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ABSTRACT
The goals of this study were to develop compounds that were
selective and highly efficacious agonists at alpha-7 receptors,
while varying in antagonist activity; and to test the hypothesis
that these compounds had memory-related and neuroprotec-
tive actions associated with both agonist and antagonist al-
pha-7 receptor activities. Three compounds were identified;
E,E-3-(cinnamylidene)anabaseine (3-CA), E,E-3-(2-methoxy-
cinnamylidene) anabaseine (2-MeOCA) and E,E-3-(4-methoxy-
cinnamylidene) anabaseine (4-MeOCA) each displaced [125I]a-
bungarotoxin binding from rat brain membranes and activated
rat alpha-7 receptors in a Xenopus oocyte expression system
fully efficaciously. The potency series for binding and receptor
activation was 2-MeOCA . 4-MeOCA 5 3-CA and
2-MeOCA 5 3-CA . 4-MeOCA, respectively. No compound
significantly activated oocyte-expressed alpha-4beta-2 recep-

tors. Although each cinnamylidene-anabaseine caused a long-
term inhibition of alpha-7 receptors, as measured by ACh-
application 5 min later, this inhibition ranged considerably, from
less than 20% (3-CA) to 90% (2-MeOCA) at an identical con-
centration (10 mM). These compounds improved passive avoid-
ance behavior in nucleus basalis lesioned rats, with 2-MeOCA
most potent in this respect. In contrast, only 3-CA was neuro-
protective against neurite loss during nerve growth factor de-
privation in differentiated rat pheochromocytoma (PC12) cells.
Choline, an efficacious alpha-7 agonist without antagonist ac-
tivity, was also protective in this model. These results suggest
that the neurite-protective action of alpha-7 receptor agonists
may be more sensitive to potential long-term antagonist prop-
erties than acute behavioral actions are.

Molecular, biochemical and physiological studies demon-
strate the presence of multiple nicotinic receptor subunits in
brain and other tissues (Alkondon and Albuquerque, 1993;
Deneris et al., 1991; Papke, 1993). One of the predominant
nicotinic receptor subtypes in the brain contains the alpha-7
subunit. Alpha-7-containing nicotinic receptors are concen-
trated especially in telencephalic regions such as hippocam-
pus and neocortex, based on high-affinity a-BTX binding
(Clarke et al., 1985; Marks et al., 1986). These receptors
function as homo-oligomers when expressed in oocytes, in
which they demonstrate characteristic high-affinity binding
to a-BTX, high calcium permeability and rapid desensitiza-
tion (Couturier et al., 1990; Sequela et al., 1993; de Fiebre et
al., 1995). Presynaptic nicotinic alpha-7 receptors in brain
explants and primary cultures modulate calcium influx suf-

ficiently to induce transmitter release and synaptic facilita-
tion (McGehee et al., 1995; Gray et al., 1996). Ganglionic
nicotinic alpha-7 receptors also appear to modulate intran-
euronal calcium concentrations at perisynaptic sites (Zhang
et al., 1996).

Recent studies with selective alpha-7 agonists suggest that
these receptors are involved in memory-related behaviors
and neuronal survival (Martin et al., 1994). The best studied
selective alpha-7 agonist is GTS-21, also referred to as
DMXB in some studies, which recently began clinical trials
for use in Alzheimer’s disease. GTS-21 has been found to
enhance performance in several spatial and nonspatial mem-
ory-related paradigms in rats and rabbits (Meyer et al., 1994,
1997b; Woodruff-Pak et al., 1994). It also exerts neuroprotec-
tive activity against trophic factor deprivation in PC12 cells
(Martin et al., 1994), N-methyl-D-aspartate receptor activa-
tion in primary neuronal cultures (Shimohama et al., in
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press,1998), fimbrial transections in vivo (Martin et al., 1994)
and neocortical atrophy after nucleus basalis lesions (Meyer
et al., in press, 1997a). Despite these behavioral and neuro-
protective actions of GTS-21, however, it is only a modestly
efficacious partial agonist at alpha-7 receptors, with about
20% of the activity of ACh itself. In addition, it is not effective
behaviorally in all species, including mice (Briggs et al.,
1997)

It would be important for understanding alpha-7 nicotinic
receptor function to have available fully efficacious, selective
agonists with little or no antagonist activity. Such agents
could also be important therapeutically for conditions asso-
ciated with memory-related dysfunction. However, the poten-
tial behavioral or neuroprotective effects of other selective,
more efficacious alpha-7 agonists, such as those described in
this study, have not been investigated extensively. DMAC
has been shown to activate alpha-7 nicotinic receptors selec-
tively (de Fiebre et al., 1995), and one study reported that it
had memory-enhancing activity (Meyer et al., 1994). DMAC
was also the first compound found to exert the property of
long-term inhibition of alpha-7 receptors after their activa-
tion (de Fiebre et al., 1995), a property reported subsequently
with ABT418 and epibatidine (Papke et al., 1997). Although
the biological significance of this inhibitory activity is not
known currently, it might be expected to interfere with long-
term actions of the compound that depend on receptor acti-
vation such as neuroprotection.

