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Abstract

Ž .The effects of the tacrine–huperzine A hybrid acetylcholinesterase inhibitors," -12-amino-3-chloro-9-methyl-6,7,10,11-tetrahydro-
w x ŽŽ . . Ž .7,11-methanocyclooctab quinoline hydrochloride " -huprine Y and " -12-amino-3-chloro-9-ethyl-6,7,10,11-tetrahydro-7,11-

w x ŽŽ . .methanocyclooctab quinoline hydrochloride " -huprine X , were tested on spontaneous synaptic activity by measuring the amplitude,
Ž .the rise time, the rate of rise, the half-width and the area or the electrical charge of the miniature endplate potentials m.e.p.ps recorded

Ž . Ž .extracellularly onTorpedoelectric organ fragments." -Huprine Y and " -huprine X at a concentration of 500 nM increased all the
Ž . Ž .m.e.p.p. variables analyzed. The effect of" -huprine Y was smaller than that of" -huprine X for all the variables except for the rate

of rise where there was no significant difference. The effects of these drugs were also tested on nicotinic receptors by analyzing the
Ž .currents elicited by acetylcholine 100mM in Xenopus laeÕis oocytes, transplanted with membranes fromTorpedoelectric organ. Both

Ž . Ž . Ž .drugs inhibited the currents in a reversible manner," -huprine Y IC s452 nM being more effective than" -huprine X50
Ž .IC s4865 nM . The Hill coefficient was 0.5 for both drugs. The inhibition of the nicotinic receptor was voltage-dependent and50

Ž . Ž .decreased at depolarizing potentials, and there was no significant difference in the effects between" -huprine Y and " -huprine X at
concentrations near to their IC values. At depolarizing potentials betweeny20 andq15 mV, these drugs did not have any detectable50

effect on the blockade of the nicotinic receptor. Both huprines increased the desensitization of the nicotinic receptors since the current
Ž . Ž .closed quickly in the presence of the drugs, and there was no significant difference in this effect between" -huprine Y 500 nM and

Ž . Ž . Ž . Ž ." -huprine X 5mM . We conclude that" -huprine Y and" -huprine X increase the level of acetylcholine in the synaptic cleft more
Ž . Ž .effectively than tacrine. The interaction of" -huprine X with nicotinic receptors is weaker than that of" -huprine Y, suggesting that

Ž ." -huprine X would be more specific to maintain the extracellular acetylcholine concentration.q2001 Elsevier Science B.V. All rights
reserved.

Keywords:Alzheimer’s disease; Cholinergic; Huperzine A; Neuromuscular junction; Tacrine;Xenopusoocyte

1. Introduction

In the last decade, efforts have been made to synthesize
new drugs to relieve the symptoms of Alzheimer’s disease,
namely, either muscarinic or nicotinic receptor agonists,
estrogen hormones, especially 17b-estradiol, anti-in-
flammatory and anti-oxidant compounds and neurotrophic

Žfactors Brinton and Yamazaki, 1998; Giacobini, 1996,
.1997 . Other research projects have concentrated on the
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mutation of genes encoding proteins involved in neuronal
development and differentiation, including apolipoprotein
E, presenilin 1 and 2, and amyloid precursor protein
ŽBerezovska et al., 1999; Brinton and Yamazaki, 1998;

.Forsyth and Ritzline, 1998 . However, the drugs most
extensively studied are acetylcholinesterase inhibitors
Ž .Krall et al., 1999 , which in accordance with the choliner-

Ž .gic hypothesis Bartus et al., 1982 should increase the
levels of brain acetylcholine and relieve cognitive deficien-
cies. In the European Union, the only drugs approved for
clinical treatment are tacrine, donepezil and rivastigmine,

Žall of which are acetylcholinesterase inhibitors Francis et
.al., 1999 . Tacrine was the first drug developed and some
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of its effects are well known. Doses between 80 and 160
Žmgrday are effective Farlow et al., 1992; Knapp et al.,

. Ž1994 but it can be hepatotoxic at these doses Watkins et
.al., 1994 .

