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Abstract

Galantamine, a mild acetylcholinesterase inhibitor and an allosteric ligand of nicotinic receptors, enhanced in a concentration-dependent
manner the amplitude of purinergic twitch contractions of the electrically stimulated rat vas deferens (0.2 Hz, 1 ms, 60 V). Other
acetylcholinesterase inhibitors also increased the twitches, showing a hierarchy of potencies of galantamine>physostigmine
>tacrine>rivastigmine=donepezil. The potentiations seem to be unrelated to the ability to inhibit acetylcholinesterase, since the hierarchy
of potencies to block the enzyme in vas deferens was tacrine>physostigmine>rivastigmine>donepezil>galantamine. Acetylcholine also
increased the twitches; such effect was produced by a low range of concentrations of acetylcholine (10~'°~1077 M). This facilitatory effect of
acetylcholine on twitches was significantly potentiated by galantamine (10~'—10~° M), but not by rivastigmine or donepezil. A striking
enhancement of twitches was also caused by charybdotoxin, a blocker of high-conductance Ca®'-activated K™ channels, and by 4-
aminopyridine, a non-specific blocker of K* channels; in addition, apamin, a blocker of small-conductance Ca”"-activated K™ channels,
induced a lower potentiation. The antagonist mecamylamine (10~ '—10~° M) reduced by 80% the potentiation by galantamine, indicating the
involvement of nicotinic receptors. Therefore, it is suggested that, besides an inhibition of acetylcholinesterase, some additional mechanisms,
such as blockade of Ca®'-dependent K* channels, or activation of nicotinic receptors of nerve terminals, might be involved in twitch
potentiation. These results are relevant in the context of the clinical use of galantamine to improve cognition and behaviour in patients with
Alzheimer’s disease.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction duced in the clinic. Their indication emerged from the

rationale that Alzheimer’s patients have a loss of cholinergic

Acetylcholinesterase inhibitors have been the main
therapeutic agents used to treat patients suffering of
Alzheimer’s type dementia for the last 10 years. Since the
pioneering use of tacrine (Summers et al., 1981), other
acetylcholinesterase inhibitors such as rivastigmine (Enz et
al., 1991), donepezil (Feldman et al., 2001) and galantamine
(Coyle and Kershaw, 2001) have sequentially been intro-

* Corresponding author. Tel.: +55 11 5576 4449, fax: +55 11 5576
4569.
E-mail address: aron.farm@epm.br (A. Jurkiewicz).

0014-2999/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2004.09.034

neurons at the basal forebrain and prefrontal cortex, as well
as a deep impairment of cholinergic neurotransmission; this
might constitute the neurochemical basis for the central
symptoms of the disease, such as aphasia, agnosia, apraxia,
cognition impairment, behavioural changes and dementia
(Perry et al., 1994).

The four clinically useful agents referred to above have
in common their ability to inhibit the activity of brain
acetylcholinesterase. However, their potencies to block the
enzyme sharply differ, donepezil being one of the most
potent and galantamine the least (Arnal et al., 1990;
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Rakonczay and Kovacs, 1998; Ogura et al., 2000). On the
other hand, substantial differences have been found when
comparing the relative potencies of these agents as enzyme
antagonists with the potencies in clinical trials to test their
benefits on cognition and behaviour in Alzheimer’s
patients. Thus, the idea is emerging that in addition to
inhibiting acetylcholinesterase, these compounds might
have other effects. Thus, for rivastigmine its dual action
to cause inhibition of acetylcholinesterase and pseudo-
cholinesterase has been proposed to be responsible for its
clinical efficacy in Alzheimer’s patients (Giacobini et al.,
2002). In the case of galantamine, in addition to its mild
acetylcholinesterase inhibitory properties, a so-called allos-
teric potentiating ligand effect has been described (Mae-
licke et al., 2000). This allosteric modulation is expressed
as an enhanced sensitivity of neuronal cholinergic nicotinic
receptors that may lead to an augmentation of neuro-
transmitter release, as it happens to be the case for +y-
aminobutyric acid (GABA) and glutamate release in hippo-
campal slices (Santos et al., 2002). Although this enhanced
neurotransmitter release has been attributed to an action on
nicotinic receptors (Santos et al., 2002), we have recently
found that micromolar concentrations of galantamine also
block small-conductance Ca®'-activated K* channels of
chromaffin cells (Alés et al., 2002), thereby mimicking the
effects of apamin (Artalejo et al., 1993).