This study investigated: 1) whether other anabaseine an-
alogs could be developed that were highly potent and effica-
cious at alpha-7 receptors, while varying with respect to
antagonist activity; and 2) whether these alpha-7 agonists
had behavioral and neuroprotective actions hypothesized to
result from selective alpha-7 activation. We report for the
first time that several 3-cinnamylidene anabaseine com-
pounds, which vary with respect to substituents at the 2- or
4-position (fig. 1), bind potently and efficaciously to alpha-7
receptors in rat brain tissue and activate alpha-7 receptors in
a Xenopus oocyte expression system. These compounds,
which differed significantly in their antagonist activities at
alpha-7 receptors, were tested subsequently for their ability
to improve passive avoidance behavior in nucleus basalis
lesioned rats and to protect neurites from NGF deprivation in
differentiated PC12 cells. Because our results indicated that
the long-term neuroprotective actions of these compounds
may be sensitive to their antagonist properties, choline was
also investigated with respect to its neuroprotective activity
as a prototypical alpha-7-selective agonist with no antago-
nistic activity (Papke et al., 1996).

Materials and Methods
Preparation of E,E-3-(cinnamylidene)anabaseines

All chemicals were purchased from Aldrich Chemical Company,
Inc (Milwaukee, WI). Cinnamylidene-anabaseines were synthesized
and characterized as follows.

E,E-3-(Cinnamylidene)anabaseine dihydrochloride. A solu-
tion containing 0.77 mmol anabaseine dihydrochloride (Zoltewicz
and Cruskie, 1997), 1.9 mmol cinnamaldehyde, 20 ml ethanol and 8
drops of concentrated HCl was heated at reflux for 4 hr, then cooled
to 0°C. Diethyl ether was added dropwise until no additional precip-
itate appeared (10–20 ml). The product was filtered to yield 200 mg
of a fine yellow powder which was recrystallized by dissolving it in
warm isopropyl alcohol and precipitating it with ether. The result

was 180 mg (0.519 mmol) of a yellow solid (mp 210–213°C, 67%
yield). 1H NMR (dimethyl sulfoxide-d6):d 8.93 (H69, d, 5 Hz, 1H), 8.86
(H29, s, 1H), 8.17 (H49, d, 9 Hz, 1H), 7.77 (H59, dd, 1H), 7.70 (H2, H6,
m, 2H), 7.52 (Hb, dd, 13 and 17 Hz, 1H), 7.40 (H3, H4, H5, m, 3H),
7.29 (Ha, d, 17 Hz, 1H), 6.98 (Hg, d, 12 Hz, 1H), 5.4 (N-H, b, 2H), 3.78
(CH2, m, 2H), 2.93 (CH2, m, 2H), 2.04 ppm (CH2, m, 2H). Anal. Calcd
for C19H20N2Cl2: C, 65.70%; H, 5.80%; N, 8.07%. Found: C, 65.69%,
H, 5.85%, N, 7.98%.

E,E-3-(2-Methoxycinnamylidene)anabaseine dihydrochlo-
ride. A solution containing 0.86 mmol anabaseine dihydrochloride,
2.1 mmol trans-2-methoxycinnamaldehyde, 20 ml ethanol and 8
drops concentrated HCl was heated at reflux for 4 hr while stirring.
This was cooled to 0°C and the product was precipitated with diethyl
ether (10–20 ml) to yield 220 mg of a yellow solid. This was recrys-
tallized by dissolving it in warm isopropyl alcohol and precipitating
it with diethyl ether to yield 200 mg (0.51 mmol) of an orange solid
(mp 212–213°C, 59% yield). A portion was converted to the free base
by use of saturated aqueous NaHCO3 and extracting the product into
ethyl acetate; a yellow solid then was collected. 1H NMR of the free
base (CDCl3): d 8.63 (H29, d, 2 Hz, 1H), 8.57 (H69, dd, 2 and 6 Hz, 1H),
7.70 (H49, dt, 2, 2 and 9 Hz, 1H), 7.42 (H6, dd, 2 and 8 Hz, 1H), 7.27
(H59, ddd, 2, 6 and 9 Hz, 1H), 7.17 (H4, dt, 2, 8 and 8 Hz, 1H), 7.05
(Hb, dd, 12 and 17 Hz, 1H), 6.90 (Ha, d, 17 Hz, 1H), 6.85 (H5, t, 8 and
8 Hz, 1H), 6.78 (H3, d, 8 Hz, 1H), 6.32 (Hg, d, 12 Hz, 1H), 3.80 (CH2,
m, 2H), 3.78 (CH3O, s, 3H), 2.68 (CH2, m, 2H), 1.80 ppm (CH2, m,
2H). Anal. Calcd. for C20H22N2Cl2O.H2O: C, 60.76%; H, 6.12%, N,
7.08%. Found: C, 60.54%, H, 6.03%, N, 6.76%.

E,E-3-(4-Methoxycinnamylidene)anabaseine dihydrochlo-
ride. A solution containing 1.7 mmol anabaseine dihydrochloride,
4.3 mmol trans-4-methoxycinnamaldehyde, 20 ml of ethanol and 16

Fig. 1. (Top) Structures of GTS-21 (DMXB), DMAC and related 3-cin-
namylidene anabaseine compounds. CA refers to 3-cinnamylidene
anabaseine moiety. (Bottom) Lowest energy conformation for structure of
3-CA as generated by a PM3 semiempirical computation with HyerChem
version 4.5 (Hypercube, Inc., Gainesville, FL). The distance between the
two nitrogen atoms is 4.41 A and the dihedral angle between the pyridine
and reduced pyridine rings is 80 248 .
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drops of concentrated HCl was heated at reflux for 4 hr while stir-
ring. The reaction mixture was cooled to 0°C and the product was
precipitated with diethyl ether (20–40 ml). The product was col-
lected by filtration to give 410 mg of a yellow solid, which was
recrystallized by dissolving it in warm isopropyl alcohol and precip-
itating it with diethyl ether to yield 350 mg (0.928 mmol) of an
orange solid (mp 217–219°C, 54% yield). 1H NMR (dimethyl sulfox-
ide-d6): d 8.98 (H69, d, 6 Hz, 1H), 8.94 (H29, s, 1H), 8.32 (H49, d, 9 Hz,
1H), 8.78 (H59, dd, 9 and 6 Hz), 7.66 (H2,6 d, 10 Hz, 2H), 7.38 (Hb,
dd, 17 and 12 Hz), 7.24 (Ha, d, 17 Hz, 1H), 6.95 (H3,5 and Hg, m, 3H),
5.9 (NH, b, 2H), 3.76 (CH3, s, 3H), 3.74 (CH2, m, 2H), 2.89 (CH2, m,
2H), 2.04 ppm (CH2, m, 2H). Anal. Calcd. for C20H22N2OCl2: C,
63.67%; H, 5.88%; N, 7.43%. Found: C, 63.32%; H, 5.87%; N, 7.32%.

