
ABBREVIATIONS: ACh, acetyicholine; AnTX, (+)-anatoxin a; Gal, galanthamine; meGal, 1-methyl-galanthamine; 5-HT, 5-hydroxytryptamine;
nAChR, nicotinic acetylcholine receptor; NCA, noncompetitive agonist; GABAA, -y-aminobutyric acid type A; HEPES, 4-(2-hydroxyethyl)-1 -

piperazineethanesulfonic acid.

I

0026-895X196/O10001-06$3.OO/O
Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All righth of reproduction in any form reserved.
MOLECULAR PHARMACOLOGY, 49:1-6 (1996).

ACCELERATED COMMUNICATION

Agonist Responses of Neuronal Nicotinic Acetyicholine
Receptors Are Potentiated by a Novel Class of Allosterically
Acting Ligands

ANDRE SCHRATTENHOLZ, EDNA F. R. PEREIRA, ULRICH ROTH, KARL-HEINZ WEBER, EDSON X. ALBUQUERQUE,
and ALFRED MAELICKE

Laboratory of Molecular Neurobiology, Institute of Physiological Chemistry and Pathobiochemistry, Johannes-Gutenberg University Medical
School, Duesbergweg 6, D-55099 Mainz, Germany (A.S., U.R., K.-H.W., AM.), Department of Pharmacology and Experimental Therapeutics,
University of Maryland Medical School, Baltimore, Maryland 21201 (E.F.R.P., E.X.A.), and Laboratory of Molecular Pharmacology II, Federal
University of Rio de Janeiro, Brazil (E.F.R.P, E.X.A.)

Received August 14, 1995; Accepted September 21, 1995

SUMMARY

Similar to the -y-aminobutyric acidA receptor and the N-methyl-
o-aspartate subtype of glutamate receptor, neuronal nicotinic
acetyicholine receptors are subject to positive modulatory con-
trol by allosterically acting ligands. Exogenous ligands such as
galanthamine and the neurotransmitter 5-hydroxytryptamine,
when applied in submicromolar concentrations with nicotinic
agonists, significantly increase the frequency of opening of
nicotinic receptor channels and potentiate agonist-activated
currents. Because these effects have been shown to be
blocked by the monoclonal antibody FK1, they are mediated by
binding sites that are located on a subunits of nicotinic recep-

tors and distinct from those for acetylcholine and acetylcholine-
competitive ligands. At higher concentrations, the potentiating
effect of these ligands decreases and is eventually overcome
by an inhibition of the agonist-induced response. The sensitiz-
ing actions of galanthamine, 5-hydroxytryptamine, and related
compounds, at submicromolar concentrations, may reflect the
existence of cross-talk between adjacent neuroreceptors and
synapses in the central nervous system and thus suggests the
formation of transiently active chemical networks in the verte-
brate brain.

The activity of many ionotropic neuroreceptors of the verte-

brate brain is subject to modulation by ligands other than the
natural transmitter. For instance, benzodiazepines increase the
probability of GABAA receptor channel opening in response to

GABA (1), and glycine must be bound to NMDA receptors to
enable full activation by glutamate (2, 3). Additional modula-
tory ligands affect the amplitude and kinetics of response of
these receptors (4-7), suggesting that multiple modes of mod-
ulatory control are essential elements of neurotransmission in

the brain. Supporting this notion, neuronal nicotinic acetylcho-
line receptors are also subject to positive modulatory control by

allosterically acting ligands (8-11). We have recently demon-
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strated that physostigmine, Gal, codeine, and structurally re-

lated compounds are able to induce single-channel activity of

nAChRs in PC12 pheochromocytoma cells and in cultured neu-

rons (8-11). This action is exerted via a binding site on the
nAChR a-polypeptide that is distinct from the site for acetyl-

choline (12, 13), and therefore the above compounds constitute

a new class ofnicotinic ligands, which we have called NCAS (8).