For centuries, the mossHuperzia serrataof the Ly-
copodium group has been used in the Chinese herbal
medicine Qian Ceng Ta. It contains an active compound

Žwith acetylcholinesterase inhibitory activity Kozikowsky
.et al., 1992 , known as huperzine A, and it has been used

Ž .in the treatment of dementia Skolnick, 1997 . According
to clinical trials performed in China, it is less toxic than
tacrine or donepezil and has a longer half-life. Moreover,
the acetylcholinesterase–huperzine A complex has a slower
rate of dissociation than tacrine and donepezil, which may

Žmake it a more effective therapeutic agent Skolnick,
.1997 . It has been also suggested that huperzine A may

have some neuroprotective effects on hippocampal and
Ž .cerebellum neuronal cultures Ved et al., 1997 .

A series of new highly potent acetylcholinesterase in-
hibitor compounds, huprines, has recently been synthe-
sized. These are molecular chimeras between tacrine and
huperzine A, combining the carbobicyclic substructure of
huperzine A with the 4-aminoquinoline substructure of
tacrine, with the insertion of a chlorine atom at position 3
ŽŽ . Ž . ." -huprine Y and " -huprine X and substitution of

ŽŽ . .the methyl group at position 9" -huprine Y by an ethyl
ŽŽ . .group " -huprine X . They have higher affinity for

human andTorpedoacetylcholinesterase than tacrine and
Ž . Žy -huperzine A Badia et al., 1998; Barril et al., 1999;

.Camps et al., 1998, 1999, 2000a . Here, we show the
Ž .effect of " -12-amino-3-chloro-9-methyl-6,7,10,11-tetra-

w xhydro-7,11-methanocyclooctab quinoline hydrochloride

Ž . ŽFig. 1. A Chemical structure of tacrine 9-amino-1,2,3,4-tetrahydro-
. Ž . Ž . ŽŽ . Ž .acridine . B y -huperzine A y -5R- 5a ,9b,11E -5-amino-11-ethyl-

X w xidene -5,6,9,1 - tetrahydro-7 - methyl -5,9 - methanocyclooctab pyridin -
Ž . . Ž . Ž . ŽŽ .2 1H -one . C " -Huprine Y " -12-amino-3-chloro-9-methyl-6,7,

w x . Ž .10,11-tetrahydro-7,11-methanocyclooctab quinoline hydrochloride . D
Ž . ŽŽ ." -Huprine X " -12-amino-3-chloro-9-ethyl-6,7,10,11-tetrahydro-

w x . Ž .7,11-methanocyclooctab quinoline hydrochloride ." -Huprine Y and
Ž ." -huprine X are hybrid molecules of tacrine and huperzine A.

ŽŽ . . Ž ." -huprine Y and " -12-amino-3-chloro-9-ethyl-
w x6,7,10,11-tetrahydro-7,11-methanocyclooctab quinoline

ŽŽ . .hydrochloride " -huprine X on the spontaneous synap-
tic activity and the current associated with the nicotinic

Ž .receptor. Fig. 1 .
The experimental model was the electric organ ofTor-

pedo marmorata. Synaptic activity was recorded extracel-
Žlularly on slices of fresh electric organ Cantı et al., 1994;´

.Ros et al., 2000 , while the opening of nicotinic receptors
was measured in oocytes, which were transplanted with

Žnative electrocyte membranes Marsal et al., 1995; Cantı et´
.al., 1998; Ros et al., 2000 .

2. Materials and methods

2.1. Animals and solutions

The experimental model was the electric organ ofT.
marmorata. The electric organ was used because it is
possible to assess spontaneous synaptic activity and it is
also easy to assay the effect of drugs on the nicotinic
receptor. To record the activity of native nicotinic recep-
tors, electric organ membranes were transplanted toXeno-
pus laeÕis oocytes.

T. marmorataspecimens were caught off the Catalan
Mediterranean coast and kept in artificial seawater. Fish

Žwere anesthetized with tricaine 3-aminobenzoic acid ethyl
. Ž .ester methanesulfonate salt Sigma, St. Louis, MO, USA ,

at a concentration of 0.03% in seawater, before surgical
excision of the electric organs.