In the light of the results described for acetylcholinesterase
inhibitors, we thought that a comparative study of tacrine,
rivastigmine, donepezil, galantamine and physostigmine on a
well-defined synapse, such as that of the rat vas deferens, was
desirable. The prostatic segment of the vas deferens was used
in all experiments of this study. In this segment, the
contraction (twitch response) is mostly due to the release of
adenosine 5 -triphosphate (ATP) from sympathetic nerve
terminals, as a consequence of action potentials elicited by
electrical field stimulation (Burnstock, 1986, 1990, 1995).
This is so because the twitches are known to be abolished by 1
1M tetrodotoxin, a blocker of Na” membrane channels, or by
10 pM suramin, an antagonist of purine P,, receptors
(Vladimirova et al., 1994). It is known that in prostatic
segment the sensitivity to noradrenaline is substantially lower
than that to ATP (Rodhe et al., 1986), indicating that
noradrenaline co-released with ATP during each electrical
pulse does not significantly contribute to the twitch contrac-
tions, as shown by the fact that the «; and a,-adrenoceptors
blocker phentolamine does not block such responses (Dries-
sen et al., 1993).

We have recently shown, using the patch-clamp
technique, that functional K™ channels are present in vas
deferens (Harhun et al., 2003). Considering that K*
channel blockers induce effects in vas deferens (Wakade
et al., 1975; Docherty and Brady, 1995), and that galant-
amine blocks K channels of chromaffin cells (Alés et al.,
2002; Artalejo et al., 1993), we thought it worthwhile to
compare the effect of cholinesterase blockers with that of
K" channel antagonists.

Cholinergic receptors, either muscarinic (Jurkiewicz et
al., 1969, 1976; Souza Brito and Jurkiewicz, 1988;
Miranda et al., 1994, 1995) or nicotinic (Carneiro and
Markus, 1990), are present in rat vas deferens. Presy-
naptic nicotinic cholinoceptors (Starke et al.,, 1991;
Todorov et al., 1991) enhance the release of neuro-
transmitters in several tissues, including the vas deferens.
Considering these findings and the fact that therapeutic
effects of galantamine in Alzheimer’s patients were
ascribed to an APL effect on nicotinic receptors
(Maelicke et al.,, 2000), we also decided to study the
influence of nicotine on the effects of galantamine and
K" channel blockers in vas deferens.

The results here obtained indicate that the effects of these
acetylcholinesterase blockers in neurotransmission cannot
be attributed only to the enzymatic inhibition.

2. Materials and methods
2.1. Rat vas deferens preparation

The experimental procedures used in this work were
approved by the Ethics Committee of UNIFESP. Male Wistar
rats (280-340 g) were killed by ether inhalation, and the vasa
deferentia removed and cleaned of adherent tissues (Jurkie-
wicz and Jurkiewicz, 1976) and kept in aerated nutrient
solution (mM: NaCl 138, KCI1 5.7, CaCl, 1.8, NaH,PO,
0.36, NaHCOgj; 15, and glucose 5.5, in glass-distilled water).
The epidydymal portion of the vas deferens was discarded,
and the prostatic portion was suspended vertically between
two parallel platinum electrodes in a 10 ml organ bath, in
aerated solution at 30 °C, under a load of usually 1.0 g. The
organ was electrically stimulated with pulses of 60 V, 1 ms
duration and 0.2 Hz, using a Grass S88 stimulator (Driessen
et al., 1993; Vladimirova et al., 1994). The twitches were
measured and recorded by means of FT-302 transducers
(CB Sciences, USA) coupled to a Power Lab/800 (AD
instruments, USA) and a PC computer.