We also demonstrated that the single-channel activity induced

by an NCA does not summate to sizable macroscopic responses

(8-10), suggesting that the primary action ofNCAs is not chan-

nel activation but rather a possible allosteric modulation of the

nAChR activity induced by the natural agonist (8, 14). This

prompted us to test whether NCAS can modify the nicotinic

responses induced by ACh and ACh-competitive agonists. For

this purpose, we chose two cell culture systems: PC12 pheochro-

mocytoma cells and primary cultures of embryonic hippocampal

neurons. Both are suitable models for the study of nicotinic
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Fig. 1 . Potentiation by meGal of
ACh-elicited responses of cultured
PC12 cells. a, Responses recorded
from a single PC12 cell of bipolar
morphology from a 3-day-old cul-
ture. The response to 100 �M ACh,
in the absence of meGal (first trace),
was nearly doubled in peak ampli-
tude (second trace) when the same
concentration of ACh was applied
simultaneously with 0.4 �.tM meGal.
At the same concentration, meGal
alone did not produce a significant

-------�-- � whole-cell response (third trace).
The augmented response resem-
bled in maximal amplitude, but not
in the kinetics, the response to 1 mM
ACh in the absence of meGal (fourth
trace). b, Amplitude distribution of
whole-cell responses to 100 �M

ACh from 1 5 PCi 2 cells of the same
culture in the absence (filled bars)
and presence (open bars) of 0.4 �M

meGal. The presence of meGal in-
duced a shift in the average re-
sponse amplitude from 375 to 815
pA. c, Modulation of peak amplitude
of ACh (100 �LM)-elicited currents
versus the concentration of meGal

-�--�---� applied. The average amplitudes of
5 4 3 whole-cell recordings from three

cells of the same culture dish were
(meGAL], - log M plotted versus the NCA concentra-

tion applied. The potentiating effect
of meGal was limited to concentra-
tions of <1 ).LM. d, Effect of meGal
(0.4 �.tM) on the dose-response rela-
tionship for ACh. The averaged am-
plitudes of whole-cell currents re-
corded from three cells in one
culture dish were plotted versus
each concentration of ACh in the
absence (A) and presence (0) of
meGal. The maximal amplitudes
measured were -1 nA; they were
normalized to 100.

60 240 420 600 780 960 1170

Amplitude of ACh Responce, pA

b

d

120

100 -�

4)

�
� 80
a.
E
c�

�0 60 -
4)
N

(5

�4O-

0 �

z V
20

� 7/ //
0 � -

/4

LACh H

C ACh+meGAL

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

2 Schrattenholz et a!.

[ACh], - log M

neurotransmission ( 15-19) as they express several neuronal

nAChR isoforms (19, 20). As we report here for the exogenous

NCA Gal and the putative endogenous NCA 5-HT, these corn-

pounds, when applied in submicromolar concentrations with

agonist, potentiate the agonist response of neuronal nAChRs to
a similar extent as has been reported for the action of benzodi-

azepines on the agonist response of GABAA receptors.
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Materials and Methods

PC12 cells were cultured in Dulbecco’s modified Eagle’s medium

supplemented with 150 IU/ml penicillin, 150 mg/ml streptomycin, 2

mM L-glutamine, and 15% heat-inactivated fetal calf serum at 37#{176}in

a humidified atmosphere of 5% C02/95% air. Before electrophysi-

ological measurements, the cells were plated onto glass coverslips in
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Fig. 2. Potentiation by Gal of AnTX-evoked a-bungarotoxin-sensitive nicotinic currents in cultured hippocampal neurons. a, Effects of Gal (1 �LM)