Torpedo electric organ fragments were kept in the
following saline solution: 280 mM NaCl, 3 mM KCl, 3.4
mM CaCl , 1.8 mM MgCl , 5.5 mM glucose, 300 mM2 2

urea and 100 mM sucrose, 6.8 mM HEPESrNaOH-buffer,
pH 6.8 adjusted to 7.0 with NaHCO . The same solution3

was used to record spontaneous synaptic activity.
Mature females ofX. laeÕis were purchased from the

Ž .Centre d’Elevage des Xenopes, Montpellier, France and
were anesthetized by immersion in water containing 0.17%
tricaine. A few lobes of the ovaries were removed, through
a small incision in the abdomen.

Solutions for Xenopusoocytes: Barth’s solution con-
Ž .tained 88 mM NaCl, 1 mM KCl, 0.33 mM Ca NO , 0.823 2

mM MgSO , 2.40 mM NaHCO , 10 mM HEPES pH 7.4,4 3

supplemented with penicillin 100 IUrml and streptomycin
0.1 mgrml. Recording solution: 115 mM NaCl, 2 mM
KCl, 1.8 mM CaCl , 5 mM HEPES pH 7.0. None of the2

Xenopusfemale donors used in this work had muscarinic
acetylcholine receptors on their oocytes.

2.2. Recording of spontaneous synaptic actiÕity

ŽAll recordings were made at room temperature 20–
.228C . Between 5 and 10 prisms of the electric organ were

cut with a scalpel blade and 1–3-mm sections were incu-
bated overnight. Because of the diffusion coefficient of
molecules in theTorpedoelectric organ, we usually incu-
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bated the sections with drugs overnight inTorpedosaline
solution containing one of the drugs studied. Measure-
ments were performed with fragments fixed in a Plexiglas
chamber with a sylgard-coated base.

Spontaneous synaptic release of acetylcholine was
recorded with focal extracellular low-resistance microelec-

Ž .trodes Katz and Miledi, 1972 as adapted for the electric
Ž . Žorgan by Soria 1983 see Dunant and Muller, 1986;

.Muller and Dunant, 1987 for details , and as described
Ž .elsewhere Cantı et al., 1994; Ros et al., 2000 . The´

method allows long-term recording with little damage to
the cells. Spontaneous miniature endplate potentials
Ž .m.e.p.ps were acquired at a frequency of 100 kHz,

Ž .amplified Axoclamp-2A, Axon Instruments, USA , moni-
tored on a Tektronix 5110 oscilloscope and recorded in

Ž .parallel on a VCR Biologic, Echirolles, France and on a
Ž .PC-Computer with a LabView National Instruments, USA

Ž .program Quantadat written in our laboratory, with an
Ž .AT-MIO16X National Instruments digitizing interface. In

some cases, signals were analyzed using the same Labview
program and the Whole Cell Analysis program kindly

Žprovided by Prof. J. Dempster Strathclyde University,
.Scotland, UK , and a TL-1 Labmaster digitizing interface.

Data in ASCII form were exported to Sigmaplot 4.01.
The following parameters of each m.e.p.p. were mea-

sured: amplitude, rise time, rate of rise, the charge sus-
tained by them, measured as the integral of the contour
delimited by each m.e.p.p., and the half-width, which

Ž .indicates the duration of the decay phase see Fig. 2A .
Results were obtained from five experiments.

2.3. Oocyte preparation, microinjection and recording

Ž .Oocytes at stages V and VI see Dumont, 1972 were
dissected and kept at 15–168C in sterile Barth’s solution.
One day before injection, the oocytes were treated with

Ž . Ž .collagenase type 1A Sigma 0.5 mgrml for 45–50 min
at room temperature to remove the surrounding layers
Ž .Miledi and Woodward, 1989 .