2.2. Contractions induced by electrical field stimulation

We initially selected the parameters of electrical field
stimulation that elicited reproducible and stable twitch
responses. Thus, when stimulation was made at 0.2 Hz, 1
ms, 60 V, the twitch contractions remained with similar
amplitude during at least 2 h of continued recording. In
general, 15 min after starting stimulation, when the
twitches attained a steady control amplitude, a single or
cumulative dose of galantamine was added to the organ
bath and maintained until the potentiation attained
equilibrium (usually less than 5 min for a single dose),
followed by washout of the organ bath. A similar
procedure was used when other acetylcholinesterase
inhibitors, namely rivastigmine, tacrine, donepezil and
physostigmine were used instead of galantamine. In
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addition, to investigate the possible action of galantamine
on presynaptic K channels, the effects of the small
conductance Ca®'-activated K channels blocker apamin,
the high-conductance Ca®'-activated K" channel blocker
charybdotoxin, and the non-specific K" channel blocker
4-aminopyridine were used instead of galantamine.
Furthermore, to investigate the action of galantamine
and other agents on presynaptic nicotinic receptors, the
effects of these drugs were also studied on twitch
facilitation induced by acetylcholine. In this case, the
drugs were added in the presence of a maximum
cumulative dose of acetylcholine (usually 1077 M).
Finally, the effects of galantamine and K' channel
blockers were studied on facilitation induced by a single
dose of nicotine (usually 107> M), a classical and
selective agonist of nicotinic receptors.

In other experiments with galantamine, the preparation
was previously treated with the antagonist of purine P,y
receptors suramin (10> M, 30 min) or of nicotinic receptors
mecamylamine (10~’—10"° M, 30 min). In another group,
the effects of galantamine were studied on contractions
elicited by exogenously administered ATP instead of
electrical stimulation.

O+ Mecamylamine 10M

2.3. Acetylcholinesterase activity

To investigate the inhibitory effects of galantamine
upon acetylcholinesterase of vas deferens homogenates,
the activity of this enzyme was measured using a
photometric method (Ellman et al., 1961). Homogenates
were prepared in ultraturrax (3X1 min at 20,000 rpm)
using samples of four vasa deferentia (Caricati-Neto et
al., 1992; Castillo et al., 1992). Aliquots of 400 pl were
incubated in phosphate buffer (pH 8, 37 °C) with
acetylcholinesterase substrate acetylthiocholine and dithio-
bisnitrobenzoate reagent. The acetylcholinesterase activity
was measured by following the increase of yellow colour
produced from acetylthiocholine when it reacts with
dithiobisnitrobenzoate (Ellman et al., 1961). Acetylcholi-
nesterase activity was assayed in the absence or presence
of various concentrations of galantamine or other
acetylcholinesterase inhibitors.

2.4. Drugs and chemicals

The following drugs were used: galantamine (kindly
given by Jansen Pharmaceutica, Beerse (Belgium), riva-
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Fig. 1. Enhancement by galantamine of twitch contractions induced in the prostatic segment of the rat vas deferens. (A) Part of original control recording of a
preparation continuously stimulated at 0.2 Hz, 1 ms, 60 V, in the absence of galantamine. (B) After an initial 15-min equilibration period, another vas deferens
was continuously stimulated while cumulative concentrations of galantamine (3%x107% to 107* M) were added. (C) Mean concentration—response curve
representing the enhancement by galantamine of the amplitude of twitch contractions. This potentiation was calculated as percent increments above the control
twitch amplitude before galantamine. Data are means®S.E.M. of six experiments.
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stigmine (purified at Instituto Teofilo Hernando, Spain,
from Exelon syrup from Novartis Pharmaceutica), tacrine
from Aldrich Chem (USA), donepezil, from A&A Phar-
machem. (Canada), physostigmine, nicotine, acetylcholine,
mecamylamine, adenosine 5" triphosphate, acetylthiocho-
line, dithiobisnitrobenzoate, suramin from Sigma (USA),
apamin and charybdotoxin, from Research Biochem.
International, Natick (USA), and 4-aminopyridine, from
Merck (USA). All drugs were dissolved in water.

2.5. Statistics

To quantify the degree of twitch potentiation, the incre-
ments of amplitude were measured in each individual
experiment. Concentration—response curves were obtained
by expressing potentiations induced by each dose as %
contractions in relation to the initial twitches obtained in the
absence of drugs. Histograms were drawn for maximal
potentiations. Student’s paired ¢-test and analysis of variance
(ANOVA) were performed to determine statistical signifi-
cance of evaluated parameters. In general, means+ SEM were
compared, and the significance level was considered as
P<0.05.