on a-bungarotoxin-sensitive currents evoked by a 500-msec pulse application of AnTX (10 MM) via the 250-�tm aperture at the apex of a U-shaped
tube onto a cultured hippocampal neuron. The first response of the cells to AnTX (10 �.tM) was recorded -15 mm after the patch was obtained,
at which time the rate of rundown of the peak current amplitude is negligible. Immediately after the control record was obtained (first trace), the
cell was superfused with Gal (1 �M)-containing external solution, the latter being applied directly to the neuron via a straight tube that was
coassembled with the U-shaped tube. Under these conditions, the potentiating effect of Gal on the response to AnTX was observed within 1 mm
after the start of the perfusion (second trace). When the neuron was then superfused for 2 mm with Gal-free external solution, the amplitude of
the AnIX-evoked current returned to the previous level (third trace). The neuron then was superfused for 14 mm with FK1 (dilution 1:100)-
containing external solution, followed by superfusion for 1 mm with external solution containing FK1 (dilution 1 :100) and Gal (1 �.tM), after which
the current evoked by an admixture of AnTX (10 MM), FK1 (dilution 1 :100), and Gal (1 �M) was recorded from the cell (fourth trace). Notice that
preincubation of the cell with FK1 prevented the potentiating effect of Gal. b, Quantification of the effects of Gal on AnTX-elicited currents in the
absence or presence of FK1 . The peak amplitude of the nicotinic currents elicited by the first application of AnTX to the cells was considered
100%, and the peak amplitudes of the currents elicited thereafter were normalized to this control. Perfusion of the cells (four experiments) with
Gal-containing external solution for 1 mm increased the peak amplitude of the currents elicited by the admixture of AnTX (10 �M) and Gal (1 �M)

by 59 ± 13% over the control responses. Washing of the cells with Gal-free external solution for 2 mm reversed the effect of Gal on type IA
currents. After a 14-mm perfusion ofthe cells with FK1 -containing external solution, followed by a 1 -mm perfusion of the cells with external solution
containing FK1 and Gal, application of the admixture of Gal and AnTX to the cells elicited currents whose peak amplitudes were approximately
the same as those obtained under control condition. c, Time-dependent decrease of the peak amplitude of AnTX-evoked currents in cultured
hippocampal neurons. U, The rundown profile of the responses evoked by 500-msec pulses of AnTX (1 0 �M) applied to seven neurons (each value
and error bar represent mean ± standard error, respectively). A, Average rundown profile of the AnTX-evoked currents recorded from four different
cells before exposure to Gal. 0, Time-dependent changes in the effect of Gal (1 �.tM) on the AnTX-evoked currents recorded from those four cells
(each value and error bar represent mean ± standard error, respectively). In these experiments, Gal was applied to the cells via the background
perfusion. After beginning the exchange of the bath solution with Gal-containing external solution begins, it takes -5 mm for the potentiating effect
of Gal to become maximal, and this effect disappears with time.

a microtiter plate (density: 0.7 x iO’� cells/ml) and cultured for 3

days. For whole-cell and single-channel recordings, the external bath

solution (pH 7.4, 275 mOsM) consisted of 124 mM NaC1, 3.25 mM KC1,

2 mi�i MgCl2, 2 mM CaCl2, 11 mM D-glucose, and 10 mM HEPES, and
the internal pipette solution (pH 7.2, 280 mOsM) consisted of 120 mM

CsF, 10 mM CsCl, 10 mM Cs-EGTA, and 10 mM HEPES. For whole-

cell recordings, nAChR ligands were dissolved in external solution
and applied via a U-shaped tube (21) positioned -100 �m from the

cell. For single-channel recordings, the ligands were dissolved in the

external solution and applied to the patches via a perfusion system

consisting of a double-barrel glass 0 tube that was pulled and bent to

the appropriate shape (22). The patch-pipette resistance was 5-7

MIL After a high resistance seal was formed on a PC 12 cell, capac-
itance transients were minimized using the C-fast facility of the
EPC-7 patch-clamp system. All experiments were performed at room

temperature and at a holding potential of -70 mV. To prevent

accumulation of the test compounds in the bath, the cells were
superfused with the external bath solution at a rate of 1.5-3.0

mllmin. Data were analyzed using the pClamp 6.0 software package

(version 6.0, Axon Instruments, Foster City, CA).