Animals

Male Sprague Dawley albino rats (250–350 g) were purchased
from Charles River Laboratories (Boston, MA) and maintained in the
University of Florida Health Center Vivarium according to National
Institutes of Health guidelines, on a 12-hr light/dark cycle. They had
ad libitum access to food (Purina rat chow) and water. Female
Xenopus laevis (Nasco, Ft. Atkinson, WI) were housed in aquarium
tanks maintained precisely at 18°C to reduce potential problems
with seasonal variability in oocyte viability (Wu and Gerhart, 1991).
Frogs were fed frog brittle (Nasco) and kept on a 12-hr light/dark
cycle.

Oocyte Recordings

Oocytes were prepared and recordings made as described previ-
ously (de Fiebre et al., 1995). Frogs were anesthetized by submersion
in 0.1% w/v (3)-aminobenzoic acid ethyl ester and several lobes of the
ovary surgically removed through a small incision in the abdomen
wall. Oocytes were freed from the follicle cells by treatment with
collagenase (in calcium-free Barth’s solution: 88 mM NaCl, 1 mM
KCl, 15 mM HEPES, pH 7.6, 0.33 mM MgSO4, 0.1 mg/ml gentamicin
sulfate) for 2 hr at room temperature and stage 5 oocytes were
isolated. Oocytes were rinsed and stored at 18°C in Barth’s saline (88
mM NaCl, 1 mM KCl, 15 mM HEPES, pH 7.6, 0.3 mM Ca(NO3)2,
0.41 mM CaCl2, 0.82 mM MgSO4, 0.1 mg/ml gentamicin sulfate)
before and after microinjection with RNA (Wu and Gerhart, 1991).
Microinjection was conducted with a Drummond Scientific “Nanoject
Variable” automatic injector. Oocytes were injected with a 50-nl
solution of specified nicotinic subunit rat-mRNA species (2–10 mg/
ml; derived from the cDNA containing HIP 306 plasmid kindly
provided by Dr. Jim Boulter, Salk Institute, San Diego, CA) and
incubated 2 to 7 days at 18°C before electrophysiological recording.

For electrophysiological recordings, oocytes were perfused for sev-
eral minutes in a Warner Instruments RC-8 recording chamber with
a perfusion solution containing 115 mM NaCl, 2.5 mM KCl, 10 mM
HEPES, pH 7.2, 1.8 mM CaCl2 and 1 mM atropine to block musca-
rinic responses. Perfusion was continuous at a rate of 10 ml/min.
Drugs were diluted in perfusion solution and applied with a solenoid
valve to switch from perfusion to drug solutions. Current responses
to drug administration were studied under two electrode voltage
clamp at a holding potential of 270 mV with a Dagan Corp (Minne-
apolis, MN) TEV-200 voltage clamp connected to a 386-SX IBM
computer with a TL-1 DMA interface (Axon Instruments, Foster
City, CA). Micropipettes were filled with 3 M KCl and had resis-
tances of 0.5 to 2 megohms. Drug responses are analyzed with
PClamp software (Axon Instruments, Foster City, CA). Oocytes with
resting potentials of less than 230 mV were rejected.

High-Affinity [125I]a-BTX Binding

Rats were decapitated, and cerebral cortices were removed and
homogenized in 10 vol of ice-cold KRH buffer (NaCl, 118 mM; KCl,
4.8 mM; MgSO4, 1.2 mM; CaCl2, 2.5 mM; and HEPES, 20 mM; pH
adjusted to 7.5 with NaOH), and then assayed for high affinity
[125I]a-BTX (New England Nuclear Co., Boston, MA) binding as

described previously (de Fiebre et al., 1995). Binding assays were
conducted at 4°C in KRH buffer. The final incubation contained 500
to 800 mg protein/250 ml with 2 nM [125I]a-BTX. Binding was termi-
nated by diluting with 3 ml of ice-cold KRH buffer, followed imme-
diately by filtration through glass fiber filters soaked in buffer con-
taining 0.5% polyethylenimine. Nonspecific binding was determined
with 100 mM unlabeled nicotine. IC50 values were calculated and Ki

values estimated by the equation of Cheng and Prusoff (1973).