3. Results

3.1. Contractions elicited by electrical field stimulation of
the rat vas deferens. potentiation by galantamine

In a large number of vasa deferentia, the mean amplitude

of twitch contractions, after a 15-min initial equilibration
period (Fig. 1A), was 0.5+0.05 g (n=87). The effects of

100

Bl Galantamine
— € Physostigmine
§ 80-| @ Tacrine
g /A Rivastigmine E
E 60- < Donepezil
s
c
(]
°
o 40—
K=
3}
=
3 204
[

Log [AChE inhibitors] M

Fig. 2. Comparative effects of various acetylcholinesterase inhibitors on the
twitch contractions evoked by electrical field stimulation (0.2 Hz, 1 ms, 60
V) in the rat vas deferens, as shown in the previous figure. The experiments
were performed following the protocols used for galantamine in Fig. 1,
using the range of concentrations for each of the five compounds indicated
in the figure. The ordinate represents the increase of the basal twitch
contraction elicited by each compound, expressed as % above control
amplitude. Data are means+S.E.M. of at least six experiments.

Table 1
Summary of the effects of acetylcholinesterase (AChE) inhibitors described
so far in the literature and in this study

Drugs AchE inhibition (ICsp, nM) Potentiation ~ Other
Brain Vas deferens™ of purinergic  effects
twitches
(% Emay)*
Tacrine 77%, 80° 10020 43406 -

93¢, 4504 (n=3)
Physostigmine  0.7%, 18%  700+80 68+11 -
60°, 251°  (n=3)

Rivastigmine — — 2100220 75 Blockade
(n=3) of BuChE®
Donepezil 7%, 13° 4300+510 4+1 -
(n=3)
Galantamine 1995¢ 15,800+3270 89+12 Blockade
(n=3) of K*
channels’

BuChE—Butirylcholinesterase.
@ Rat brain (Ogura et al., 2000).
® Mouse brain (Arnal et al., 1990).
¢ Rat cortex (Tang, 1996).
9 Human cortex (Rakonczay and Kovacs, 1998).
¢ Human cerebrospinal fluid (Giacobini et al., 2002).
f Chromafin cells (Alés et al., 2002).
* Data obtained in the present work.

cumulative concentrations of galantamine on twitch contrac-
tions were tested as shown in Fig. 1B. Galantamine enhanced
the amplitude of the twitches in a concentration-dependent
manner. Some increase of the response was already produced
at 3x107® M and the maximum augmentation occurred at
3%x107° M; larger single or cumulative concentrations of
galantamine, up to 10~ M, did not enhance further the twitch
amplitude. The resulting mean concentration—response curve
is shown in Fig. 1C; from this curve, we calculated the
potency (ECsg) for galantamine as being 1.0£0.17 uM.

It is noteworthy that galantamine did not induce
contractions of the vas deferens, if given in the absence
of electrical stimulation. In addition, in the presence of
electrical stimulation, the baseline contraction was not
elevated by galantamine, in spite of the fact that it
practically doubled the amplitude of twitches (Fig. 1B).
These results indicate that the effect of galantamine is not
postsynaptic, since in this case we would expect a rise of
the baseline (Rodhe et al., 1986), either in absence or
presence of twitch contractions.

In another group of experiments, contractions produced
by addition of ATP (10~* M) to the organ bath, in the
absence of twitches, attained a value of 0.36+0.06 g (n=4)
and were not potentiated by galantamine 10> M
(0.31£0.04 g, n=4), indicating that the potentiation of
twitches previously described for galantamine was not due
to potentiation of released ATP.

The nicotinic receptor antagonist mecamylamine (10~
107° M) drastically reduced the potentiation by galantamine
by about 80% (Fig. 1C), indicating that these effects involved
nicotinic receptors. However, in absence of galantamine, the
amplitude of twitches was not modified by mecamylamine
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(1077 M), being similar in its absence (0.38+0.05 g, n=4) or
presence (0.35+0.03 g, n=4), showing that this nicotinic
blocker isolatedly does not influence the purinergic neuro-
transmission. Finally, the purine P,, receptor antagonist
suramin (10> M) completely blocked both the twitches and
its enhancement by galantamine (not shown). This shows that
ATP released from nerve terminals is the only neuro-
transmitter responsible for the generation of twitch contrac-
tions, both in the absence and presence of galantamine, by
acting on purine P,, receptors.

