs
makes them viable, thaugh secondary, targets for their actions. This has im-
portance particularly in ‘compromised neuromuscular transmission such as in

certain patients (e.g., with myasthenia gravis) and in cases of poisoning by
anticholinesterases,
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2. Foreword

This work was carried out under U.S. Army Research Office grant DAAG
29-78G 0201, In conducting the research described in this report, the
investigetors edhered to the “Guide * for Laboratory Animal Facilities and
Carc,: as promulgated by the Committee on the Guide for Laboratory Animals,
Resources, Natiowuul Academy of Sclences-National Research Council.

ot

R peney L LR

e e et o - B R = e




I e

P

ik e

LRI DA £ B S et N AR T A Sy o ARE N < S

Table of Contents

Report Documentation..............-......................u.

Foteword»-ooooooocoooooa'o5.0.000oooatooo-oco-ooaoaaoooooooo

Tabl& of ContentSQ.QUCC'....l'...............l....‘.l....‘l.

]list Of Appendj.XEBuoooo00.ooccloloooooocoaooouooo.ocoo-oocoo

Body Of Reporti'.'.’...............‘l....l.‘....“.l.'.'..\b.

b.

Ce

d.

Statement of the Problem Studied...essssseesssssoscnces
Summary of the Most Important Results..seseseccscessses
i. PResults of Biochemical ExperimentSeceesesesscsases
ii. Results of Zlectrophysio.ioglical ExperimentSescesss
ifi. ConclusioNessvesesssossssossssvsssssasosencssssesons
List of PublicationSeesssssssossosssssosssssscsoscsscsns

List of Participatiag Scientific Personnelesesescsssces

Bihliohﬂ{ﬂphyonnoauoto.oouooooooo.uonooo;o‘ooooooooo.oooccoon

<
A]’th’.h', A N NN R R R R N N I N AN S A A S T S Y

0, s Pt st L T3F N

Page

12

21

26
26

29

N

e st s d

e et . —— O e e i < e SR

et

~ e ey .




- P MR R

t

o ML AT st A R B S

4. List of APPENDTL&

Adler, M., Oliveira, A.C., Albuquerque, E. X., Mansour, N.A. and Eldefrawl,
A.T. Eeaction of .ictraethylamnonium with tl:.opened and- closed couformations
of the acetylcholine rcceptor foaic channel complex. J. Cen, Physiol, 74:
129-152 (1979).

Tiedt, T.N., Albuquerque, E.X., Bakry, N.M., Eldefrawl; M.E. and Eldefrawi,
AT, Voltage- and time-dependent acticns of piperocalme on the ion channel of
the acetylcholine receptor. Mol. Pharmacol. 16: 909-921 (1979).

Eldefrawi, A.T., Bakry, N.M., Eldefrawi, M.E., Tsai, M.-C. and Albuquerque,
F.X. Nereistoxin interaction with the acetylcholine receptor-ionic channel of
the acetylcholine receptor and electrogenic membrane. Mol, Pharmacol., 17:
172-179 (1980) .,

Albuquerque, E.X., Tsai, M.-C., Avonstam, R.S., Witkop, B., Eldefrawi, A.T.,
and Eldefrawi, M.E. Phencyclidine interactlons with the ionic channel of the
acctylcholine receptor and electrogenic membrane. Proc. Natl. Acad, Sci. USA
77: 1224-1228 (1980).

Eldefrawi, M.E., Aronstam, R.S,, Bakry, N.M,, FEldefrawi, A.T., and
Albuquerque, E.X, Activation, inactivation, and desensitization of
acrtylcholine receptot channel complax detected by binding of
perhydrohistrionicotozin, Proc, Natl. Acad, Sci. USA 77: 2309-2313 (1980).

Trial, M.~C., Albuquerque, E.X.,, Avonatam, R.S., Eldefrawi, A.T., Kldcefrawi,
M.®., and Triggle, D.J. Sites of action of phencyclidine I. Effects on the
elactrical ex:ltability and chenosensitive properties of the neuromuscular
Juuctlon of skeletal muscla, Mol, Pharmacol, 18: 159-166 (1980).

Albuquerque, E.X., Tsai, M.-C., Aronstam, R.S., Eldefrawi, A.T. and Eldefrawi,
Mok, Sites of action of phencyelidine II. Interactlon with the lonilc channel
of the nicotinie receptor. Mol. Pharmacol. 18:167-178 (1980).

Aronstam, R.S., ‘Eldefrawi, M.E., Eldefrawl, A.T., Albuquerque, E.X., Jim,
Kobe, and Triggle, D.J. "Sires, of action of phencyclidine, IIL, Interactions
with muscarinic receptors. Mol, Pharmacol. 18: 179-184 (1980).

Spivak, C.E., Witkap, B., and Albuquerque, E.X. Anatoxin-A: a novel, potent
agonist at the nicotinic receptor. lMol., Pharmacol. 18: 384-394 (1980).

Ikedn, S.R., Aronstam, R.S5., and M.E. LEldefrawi. Nature of regional and
chemically-induced differences 1in the Dbinding properties of mnuscarinic
acetylcholine receptors from rat brain. Neuropharmacology  19: 575-585
(1980). /

Aronstam, R.S., Eldefrawi, A.T., Pessal, I.N., Daly, J.W., Albuqueque, E.X.,
and Eldefrawi, M.E, Regulation of [“H]perhydrohistrionicotoxin binding to
Torpedo electroplax by effectors of the acetylcholine receptor. J. Biol,
Chem, ™ 256: 2843-2859 (1981). )

e e e e e i i —r— Tt




{

b e s v P AR IV R TIPS Y R A At e b LA S et W T R G IR e

-5

Eldefrawi, M.K., FEldefrawti, Q.T., Aronstam. R.S., Maleque, M.A., Warnick,

J.E., and Albuquerque, E.X. [ H]JPhencyclidine: A probe for the ionic channel
of the nicotir?~ rveceptor, Proc., Natl., Acad. Sci. 77: 7458-7462 (1980).

Eldefrawi, M.E., and Eldefrawi, A.T. Coupling between the nicotinic
acetylcholine receptor site and the lonic channel site., N. Y, Acad. Sci. 358:
239--252 (1980).

Schofield, G.G., Warnick, J.I'., and Albuquerque, E.X. Elucidation of the
mechanism and site of action of quinuclidinyl benzilate (ONB) on the
electrical excltabllity and chemosensitivity of the frog sartorius

mscle,
Cell, Mol, Neurebiol. 1: 209-230 (1981).

Aguayo, L.G., Pazhenchevshy, B., Daly, J.W., and Albuquerque, E.X. The ionic
channel of the acetylcholine receptor: regulatlion by sites outside and inside

the cell wembrane which are sensitive to quaternary ligands, Mol
Pharmacol. 20: 345-355 (1981),

Albuquer(ue, E.X., Adler, M., Spivak, C.E., and Aguayo, L. Mechanism of

nicotin:¢ channel activation and blockade. Ann., N.Y. Acad, Sci. 358: 204-238
(1980), :

Eldefrawl, M.B., Shaker, N., Mansour, N.A., Warnick, J,E., and Albuquerque,

7o Xe Detection of nicotinle cholinergle ‘transmisslon in Malapterurus
electricus eletroplax., Life Sei. 29: 1033-10637 (1981).

Shaker, N., ®ldefrawi, A.T.,, Miller, E.R.,, and Eldefrawil, M.,E. Interaction of
tricyclic antlidepressants with the ilonic channel of the acetyleholine receptor
Torpado ele:tric organ., Mel,Pharmacol, 20: 511-518 (1981).

Schofiield, G.6., Witkop, Be, Warnleck, J.E,, and Albuquerue, W1.X.
Differentiation of the cpen and closed states of the lonmle channels of
nicotinic aratylcholine receptors by trlcyclic antidepressants, Proc. Natl,
Acad, Sel, US4 78: 5240-5244 (1931).