Neuroprotection Assay

PC12 cell-culture methods were modified from those of Greene and
Tischler (1976). Cells (American Type Culture Collection, Rockville,
MD) were plated at 30 to 40% confluence and grown in Dulbecco’s
Modified Eagle’s Medium containing 10% heat-inactivated horse se-
rum, 5% fetal bovine serum, 100 units/ml penicillin, 100 mg/ml strep-
tomycin and 0.5 mM l-glutamine. Chemicals used in the mainte-
nance of cultures were obtained from Gibco/BRL (Grand Island, NY),
except l-glutamine (Sigma Chemicals, St. Louis, MO). Cultures were
maintained at 37°C, 94% O2/6% CO2 and 90 to 92% humidity in
culture plates (Fisher Scientific, Orlando, FL) precoated with poly-
L-lysine (10 g/l). Cultures were maintained for 7 days in serum-
supplemented medium to which 100 ng/ml rat 2.5S NGF was added
at day 1. On day 7, conditioned medium was replaced with serum-
and antibiotic-free medium containing specified drugs. Four days
later, the percent of cells expressing neurites was determined by
dividing the number of neurite-expressing cells by total cell number.
Cell number was estimated with use of the NIH Image program
version 1.47 and the number of neurite-expressing cells counted
manually in blind fashion (Martin et al., 1994). A Nikon inverted
microscope (magnification, 3100) was attached to a Mac II computer
via a monochrome video camera (Cohu, Inc., San Diego, CA). Four
random areas were counted per plate and there were four plates per
treatment group, unless otherwise indicated. Each plate derived
from a separate flask. Neurites were defined as processes at least
two times the length of the perikaryon. To assess the reliability of the
image analyses, a reticle was used for direct quantification of cells in
the same view as the one analyzed in random samples. Differences
among treatment groups were assessed by one-way ANOVA (Dixon
and Massey, 1969).

Passive Avoidance Behavior

Passive avoidance behavior was measured in nucleus basalis-
lesioned rats after intraperitoneal injections of drugs (base weight)
or 0.9% saline diluent. For lesions, male 5-month-old Sprague Daw-
ley rats were anesthetized with 30 mg/kg sodium pentobarbital (i.p.)
and then infused bilaterally with 1 ml of 5 mg/ml ibotenic acid in
phosphate-buffered saline, pH 7.4, into the nucleus basalis as de-
scribed previously (Meyer et al., 1987). Infusion coordinates were
anterior 7.0 mm, lateral 2.6 mm and vertical 6.5 mm according to
Paxinos and Watson (1986). After surgery, animals were returned to
their individual home cages, and for several days, were fed semisolid
mash made from Purina Rat Chow. One month later, animals were
trained in a two-chamber passive avoidance paradigm. Fifteen min-
utes after i.p. drug injection, they were placed in the lit compartment
and allowed to enter the dark adjoining chamber. Animals that
entered the second chamber received a mild foot shock (0.8 mA) for
1 sec. Rats were tested for latency to enter the dark chamber 24 hr
later for up to 5 min; this test also began 15 min after injection.
Statistical analyses used rank order nonparametric comparisons of
latencies (Dixon and Massey, 1969).

Histological assessments of the ibotenic acid placements in the
nucleus basalis were made after behavioral measurements by cho-
linesterase staining in formalin-fixed tissues. These injections typi-
cally reduced the number of cholinesterase-staining cells by more
than 80% in the nucleus basalis, with some loss of staining in the
globus pallidus and thalamus as well, as determined with the NIH
Image 1.47 program.
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Results
[125I]a-BTX bound to rat brain membranes in a nicotine-

displaceable manner with Scatchard analyses indicating a Kd

of 1.9 nM (r 5 0.98; single-site model). Each 3-cinnamylidene
anabaseine blocked high-affinity, nicotine-displaceable
[125I]a-BTX binding from rat brain membranes in a concen-
tration-related manner (IC50 values: 3-CA, 80 nM; 4-MeOCA,
54 nM; 2-MeOCA, 8 nM) (fig. 2).

ACh displayed typical agonist activity at alpha-7 and al-
pha-4beta-2 nicotinic receptors expressed in Xenopus oocytes
(figs. 3 and 4). The cinnamylidene-anabaseine compounds
were also efficacious with respect to activating rat alpha-7
homo-oligomeric receptors, without activity at the alpha-
4beta-2 combination. 3-CA and 2-MeOCA had similar al-
pha-7 EC50 potency values (3.2 6 0.7 mM and 6.2 6 2.2 mM,
respectively), whereas 4-MeOCA was two to three times less
potent (EC50 5 15.9 6 7.9 mM).

Antagonist properties subsequent to agonist activity were
measured as a decrease in responsiveness to ACh applied 5
min after compound application, normalized to initial control
applications (fig. 3). ACh administration had no long-term
inhibitory activity, as noted previously. However, the cin-
namylidene-anabaseines displayed concentration-dependent
antagonist activity that varied in relative potency from what
was observed with agonist activity. The IC50 values for 3-CA,
2-MeOCA and 4-MeOCA were 15 6 6 mM, 2.3 6 0.7 mM and
5.0 6 2.3 mM, respectively. There was no clear relationship
between agonist- and antagonist-potencies for alpha-7 recep-
tors among these three compounds. None of the compounds
elicited significant antagonism to alpha-4beta-2 receptors up
to concentrations of 30 mM.

Bilaterally nucleus basalis-lesioned rats injected with
saline diluent performed poorly in the passive avoidance para-
digm compared with sham-operated controls (fig. 5). The three
cinnamylidene-anabaseines each improved passive avoidance
behavior in the lesioned animals in an inverted U-shaped, dose-
related manner when administered i.p. 2-MeOCA was effective
at a dose of 0.1 mg/kg, whereas significant improvements in this
behavior were observed at higher doses with the other two
compounds. None of the agents altered performance during the

training interval over the dose ranges in which test perfor-
mance was improved, which suggests that there was no drug-
induced change in locomotor function; higher doses did cause
animals to be untrainable, with apparent loss of coordination
without convulsions or unconsciousness (data not shown).