3.2. Comparative effects on twitch contractions of
galantamine, rivastigmine, tacrine, donepezil
and physostigmine

The enhancement by galantamine of the amplitude of
contractions was compared with those of the other four
acetylcholinesterase inhibitors tested in this study, using
protocols similar to that shown in Fig. 1. The corresponding
concentration—response curves are shown in Fig. 2, as a

A

2 min

APA 0.1 uM

i

CTX 0.1 uM

function of the ability of each compound to enhance the
control twitch response. The maximum enhancement of the
twitch responses by these compounds considerably varied
(Table 1). For instance, the maximal dose of tacrine and
physostigmine enhanced the response by about 43% and
68%, respectively. On the other hand, donepezil and
rivastigmine caused an almost negligible potentiation (lower
than 7%). In the latter experiments, the responses were
significantly increased when galantamine (107> M) was
added in the presence of maximal doses of donepezil or
rivastigmine (not shown), indicating that the lack of
potentiation was not due to technical failure, nor to tissue
damage.

3.3. Enhancement of the twitch responses elicited by
galantamine and K' channel blockers, in absence and
presence of nicotine

Fig. 3A—C shows original records taken from experi-
ments aimed at testing the effects of single concentrations of
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Fig. 3. Enhancement by K" channel blockers of twitch contractions induced by electrical field stimulation (0.2 Hz, 1 ms, 60 V) in the prostatic segment of the
rat vas deferens. Panels A, B and C show original records of the effects of apamin (APA), 4-aminopyridine (4-AP), and charybdotoxin (CTX), respectively.
Horizontal lines indicate the presence of the blocker. Panel D shows the corresponding potentiation (means+S.E.M) elicited by each compound. The y-axis
represents the potentiation as a percent increase of twitch amplitude in relation to the twitch in absence of the blocker. Number of preparations shown in

parenthesis. *P<0.05, **P<0.01 compared with control without drugs.



196 A. Caricati-Neto et al. / European Journal of Pharmacology 503 (2004) 191-201

the K" channel blockers apamin, 4-aminopyridine and
charybdotoxin. The corresponding twitch potentiations
induced by these drugs, expressed as percentages, are
represented in Fig. 3D. In this case, the largest potentiation
was induced by the block of high-conductance Ca*'-
activated K" channels by charybdotoxin.
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Fig. 4A-D shows that nicotine (10> M) rapidly
enhanced the amplitude of twitch responses by about
50%. A significant additional increment of the twitches
was induced by 4-aminopyridine and charybdotoxin, when
incubated after the maximal effect of nicotine (Fig. 4B and
C). However, galantamine (10~® M) and apamin (10~ M)
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Fig. 4. Enhancement induced by nicotine, galantamine and K channel blockers of the twitch contractions evoked by electrical field stimulation (0.2 Hz, 1 ms,
60 V) in the prostatic segment of the rat vas deferens. Panels A, B, C and D show original records of the effects of apamin (APA), 4-aminopyridine (4-AP),
charybdotoxin (CTX) and galantamine (GAL) on the maximal potentiation of twitches induced by nicotine (NIC), respectively. Upper horizontal lines indicate
the presence of nicotine, and the lower lines of the other agents, respectively. Panel E shows the potentiation (mean+S.E.M.) elicited by each compound in the
presence of the potentiation induced by NIC. The y-axis represents the potentiation as a percent increase of twitch amplitude in relation to the twitch in absence
of nicotine. Number of preparations shown in parentheses. *P<0.05, **P<0.01 compared to NIC alone.
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induced negligible effects when added after the maximal
effect of nicotine (Fig. 4A and D). The increment of the
twitches induced by apamin, 4-aminopyridine, charybdo-
toxin and galantamine on the potentiation by nicotine, is
represented in Fig. 4E. In summary, neither apamin nor
galantamine enhanced significantly the twitch response
above the level achieved by nicotine; in contrast, 4-
aminopyridine and charybdotoxin caused two- to threefold
increases of the twitch responses.