Eldefrawi, M.E., Warnick, J.E., Schofield, G.G., Albuquerque, E.X. aund
Eldefrawl, A.T. Interaction of imipramine with the 1lonic channel of the

acetylcholine receptor of motor endplate and electric organ. Biochem,
Pharmacol, 30: 1391~-1394 (1981).

besoukd, A.,, Eldefrawi, A.T., and Eldefrawi, M.E. A new mechanism revealed
for the action of antibodles of acetylcholine receptor function, J. Exp.
Neurology 73: 440-450 (1981).

Albuquerque, E.X., Warnick, J.E., Tamburini, R., Kauffman, F.C., and Daly,
J.W., Interaction of pumiliotoxin-B with caicium sites 1in the sarcoplasmlc
reticulum and nerve terminal of normal and dystrophic muscle, In:
Exploratory Concepts in Muscular Dystrophy III. Proc, Int, Conf., Miavi,

Fla. (in press).

Brown, G.B., Tieszen, S.C., Daly, J.W., Warnick, J,E., and Albuquerque, E.X.
Batrachotoxin-A 20- o —-benzoate; A new radioa.tive 1ligand for voltage-
sensitlve sodium channels., Cell. Mol. Neurobin.. 1: 19-40 (1981).

»

et RdREE S NS L R

e+ e meam e S e et T T e e e

(RSP GO

e ——— e T Al o




-=

-~

h
.

A AT e

R ARG SR, Ll S

Tawburini, R., Albuquerque, E.X., Daly, J.W,, and Kauffman, F.C. - Inhibition
of calcium~dependent ATPase frowm sarcoplasmle reticulum by a wew class of
indolizidine alraloids, pumiliotoxins A, B and 251D. J. Neuroch=a., 37: 775-
780 (1981). .

Albuquerque, -E.X.,, Warnick, J.E., Kauffman, F.C., and Laly, J.W.
Pumiliotoxing: new tools to investigate calcium-dependent events in nerve and
muscle. In: Membranes aund Transport (A. Martonosi, ed.) Plenum Press (in
press). :

Eldefrawi, M.E., and Eldefrawi, A.. The aceéylcholine receptor-regulated ion
transport system of skeletal muscle and electric organ. In Membranes and

Transport (A. N. Martonosi, ed.) Plenum Press (in press).

Bpivak, C.E., and Aibuquerque, E.X. The dynamic properties of the nicotinic
acetylcholine receptor: activation and blockade, In: Model Cholinergic

Synapses, A, Goldberg and I, Hanin, eds., Raven Press (in press).

Lo FRRRRISTETIITETTOR e e

- o PO, - R A

B e




FTEE

F o A et ESS G AT T

o
15
[
I
|
1

AP R e

t

%+ Body of Report

5a. Statement of the Problem Studied

The overall objective of this study was to establish the pharmacology of
the ifonic channel of the nicotinir acetylcholine (ACh)-receptor in muscle and
fish electric organ, and to understand the wmechanism by which this ACIH -
receptor controls the selective translocation of cations across membranes.
The combination of electrophysiological techniques with biochemical ones
helped us understand the molecular properties of this ACh-receptor chauwnel and
its Interactions with drugs and toxins and also determine the cases where it

may act as a secondary target for the actions of a variety of drugs including
anticholinesterases.

5be. Summary of the Most Important Results

5bsi. Results of Biochemical DIxperiments:

Earliev, electrophysiological studies on skeletal muscle had suggested
that the ACh-rcceptor/channel complex had sltes that bound acetylcholine (ACh)
and (o-BGT) (iduvntified as receptor sites) aond sites that bound 1local
anesthetlcs and H,,~ITX (Albuquerque et al., 1973, 1974; Krodel ef al., 1979;
Kato and Changeux, ,1976). Our studies on the iInteractions of [ H]perhydro-
‘histrionicotoxin (] H]H12~HTX) with the clectric organ of the clectric ray,
Torpedo sp. suggoeuted that the detected binding was 1ndeed to the ilonile
channel sites (Eldefrawl et al,, 1977, 1978) as was also later .reported by
others (Elliott and Raftery, 1977). To confirm this COnQ}usion we studied the
corr=lation between the ability of drugs to displace ['H]H12~HTX binding to
Torpedo memtranes awd their ability to block neuromuscular transmlssion. We
Found that Jvugs which selactlively blocked neuronuscular transmission 1o a
vgltuﬂe"dependent and sr-erines time~depeadent mannaer also blocked biading of
L7ulny,-H1i to Torpede iawhranes. Among those were drugs that had very low
affinity (K(1 > mM) for the receptor site (e.g., amantadine (Tsail, et al.,
1978), phencvelidine (PCP) (Albuquerque et el., 1980a) and imipramine
(Eldefrawi et al,, 1981). There were other drugs which blocked neuromuscular
transmission in a voltage-~ and time-dependent mauner and blocked binding of
HQZ—HTX to Torpedo mechranes, butlﬁgey also interfered f% h the binding of
["H]acetylcholine ([{“H]ACR) and [ 1]Ju~ bungarotoxin ("““I}Ja -BGT) to the
receptor sites. Thus, these drugs interact with both the receptor as well as
the channel sites. Arong the drugs which belong to this second group are the
antimalarial drug qulinacrine (Adams and Feltz, 1980; Tsal et al., 1979), the
local anesthetile piperocaine (liedt et al,, 1979) and the ganglionlc blacker
tetraethylamuonium (Adler et al., 1979). "The excellent correlation obtained
between the potencies of several histrionicotoxin analogs i1in reducing the
agplitude of endplate currents (EPC) and their potentcies in displacing
{ H]le—HTX binding (Eldefrawi and Fldefrawi, 1979) was strong evidence that
Hyp-HIX was indeed interactiug with the fonlc channel site.

It was clear from these initial studies that although the biochemical and
electrophysiological studies used two tissues which represented distant
species phylogenetically, thelir two receptor/channel systems were similar.

The excellent correlation fougg bhetween the effect of H 9~HIX in blocking

receptor-regulated influx of Na¥ in Torpedo microsacs iEldefrawi et al,,

1980a) and blockade of the ACh sensitivity of the extrajunctional receptors of

2 R BT A . TR o TN H 65031414 G AT T I Sy .57

7
SI

T paa ol
CIGTOIEOTEA ALITAR

e




e R AP

£ QUALYTY P

CPICATLE

\
mer gt . a3
ERCE Guil 2 i des

=27
o e D=

T AL T U P O Y W LA P T LR UL IS O 1oL SR SOt A I er

dencrvated rat soleus muscle (Lapa et al., 1975) suggested that measutements
of specific 2Na flux represented receptor-regulated flux.

In the above studics, the assay used Tor detection of [qH]H o~1ITX binding
to  Tourpado mambuanes was awasuring  eysd lIbrium  biadts;: by dialysis or
contrifugation. A new dimeasion in the bLinchemical 1nvestlgations started
with our development of a rapid filter assay that monito-ud time-dependent
events, Exposure of the Torpedo membraucs to the channel probe | u]H o~HIX
then filtering rapidly on Whatman GF/B filters (pretreated with orpano»ilane
te reduce uonspecific binding) allowed monftoring of the appar@nt rate .of
binding and the efect of receptor stimulation on the binding of [ H]H ~HTX,
The biunding of [3H]H o~HIX was very slow, reaching equilibrium in about 60 -120
nin, but in presence of agonlst maximal binding was reached very fast
(rdefrawi et al,, 1980a; Aronstzm et al., 1981). Also, the affinity of
P ,~HTX binding was  increased in the presence of agonist from K of
0.1 yi to 0.082 pM. Thug, the snitial ruie of binding (i.e., in 30 uoo) was
increased by carbamylcholine (carb) up to a hundredfold in a dose~dependent
mannar up to about 10 M carbamylcholine (carb), then decreased at higher
¢oncentrations possibly reflecting receptor desensitization. Preincubation
wlith lower concentrations carb also reduced the carb-induced increcased initial
rate of beading in a time-dependent manmer, Other rvecwptor agonilsts (e.g.,
AGh, nicotine, succinylcholine and decomethonium also stimiulated the initial
rate of | H]H]Z—HTX binding ia a concentratioa-depeudent manner (Aronstaw et
al., 1931) corresponding to theivr potencies 1n depolarizing postsynaptic
nwnn:xnon of Torpedo elcctic organ (Moreau and Changeux, 1976). This increase
du o [TMln - -HTX  hinding corresponds to its iIncreased poteuncy of EPC's
stbsequent to actlivation of the ACh-receptor in skeletal nuscles (Ua%ukawa and
A1buquc1que, 1978) . fThese findings suggested that the increase In [° H]H] =HX
bindine b araolst reflected bindcng to an activated conformation of the Jonic
elowan w70 praded the cocoidng batweea the agoolst and channel bindilng sites
(eldelrav: snd Bidefrawi, 1%80b). Bioding of receptor antagonists (curare,
gALlaming)  also dverezsod the dnitlal rate -of [“H]H,,~NCX binding, which
sugeested 2 posslible fourth couformation that could he detected in addition to
the resting, active and desensitlzed ones, Receptor activatlion by agonists
also affected the affinity of drugs to sites on the ionle channel; the
arffinitles of some increased, others decreased, while a third group was
unalteraed (Aronstam et al., 1980a).