Removal of NGF from differentiated PC12 cultures led to
significant neurite loss 4 days later compared with plates in
which NGF remained (fig. 6). 3-CA at 10 mM protected
against NGF-deprivation neurite loss, whereas the other two
compounds had no effect (fig. 6). Choline also protected
against cell death in a 1 to 10 mM concentration range, which
previously was found to activate these receptors selectively
in oocytes. This effect was blocked with the nicotinic antag-
onist mecamylamine (fig. 7).

Discussion
The mammalian brain possesses many nicotinic receptor

subtypes, but the two predominant subsites apparently con-

Fig. 2. Displacement of high-affinity a-BTX binding to rat brain mem-
branes by 3-cinnamylidene anabaseines. Neocortices were removed and
assayed for nicotine-displaceable, high-affinity [125I]a-BTX binding in the
presence of specified drug concentrations, as described in the text. Each
value is the mean 6 S.E.M. of three preparations per group.

Fig. 3. Responses of rat alpha-7 ACh receptor (AChR) to 3-CA,
2-MeOCA and 4-MeOCA. (A) Concentration-response relationships for
the peak agonist-activated currents of oocytes injected with RNA coding
for the rat alpha-7 subunit. All responses initially were measured relative
to the individual oocyte response to 500 mM ACh, applied 5 min before
drug application. Responses were normalized relative to the maximum
response obtainable with ACh, so that a response of 1 represents full
efficacy. The ratio of 500 mM ACh control response to ACh maximum was
taken from Papke et al. (1997). (B) Residual inhibition of control (500 mM)
ACh responses of rat alpha-7-injected oocytes after the application of
3-CA, 2-MeOCA or 4-MeOCA at specified concentrations. All responses
are expressed relative to the oocyte-response to 500 mM ACh applied 5
min prior to the experimental agonist application.
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sist of alpha-4beta-2 and alpha-7 subunits, based on binding
and immunological studies (Clarke et al., 1985; Flores et al.,
1992). Each of the 3-cinnamylidene anabaseines character-
ized to date (DMAC, 3-CA, 2-MeOCA, 4-MeOCA) selectively
activates alpha-7 receptors over alpha-4beta-2 subtypes,
which indicates at least some degree of nicotinic receptor
selectivity. For DMAC, at least, this selectivity is seen over
other nicotinic receptor subunit combinations as well (de
Fiebre et al., 1995). The simplest 3-cinnamylamine
anabaseine, 3-CA, was potent and efficacious, and also ex-
pressed relatively little antagonist activity at a neurite-pro-
tective concentration. Addition of the methoxy group to the
2-position resulted in the highest affinity for alpha-7 recep-
tors of any compound yet reported, but also increased antag-
onist potency. The 4-substituted cinnamylidene anabaseine
(4-MeOCA) had agonist and antagonist receptor properties
similar to those reported for DMAC, which is also a 4-substi-
tuted cinnamylidene-anabaseine (de Fiebre et al., 1995): less

affinity for the alpha-7 receptor than the unsubstituted
3-CA, but higher antagonist potency as well.

The presence of long-term antagonist activity, separate
from desensitization, after acute administration of some cin-
namylidene-anabaseines suggests that these antagonists re-
main bound to the antagonist site for an extended interval.
However, there was no evidence for this phenomenon in
binding-displacement studies. A very slow off-rate (several
minutes) for cinnamylidene-anabaseines with significant an-
tagonist activity (e.g., 4-MeOCA, 2-MeOCA) would be re-
flected as a many-fold increase in the potency of displace-
ment compared with agents with much less antagonist
activity (e.g., 3-CA). This was not observed. One potential
explanation may be the presence of multiple binding sites for
these compounds, with the antagonist site being separate
from the a-BTX site and therefore not readily measured in
this assay. Alternatively, the displacement of a-BTX binding
in lysed membrane preparations may not reflect the antago-
nism that occurs in intact cells if this antagonism is voltage-
dependent, as has been reported for ABT 418 (Papke et al.,
1997).

Ibotenate-treated, nucleus basalis-lesioned rats offer a well
studied model for memory-related dysfunction (Connor et al.,
1991; Dekker et al., 1992; Meyer et al., 1987). The lowest
effective doses of the cinnamylamine-anabaseine compounds
reflect, at least in part, their relative potencies in this model.
The rank ordering of these minimal doses for 3-CA,
2-MeOCA and 4-MeOCA are consistent with their relative
receptor binding and activation concentrations in vitro. It
also appears that compounds such as 2-MeOCA or DMAC
(Meyer et al., 1994) that possess both alpha-7 agonist and
antagonist activity improve this behavior. In contrast, nico-
tinic receptor antagonists such as mecamylamine interfere
with memory-related behaviors (Levin and Torry, 1996;
Meyer et al., 1997b), which indicates that agonist activity
may be essential for enhancement.

Nicotinic receptor agonists were found previously to exert
neuroprotective or anti-apoptotic actions in a variety of
model systems, including trophic factor deprivation in sym-
pathetic ganglia (Koike et al., 1989), differentiated PC12 cells
(Martin et al., 1994), lesioned brain dopamine neurons (Jan-
son, 1988) and N-methyl-D-aspartate-induced toxicity in pri-
mary neocortical neurons (Akaike et al., 1994). In this study,
choline and 3-CA each exhibited cytoprotective activity,
which suggests a neuroprotective role for alpha-7 receptors.
Choline activates rat alpha-7 receptors with a potency 10-
fold lower than that of ACh, without effect at alpha-4, al-
pha-2, beta-2 or beta-4 containing subtypes (Papke et al.,
1996). The potency of choline at oocyte-expressed alpha-7
receptors is similar to that observed for neuroprotection in
the present assay, with activity seen in the 1 to 10 mM range
in both systems.