Healthy oocytes were microinjected with 50 nl of thawed
Ž .suspension 2–8 mgrml of electroplaque membranes

Ž .Marsal et al., 1995; Cantı et al., 1998; Ros et al., 2000 by´
Ž .means of an injector WPI, model A203XVZ . Samples

were sonicated prior to injection.
Oocytes were recorded 18–48 h after the injec-

tion. Oocytes were voltage-clamped with a two-electrode
Ž .system Axoclamp-2A, Axon Instruments . Intracellular

Ž .electrodes 1–4-MV resistance were filled with 3 M
potassium chloride for voltage recording and with 3 M
potassium acetate for current injection. The volume of the
oocyte recording chamber was 200ml. Membrane currents
were low-pass filtered at 10 Hz and recorded on a PC,
using Dempster Whole Cell Analysis v. 2.1. program
Ž .Strathclyde University, Scotland, UK , after sampling of

Ž .the signals by Lab PCq National Instruments at twice
the filter frequency. In all recordings, currents were elicited
by challenges of 100mM acetylcholine chloride. The

Ž . Ž .Fig. 2. Effect of " -huprine Y and " -huprine X on spontaneous
Ž .cholinergic synaptic activity. A Variables analyzed in each miniature

recorded. Diagram of the studied variables in the m.e.p.ps.As total area
Ž .equivalent to the electrical charge mobilized by an m.e.p.p. ;Pspeak

Žamplitude; RTs rise time; R of Rs rate of rise; T 50%shalf-width. B,
. Ž . Ž .C, D Effect of " -huprine Y and " -huprine X on spontaneous

miniature endplate potentials. Superimposed oscilloscope traces showing
Ž .spontaneous m.e.p.ps recorded inT. marmorata electric organ: B

Ž . Ž . Ž .nontreated fragments; C after incubation with" -huprine Y 500 nM ;
Ž . Ž . Ž . Ž .D after incubation with" -huprine X 500 nM . Both" -huprine Y
and X increased the amplitude and prolonged m.e.p.ps.

interval between consecutive responses was systematically
Ž y1.set to 10 min flow rate 8 ml min , since we had

previously established that it was an appropriate time to
ensure complete recovery from receptor desensitization.
All the oocytes included in this study were tested for
consistent response amplitudes, with at least three chal-
lenges prior to the application of the drug.

2.4. Calculations and statistics

Differences between distribution functions were evalu-
Ž .ated with Sigmastat 3.2 software SPSS, USA by One-Way
Ž .Analysis of Variance on Ranks Kruskal–Wallis test and

Žby All Pairwise Multiple Comparison Procedures Dunn’s
.Method . Dose–response data were fitted by nonlinear

regression to a sigmoidal curve using the Sigmaplot 4.01
Ž . Ž .SPSS and Inplot GraphPad, USA programs. Values are
expressed as means"S.E.M. calculated by the program.

2.5. Drugs

ŽTricaine 3-aminobenzoic acid ethyl ester methane-
. Ž . Ž . ŽŽ .sulfonate salt Sigma ," -huprine Y " -12-amino-

3-chloro-9- methyl- 6,7,10,11- tetrahydro -7,11- methanocy-
w x . Ž .clooctab quinoline hydrochloride and " -huprine X
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ŽŽ ." -12-amino-3-chloro-9-ethyl-6,7,10,11-tetrahydro-7,
w x .11-methanocyclooctab quinoline hydrochloride . Drug

Ž .stock solutions 1 mM were made in deionized water and
Ž .stored aty808C until use. Finally, they were diluted to

their final concentration in the recording solution.

3. Results

3.1. Effects on miniature endplate potentials

Ž . Ž .At 500 nM, both " -huprine Y and " -huprine X
increased the size and duration of miniature endplate po-

Ž . Ž .tentials m.e.p.ps . Fig. 2B, C and D . The effects of the
drugs were compared with those obtained with nontreated
fragments of the electric organ. Various variables of each

Ž .m.e.p.p. were analyzed see Methods and Fig. 2A . With
the Labview software developed in our laboratory, we
accumulated a large number of m.e.p.ps from each condi-
tion: 7011 from nontreated tissue, 5661 from fragments

Ž .treated with " -huprine Y and 7228 from fragments
Ž .treated with " -huprine X. All these records were made

with fragments from five different animals.
The amplitude of m.e.p.ps in nontreated fragments was

Ž .1.27"0.03 mV, in fragments treated with" -huprine Y
it was 1.48"0.01 mV, and in fragments treated with
Ž . Ž ." -huprine X it was 1.78"0.02 mV Fig. 3A .