Neurons dissociated from the hippocampi of fetal rats were cul-
tured as described previously (23). The fetuses were removed from
pregnant rats (16-18 gestation days) and killed by cervical disloca-

tion under CO2 narcosis. For electrophysiological experiments, the
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Fig. 3. Sample recordings of single-channel currents activated by ACh in the absence and presence of meGal. Recordings are from excised
patches of PC12 cells that were cultured for 3 days on glass coverslips (see Fig. 1 legend). Data shown were filtered at 2.1 5 kHz. The populations
of current amplitudes activated by 50 �M ACh (left) and by the concerted action of 50 �M ACh and 0.4 �M meGal (right) were of the same amplitude
(2.1 ± 0.1 pA). At this concentration of ACh, the initial level of single-channel activity decreases with time due to desensitization. The major effects
of meGal were an increase in the frequency of single-channel events evoked by ACh and a decrease in the rate of desensitization. Notice also the
presence of noncompetitive nAChR-channel blockade (flickering) by meGal in the latter recordings.
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composition of the external bath solution was 165 mM NaCl, 5 mM
KC1, 2 mM CaC12, 5 mM HEPES, and 10 mM dextrose (pH 7.3,
osmolarity 340 mOsM). The composition ofthe internal solution was
60 mMCsCl, 60 mM CsF, 10 mMEGTA, and 10 mM HEPES (pH 7.3,

osmolarity 330 mOsM), and to prevent to a great extent the rundown

of the nicotinic currents, 20 mM phosphocreatine, 50 units/ml creat-
me phosphokinase, and 5 mM ATP were added to the solution.

Whole-cell, patch-clamp experiments were performed with hip-

pocampal neurons cultured for 21-29 days. The patch pipettes were
pulled from borosilicate capillary glass and had tip diameters rang-

ing from 2 to 4 �.tm. The resistance of the patch pipettes, when filled
with internal solution, was between 3 and 5 Mft Whole-cell currents

were induced by fast application of AnTX (10 �tM) to the neurons

using a glass U-shaped tube positioned - 100 �cm from the cell and
recorded by an LM-EPC-7 patch system (List Electronics, Darms-

tadt, Germany). The signals were filtered at 3 kHz and directly
sampled and analyzed by a microcomputer with the pClamp pro-
gram.

Results and Discussion

The electrophysiological studies described below were per-
formed with PC12 cells of bipolar morphology, which at the

culture conditions applied is the predominant cell type (8). In
Fig. la, the whole-cell responses of a single cultured PC12

cell to 100 j.�M ACh are shown in the absence and presence of

0.4 j.�M meGal. In the presence ofmeGal, a -2-fold increase in
response to ACh was observed (increase in amplitude from

380 to 740 pA), with the resulting response resembling in
amplitude the response evoked by 1 mM ACh in the absence

of meGal. Although NCAs are capable of activating the
RAChR channel in the absence of ACh or ACh-competitive

agonist (8-11), it is unlikely that the increase in peak am-

plitude of ACh-evoked nicotinic currents could be due to a

mere summation of nAChR channel activity induced by ACh
and NCA because at the concentrations of NCA at which the

potentiation of ACh responses was observed, NCAs do not
induce substantial single-channel activity or whole-cell cur-
rents (Fig. la) (8-10). Due to the very low probability of the

NCA-activated channels being in the open state, they gener-

ally do not summate to give rise to substantial macroscopic

responses, even at higher concentrations of NCA (8, 9). Fig.

lb shows the amplitude distributions of whole-cell responses
from 15 randomly chosen PC 12 cells studied under the same

conditions as described above. The average potentiation by
meGal of the ACh-induced response again was -2-fold. The

potentiating effect was limited to rather low concentrations
of meGal (Fig. lc). Above 0.4 .tM meGal, the potentiating
effect tended to decrease and was eventually overcome by an
inhibition of the ACh-induced response. For a given concen-
tration of meGal (e.g., 0.4 jtM; Fig. id), potentiation of ACh-

induced response was most pronounced at the low and inter-
mediate range of the dose-response curve, and it gradually

decreased as the maximal response was approached. The
potentiating effect of meGal on the ACh response is likely to
be due to an allosteric sensitization of the nACIIR. Because

the anti-nAChR antibody FK1 blocked the potentiating effect
of meGal (not shown) without affecting the currents elicited

by ACh (8), meGal probably exerted its action via the previ-
ously identified NCA binding site (12, 13).