In contrast, neither 2-MeOCA nor 4-MeOCA elicited neu-
rite protection at the same concentration at which 3-CA was
effective. This indicates either that alpha-7 receptor activa-
tion may be insufficient to elicit neuroprotection, or that
some other property, such as antagonist activity, interferes
with neuroprotection. The 10 mM concentration was selected
based on the results of oocyte studies, which indicated that it
would permit a comparison of the relative importance of
agonist versus antagonist activities in this assay. Thus, 10
mM 3-CA and 2-MeOCA were hypothesized to activate a

Fig. 4. Responses of alpha-4beta-2 ACh receptor (AChR) to 3-CA,
2-MeOCA or 4-MeOCA. (A) Concentration-response relationships for the
peak agonist-activated currents of oocytes injected with RNA coding for
rat alpha-4beta-2 subunits. Responses are first expressed relative to the
response to 10 mM ACh, applied 5 min before drug application, then
normalized to the maximum response obtainable with ACh so that a
response of 1 represents full efficacy. The ratio between 10 mM ACh and
maximum ACh response was determined in separate experiments. (B)
Residual inhibition of control (10 mM) ACh responses of rat alpha-4beta-
2-injected oocytes after the application of 3-CA, 2-MeOCA or 4-MeOCA at
the specified concentration. Responses are expressed relative to the in-
dividual oocyte response to 10 mM ACh, applied 5 min before experimen-
tal agonist application.
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similar fraction of maximum peak current (about 75%), but
differentially inhibit alpha-7 receptors: less than 20% inhi-
bition for 3-CA and more than 90% inhibition for 2-MeOCA.
The results of this study, along with those involving choline
which has no apparent antagonist activity, are consistent
with the hypothesis that neuroprotective activity in the PC12
cell model is attenuated by alpha-7 receptor antagonism
when a similar level of receptor activation is present.

We hypothesize that activation of alpha-7 receptors is neces-
sary for the neuroprotective and behavioral effects observed
with 3-cinnamylidine- and 3-benzylidene-anabaseines, based in
part on the ability of the antagonist mecamylamine to block
their actions (Martin et al., 1994; Meyer et al., 1994, 1997b).
These effects may be caused by the initial, transient increase in
calcium influx, which then triggers intracellular transduction
processes. An anti-apoptotic activity of nicotinic receptor acti-
vation was found to involve a protein kinase C-dependent path-
way, at least in part (Wright et al., 1993). We also have observed
an increase in protein kinase C activity in PC12 cells treated
with GTS-21 (data not shown), which suggests that alpha-7
nicotinic receptor subtypes may trigger this calcium-sensitive
transduction pathway as well. Along this line, alpha-7 receptors
have been found to be involved in synapse formation through a

mechanism that appears to involve calcium homeostasis (Pugh
and Berg, 1994).

However, because alpha-7 receptors desensitize in the
presence of agonist, an important question about long-term
actions of these compounds such as neuroprotection is
whether these receptors remain in a state that can be acti-
vated after the initial application of agonist. Previous results
indicate that the answer depends on the agonist as well as
agonist concentration. Nicotine, for example, can desensitize
receptors at concentrations below those necessary for activa-
tion in the Xenopus oocyte expression system (Briggs et al.,
1997). However, although high concentrations of the selec-
tive agonist GTS-21 cause rapid desensitization of virtually
all the alpha-7 receptors in the same system, lower concen-
trations result in small but very protracted currents. Fur-
ther, we found that because of a lower rate of desensitization,
a 3 mM concentration of GTS-21 caused a total net charge of
almost 50% that of 30 mM GTS-21 during a period of 100 sec,
despite triggering a peak response of less than 10% of the
higher concentration (data not shown). Therefore, low but acti-

Fig. 5. Effects of 3-cinnamylidene anabaseines on passive avoidance behavior in nucleus basalis lesioned rats. Adult Sprague Dawley albino rats were
nucleus basalis-lesioned bilaterally and tested for passive avoidance behavior. Testing intervals were determined 15 min after i.p. injection of saline
vehicle or specified drug, and described as mean 6 S.E.M. of five to eight animals/group. NT, not tested; the animals could not be trained because of
apparent motor deficits. *P , .05 compared with saline-injected group, one-way ANOVA.

Fig. 6. Effects of 3-cinnamylidene anabaseines on neurite viability in
differentiated PC12 cells undergoing NGF deprivation. PC12 cells that
had been differentiated for 1 week were exposed to the specified 3-cin-
namylidene anabaseine (10 mM each) for 4 days, in the absence of NGF
and serum. Some plates had 100 ng/ml NGF (minus serum) return for
this 4-day interval. The percent of PC12 cells expressing neurites were
quantified and expressed as the mean 6 S.E.M. of three to four plates/
group. *P , .05 compared with untreated cells (one-way ANOVA).

Fig. 7. Effects of choline on neurite viability in differentiated PC12 cells
under NGF deprivation. PC12 cells that had been differentiated for 1
week and then deprived of NGF 1 serum were exposed for 4 days to
serum-free medium containing either nothing, 100 ng/ml NGF, the spec-
ified choline concentration, 6 10 mM mecamylamine. The fraction of
PC12 cells expressing neurites at that time were quantified as described
in the text and expressed as the mean 6 S.E.M. of three to four plates/
group. *P , .05 compared with untreated cells (one-way ANOVA).
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vating concentrations of agonist may permit steady state levels
of functional (i.e., nondesensitized) receptor occupancy, at least
in the absence of additional long-term antagonism. The neuro-
protective action of 3-cinnamylidene-anabaseine was observed
at a concentration somewhat less than that necessary for acti-
vating peak current.