The area under the profile of each m.e.p.p. reflects the
electrical charge carried during the release of a quantum.
Both compounds nearly doubled the original area. In non-
treated fragments it was 1.05"0.01 mVPms, in fragments

Ž .Fig. 3. Analysis of m.e.p.ps in" -huprine Y- and X-treated fragments of electric organ ofTorpedo. Data are presented as cumulative plots and as bar
Ž .histograms inset . The cumulative plot shows the probability of finding an m.e.p.p. below a known amplitude, electric charge, etc. A line correspondsto a

specific distribution. Differences in the distributions are easily visualized. In the cumulative probability plot: nontreated tissue, continuous line;
Ž . Ž . Ž . Ž . Ž . Ž ." -huprine Y 500 nM , dotted line;" -huprine X 500 nM , discontinuous line. Inset Bar histograms are presented for A nontreated tissue; B
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž ." -huprine Y 500 nM ; C " -huprine X 500 nM . A Effect of" -huprine Y and" -huprine X on the amplitude of m.e.p.p. peak . B Electric

Ž . Ž .charge mobilized by spontaneous m.e.p.p. Effect of" -huprine Y and " -huprine X on the electrical charge mobilized by spontaneous acetylcholine
release. The surface delimited below an m.e.p.p. contour corresponds to the total electrical charge passed through the nicotinic receptors as a consequence

Ž . Ž . Ž . Ž .of spontaneous quanta. C Rise time of m.e.p.p. D Rate of rise time of m.e.p.p." Huprine Y and X increased the rate of rise to the same extent. E
Half-width of the m.e.p.p. at 50% of the amplitude. Both compounds prolonged the decay of m.e.p.ps.
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Ž .treated with " -huprine Y it was 1.95"0.04 mVPms,
Ž .and in fragments treated with" -huprine X it was 2.83"

Ž .0.05 mVPms Fig. 3B .
The rise time of an m.e.p.p. is the result of different

cellular steps: fusion of synaptic vesicles, release of acetyl-
choline, diffusion and opening of nicotinic receptors. In
control fragments it was 0.444"0.003 ms, in fragments

Ž .treated with " -huprine Y it was 0.466"0.003 ms, and
Ž .in fragments treated with" -huprine X it was 0.490"

Ž .0.003 ms Fig. 3C .
Another variable analyzed was the rate of rise between

10% and 90% of the amplitude. It was 3.29"0.05 mVP
msy1 for control fragments, 3.55"0.04 mVPmsy1 for

Ž .fragments treated with" -huprine Y, and 3.87"0.04
y1 Ž . ŽmVPms for fragments treated with" -huprine X Fig.

.3D .
The duration of an m.e.p.p. depends on the presence of

acetylcholine in the synaptic cleft. Acetylcholinesterase
inhibitors prolong the action of acetylcholine because they
decrease the rate of hydrolysis. The inhibition of acetyl-
cholinesterases prolongs the decay of the m.e.p.ps. Since
the decay of an m.e.p.p. is an exponential function in
which it is difficult to establish the end, the width of an
m.e.p.p. at half-amplitude is the half-width used to mea-
sure the action of anticholinesterasic agents on synaptic
activity. In nontreated fragments, the half-width of m.e.p.ps

Ž .was 0.701"0.003 ms, in" -huprine Y-treated fragments
Ž .it was 0.811"0.006 ms, and in" -huprine X-treated
Ž .fragments it was 0.961"0.008 ms Fig. 3E .

In Fig. 3, the distribution of the variables studied in
these experiments is represented as a histogram bar and as
a cumulative probability function. The difference between
control tissue and drug-treated tissue was highly signifi-

Ž .cant P-0.001 for all the variables; in addition, the
amplitude, area, rise time and half-width of the m.e.p.ps in

Ž .fragments treated with" -huprine X were higher than
Ž . Ž .those of fragments treated with" -huprine Y P-0.05 .

There was no difference in the rate of rise between frag-
Ž . Ž .ments treated with" -huprine Y and " -huprine X.