Fig. 2 illustrates the ability of Gal to potentiate a-bunga-
rotoxin-sensitive nicotinic currents in cultured hippocampal
neurons and antagonism of this effect by the anti-nAChR

antibody FK1 (9, 13). To limit the present study to only one of
the three or more distinct types of whole-cell currents in-
duced by nicotinic agonists in hippocampal neurons (18, 19),
the alkaloid dihydro-�3-erythroidine (0. 1 �.tM) was added to the

bathing solution (18, 23). Under these conditions, rapid ap-
plication of the agonist AnTX (10 j.tM) to cultured hippocam-
pal neurons consistently elicited fast desensitizing whole-cell

currents (Fig. 2a), which are typical type IA responses (18).
When the neurons were perfused with Gal (1 p.M)-contaimng

extracellular solution, the response of the cells to fast appli-
cation of an admixture of AnTX (10 p.M) and Gal (1 j.tM) was

-60% greater than the response of the cells to AnTX before
their exposure to Gal (Fig. 2, a and b). In addition, exposure
of the neurons to Gal prolonged the decay time constant of
the AnTX-evoked currents from 23.6 ± 1.9 to 30.2 ± 2.1 msec

(mean ± standard error from four experiments). Because the

decay phase of type IA currents reflects mostly desensitiza-

tion (19, 24), the present finding suggests that Gal might

alter the rate of desensitization of a7-bearing neuronal

nAChRs that give rise to these currents. After a 15-mm
incubation of the neurons with saturating concentrations of

the antibody FK1, Gal was unable to potentiate the nicotinic
currents evoked by AnTX (Fig. 2, a and b). As shown in Fig.

2c, the effect ofGal decreased with the time ofexposure of the
neurons to this agent. The potentiating effect peaked -5 mm
after application of Gal-containing external solution and pro-
gressively decreased during the following 15 mm. This slow
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onset of the sensitizing action of Gal, which is not illustrated

in the figure, requires further elucidation. However, the

blockade by FK1 of Gal-induced sensitization suggests that it
is not an indirect effect, as has been reported for the enhance-

ment by dopamine of kainate-activated currents in cultured

embryonic chick motoneurons (25) and for the enhancement
by vasoactive intestinal peptide of ACh-activated nicotinic

currents in chick ciliary ganglion neurons (26). Eventually,
the amplitude ofthe response to admixtures ofGal and AnTX

approached the typical amplitude of AnTX-induced re-

sponses, considering their normal rundown in cultured hip-

pocampal neurons. This finding is in agreement with a pre-
vious report that Gal could desensitize its action on the

nAChR (9). Taken altogether, these findings suggest that Gal

can allosterically modulate nicotinic responses of hippocam-
pal neurons in a manner similar to that shown above for
PC12 pheochromocytoma cells.

It is highly unlikely that the NCA-induced potentiation of
nicotinic responses was related to inhibition of acetylcho-
linesterase activity by the NCA because (i) the expression

levels of acetylcholinesterase in PC12 cells are very low (5-8

nmol/min/mg protein; Ref. 27), and the potentiating effect of
meGal remained the same when it was applied after corn-

plete inhibition of acetylcholinesterase activity by phenyl-

methyl-sulfonylfluoride (data not shown); (ii) the experi-

ments with hippocampal neurons (Fig. 2) were performed

with the cholinesterase-insensitive nonester agonist AnTX;

and (iii) physostigmine, a cholinesterase inhibitor more po-
tent than meGal (8), is much less potent than meGal in

potentiating nicotinic responses in the PC12 cells (data not

shown).

On the single-channel level, the potentiation by NCA of the
responses to ACh was observed as an increase in the fre-

quency of channel opening, including a higher probability of
simultaneous opening of several channels (Fig. 3). After ap-
plication of 50 jtM of ACh to excised patches of PC12 cells,
there was an immediate burst of single-channel activity that

tended to decrease as a result of desensitization (Fig. 3, left).

In the presence of meGal (0.4 tiM), we observed a significant

increase in the frequency of single-channel events, the rate of

desensitization was decreased, and there was evidence of a

noncompetitive blocking action ofthe NCA (Fig. 3, right). The

latter findings agree with the previous reports that NCAs

could reduce desensitization of nAChR channels (9, 10) and
that they directly block the agonist-activated channels at
elevated concentrations (8, 9).