Nicotinic agonists including ACh generally have a lower
potency and affinity for the alpha-7 receptor than for other
subtypes. This low affinity and potency may be important for
activating (and thereby desensitizing) only a small fraction of
the alpha-7 receptors at any given time, so that intracellular
calcium accumulation is modulated carefully in a nontoxic man-
ner. Mutant forms of alpha-7 receptors that do not desensitize
rapidly have been found to be neurotoxic (Treinin and Chalfie,
1995) or reduce viability (Puchacz et al., 1995) after gene-trans-
fer protocols.

The present observations are consistent with the hypoth-
esis that choline is an endogenous agonist for alpha-7 recep-
tors, at least under conditions in which it is being generated
extracellularly at high concentrations near these receptors.
This choline generation could occur through phospholipase-
mediated metabolism of phosphatidylcholine, which is
present predominantly on the extracellular surface of plasma
membranes. This choline generation might be expected to
have local trophic influences on nearby cells, protecting them
from the original insult. As such, the alpha-7 receptor could
play a critical role in maintaining differentiated cell survival,
potentially even without ACh.

Acknowledgments

E.M.M. is a co-inventor of DMXB (GTS-21), which is licensed to
Taiho Pharmaceuticals. C.M.dF. was supported in part by National
Institutes of Health training grant AG00176 and NS32888 to RLP.
The authors acknowledge Drs. M.P. Cruskie and C.D. Dill, who
prepared the cinnamylidene-anabaseine compounds; Sherry Robin-
son, who conducted oocyte recordings; Guang-ling Huang, who con-
ducted some behavioral studies; and Allison Dasta, who provided
secretarial assistance.

References
Akaike A, Tamura Y, Takeharu Y, Shimohama S and Kimura J (1994) Nicotine-

induced protection of cultured cortical neurons against N-methyl-D-aspartate
receptor-mediated glutamate cytotoxicity. Brain Res 644:181–187.

Alkondon M and Albuquerque EX (1993) Diversity of nicotinic acetylcholine recep-
tors in rat hippocampal neurons. I. Pharmacological and functional evidence for
distinct structural subtypes. J Pharmacol Exp Ther 265:1455–1469.

Briggs CA, Anderson DJ, Brioni JD, Buccafusco JJ, Buckley MJ, Campbell JE,
Decker MW, Donnelly-Roberts D, Elliott RL, Gopalakrishnan M, Holladay MW, Hui
YH, Jackson WJ, Kim DJ, Marsh KC, O’Neill A, Prendergast MA, Ryther KB,
Sullivan JP and Arneric SP (1997) Functional characterization of the novel nicotinic
receptor ligand GTS-21 in vitro and in vivo. Pharmacol Biochem Behav 57:231–241.

Cheng Y-C and Prusoff WH (1973) Relationship between the inhibition constant (Ki)
and the concentration of inhibitor which causes 50% inhibition (I50) of an enzy-
matic reaction. Biochem Pharmacol 22:3099–3108.

Clarke PB, Schwartz RD, Paul SM, Pert CB and Pert A (1985) Nicotinic binding in
rat brain: autoradiographic comparison of [3H]acetylcholine, [3H]nicotine, and
[125I]-a bungarotoxin. J Neurosci 5:1307–1315.

Connor DJ, Langlais PJ and Thal LJ (1991) Behavioral impairments after lesions of
the nucleus basalis by ibotenic acid and quisqualic acid. Brain Res 555:84–90.

Couturier S, Bertrand D, Matter JM, Hernandez MC, Bertrand S, Miller N, Soledad
V, Barkas T and Ballivet M (1990) A neuronal nicotinic acetylcholine receptor
subunit (a-7) is developmentally regulated and forms a homo-oligomeric channel
blocked by a-bungarotoxin. Neuron 5:8476–856.

de Fiebre CM, Meyer EM, Kem W and Papke RL (1995) Characterization of a family
of anabaseine-derived compounds reveals that the 3-(4)-dimethylamino-
cinnamylideine derivative is a selective agonist at neuronal nicotinic a7/a-
bungarotoxin receptor subtypes. Mol Pharmacol 47:164–171.

Dekker AJ, Gage FH and Thal LJ (1992) Delayed treatment with nerve growth factor
improves acquisition of a spatial task in rats with lesions of the nucleus basalis
magnocellularis: evaluation of the involvement of different neurotransmitter sys-
tems. Neuroscience 48:111–119.

Deneris ES, Connolly J, Rogers SW and Duvoisin R (1991) Pharmacological and
functional diversity of neuronal nicotinic acetylcholine receptors. Trends Pharma-
col Sci 12:34–40.

Dixon WJ and Massey FJ (1969) Introduction to Statistical Analyses. McGraw-Hill
Book Co., New York.

Flores CM, Rogers SW, Pabreza LA, Wolfe BB and Kellar KJ (1992) A subtype of
nicotinic cholinergic receptor in rat brain is composed of a4 and b2 subunits and
is up-regulated by chronic nicotine treatment. Mol Pharmacol 41:31–37.

Gray R, Rajan AS, Radcliffe KA, Yakehiro M and Dani JA (1996) Hippocampal
synaptic transmission enhanced by low concentrations of nicotine. Nature (Lond)
383:670–671.

Greene LA and Tischler A (1976) Establishment of a noradrenergic clonal line of rat
adrenal pheochromocytoma cells which respond to nerve growth factor. Proc Natl
Acad Sci USA 73:2424–2428.

