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Abstract

Cholinesterase inhibitors (ChEls) are the mainstay of treatment for AD but differ by secondary
mechanisms of action. We determine the effects of sub-chronic dosing of ChEls on a7 and non-a7
nAChRs and determine if differences can be observed between them. Sprague—Dawley rats were
administered donepezil, galantamine; rivastigmine at two doses each, in saline SQ twice daily or
with nicotine (0.4 mg/kg) as a positive control. After 14 days the animals were sacrificed, and the
levels of NAChRs were measured using [2H]-EPI to measure non-a7 nAChRs and [3H]-MLA to
measure a7 NAChRs. In the cortex, all compounds tested at the higher doses significantly
increased the levels of both [3H]-EPI and [3H]-MLA. In the hippocampus all compounds
significantly increased [3H]-EPI but had no effect on [®H]-MLA binding. No effects were
observed in the striatum with treatment. There were no differences observed among the ChEls. In
cell cultures, none of the ChEls increased non-a7 or o7 receptor binding. Treatment with ChEIls
result in similar increases in receptor levels which suggest that the increases in NAChRs may be
due simply to the increases in synaptic levels of acetylcholine.
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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative condition that is characterized by
many hallmarks pathologically including a loss of cholinergic neurons. For this reason, one
of the mainstays of AD pharmacotherapy remains the use of cholinesterase inhibitors
(ChEls) as a way to increase synaptic levels of acetylcholine. While the primary mode of
action for these medications is the inhibition of the enzyme acetylcholinesterase, other
possible mechanisms by which ChEls exert biological effects on the brain in AD continue to
be investigated (Sabbagh et al. 2006; Nordberg 2006). Among these mechanisms, much
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attention has been focused on the interaction between the nicotinic acetylcholine receptors
(nAChRs) and ChEls.

Nicotinic acetylcholine receptors are a family of ligand gated ion channels whose
endogenous ligand is acetylcholine. They are pentameric in structure with 17 different
subunits having been reported to date («1-10, 51-4, y, J and ¢) that can assemble to form a
large family of receptors (Millar 2003). The nAChRs found in the brain are divided into two
major subtypes, the a7 and non-a7. In the mammalian brain receptors of the a7 group are
composed of homomers a7 subunits, and have a high affinity for the snake toxin a-
bungarotoxin as well as the alkaloid methyllycaconitine (MLA; Davies and Feisullin 1981;
Barrantes et al. 1995; Davies et al. 1999). In the rat brain, levels of this class of receptor are
high in the hippocampus, moderate in the cortex and low in the striatum (Clarke et al. 1985;
Davies et al. 1999; Mugnaini et al. 2002).

The second group of receptors, the non-a7 subtype, are composed of heteropentamers of a2-
o4 and B2-45 subunits in a 3:2 stoichiometry, with the predominant isoform being the
(a4)3(B2), (Cooper et al. 1991). This class is often referred to as the a4/2 subtype. These
receptors have a high affinity for nicotine as well as the frog toxin epibatidine and a low
affinity for a-bungarotoxin. Previous studies of the rat brain show that the regional
distribution of the non-a7 receptors is distinct from the a7 subtype, with high receptor levels
in the cortex and striatum with lower levels in the hippocampus (Clarke et al. 1985;
Whiteaker et al. 1999; Mugnaini et al. 2002).

Changes in nAChR levels have been studied extensively in AD (Albuquerque et al. 1996;
Aubert et al. 1992; Banerjee et al. 2000; Flynn and Mash 1986; Nordberg 1994; Nordberg et
al. 1992a; Perry et al. 1990; Sabbagh et al. 1998; Schroder et al. 1991; Sugaya et al. 1990;
Martin-Ruiz et al. 1999) as well as other dementias (Perry et al. 1995; Court et al. 1999;
Reid et al. 2000; Rinne et al. 1991; Sabbagh et al. 2001). Most show selective losses of the
o452 subtype with relative sparing of the a7 subtype. Investigations have also shown that
the a7 subtype interacts with Ag (Wang et al. 2000; Kihara et al. 1997; Liu et al. 2001;
Shimohama and Kihara 2001) and that Aj acts as an antagonist for the a7 subtype expressed
in oocytes (Lamb et al. 2005; Pym et al. 2005) although the data from animal hippocampal
slices is equivocal (Spencer et al. 2006). While it is not clear if the interaction between AS
and the a7 receptors is key to the pathogenesis of AD, it does suggest that there may be an
important connection between the two.

Since ChEls represent the mainstay of treatment in AD, a lot of research has focused on if
and how ChEls interact with cholinergic receptors such as the nAChR. (Barnes et al. 2000;
Bhat et al. 1990; Maelicke et al. 2001; Nordberg et al. 1992b; Samochocki et al. 2000;
Storch et al. 1995; Svensson and Nordberg 1996; Svensson and Nordberg 1998; Woodruff-
Pak et al. 2001). One commonly reported finding is that chronic treatment with ChEls
increases NAChR levels in rodents (Bhat et al. 1990; Nilsson-Hakansson et al. 1990) and
humans (Kadir et al. 2007). However, it is not known if this effect is due to a direct or
indirect action at the nAChR.