3.4. Effects of acetylcholinesterase inhibitors on the
potentiation of twitch responses by acetylcholine

Similarly to nicotine, acetylcholine enhanced the ampli-
tude of twitch responses induced by electrical stimulation.
In these experiments, we wished to correlate the effects of
acetylcholinesterase inhibitors on acetylcholine potentiation

A
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C
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Log [Acetylcholine] M

and on the acetylcholinesterase activity of rat vas deferens
homogenates (see Section 3.5, below). In addition, we
wished to see the maximum acetylcholine twitch potentia-
tion at the lowest possible acetylcholine concentrations.
Hence, a submaximal voltage stimulation was used to elicit
twitch contractions, i.e., 40 mV instead of the 60 mV of
previous experiments. Under these conditions, an important
twitch potentiation was observed, already at subnanomolar
concentrations of acetylcholine. These concentrations are
relevant from the physiological point of view but also to
correlate the functional effects of the inhibitors (i.e.,
enhancement of acetylcholine potentiation) with their
potency to inhibit acetylcholinesterase activity.

Fig. 5A shows that acetylcholine enhanced the twitch
responses. The respective concentration—response curve for
the potentiation by acetylcholine shows that the threshold
concentration was as low as 107'° M, and the maximal
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Fig. 5. Effects of galantamine and donepezil on the facilitation by acetylcholine of the twitch contractions evoked by electrical stimulation (0.2 Hz, 1 ms, 40 V)
in the prostatic segment of the rat vas deferens. (A) Original record showing the augmentation of the amplitude of twitch responses, evoked by cumulative
increasing concentrations of acetylcholine, added as indicated by the dots at the bottom. (B) Same preparation as A, in which the concentration—response curve
to acetylcholine was performed in the presence of galantamine, added 5 min before and during the addition of acetylcholine. C and D show an experiment
similar to that in A and B, except that donepezil was used instead of galantamine.
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Fig. 6. Effects of acetylcholinesterase (AChE) inhibitors on the acetylcho-
linesterase activity of rat vas deferens homogenates. Acetylcholinesterase
activity and its inhibition by increasing concentrations of each compound
were determined as described in Materials and methods (see Table 1 for the
ICs of each compound tested). Data are means+S.E.M. of three different
experiments performed in quadruplicate.

potentiation was 10~/ M. Concentrations of 10~’ M or
higher started to increase the basal tonus of the preparation,
indicating the involvement of a postsynaptic component at
this point. Fig. 5B shows that galantamine (10~° M), pre-
incubated for 5 min, potentiated the effects of acetylcholine.
In this case, the effects produced by subnanomolar
acetylcholine concentrations were significantly increased,
as well. The same protocol was used to study donepezil
effects on twitch potentiation induced by acetylcholine (Fig.
5C and D). Fig. 5D shows that 10~° M donepezil produced
only a negligible effect on the acetylcholine potentiation of
twitch responses. Other concentrations of donepezil (10~ to
107> M) were equally ineffective in the same preparation;
these concentrations were added in a cumulative mode, and
concentration—response curves of acetylcholine tested in its
presence (data not shown).

3.5. Effects of acetylcholinesterase inhibitors on enzymatic
activity in vas deferens homogenates

Concentration—inhibition curves of acetylcholinesterase
were obtained by using the acetylcholinesterase inhibitors in
homogenates of rat vas deferens, as shown in Fig. 6. Note
that tacrine was the most potent inhibitor while galantamine
was the least potent. The values of inhibitory potency (ICs)
for the five compounds tested are shown in Table 1. In this
case tacrine was followed by physostigmine, rivastigmine,
donepezil and galantamine, respectively.

4. Discussion

The present work demonstrates that electrically evoked
contractions of rat vas deferens were increased by (a)
acetylcholinesterase inhibitors, (b) agonists of nicotinic
receptors, and (c) blockers of high-conductance Ca®'-
activated K channel. The inhibitors of acetylcholinesterase
have in common their ability to inhibit this enzyme

activity in various mammalian brain preparations (see
Table 1 for references) and in rat vas deferens homoge-
nates (this study). In view of these well-recognized effects,
one is tempted to ascribe the potentiating action of these
agents, on the twitches of the rat vas deferens, to their
ability to inhibit the acetylcholinesterase activity of this
organ.