Janson AM, Fuxe K, Agnati LF, Jansson A, Kitayma I, Harfstrand A, Andersson K
and Goldstein M (1988) Chronic nicotine treatment counteracts the disappearance
of tyrosine hydroxylase immunoreactive nerve cell bodies, dendrites and terminals
in the mesostriatal dopamine system of the male rat after partial hemitransection.
Brain Res 445:332–345.

Koike T, Martin DP and Johnson EM (1989) Role of calcium channels in the ability
of membrane depolarization to prevent neuronal death induced by trophic factor
deprivation: Evidence that levels of internal calcium determine nerve growth
factor dependence on sympathetic ganglionic cells. Proc Natl Acad Sci USA 86:
6421–6425.

Levin ED and Torry D (1996) Acute and chronic nicotine effects on working memory
in aged rats. Psychopharmacology (Berl) 123:88–97.

Marks MJ, Stitzel JA, Romm E, Wehner JJ and Collins AC (1986) Nicotinic binding
sites in rat and mouse brain: comparison of acetylcholine, nicotine and a-bunga-
rotoxin. Mol Pharmacol 30:427–436.

Martin EJ, Panicker KS, King MA, Deyrup M, Hunter BE and Meyer EM (1994)
Cytoprotective action of 2,4-dimethoxybenzylidene anabaseine in differentiated
PC12 cells and septal cholinergic neurons. Drug Dev Res 31:127–134.

McGehee DS, Heath MJS, Gelber S, Devay P and Role LW (1995) Nicotine enhance-
ment of fast excitatory synaptic transmission in the CNS by presynaptic receptors.
Science 269:1692–1696.

Meyer EM, Arendash GW, Judkins J, Ying L, Wade K and Kem WR (1987) Effects
of nucleus basalis lesions on the muscarinic and nicotinic modulation of acetylcho-
line release in the rat cerebral cortex. J Neurochem 49:1758–1762.

Meyer EM, de Fiebre CM, Hunter BE, Simpkins CE and de Fiebre NE (1994) Effects
of anabaseine related analogs on rat brain nicotinic receptor binding and on
avoidance behavior. Drug Dev Res 31:135–141.

Meyer EM, King MA and Meyers C (1997a) Neuroprotective effects of 2,4-
dimethoxybenzylidene anabaseine (DMXB) and tetrahydroaminoacridine (THA)
in neocortices of nucleus basalis lesioned rats. Brain Res 768:49–56.

Meyer EM, Tay ET, Papke RL, Meyers C, Huang GL and de Fiebre CM (1997b)
[2,4-dimethoxybenzylidene]anabaseine (DMXB) selectively activates rat a7 recep-
tors and improves memory-related behaviors in a mecamylamine-sensitive man-
ner. Brain Res, in press.

Papke RL (1993) The kinetic properties of neuronal nicotinic receptors: Genetic basis
of functional diversity. Prog Neurobiol 41:509–531.

Papke RL, Bencherif M and Lippiello P (1996) An evaluation of neuronal nicotinic
acetylcholine receptor activation by quaternary nitrogen compounds indicates that
choline is selective for the a7 subtype. Neurosci Lett 213:201–204.

Papke RL, Thinschmidt JS, Moulton BA, Meyer EM and Poirier A (1997) Activation
and inhibition of rat neuronal nicotinic receptors by A. B. T.-418. Br J Pharmacol
120:429–438.

Paxinos G and Watson C (1986) The Rat Brain in Stereotaxic Coordinates. Academic
Press, Orlando, FL.

Puchacz E, Galzi JL, Buisson B, Betrand D and Changeux JP (1995) Properties of
transgenic nicotinic acetylcholine receptors stably expressed in human cells as homo-
ligomers of wild type or mutant rat or chick a7 subunits. Soc Neurosci Abs 21:1335.

Pugh PC and Berg DK (1994) Neuronal acetylcholine receptors that bind a-bunga-
rotoxin mediate neurite retraction in a calcium dependent manner. J Neurosci
14:889–896.

Shimohama S, Greenwald DL, Shafron DH, Akaike A, Maeda T, Kaneko S, Kimura J,
Simpkins CE, Day AL and Meyer EM (1998) Nicotinic a7 receptors protect against
glutamate neurotoxicity and neuronal ischemic damage. Brain Res, in press.

Seguela P, Wadiche J, Dineley-Miller K, Dani JA and Patrick JW (1993) Molecular
cloning, functional properties and distribution of rat brain a7: a nicotinic cation
channel highly permeable to calcium. J Neurosci 13:595–604.

Treinin M and Chalfie M (1995) A mutated acetylcholine receptor subunit causes
neuronal degeneration in C. elegans. Neuron 14:871–877.

Woodruff-Pak DS, Li, Y-T and Kem WR (1994) A nicotinic agonist (GTS-21), eyeblink
classical conditioning and nicotinic receptor binding in rabbit brain. Brain Res
645:309–317.

Wright SC, Zhong J, Zheng H and Larrick JW (1993) Nicotine inhibition of apoptosis
suggests a role in tumor promotion. FASEB J 7:1045–1051.

Wu M and Gerhart J (1991) Raising Xenopus in the laboratory. Meth Cell Biol
36:3–18.

Zhang Z, Coggan JS and Berg DK (1996) Synaptic currents generated by neuronal
acetylcholine receptors sensitive to a-bungarotoxin. Neuron 17:1232–1240.

Zoltewicz JA and Cruskie MP (1997) U.S. Patent No. 5,602,257.

Send reprint requests to: Edwin M. Meyer, Ph.D., Department of Pharma-
cology and Therapeutics, Box 100267, University of Florida College of Medi-
cine, Gainesville, FL 32610.

1032 Meyer et al. Vol. 284

 at A
SPE

T
 Journals on A

ugust 8, 2016
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