Because of the limited supply of [3H]H12-HTX, it was ilmportant to search
for other radiolabeled probes for the i1lonilc chammel of the ACh-receptor.
Recently we discovercd thzt the general anesthetic and psychotomimetic PCP
intarvacted with and inhibited several targets i1in the unervous system and
muscle, 1ncluding the clectogenic K chaunel and the lonile channcl of the
nicotinic receptor (Albuquerque et al., 1)80a, b: Tsat et al., 1980; Aronstanm
et al., 1980b)., PCP did not Inhibit [1 I]a-BGT or [“HJACh binding to Torpedo
ngmbranes, as reported by Weinstein et al. (1973), but it dinhibited
["H]H12~HTX binding. The results of blophysical and hlochemical experiments
indicated similarities betwesen H o~ HIX and PCP. They both had voltage-
dependent and time-dependent effects on EPC of frog endplates causing
nonlinearity in the current-voltage relationship and accelerating the EPC
decay phase by reacting with the closed as well as the open conformations of
the receptor/channcl molelcule;, with higher affinity for the open
conformation. The commercially availlable [3H]PCP bound to a finite number of

sites in Torpedo membranes equal to those that bound [3H]H],~HTX and did not
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inhibit [3H]ACh or llzslla-BG'r binding to the receptor sites. Their binding
wgs competitive, had the same drug specificity, and the initial rate of
[°K]PCP binding was also increased greatly in presence of carb, suggesting
thet this binding was to the ionic channel of the ACh-receptor and ["H]PCP was
a ¢~i substitute for [ H]ﬂ1 -HTX as a probe for this channel in Torpedo
me.. cunes (Eldefrawi et al., [980b). However, in brain membranes, PCP binds
to many sites, and identification of i1its specific binding to the nicotinic
receptor's ionic chaqjlel faces many obatacles. A major difference between the
two channel probes [“H]H;,~HIX and [("H]PCP was that in using the latter, two
affinities for binding to Torpedo membranes could be detected in absence of
receptor agonist (K; 0.1 and 50 uM), but only one with a K; of 3,1 M in its
presence). The aff nitiq; of various channel drugs obtained by inhibition of
binding of [“R]PCP and [°H]H,,~HTX to Torpedo membranes were different, with
correlation of 0.52 and 0.&% in the absence and presence of a receptor
agonist, respectively. It suggested that there were some differences in their
binding sites on the ionic channel, which were wmore apparent in the resting
conformation (Eldefrawi et al., 1980b).

Another probe that we discovered for the ionic channel sites 1is the
tricyelic agtidepressant 1mipra1§ine (IMIP). It selectively blocked the
binding of | H]H12-H‘I‘X, but not ['H]ACh or [“H]a~BGT to Torpedo membranes. On
the frog endplate the drugs had voltage-dependent inhibition of neuromuscular
transmission but did not alter the kinetics of the time constant of decay.
The data suggested that IMIP favored binding to the activated but
nonconducting conformation of the ionic channel and alsvo causes partial block
of the channel in its open conformation (Eldefrawi et al., 1981). Also, IMIP
bound to sites on the sonic channel that were different from the ones that
bound [%H]H ,~HTX or [°RIPCP, since IMIP inhibitlon of this bioding was
noncompetitive, and the total number of _[H]IMIP binding sites was about 0.3
sites that bound [“H]E,,~HTX or [BH]PCP. Several other tricyc’ic
antidepressants inhitited the binding of [3H]1MIP to Torpedo membranes
(Aronstanm, 1981; Shaker et al., 1981), amg their order of potency was similar
to that reported for their effect on [“H]IMIP binding to mammalian brain
(Raisman et al., 1980). However, the concentration of these tricyc.ic
antidepressants are at least 10-fold higher than their therapeutic
concentrations. ’

Our investigation of the interactions of two depolarizing blockers of the
ACh-receptor/channel (decamethonium and succinylcholine) revealed that these
druge had different mechanisms for blocking the 1eceptor function,
Decamethonium, which was suggested to depolarize the receptor at low
concentration and block the ionic channel at h:lg;ner concentrations (Adams and

membranes at low  concentrations and  blocke binding @&t  higher
concentrations, To confirm that the reduction in binding was due to channel
blockade rather than desensitization, the receptor sites were first
1§reversib1y occupied during the experiment with «-BGT, then the binding of
("H]H;,-HIX (whose binding to the resting conformation of the ionic channel
was unaffected by o BGT was studied in presence of decamethonium and
succ&nylcholine. As shown, only decamethonium was capable of blocking binding
of [“H]H|,~HIX to the ionic channel site. On the other hand, succinlylcholine
appears to block neuromuscular transmission through quick desensitization of
the systen.
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If an agent produced effective and fast desensitization it would be quite
toxic. Anatoxin-a is such an agent, whose common name is the quick death
factor. This bicyclic amine, the exotoxin isolated from a filamentous fresh
water blue gzlgae Anabaena sp., acted as an agonist on the nicotinic ACh-
geceptor “in - electrophysio]l%ic experiments (Spivek and -Albuquerque, 1989)., It
1 hibited [“H]JACh and I) =BGT binding to Torpedo membrenes but not

{“H]H,,~HTX binding (Spivak et al., 1979). It also inhibited binding of
[3H] hg to muscarinic receptors with similarly high affinities. Thus, acted
.similar to ACh on both nicotinic and muscarinic synapses and did not interact
with the nicotinic ionic channel sites.

A series of quaternary sammonium anticholinesterases were studied for
their interaction with the ACh-receptor and ACh-esterase. Some of these drugs
had equal or better affinity for the receptor than the esterase (Table 2).
There was no correlation between their potencies in inhibiting ACh—-esterase
.and ‘theirs on the ACh<receptor, suggesting ‘that their binding sites in the two
proteins are very different. All activated the receptor though to a lesser
degree thgfz carbamylcholine as shown by their stimulation of receptor-
regulated Na® flux in Torpedo membranes. In presence of carbamylcholine,
these drugs inhibited receptor response possibly because they occupled the

gite and -produced little activaticn but prevented accessibility of the full
agonist.

The effect of the carbamate anticholinesterase neostigmine on the binding
of receptor and channel ligands was studied In an effort to explain the
anomalous effects of this drug on neuromuscular transmission discussed by
Stevens in a recent review (Stevens, 1978). We found that neostigmine bound
to the receptor and inhibited binding of [“H]ACh to Torpedo receptors, but its
affinity was at least two orders of magnitude lower than d-tubocurarine and
carbapylcholine, However, neostigmine increased the initial rate of binding
of [“H]H,,-HTX 1like agonists but to a much lower extent when compared to
carbamylcholine, It also inhibited the carbamylcholine~stimulated binding as
antagonists would. These results suggested that neostigmine could bind to the
receptor and activate it like a partial rather than a full agonist.