3.2. Effects on acetylcholine-elicited current in trans-
planted Xenopus oocytes

Other acetylcholinesterase inhibitors studied in our lab-
Ž .oratory, tacrine Cantı et al., 1998 and the tacrine deriva-´

Ž .tive CI-1002 Ros et al., 2000 , inhibited the nicotinic
receptor currents recorded inXenopus oocytes trans-
planted with membranes from the electric organ ofTor-

Ž . Ž .pedo. We examined whether" -huprine Y and " -
huprine X interfere with the opening of the nicotinic
receptor. We analyzed the dose dependence of the effects
of these drugs on the inhibition of the amplitude of cur-
rents elicited by 100mM of acetylcholine, the voltage
sensitivity of this inhibition and the possible interference

of these drugs in the desensitization of the nicotinic recep-
tors.

Ž .Fig. 4 summarizes the effect of" -huprine Y and
Ž ." -huprine X on the amplitude of acetylcholine-induced
currents at a holding potential ofy70 mV. Currents were
obtained from at least 10 oocytes from five donors and
injected with membranes isolated from three animals. The

Ž .effect of different concentrations of" -huprine Y and
Ž ." -huprine X is shown in Fig. 4A and B, respectively.

Ž . Ž .The effects of both " -huprine Y and " -huprine X
were fully reversible after a 10-min wash. In Fig. 4C, a
sigmoidal curve of four parameters was fitted in curves

Ž .representing the inhibitory action of" -huprine Y and
Ž . Ž ." -huprine X. The IC for " -huprine Y was 452.2750

Ž ."1.05 nM, and for " -huprine X it was ten times more,
Ž .4865"1.14 nM P-0.001, Fig. 4C , while the Hill

Ž . Ž .coefficient was the samey0.52"0.02 for " -huprine
Ž . Ž .Y and " -huprine X y0.58"0.05 .

We also tested the sensitivity of drugs to membrane
potential. In six experiments, currents were induced by 100

ŽmM acetylcholine at holding potentials fromy70 toq15
.mV in the presence or absence of the drug. The concentra-

tion of the drug utilized was close to its IC for nicotinic50
Ž .receptor inhibition: 500 nM for" -huprine Y and 5mM

Ž .for " -huprine X. Fig. 5A shows an IrV relationship in

Ž . Ž .Fig. 4. Interaction of" -huprine Y and " -huprine X at the nicotinic
Ž . Ž . Ž . Ž .receptor. Effects of" -huprine Y A and " -huprine X B . Currents

elicited by 100 mM acetylcholine in one oocyte in the presence of
ŽŽ . Ž .different concentrations of the compounds" -huprine Y and " -

.huprine X . Bars indicate acetylcholine application and the holding
Ž . Ž . Ž .potential wasy70 mV. C Effects of " -huprine Y filled symbol and

Ž . Ž ." -huprine X hollow symbol on the current elicited by 100mM
acetylcholine. Data are means"S.E.M. of values obtained from 10
oocytes and are presented as percentages of the maximal current elicited
by 100mM acetylcholine at a holding potential ofy70 mV.
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Ž .which at negative potentials betweeny70 andy40 mV
both drugs strongly inhibited the opening of nicotinic

Ž .receptors P-0.05 , although there was no difference
Žbetween them. At more positive potentials fromy20 to

.q15 mV , the effect of the drugs was not detected. The
reversal potential was not affected when either drug was
used and was close to 0 mV as it was for acetylcholine
alone, implying that the ionic selectivity of the channel
was not affected.

Prolonged exposure of the nicotinic receptor to acetyl-
choline results in desensitization. Oocytes were exposed to
solutions containing acetylcholine and acetylcholine plus
drugs for 30 s. The potential was held aty70 mV;

Ž .acetylcholine was applied at 100mM, " -huprine Y at
Ž .500 nM, and " -huprine X at 5mM, close to their IC50

Ž . Ž .values Fig. 5B . The time constantt of the decay phase
of the acetylcholine currents was calculated by fitting to a
single exponential function. In the absence of drugs, the
time constant of the decay phase of the acetylcholine-in-

Ž .duced current wasts13.3"1.9 s ns12 . The desensi-
tization increased in a significant manner with the presence