These data indicate that the action of NCAs on agonist

responses of PC 12 cells and hippocampal neurons resembled,

in essence, the actions of benzodiazepines on GABAA recep-

tors. NCAs potentiated the agonist responses (figs. 1-3),

probably by allosterically enhancing the affinity of transmit-

ter binding (Fig. ld), and they slowed agonist-induced chan-

nel desensitization (figs. la, 2c, and 3). Although these ac-

tions of exogenous NCAs are interesting in their own right,

we have also begun to investigate whether endogenous li-

gands with the properties of NCAs might exist. As a working

hypothesis, neurotransmitters or neurohormones of other re-

ceptors could act as endogenous NCAs of nicotinic receptors,

thereby permitting response integration and cross-talk be-

tween adjacent receptors and synapses. As Fig. 4 demon-

strates, when 5-HT was applied simultaneously with the

natural agonist, it produced an NCA-like potentiation of the
ACh-evoked whole-cell response of PC12 cells. The response

of the PC12 cells to ACh (50 p.M) was increased by -60%

when the ACh-containing external solution was supple-

mented with 5-HT (0.1 j.tM). At this concentration, 5-HT alone

was unable to evoke significant whole-cell response (Fig. 4;

see also Ref. 28), and the potentiating effect of 5-HT was

largely eliminated in the presence of high concentrations of

the antibody FK1 (data not shown). In agreement with pre-

vious studies (29, 30), the concentration range at which 5-HT

acted to potentiate ACh responses was well below that at

which fast noncompetitive blocking of the nAChR channels

was observed (Fig. 4). Although a potentiating action of sub-

micromolar concentrations of 5-HT on nicotinic agonist-
evoked responses was also observed with cultured hippocam-

pal neurons with AnTX used as agonist, the variable size and

slow onset of the effect require further elucidation. Taken

together, our findings are consistent with a dual action of

5-HT on neuronal nicotinic receptors: an allosteric enhance-
ment of the sensitivity to agonists at submicromolar concen-

trations and a noncompetitive blocking action of the nAChR

channel at higher concentrations.

Conclusions

When applied at submicromolar concentrations with ago-
nist, Gal, meGal, and the neurotransmitter 5-HT potentiated

the response to agonist of neuronal nAChRs (Figs. 1-4),

whereas at higher concentrations the same ligands acted as

noncompetitive inhibitors ofthe agonist response. The poten-

tiating action was inhibited by the anti-nAChR antibody

FK1, which is known to interact with a site in the extracel-
lular region of the rLAChR a subunit that is distinct from the

100 pA

I;;

Fig. 4. Potentiation by the neurotransmitter 5-HT of the
ACh responses of PC12 cells. Application of the same
experimental protocol as described for Fig. la, with ACh
at a concentration of 50 �M and 5-HT (0.1 �.tM) instead of
meGal, the response to ACh in the absence of 5-HT (first
trace) was increased by 67% (second trace) when 5-HT
(0.1 j.tM) was applied simultaneous with ACh. At the
same concentration, 5-HT alone did not produce a sig-
nificant whole-cell response (third trace). At higher con-
centrations, 5-HT produced fast noncompetitive block-
ing action of the nAChR channels (fourth trace).
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site of of ACh (13). 5-HT may not be the only endogenous

ligand that is capable of allosterically enhancing (or decreas-
ing or both) nicotinic agonist responses, and such modes of

regulatory control may be a common feature of ligand-gated
ion channels of the vertebrate brain. The multiplicity of reg-
ulatory ligands and binding sites identified for the ionotropic
receptors of ACh, glutamate, and GABA suggest the exis-

tence of chemical networks that overlay and communicate

with the neuronal network formed by synaptic contacts. In

support of this notion, the potentiating action of nicotinic

NCAS was observed at relatively low concentrations (submi-

cromolar range) that are typical for many messenger mole-
cules in the brain. NCA-mediated potentiation of ACh-

evoked responses, therefore, may be the nicotinic counterpart

of a regulatory mechanism that is a general characteristic of
ionotropic neuroreceptors. Exogenous ligands with the capa-
bility of potentiating nicotinic responses may be useful in the

treatment of nicotinic cholinergic deficits, as have been re-
ported to be associated with several degenerative brain dis-
eases (14).
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