Narcotlc analgesic antagonists also interacted with the ACh-
-receptor/channel. Naltrexone, a pure opiate antagonist, shortened the time
constant of decay of both EPC and MEPC of frog sartorius muscle and caused
nonlinearity in the current/voltage relationship (Schofield et al.,
unpunlished _results). Naltrexone inhibited noncompetitively the receptor-
regulated [3H]H12-HTX binding, but the affinity was fairly low (K, =
280 uM). At these concentrations galtrexone had no effect on the binding of

[’H]ACh to its receptor. Using [
opiate agonists like nalorph&ne and morphine had very 1little effect on the
carbamylcholine-gtimulated H]PCP binding, whereas the psychotomimetic
antagonists levallorphan, uyclazocine and SKF 10,047 were quite effective.
Levallorphan, & mixed antagonist of morphine, also had a similar depressant

action on bnth the EPC and peak amplitude and time -course of the EPC's
although it was more potent.

Alcohols block peripheral nerves by interfering with both Nat and k'
conductances, but they also affect receptor/channel 1interactions in a unique
manner, Like receptor agonisgts, aliphatic alcohols at low concentrations
increased the rates of binding of three channel prohes, while at high
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concentrations they decreased them. However, unlike agonists, they interfired
with the carb-induced increased rate of binding of channel probes, and at the
endplate, they did not depolarize the postsynaptic membrane, but prolonged the
decay phase of MEPP (Gage et al., 1975). This suggests that they affect the
receptor/channel conformation by a mechanism that is different from the
receptor and chanual drugs discussed above,

Nerelstoxin (NTX), & toxin isolated from the marine segmeanted worm
Lumbriconereis heteropoda reduced the amplitudes of the EPP and ERC in frog

sartorius and rat diaphragm muscles as well as the extrajunctional ACh
senaititivy of nervated rat soleus muscle, and also inhibited binding of
[°H)ACh and [l I}a-BGT to Torpedo ACh-receptor sit:s (Eldefrawi et al.,
1980c) . In sddition, NIX caused initisl postsynaptic depolarization and
potentiation of the jindirectly elicited twitch tension. Since NIX did not
inhibit binding of [“H]H;,~HTX to Torpedoc membranes and did not alter the
linearity of the current voltage relationship, nor the time course of EPC, we
suggested that its inhibition of neuromuscular transmission was due to its
inhibition of the ACh-receptor sites and not the fonic channel sites, Also,
NTX acted ss a partial agonist since it could activate the ACh-receptor-
reguleted 2 Nat flux in Torpedo microsacs although its major actjgon was that
of an antagonist siice it inhibited the carbamylcholine~activated ““Na influx,
thus acting as a partial agonist or antagonist of the ACh—-receptor.

At the beginning of this project we had suspected that receptor and
channel may be independent molecular entities which are coupled in the
wembrane (Eldefrawi et al., 1977, 1978). A slamilar viewpoint was expressed by
others (Sobel et al., 1977). Using equilibrium binding assays we detected
littla or nor | H]H;9~HIX binding to the purified ACh-receptor protein even
agter using cholate instead of Triton X-100. Furthermore, while all of the
["H]ACh binding sites wera adsorbgd by Naja o-toxin affinity gel from cholate
egtracts, only half of the [“H]H,,~HIX was adsorbed, The zemaining
[“H]H; ,~HTX binding had drug specificl y similar to th~ sites in the membrane
(Eldefrawi et al,, 1978). Recently, however, after adzpting the filter assay
for | H]HIZ-HTX binding to_soluble receptor preparations, we discovered that
the receptor-stimulated [“H]H o~HTX binding was totally removed by the
affinity gel. This, plus the finding that axonal K" channels bind many of the
drugs that affect the ACh—receptor/channel molecule (e.g., PCP and
tetraethylammonium), argue in favor of the receptor and channel sites being on
the same moiecule. This is supported by the recent successful reconstitution
of the purified protein which exhibits proper receptor function. Thus, the

fraction of | H]I-l1 ~HIX which was not removed by the affinity gel in previous
experiments could be X' channels rather than receptor/channels. . .We, have

modified our purificqtions protocols to obtain a final product which retains
its ability to bind [“H]H;,~HIX and show receptor/channel coupling.

The effect of various treatments on the binding of receptor as well as
channel ligands to Torpedo membranes has given us important information on
their molecular properties. We found that channel site binding was much more
temperature dependent than the receptor site (Eldefrawi and Eldefrawi, 1980b),
suggesting that the H,,-HTX chaunel sites are deeper within the membrane
mgt:rix. However, treatment of Torpedo wmembrane with trypsin inhibited
[ H]Hl ~HTX in absence as well as presence of carbamylcholine. Assuming that
the crosacs used contain ACh-rioceptor facing the outside (Hartig and
Raftery, 1979), the data suggest thet most or all these channel sites are
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«accessible to trypsin from outside the cell., pH algsc had a differential
-affect on the, binding of receptor and channel ligands only if the drug was
ionizable. [“H]H;,~HTX, which has a pKa of 9, has a pH profile similar to
ithat of ACh. Nicotine, wbich binds«mainly «in the protenated form, has .a .pH
iprofile different from that of H; o~RTX binding. The results suggest different
‘ionizable groups at the receptor and channel sites. The differential effect
of sulfhydryl  raasgents such as DIT, PCMB, mercaptoethanol and HgCl, on the
binding of laﬂ]ACh and [n]nu-u'rx suggest that sulfhydryl function is
:important for both sites. The effect of detergents is most -interesting.
Triton X-100, which h;.n been used so successfully to solubilize the receptor,
dnhibits binding of [“H]H;o~RTX effectively. Cholic acid derivatives are much
less inhibitory.

Our earlier studies showed that Cal% was closely asssoclated with the
ineceptor protein (Eldefrewi et -wl., 1975), ‘ﬁﬂ.d ‘that binding of receptor
‘agonists but not antagonists caused loss of Ca“" from the receptor (Rubsamen
et al., 1976a, b; Eldefrawl et al., 1977). Our recent studies (unpublished)
show that Ca® depressed sigrg.ficantly the receptor—-stimulated increase in the
initial rate of binding of | H]HIZ'H . This effect is i:lmilar to the effect
z0f desensitization on the binding of [ H]HIZ-H’L‘X, and Caz is known to.promote
»endplate desensitization (Miledi and Parker, 1980). Accordingly, we tested
‘the effect of agents such as fluoride ions (F"), which have been descrﬂiﬁ_d to
delay desensitization (Kaibara et al., 1978), on the effect of Ca on
binding. Our results showed clearly that F , which increased ACh-induced
coE_guctances (Eldefrawl and Albuq\éerque, unpublished), reversed the effect of
Ca®" on_tie receptor-stimulated [ H]H;o~HTX ‘bluding (Fig. 18). Other anions
(Cl, I or Br ) did not produce this effect. Ethyl alcohol, which increased
ACh sensitivity (Gage et al., 1975), antagonized the Ca + effect at the same
concentrations. H%?‘_ever, wvhile it is easy to think of F as forming 1nsolubi$
.complexes with Ca we are not certain how ethanol antagonizes tne Ca
~wffect.

5b.ii. Results of the ElectrOphysiologiLgal Expei'iments:

During the tenure of this grant and with the objective of fulfilling its
alms and objectives, the understanding of the activation and inactivation of
the nicotinfc ACh receptor of the neuromuscular junction ha: been a subject of
major concern, By understanding this process and the different species that
are generated including the conformational change which occurs in the receptor
molecule upon reaction with the agonist, and the sequence of events which
culminates with opening of the ionic channel, one would be able to study the

+dynamic _properties of :the molecule .and its ability to react. st _any given state

......

with the druge and toxins., ~The action of the large concentrations of the
agonists, phosphorylated compounds, certain toxins, and antagonists of the
ionic channel are of key importance., Indeed, & large number of known
neuromuscular blocking agents were assumed until receatly to compete with ACh
for a common recognition site. This view was dismissed as too simple when
agents such as histrionicotoxin (HTX) were discovered and became known as
potent endplate blockers with negligible affinity for the ACh recognition
site. Although HTX does not interact with the ACh recognition site, the age~*
is able to create s situation in which even large quantities of agonist at .
synaptic cleft are not able to produce marked changes 1in synaptic functi. .
because HIX 1s able to specifically block the mechanisms by which
translocation occurs between the receptor and the contractile elements. In
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other synapses HTX and analogs prevent the final stage of activation of the
ionic channel produced by the agonist., Therefore, in compliance with the
initial proposal, we have used several derivatives of HTX which appear to
affect significantly the ionic channel of the ACh receptor and thus provide
important information regarding the differeat binding sites which control the
peak amplitude and decay time constant of the endplate current (EPC). These
experiments have added immensely to our knowledge of the physiology and
molecular pharmacology of the ionic channel of the nicotinic ACh receptor.