Because the rat vas deferens is an excellent model for the
study of the noradrenergic and purinergic components of
sympathetic co-transmission (Burnstock, 1986, 1990,
1995), we decided to study the effects of galantamine on
purinergic transmission in this preparation. In rodent vas
deferens, purinergic contractions (twitches) are induced by
stimulation of postsynaptic purine P,, receptors by ATP
released by electrical field stimulation of sympathetic
nerves (Burnstock, 1995). In spite of the predominant role
of purinergic transmission during electrical nerve stimula-
tion of the vas deferens, endogenous acetylcholine could
also be released during each twitch; in fact, the presence of
cholinergic nerves in this preparation is well documented
(Robinson, 1969; Gosling and Dixon, 1972; Sjostrand,
1981). Hence, even minute amounts of endogenously
released acetylcholine could be contributing to the regu-
lation of the control amplitude of the twitches, by acting on
presynaptic nicotinic receptors; this is supported by our
observation that the exogenous application of acetylcholine
at subnanomolar concentrations already enhanced the twitch
amplitude at concentrations of 107'® M. Hence, it is
expected that an acetylcholinesterase inhibitor, by delaying
the hydrolysis of acetylcholine, will enhance its twitch
potentiating effect. While this prediction seems to be
correct, the various acetylcholinesterase inhibitors used
here enhanced, however, to different extents, the effects
of acetylcholine. These differences indicate that the differ-
ent potentiations are not simply due to the different
potencies to inhibit the vas deferens acetylcholinesterase;
thus, in spite of being the least potent acetylcholinesterase
inhibitor, galantamine was the most potent enhancer of
twitch contractions (see Fig. 2 and Table 1) and of the
acetylcholine-evoked twitch potentiation. In contrast, riva-
stigmine and donepezil, which were 10-fold more potent
than galantamine in inhibiting acetylcholinesterase, little
enhanced the twitch responses of the twitch-potentiating
effects of acetylcholinesterase.

A second possibility to explain the facilitation of twitch
responses by galantamine is its ability to block K channels
(Sah, 1996). In rat chromaffin cells galantamine exhibits an
apamin-like effect, enhancing the acetylcholine- and the K-
evoked catecholamine release and increasing the intra-
cellular concentration of free Ca®" ions (Alés et al., 2002).
We have shown that more than one type of functional K"
channels is present in vas deferens (Harhun et al., 2003). In
the present study, we observed that apamin, at the
concentration of 0.1 pM that fully blocks the currents
mediated by small conductance Ca**-activated K* channel
in chromaffin cells (Artalejo et al., 1993), enhanced the
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twitch responses by about 40%; in fact, galantamine
augmented such responses when added on top of apamin,
suggesting that the effect of galantamine was unrelated to
the blockade of small conductance Ca®-activated K"
channel. Charybdotoxin, a selective blocker of high-
conductance Ca®"-activated K™ channels (Sah, 1996),
clearly potentiated the twitches. The corresponding concen-
tration—response curves were similar to that for galantamine,
although charybdotoxin was about 10-fold more potent.
However, competition experiments with both compounds
showed that charybdotoxin still potentiated the twitch
responses when added on top of galantamine; this was not
true when the compounds were added the opposite way, first
charybdotoxin and then galantamine (not shown). Thus, it is
still uncertain whether galantamine has a charybdotoxin like
effect in potentiating the twitches; however, since char-
ybdotoxin-sensitive K" currents are present in isolated
smooth muscle cells of this preparation (Harhun et al.,
2003), further experiments might tell us whether or not
galantamine is blocking these currents.