Ž .of the drugs, with " -huprine Y the time constant was
Ž . Ž .reduced tots5.2"0.7 s ns8 P-0.05 , which is the

Ž . Žsame as the value obtained with" -huprine X, ts5.4
. Ž . Ž ."0.4 s ns8 P-0.05 . Table 1 shows the percentage

Ž . Ž .Fig. 5. Voltage dependence of the effect of" -huprine Y and " -
huprine X on the nicotinic receptor and the desensitization time constant

Ž . Ž . Ž .of nicotinic responses. A The effect of" -huprine Y and" -huprine
X was reduced as the membrane became depolarized, indicating a
preferential interaction with the open-channel form of the nicotinic
receptor. Each point is the mean of six different oocyte measurements.
Ž .B Currents recorded from an oocyte after sequential application of 100

Ž .mM acetylcholine and 100mM acetylcholine plus 500 nM" -huprineY
Ž .or 5 mM of " -huprine X for 30 s. The wash time between the

application of solutions was 10 min at a flux of 8 ml miny1. Time
constant of the decay phase was calculated by fitting to a simple

Ž . Ž .exponential curve. Both" -huprine Y and " -huprine X reduced the
time constant to the same extent.

Table 1
Ž . Ž .Effects of " -huprine Y and " -huprine X on desensitization of

nicotinic receptors
Nicotinic receptor desensitization; the desensitization of the nicotinic
receptor in the presence of the drugs is shown as a percentage measured
10 and 30 s after exposure to acetylcholine or to acetylcholine with drugs.

Solution applied %Desensitization

10-s perfusion 30-s perfusion

Ž . Ž .100mM ACh 20"4 ns12 72"4 ns12
Ž . Ž . Ž .100mM AChq500 nM " -hup Y 69"10 ns8 95"2 ns8

Ž . Ž . Ž .100mM Achq5mM " -hup X 65"9 ns8 91"5 ns8

of desensitization at different times after exposure to 100
Ž .mM acetylcholine in the presence or absence of" -

Ž .huprine Y or " -huprine X.

4. Discussion

Alzheimer’s disease is the most frequent cause of de-
mentia in Western populations older than 65 years of age.
On the basis of the cholinergic hypothesis for the cognitive
symptoms of Alzheimer’s disease, acetylcholinesterase in-
hibitors have been used as therapeutic agents for the
treatment of Alzheimer’s disease patients. The goal is to
obtain less toxic and more potent acetylcholinesterase in-
hibitory agents to keep brain acetylcholine at physiological
levels.

Since there is no method for directly monitoring synap-
tic transmission in living mammalian brain, we used the
electric organ as a model of the cholinergic synapse. The
electric organ of the fish is a special kind of neuromuscu-
lar junction in which there are thousands of nerve termi-
nals, and from which it is easy to extract membrane
fractions enriched in nicotinic receptors. This experimental
model lets us explore the effect of acetylcholinesterase
inhibitory drugs on synaptic cholinergic activity and on
nicotinic receptors. Some of the mechanisms of action that
we found in this experimental model might not be applica-
ble to the mammalian brain, but it is nevertheless an
approach to investigate the peripheral effects of acetyl-
cholinesterase inhibitory drugs.

In previous studies of candidate drugs for the treatment
of Alzheimer’s disease, we reported that physostigmine,

Ž .tacrine Cantı et al., 1994 and the derivative of tacrine´
Ž .CI-1002 Ros et al., 2000 increased the amplitude and

duration of m.e.p.ps recorded in the electric organ of
Torpedo. The action of tacrine on the neuromuscular junc-
tion was obtained over the concentration range between 10

Žand 100mM Thesleff et al., 1990; Braga et al., 1991;
.Cantı et al., 1994 , while the second-generation acetyl-´

Ž .cholinesterase inhibitors such as CI-1002 Ros et al., 2000
Ž .were active at 1mM. Here, we show that" -huprine Y

Ž .and " -huprine X, hybrids of huperzine A and tacrine,
are effective at 500 nM. Some of the hybrids of huperzine
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A and tacrine are 100 times more potent than tacrine in
acetylcholinesterase inhibition. The IC for tacrine is 13050

Ž . ŽnM Camps et al., 1999 , 40 nM for CI-1002 Emmerling
. Ž .et al., 1994 , between 60 and 74 nM fory -huperzine A

Ž . Ž .Camps et al., 1999; Liu et al., 1998 , 4.2 nM for" -
Ž . Žhuprine Y and 2.8 nM for" -huprine X Camps et al.,

.2000b . Bis-tacrine is even more potent, with an IC of50
Ž . Ž . Ž .0.4 nM Pang et al., 1996 andy -huprine Y and y -

huprine X have an IC between 0.02 and 0.04 nM50
Ž .Camps et al., 2000a .