Natural and semisynthetic analogs of the saturated alkaloid
histrionicotoxin. (HTX; (2pR, 65, 70S, 8aS)-7-(cis-l1~buten—-3-ynyl)-8-hydroxy-2-
(cis~2~penten-i~-ynyl)-l-azi.piro [5.5] undscane) are: H,~is0, - and
nu-n'rx. Both HIX and H,,~HTX have been t.- +fned for their abllity to block K
conductance and to interact with the ionic Jtaunel of the ACh receptor. Both
HIX and H,,HTX decreased the endplate current pesk amplitude in a voltage- and
time-dependent fashion giving rise to a |Thysteretic current-voltage
relationship such as that shown for HIX (Spivak and Albuquerque, 1981). For
example, at -90 mV, with 10, 20, 30 and 40 uM BTX, the peak EPC amplitude was
reduced by 56, 86, 90 and 92% while the corresponding reduction in was 38, 47,
47 and 49%. With 10, 20, 30 and 40 u M H;,~HIX, the peak EPC smplitude was
reduced by 61, 72, 84 and 89%, while the corresponding reduction in t was 36,
40, 43 and 44%, respectively. The depression of peak EPC amplitude is
concentration dependent up to at least 40 p M of the toxins. While the time~
and voltage-dependence Iinduced by various conceuntrations of HTX gave rise to
the curvature and hysteresis which appears to be concentration-related, the
decay time constant (1) reached equilibrium and saturation at about 10
minutes. This clearly demonstrated that the toxin depressed the peak
amplitude independently of 7 in the time required to reach equilibrium (Spivak
and Albuquerque, 1981). The < c reached its equilibrium value in about 10
minutes while the peak amplriPtude is s8till declining at 30 winutes.
The Tep plots can also provide evidence for closed channel block. H,,HIX,
for example, yielded a 1/T versus drug concentration curve that showed
distinct saturation (Spivak and Albuquerque, 1981, unpublished results). All
of the decays of the EPC were single exponential functions. Since there is no
way that one could account for the results by an open blocking scheme, we
propose that HIX and most of its e&nalogs bind to some channel sites that
permit activation but with different kinetics. At 4 y M n,.-uo-m and 25 u M
Eg-HTX, peak EPC amplitude was reduced by 76 and 65X aud T was shortened by 3l
and 34X, respectively, values similar to those secen with HIX and H,.-HTX. H-
iso~HTX appears to be the most potent compound. Under control conéitiono. the
amplitude of the EPC increased initially during tetanic stimulation (25 Hz for

1 sec) and then returned to control level at the end of the train., “Within 10

sec the tetanic train could be repeated 2~3 times without any difference. 1In
the presence of HIX (35 u M) or Hj, HIX (30 ¢ M), there was g slight
potentiation of th first 2-3 EPCs a then a rapid rundown of the EPC
amplitude. At the enc of the train the EPC smplitude was depressed by 57%.
With 20 sec reet intervals (or less) between tetanic stimulation, subsequent
trains of EPCs could be elicited in which the initial EPC in the second and
third trains were 65 and 57X of the initial EPC in the first train,
respectively. Although the peak amplitude of the EPC decreased significantly
during the trains of stimuli, T was unaltered during the entire tetanus
(first, second or third trains). At 35 p M HTX, the mean value of 1t of the
first, fifth and last EPC during any tetanus was 65, 67 and 69% of control,
respectively. With H),~HTX (30 p M) the first, fifth and last EPCs were 60,
67 and 702 of contro%. » respectively. Thus, the complete block of peak
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Anplitude without further sghortening of 1t during activation produced by the

agonist in presence of HIX or H;,~HTX suggests that the agent reects with the

channel in resting or closed conformation, open conformstion, and at least ome
intermediate nonconducting stage.

In our pursuit of toxins which will “be able to decrease transmitter

‘release and of a definition of their molecular targets and potential use as

antidotes for deadly organophosphorus compounds, we have been able to obtain
from Dr. John Daly a toxin in very pure form which specifically reacts with
“gites locaved er: ‘the “gareoplasmic reticidum as well as on -the ‘presyneptic
nerve terminal, The importance of this toxin's action at the presynaptic
nerve terminal is its ability, at low concentrations, to increase transiently
the evoked transmitter release and subsequently depress it. In addition, on
“the postjunctional membrane, although our initial studies revealed that
-eertain agalQgs of the toxin inhibited the binding of a -~BuTX, the toxin was
+most effective in inhibiting the reaction of phosphorylated compounds with the
*ACh receptor and also its ionic channel and, importantly, those
‘organophosphorus compounds that produce an immense effect on the presynaptic
‘nerve terminal such as soman. The toxin, named pumiliotoxin (PTX), 1s one of

;:a new class of indolizidine alkaloids isolated from the skin secretions of the
“dendrobatid frogs. ' '

The pumiliotoxins have several derivatives (A, B, C and D), however in
this report we will describe only PTX-A and B. PTX-B, although increasing
indirect muscle twitch, blocks it subsequently, while PTX~A specifically
‘ceacts with the ACh recaptor .and hlocks it partially, having also an effect on
“the 1onic channel (Albuquerque, Daly, and Nimit, unpublished results). Our

preliminary results on these two toxins are summarized in the following
paragraphs.

PTX~E reversibly potentiates and prolongs the direct elicited muscle
*twitch in rat and frog skeletal muscle up to 12-fold in & concentration- and
frequency~dependent manner, the potentiation being greater at the lower
frequencies of stimulation. Responses of the muscle to tetanic stimulation in
the presence of PTX-B are potentiated more at 10 and 20 Hz than at 50 and 100
Hz; tetanic fusion occurs earlier and an after-contraction is present when
“tetanic stimulation occurs in the presence of PIX-B. The twitch/tetanus ratio
at 100 Hz is increased in the presence of PTX~B from 0.3 to more than 1.1 as a
result of the increase in twitch amplitude. These effects on frog skeletal
muscle are seen in the absence of any effects of PTX-B on spontaneous and
evoked transmitter release, acetylcholinesterase activity, muscle action
.potential, delayed rectification .and cable praperties of tbe muscle fiber. In
the absence of external calcium, PTX~B prolonge but does not potentiate the
twitch while methoxyverapamil and dantrolene only pertially suppress the
actions of PIX-B. In crayfish skeletal muscle, PTX-B increases the rate of
rise of the 'calcium-dependent' action potential and shortens its duration.
Biochemical studies reveal that PTX-B inhibits calcium~dependent adenosine
triphosphatase from sarcoplasmic reticulum preparations of both frog and rat
skeletal muscles in a concentration- and calcium-dependent manner (Albuquerque
et al., in press). We suggest that PTX-B potentiates and prolongs the muscle

twitch: i) by facilitating the release of calcium from storage sites within
the sarcoplasmic reticulum; 1) by mobilizing calciumm from extracellular
sites;

and 1ii) by blocking the reuptake of calcium by calcium-dependent
adenosine triphosphatase.
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PTX~-A and C on the other hand recently have been shown to have actions
which are quite different from those of PTX~B. Although our work is still in
the early stages, it is clear that PTX~A has both pre-~ and postsynaptic
effects which will be useful to counteract the effects of excess agounist, ACh,
at the synaptic cleft ass the result of anticholinestarase agents. The
presynaptic effects of the toxin appear to decrease transmitter ralesse, while
the partial block of the nicotinic ACh receptor and effects on ths ionic
channel, both in the closed and the open conformation, slso tend to inhibit
the effects of excessive asmounts of the transmitter. Thus it appears that
PTX~-A and other analogs of PIX which are now in initial stages of

investigation may be extremely useful agents to antagonize intoxication by
phosphorylated compounds.

Two other agents which have great potential to antagonize the effects of
excess agonist are meproadeiin and a synthetic agent derived from HIX and now
produced in large quantities for our laboratory called desamyl compound.