The third possibility to explain the mechanism of action
of galantamine in enhancing the twitch responses relies on
presynaptic nicotinic receptors. Several studies showed that
agonists of nicotinic receptors, such as nicotine and
carbachol, enhance twitch responses in the rat vas deferens
and that such effect was blocked by nicotinic antagonists
(Carneiro and Markus, 1990; Todorov et al., 1991). These
findings agree with the idea that presynaptic nicotinic
receptors augment the release of neurotransmitters from
sympathetic nerve terminals (Kirpekar et al., 1980). In this
study, we have corroborated that the nicotinic agonist
nicotine and acetylcholine enhance the twitch responses
and that this effect was antagonized by the nicotinic
blocker mecamylamine. What seemed surprising in our
present results is that minute concentrations of nicotine (1
uM) but particularly of acetylcholine (0.1-1 puM) already
enhanced the twitch responses. This is rather relevant,
since nicotinic receptors are known to desensitize quickly
when interacting with the respective agonists, in a
concentration- and time-dependent manner. Thus, it is
unlikely that such a small concentration of acetylcholine,
as 1 nM, is causing desensitization of nicotinic receptor
even after long-term exposures. In fact, after this dose of
acetylcholine, the small potentiation (20% increase) of
twitch responses was maintained for several minutes; this
also occurred in the presence of 10~’ M galantamine and
10~° M acetylcholine.

Maelicke et al. (2000) coined the expression “allosteric
potentiating ligand” to mean an allosteric “sensitization” of
nicotinic receptors to acetylcholine, caused by galantamine,
physostigmine and some other compounds such as codeine.
The results here obtained in the vas deferens fit well within
this concept: at submicromolar concentrations that do not
block acetylcholinesterase, galantamine enhanced the poten-
tiating effects of nanomolar concentrations of acetylcholine.
These low concentrations are relevant because the allosteric

“sensitization” of nicotinic receptors seems to occur in a
narrow range of rather low concentrations of galantamine
(Maelicke et al., 2000). Furthermore, this effect is best seen
when also using low concentrations of nicotinic agonists
that prevent receptor desensitization, as it happens to be the
case in our present experiments.

As stated in Introduction, the twitch contractions of the
rat vas deferens are mainly produced by ATP release; thus,
their amplitude might be taken as an index of the amount of
neurotransmitter released during each stimulus (Todorov et
al., 1991). The fact that nanomolar concentrations of
acetylcholine enhanced neurotransmission suggests that this
may be physiologically relevant to the general concept of
cholinergic modulation of neurotransmitter release.

In this context, our experiments are also relevant to
explain the therapeutic effects of galantamine in improving
behaviour and cognition, in patients suffering of Alzheim-
er’s disease. The brain of these patients undergoes a
pronounced loss of cholinergic neurons added to concom-
itant low levels of acetylcholine (Perry et al., 1994). Thus,
our observation that galantamine improves the facilitation of
neurotransmission caused by nanomolar concentrations of
acetylcholine, is most relevant in the clinical and therapeutic
context of Alzheimer’s disease. This direct effect of galant-
amine on nicotinic receptors is likely more relevant than the
mere increase of the synaptic concentration of acetylcholine
by inhibition of acetylcholinesterase; furthermore, the
continued elevation of synaptic acetylcholine concentration
would possibly lead to nicotinic receptor desensitization
(Maelicke et al., 2000).

Previous studies performed by Mutafova-Yambolieva et
al. (1993) have shown that galantamine (0.1-300 pM)
increased the spontaneous mechanical activity and exerted
by itself an enhancement of smooth muscle tone in the rat
jejunum and ileum, suggesting that this facilitatory effect of
galantamine is mediated not only by presynaptic but also by
postsynaptic mechanisms. In the present work, the partic-
ipation of postsynaptic mechanisms on facilitatory effect of
galantamine on purinergic neurotransmission could not be
detected, because this agent was unable to produce
contractions per se or to modify contractile responses
induced by exogenous ATP. These results support the view
that facilitatory effects of galantamine on purinergic neuro-
transmission of rat vas deferens are mainly mediated by
presynaptic mechamisms.

In conclusion, although it may not be possible to exclude
an action on the acetylcholinesterase of vas deferens, the
enhancement of purinergic neurotransmission by galant-
amine might alternatively be due to two other mechanisms,
as the allosteric “sensitization” of presynaptic nicotinic
receptors or the block of K channels of sympathetic
neurons. The later two actions are unique to galantamine
and possibly unrelated to its acetylcholinesterase inhibitory
properties, that it shares with other drugs used to treat
patients with Alzheimer’s disease, such as rivastigmine and
donepezil.
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