The prolongation of the decay phase of the m.e.p.ps is
directly related to the acetylcholinesterase inhibitory activ-
ity. It is worth emphasizing that the concentrations of
huprines used here are lower than those used previously

Ž . Žfor tacrine Cantı et al., 1994 and CI-1002 Ros et al.,´
.2000 . Huprines prolonged the half-width and thus the

time course of a single m.e.p.p. Of the two huprines, the
Ž .most effective was" -huprine X. Other variables ana-

lyzed are also related to acetylcholinesterase inhibitory
activity: amplitude, area, rise time and rate of rise. In all

Ž . Ž .cases" -huprine X was more effective than" -huprine
Y, except in the rate of rise of the m.e.p.ps. It is well
known that treatment with some drugs and hormones

Žincreases spontaneous and evoked quantal release Van der
.Kloot and Molgo, 1994 . Thus, the increase of the ampli-´

Ž .tude and the rate of rise caused by both" -huprine Y and
X suggests that these molecules, in addition to their acetyl-
cholinesterase inhibitory activity, could affect the recruit-
ment of acetylcholine to build up a quantum. In any case,

Ž .we wonder whether the differences between" -huprine
Y and X were due to differences in their interaction with

Ž .the nicotinic receptor. If" -huprine Y interferes with the
Ž .nicotinic receptor more strongly than" -huprine X, a

lower amplitude, support charge and half-width of m.e.p.ps
would be expected.

Using Xenopusoocytes transplanted with membranes
from the electric organ ofTorpedo, we tested the effect of
these drugs on the native form of the nicotinic receptor.
Membrane transplant preserves the activity of native recep-
tors better than when receptors are expressed in oocytes by

Ž .mRNA translation Morales et al., 1995 . Very large in-
ward currents were obtained when transplanted oocytes
were perfused with acetylcholine. We determined the IC50

Ž . Ž .for " -huprine Y and for " -huprine X to be 0.45 and
4.8 mM, respectively. This difference may explain the
differences in the effect on the m.e.p.ps recorded. The IC50

Ž .of " -huprine X was similar to that reported for CI-1002
Ž . Ž . Ž . Ž3.4mM Ros et al., 2000 and tacrine 8.9mM Cantı et´

.al.,1998 . The reduction in the size of the acetylcholine
currents in the presence of the drugs may be due to
different factors, such as open channel block, competitive
block or stabilization of the receptor in the closed state.

Ž . Ž .The action of " -huprine Y and " -huprine X was
sensitive to membrane voltage, since the inhibitory effect
was reduced at depolarizing potentials, suggesting, as in
the case of tacrine, the preference of the drugs for the

Ž .open-channel form of the receptor Cantı et al., 1998 .´
According to the recordings obtained during long periods
of acetylcholine perfusion, the receptor desensitized more
quickly in the presence of the drugs, suggesting that the
drug–channel complex closed for a short time. Both drugs
inhibited the current induced by acetylcholine with a Hill
coefficient of 0.5, indicating that one molecule of the drug
interacts with two receptors. In fact, dimers of the nicotinic
receptor are the most abundant form in nativeTorpedo

Ž .membranes Schindler et al., 1984 ; however, we cannot
rule out that the blocking of one receptor decreases the
affinity of the second receptor.

Ž . Ž .In summary, " -huprine Y and " -huprine X pro-
duced effects similar to those of tacrine on spontaneous
synaptic activity but at a 20–200-fold lower concentration.
These low concentrations of huprines may overcome the
side effects elicited by tacrine and would help to reach
higher levels of brain acetylcholine.
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