A number of other nicotinic antagonists are now under investigation in
our laboratory, and among them are PCP and its derivatives. Some of these are
psychoactive and others are not. The ones that are devoid of hallucinogenic
or psychomimetic effects still keep the antinicotinic effect, thus meking them

ideal sntagonists for the excess agonist which is present when cholinesterase
is blocked by phosphorylated compounds.

Our description of the PCP compounds begins with the psychoactive, parent
compound PCP, The effects of phencyclidine (PCP) were studied on the
electrical and chemosensitive properties of the neuromuscular junction (Tsai
et al,, 1980) and on the EPC, winiature endplate current (MEPC) and synaptic
noise of the frog sartorius muscle (Albuquerque et al., 1980a). PCP
potentiated both the directly and the indirectly elfcited muscle twitch, an
effect which occurred witnh a simultaneous prolongation of the falling phase of
the action potential blockade of delayed rectification and only a slight
decrease in the rate of rise of splke activity., The prolongation of the
action potential was also increased as a function of the frequency of nerve
stimulation. In contrast to the marked potentiation of directly elicited
muscle twitch, indirect nmuscle twitch was only transiently potentiated at
concentrations lower than 60 pM and subsequently blocked. Indeed, at
concentrations higher than 60 uM, blockade of neuromuscular transmission

occurred with little or no potentiation of the indirectly elicited twitch
(Tsal et al., 1980).

‘ Resting membrane potential and passive electrical properties were:-little.-
affected by PCP, At high concentrations of PCP the miniature endplate

potentials were blocked, as were the ACh sensitivities of the junctional
region of innervated nuscles as well as the extrajunctional region of
chronically denervated muscles., PCP decreased the sensitivity to repetitive
microiontophoretic application of ACh. PCP did not prevent the irreversidle
effects of o ~bungarotoxin on ACh sensitivity in junctional regions of the
innervated and extrajunctional regions of chronically denervated muscles. At
these effective concentrations (i1.e., 1 to 100 M) PCP caused negligible
inhibition o ACh-eotcurB In addition, since PCP did not inhibit the
binding of [“HJACh or ["“’1)a -bungarotoxin to the ACh receptors, it was
suggested that the inhibition of ACh-receptor-regulated ionic conductances was
not due to the inhibition of ACh-receptor binding sites. Inhibition was
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possibly due to an interaction with the forlc channel of the ACh receptor.
" Furthermore, the effect of PCP on the electrical excitability of muscle
membrane, shown by the marked prolongation of the action potential and
inhibition of delayed rectification, suggested that the agent causad
- significant *blochsde -of potassium corductance. This éffect most 1likély ‘could
account for the potentiation of the muscle twitch.

PCP decreased the peak amplitude of the EPC in the frog sartorius muscle
in a voltage- and time-dependent manner, caused nonlinearity in the current-
‘voltage relationship, -accelerated -the -decay time constants of the EPC and
MEPC, and shortened the mean lifetime of the single iénic channel {Albuquerque
et al,, 1980b).

PCP also inhibited binding of [3H]H,,~HTX to the ifonic channel of the ACh
receptor with a K, of 6.9 uyM. When carbamylcholine was present to activate
"the ACh receptors, the K, vdlue for PCP binding to ionic chennel sites was
reduced from 10.3 + 1.3 WM to 2.0 £ 1.3 yu M, thus showing higher affinity for
the activated ionic channel sites. In addition, PCP also reacted with the
closed 1onic channel since a time~-dependent effect on EPC amplitude in
hyperpolarized membranes was observed even before the ACh receptor was
-activated. Further PCP depresseu peak EPC amplitude more markedly than it
stiortened the EPC decay time constant, thus disclosing that the depression of
the former cannot be accounted for totally by the action of the agent on the
open conformation of the ionic channel. A hybrid model was proposed to
account for the interactions of PCP with the open and closed states of the
ionic channel of the ACh receptor. The actions of PC® on both states of the
ionic channel are qualitatively similar to those seen with histrionicotoxin.

Although PCP can antagonize some of the effects of anticholinesterase
agents, 1t 1s nevertheless a hallucinogenic agent which induces psychomimetic
behavicr. Indeaed, the majority of 1its derivatives are potentially able to
-produce such ‘effects. However, recently we have found that slthough 1~
pipaeridinocyclohexane-zarbonitrile (PCC) and m-nitro~PCP (N-PCP) are devoid of
psychopathological behavioral effects. PCC and MN-PCP, in constrast to PCP,
are alsc devoid of any significant effect on potassium conductance, as
determined qualitatively by measurement of delayed rectification, and half-
decay time of the .action .potential, Thus the PCP derivatives are providing
important clues regarding the mechanisms which form the basis of the
alterations in behavioral patterns induced by drugs such &8s PCP. PCC and
N-PCP, devoid as they are of effects on potassium conductance and behavior,
retain their effects on the ionic channels of the nicotinic receptor
(Albuquerque and Aguayo, unpublished results). -

. ;,. ".‘f' s : ,, Ao, .

Behaviorally active PCP and m-amino-PCP (A—PCP) and inactive N-PCP and
PCC were studied on ionic channels of electrically excitable membranes and
nicotinic receptors of frog sertorius muscles. The duration and magnitude of
twitch potentiation with N-PCP was much less than with PCP or A-PCP. Tae
latter agents produced a frequency-dependent prolongation (300%) of spike
duration and blocked delayed rectification. Like PCP (Albuquerque et al.,
1980b), N- aud A-PCP (30 ¢ M) decressed the pesk amplitude of EPCs at
membrane potentials from +50 to «180 mV and shortened its time constant of
decay. The nonlinearity and pattern of voltage sensitivity of EPCs with PCP,
N- and A-PCP may result from the drugs’' interaction with a site sensitive to
“the potential field across the junctional membrane. The agents appear to bind
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to several sites in the ionic channel; in its verious conformational states.
The behavioral changes elicited by PCP and A-PCP may be related to a decreased
K conductance, Thus, the appasrent Jlack of effect of N-PCP and PCC on K
conductance and the persistence of their nicotinic effect may account for the
absence of abnormal behavior patterns. It 1is clear, therefore, that these
analogs of PCP which are devoid of behavioral cffects may be extremely useful
agents to counteract the lethal effects of phosphorylated compounds. Indeed,
N~-PCP 1is sufficiently powerful to allow experimental animals to tolerate
intoxication with anticholinesterase agents such ¢; DFP and neostigmine and
autvive)upon the administration of the agent (Albuquerque et al., unpublished
results).

Similar to atropine the muscarinic antagonist quiniclidinyl benzilate
(BZ) could be of potential use as an agent to antagonize the actions of
certain organophosphate cowpounds on the muscle as well as the nicotinic
receptor. However, because BZ reacts with the ionic channel of the nicotinic
receptor and in much larger concentrations than at the muscarinic receptor
(see next paragraph), it is of negligible value as an agent to antagonize some
of the nicotinic effects produced by excess of the agonist,

Electrophysiological studies (Schofield, et al., 198la) u631
conventional umicroelectrode technique revealed that BZ (5 to 50 x 10

reacts with sites sensitive to the agent at both the pre~ and post-junct:ional
regions of the nicotinic synapse, including the open conformation of the ionic
channel associated with the nicotionic ACh recepcor. BZ decreased the
endplate potential (EPP) and miniature endplate potential amplitude while
decreasing the quantal content of the EPPs. The ageat increased the latency
of the EPP, EPC and nerve terminal spike in a frequency-dependent manner.
Since conduction velocity 1in the sciatic nerve and synaptic delay were
unaffected, the result indicated that the site of action of the agent is the
unuyelinated nerve termiral, BZ decreased the rate of rise and amplitude of
the muscle action potentisls and increased the half-decay time. Increasing
the stinmulatlon frequency potentiated these effects. These results aro
consistent with a blockade of the electrically excitable sodium channels. BZ
decreased the amplitude and time constant of decay of the EPCs (Fig. 9) and
miniature EPCs as well as the lifetime of the single ACh-activated ionic

channels, thus revealing an action of the agent on the open conformatiou of
the ionic channel of the nicotinic ACh receptor.

An important aspect of our electrophysiological investigations into the
pharmacology of the nicotinic ionic channel has bean the identification for

the ve¥y first time of sites on the outside and inside “of the céll “Wdmbrane =~ =

which regulate the behavior of the channel (Aguayo et al,, 1981, in press).
The actions of several quaterna:y molecules, which unlike their tertiary
analogs, are very polar and will not penetrate lipid phases or cross membranes
readily on the endplate region of the frog ssrtorius wmuscles were studied
using bath application or iatracellular injecrion, Tetraethylammonium (TEA),
atropine methyl bromide, phencyclidine methicdide (PCP methiodide),
piverocaine methiodide and N-methylpiperidine wathiodide were injected into
the sarcoplasm just beneath the post-junctional membrane and 250-350 m away
from the endplate region, The ability of these asgents to depress K
conductance and prolong the muscle action potsrtial was used as a measure of
the efficacy of intracellular drug administration. External application of
TEA (50-1000 kM) decreased the peak amplitude of the EPC and its time constant
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wf decay ( t pc)- but this agent and atropine methyl bromide were ineffective
-when injectea internally. PCP methiodide (3-30 uM) and piperocaine : !
.methiodide (10-60 uM) had a potent action on EPCs and spontaneous miniature : |
~endplate currents when gpplied to either side of the msmbrane. Both agents
weaused nonlinearity of the pesk amplitude and a shortened lifetiue in spite of
-the fact that they sense only 6% of the membrane potential at their binding ;
‘gites, Internal spplication of PCP methiodide end piperocaine methiodide ‘ '
rcaused significant depressivn of the EPC and MEPC posk amplitude and i
‘gsimultaneous shortening of the decay time constant. I

The decay time constant of the EPC and MEPC in the presence of PCP
uethiodide and piperocaine methiodide was shorter at less negative potentials
’ (.., =60 mV) than at more negative membrane potentials (i.e., =100 mV).

Similar results were obtained with internal aspplication of piperocaine *
wethicdide. ZIhe .ability of.PCP methiodide and piperocaine methiodide to .block
*the ionic channel of the acetylcholine receptor both from outside and ingide
q ‘the membrane, in contrast to TEA and atropine methyl bromide shows that the
active sites for drug binding may explain some of the mechanisms related to
the voltage and time-dependent effects of agents snd a possible agsymmetry of
the ionic channel,

Eld
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Among the many agents whose actions at the nicotinic receptor—ionic
channel complex we have elucidated during the course of this project, is a
very interesting nicotinic agonist Anatoxin-A. Anatoxin~A is an exotoxin
.isolated from a filamentous, freshwater blue-green alga, Anabaena flos- [
aquae. Windblown concentrations of the algae surface blooms have killed ‘»
livestock and waterfowl that ingest the water die rapidly. The cause of death j
is respiratory paralysis, and the mode of action has the characteristics of a ‘
depolarizing neuromuscular blocking agent. We have completed detailed studies
.of the action of the toxin at the frog neuromuscular junction (Spivak et al.,
"1980) including voltege clamp ustudies of the EPC and MEPCs and noise
analysis. Anatoxin-a specificelly reacted with the ACh receptor, and was
devoid of & significant effect on the ionic channel. Anatoxin-a caused
b depolarization of the junctional membrane, neuromuscular blockade, contracture
I i I of the frog's rectus abdominis muscle, desensitization and alteration of the
‘ ~ i action potential, It produced steady endplate currents that yielded estimstes

3T QUALITY PRACYI
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of mean channel lifetime and channel conductance very similar to those of ACh
In comparison with other agonists reported in the literature, e.g.,
decamethoniun, succinylcholine, carbamylcholine and acetylcholine, anstoxin-a
was found to be the most potent.

! . - - Previovs studies in our laboratory have demonstrated that high doses o°
» carbamates can induce severe alterations of behavior in animals which
culminate in a generalized state of weakness, In the rat we have been able to '
observe that neostigmine causes at high concentrations marked degeneration of i
the postsynaptic region of the ACh receptor (Tiedt et al., 1978), with, in |
) addition, an effect on the ACh receptor and its fonic channels. This effect,
‘ however, 1s much less evident than that produced by the agents which block
cholinesterase. During the last year of the grant we have been able to study
: several agents which antagonize the effects of neostigmine on the ACh receptor
and ionic channel and also decrease the effects of an excess of ACh. As
] described earlier in the report, the agents of primary choice are PTX-A und m-
) nitrc-PCP (Albuqueque et al., unpublished results).
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A wajor thrust of our studies has been the use of several tricyelic
antidepressants, imipramine (IMIP), desimipramine, amitriptyline,
nortriptyline and protriptyline. These agents, however, react with the
channel in quite dissimilar manners. Our preliminary results indicste that
these tricyclic antideprassants rsact with different sites within the ionic
channel. We are able to clearly separate the binding sites along the channel
responsible for voltsge-dependence, voltage and time dependence, and
shortening of the decay time constant. The channel thus is a molecular tsarget
that can have any number of different binding sites and 1is able to generate
levels of energy barriers which &re a direct function of the conformational
change allowed by the effects of a given agent, in this case, the tricyclic

antidepressants (Schofield et al., 1981). For the sske of simplicity, we will
limit our discussion to imipramine.

The effects of imipramine on ionic channels of nicotinic receptors and
electrically excitable membranes were studied on the frog sartorius muscle
(Schofield, et al., 1941; Eldefrawi et al., 1981). IMIP (5-10 yM) deprescad
the amplitude and rate of rise of directly-evoked action potentials elicited
singly and in a frequency-dependent manner without altering the half-decay
time of the spike. This, and the lack of IMIP's effect on delayed
rectification guggest a partial suppression of Na conductance. The peak
amplitude of endplate currents (EPCs) at negative potentials were algo
depressed by IMIP in a concentration- and time-dependent manner. A
significant departure from the linear current-voltage relationship occurred
with IMIP, only slightly affecting the time constant of EPC decay).
Fluctuation snalysis disclosed a small but significeat increase in chaanel
conductance and & decrease in channel lifeatime with IMIP, The drug induced
rundown of repetitively-evoked ACh potentiils, in a frequency- and duration-
dependent manner. IMIP did not prevent the reaction of o-bungarotoxin with
the ACh receptor. The grezter depression of EPC vs. miniature EPC amplitude
by MMIP may reflect & decreased quantal release of ACh. Thus,

IMIP may
intersct with the sctivated, nonconducting species of the ionic channel; and
may also cause a partial block of the channel in its open conformation.

The effect of nereistoxin (NTX) was studied, by elecirophysiological
methods in neuromuscular transmission in frog sartorius and rat diaphragm
muscles, NIX blocked the indirectly vrlicited twitch tersion but not the
dizectly elicited ones, and did not affect action potential, quantal content
and frequency of the spontaneous MEPF. The postsynaptic inhibictica by NIX was
evident from the reduction it caused in the amnplitudes of the endplate
pocential and endplate current as well as the extrajunctional AC: s

snc:ltivity
oi genervated rat soleus miscle, and its inhibition »f binding of [H]ACh and
{ 2 I) ‘a ~bungarotoxin to Torpedo ACh receptors. In addition, NIX csuaed
initial postsyasptic

depolarization and potentiation of the indirectly
elicited twitch tergion, Since NTX did not 1inhibit binding of
[°H)perhydrohistrionicotoxin and did not alter the linearity of the current
voltage relationship, nor the time course of .undplate current in frog
sartorius muscle, we suggested that i1its 1inhibition of neuromuscular
transmission was due to its inhibition of the ACh-receptor sites and not che
ionic chennel sites. Also, NIX ascted as a partial agonist since it could
activate the ACh receptor, although its wmajor action was that of an
antagonist, In conclusion, NIX blocks neuromuscular traansmission without

ACh-esterase activity. Its
ACh receptor with which it interacts in a dual

affecting presynaptic events or Iinhibiting
molecular target 1is the
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wmanner. Although NIX activates the ACh receptor slightly, its msajor effect is
.inhibition of the receptor action without affecting the ionic channel sites.
‘Both biophysical and biochemical data suggest that NIX acts as a partial
ragonist or .antagonist .of the .ACh receptor.

The studies using radiosctive batrachotoxin (BTX) are of particular
relevance because we found earlier that BTX, although not reacting with the
‘ACh receptor-ionic channel complex, was able to depress the depolarization
induced by carbsmylcholine (Garrison, et al., 1978) (Fig. 14). This
depolarization has now been found to ‘be occurring in -the coupling system
tbetween the ionic channel of the ACh receptor and the lipid moiety of the
electrically excitable membrane. The use of the radioactive batrachotoxin-A
20 a ~benzoate would enable us to ev:luate again the molecular events involved

in the action of the toxin. The paragraphs below illustrate our general
“resulis uesing -the toxin.

Batrachotoxinin-A 20-a -bengoate (BTX~B), an analog of the potent
depolarizing agent batrachotoxin (BTX), was prepared by selective
esteriftcati:’n of naturally-occurring batrachotoxinin-A with benzoic acid.
Yse of [“H]benzoic acid yilelded a 1labeled derivative with a specific
vactivity of 18 Ci/mmol and > 90% radiochemical purity.

BTX~-B depolarizes rat phrenic nerve-diaphragm preparations with a time
courgse and concentration dependence virtually indistinguishable from that of
«BTX., Depolarization with either toxin leads to 1) musacle contracture having
two temporally distinct phases, 1i) blockade of the contracture-inducing
«effects of both isotonic KCl end caffeine, 1ii) blockade of indirectly-evoked
twitch followed by blockade of directly-evoked twitch and 1iv) an initial

precipitous increase in the frequency of spontaneous miniature endplate

tpotentials which subsequently falls to zero. The electrophysiological effects

.of BIX=B, .as with BIX are not reversed by washing BTX are blocked by
tetrodotoxin.

Equilibrium binding of [3H]B'l'x-B to mousn cerebral cortex homogenates was
investigated using a pellet assay procedure, A specific, saturable component
<of binding wac meacured, described by an equilibrium dissociation constant of
0.7 M and s maximum number of binding sites of 90 pmol per gram of tissue
(wet weight). Specific binding is inhibited by BTX end other BTX analogs,
veratradine and graysanotoxin but is unaffected by tetrodotoxin and cevine.
Under conditions of this assay, neither crude Leiurus quinquestriatus scorpion

venom nor putificd sea anemone toxin II has any effect on cpecific b:lnd:hg..

N L .

'l‘he dnta support the concluuon that BTX~B 1nteracts wit:h a recognition

site associated with voltage sensitive sodfium channels which is identical to
the recognition site for BIX.

The interaction of naltrexone, morphine (+ and ~) and enkephalins,

levallorphan with the ionic channels at synapses of the frog sartorius muscle
has been investigated with conventional techniques for measurement of endplate
or miniature eudplate currents (EPC and MEPC) and acetylcholine noise
analysis. In this report we shall describe only the effect of the so-called
pure narcotic antagonist, naltrexone, Nsltrexone, a pure opiste antagonist,
shortens the time constant of decay (1) of both EPC and MEPC, A
semilogarithmic plot of t vs. membrane potential reveals a curvilinear
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relationship prominent at negative to positive potentials whose onset of
inflection seen at negative potentials 1is a function of the drug
concentration, At 60 and 300 uM, naltrexone accelerated the single
exponential decay of the EPC, at =150 mV, from 3.3 to 0.8 msec and from 3.3 to
0.3 msec, respectively. The pattern shows a nonlinesr function when the
inverse of T was plotted against the drug concentration at the hyperpolarized
region. At drug concentrations of 300 uM, EPC peak amplitude was decreased to
values less than 10X of the corresponding control condition. -The onset of the

" nonlinearity in the current/voltage relationship was also dependent on the

drug concentration. The ability of naltrexone to interact with the open
conformation of the ionic channel was further evidenced by an increase in drug
efficacy at a lower temperature (i.e., 10° C). Acetylcholine noise analysis
experiments show that channel 1lifetime and single channel conductance
parameters also decreased in a voltage dependent manner and as & function of
drug concentration. At a membrane potential of =75 mV and drug concentration
of 40 mV, the values for cheannel lifetime and single channel conductance were
0.6 msec and 16 pS, respectively, vs. 1.2 msec and 26 pS for control
conditions. Further investigations on naltrexone suggest that the action of
this agent is on the c¢losed and open conformations of the channel,
Levallorphan, a mixed antagonist of morphine aleo reveals a similar depressant
action on both the peak amplitude and Tt of the EPCs although some etriking
differences were noticed. Levallorphan has a stronger depressant effect on
EPC amplitude than naltrexone., Indeed, levallorphan (100 1) markedly
depressed the peak amplitude of the EPC such that at ~150 uV, the peak
amplitude of the EPC was reduced to about 10% of control values and such an
effect was highly voltage dependent. The ability of these agents to react
with ionic channels of the acetylcholine receptor at concentrations similar to
those used for opiaste antagonism suggests that in addition to reacting with

the opiate receptor, these zgents display simtlar potencies at other types of
receptor-ionic channel cozrlexes.,

5b.11i. Conclusion

Electrophysiological techniques were used to analyze the characteristics
of endplate currents and channel properties of mammslian and frog skeletal
muscles, whiles biochemical techniques were used to study the molecular
characteristics and drug specificities of the ACh-receptor/channel of the
electric organ of the electric ray, Torpedo sp.

The data obtained suggest that the ACh-receptor/channel molecule carries

two kinde of binding sites: receptor sites that bind ACh and a~bungarotoxin

in a voltage-independent and almost temperature-independent manner, and

channel sites that bind a variety of drugs in a voltage- and temperature-

dependent manner, and are more sensitive than the receptor sites to treatment
by the detergent Triton X~100 and sulfhydryl reducing and alkylating agents.
The drugs that bind to the channel sites include perhydrohistrionicotoxin, the
antiviral and antiparkinson drug amantadine, local anesthetics (e.g.,
piperocaine), opiate antagonists (e.g., naltrexone) and agonists (e.g.,
levallorphan and cyclazocine), the antimalarial quinacrine, antibiotics (e.g.,
polymyxin, gentamicin and aminoglycosides), tricyclic antidepressants such as
imipramine, the general anesthetic and hallucinogen phencyclidine, as well as
the receptor site antagonists decamethonium and curare, anticholinesterase
quaternary ammonium compounds and aliphatic alcohols. The molecular diversity
of these drugs demonstrates the relative nonspecificity of the channel sites,
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ahile the high affinities that many drugs have (K, < 1 uM) suggest that they
may be secondary targets for many drugs. Two of %@ toxins studied (anatoxin
and nereistoxin) did not bind to the channel sites, but rather to the receptor
sites, acting as agonists and antagonists, vespectively. There are different
*ionic channel ‘gites reachable ‘either “from only the outside of the metibrane
(e.g., atropine methyl bromide and tetraethylammonium) or from both outside
and inside (e.g., PCP methiodide and piperocaine methiodide). In additionm,
PCP and perhydrohistrionicotoxin bind competitively to the same channel sites,
while imipramine appears to bind noncompetitively to different and fewer
‘nmuber “of channel gites.

The ACh-receptor/channel molecule undergoes different 1ligand-induced
conformations, which we could detect by monitoring the apparent rates of
binding of radiolabeled drugs to the channel sites. These are the resting,
agonist-induced, .antagonist-induced and .desensitized conformations. Several
of the channel drugs bind to open as well as closed channel conformations, and
some such as imipramine bind preferentially to an intermediate activated but
nonconducting conformation., The allosteric efisct of receptor site occupatign
on channel site affinity 1is inhibited by Ca® , while F reverses the Ca
+effect,

It is evident that the pharmacology of the ionic channel sites of the
nicotinic ACh-receptor is very different from, and less specific than, that of
the receptor sites, The high affinity the channel sites have for many drugs
make them viable, though secondary, targets for their actions., This has
importance particularly in compromised neuromuscular transmission such as in
certain patients (e.g., with myasthenia gravis) and in cases of poisoning by
anticholinesterases.
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5d. List of Participating Scientific Personnel Showing Advanced Dgg:ges Earned
While Employed cn the Project

No one earned advanced degrees while employed on the project.
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