While the primary mechanism of action for the ChEIs donepezil, rivastigmine, and
galantamine is the inhibition of acetylcholinesterase, the pharmacological profiles and
secondary mechanisms of action for the three primary drugs used in the treatment of AD are
different. Galantamine is reported to be an allosteric modulator of NAChRs (Schrattenholz et
al. 1996; Villarroya et al. 2007), while rivastigmine inhibits butrylcholinesterase in addition
to acetylcholinesterase (Giacobini et al. 2002). Although not directly related to the
cholinergic system, donepezil, a highly selective acetylcholinesterase inhibitor, has recently
been shown to be a o1 opiate receptor agonist (Maurice et al. 2006). Since differences in
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secondary pharmacological effects have been identified, it is important to discern whether
these drugs differ in their effects on the cholinergic system. Indeed, recent studies have
indicated that in okadaic acid and Ag induced toxicity of SH-SY5Y cells, the
neuroprotective active effect of all three drugs is not related to cholinesterase activity and in
addition the action of galantamine and donepezil is distinct from that of rivastigmine (Arias
et al. 2005).

Previously, we have shown that sub-chronic donepezil administration increases nAChR
levels in vivo while having little effect in vitro (Reid and Sabbagh 2003). In the present
study, we extend our earlier observations and look for possible differences in how the three
most commonly prescribed ChEls (donepezil, rivastigmine and galantamine) affect NAChR
levels both in vivo and in vitro.

Donepezil was a generous gift from Eisai Inc. and all other compounds were purchased from
standard commercial sources.

Animal studies

After approval for animal experimentation from the Sun Health IACUC in accordance with
USPHS Policy on Human Care and Use of Laboratory Animals, Male Sprague— Dawley rats
(160-180 g, n = 6 per group) were housed with a 12-h light dark cycle with free access to
food and water. Compounds were administered twice daily by subcutaneous injection of
saline, 2.6 umol/kg nicotine ditartrate (RBI, Natick, MA, USA, equivalent to 0.4 mg/kg of
the free base); 0.72 umol/kg or 2.4 umol/kg donepezil hydrochloride (equivalent to 0.3 and
1.0 mg/kg of the free base), 1.6 or 5.0 umol/kg galantamine (equivalent to 0.3 and 0.9 mg/kg
or 0.8 or 2.0 umol/kg Rivastigmine (equivalent to 0.1 and 0.25 mg/kg of the free base) for
14 days. Doses were chosen based on literature references for pharmacologically active
doses for the four compounds (Snape et al. 1999; Barnes et al. 2000; Scali et al. 2002; Reid
and Sabbagh 2003; Geerts et al. 2005). On the morning of the 15th day, the animals were
euthanized and the brains removed, regionally dissected and frozen on dry ice. Samples
were stored at —80°C until assayed.

Membranes were prepared for ligand binding assays by homogenization in approximately 10
volumes of homogenization buffer (HB, 120 mM NaCl, 5 mM KCI, 1 mM EDTA, 0.1%
phenylmethylsulfonyl chloride and 50 mM Tris HCI, pH 7.4) using a Polytron homogenizer
(Brinkmann Instruments, Westbury, NY, USA) on setting 5 for 15 s. The resulting
homogenate was centrifuged for 15 min at 19,000xg. The resulting pellet was resuspended
in the original volume of HB, and the process repeated. The resulting pellet was used for
binding. Protein content in the samples was determined using the BCA protein assay (Pierce
Chemical Co., Rockford, IL, USA) with BSA as a standard.

Tissue culture

PC12 cells (ATCC, Rockville, MD, USA) were maintained on collagen type | coated dishes
(Becton Dickinson, Bedford, MA, USA) with RPMI 1640 medium containing 10% fetal
bovine serum and 5% horse serum in a humidified atmosphere containing 5% CO, at 37°C.
The culture media was changed thrice weekly and the cells subcultured once per week. To
investigate the effects of nicotine and donepezil, cells were plated at 107 cells per dish in
100 mm culture dishes with the same media containing donepezil, galantamine or
rivastigmine (107 to 104 M) and nicotine 10~ M serving as a control. In these
experiments the media, containing either the ChEIs or nicotine was replaced daily for 3
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days. On the fourth day, the cells were scraped from the plates in media, centrifuged
(2,000%g, 10 min), resuspended in 2.0 ml assay buffer (AB) and centrifuged a second time.
The resulting pellet was resuspended in AB and used for the binding assays.

Ligand binding assays

Results

Binding assays were performed as previously described (Reid and Sabbagh 2003). Briefly,
[3H]-(+)epibatidine (45-60 Ci/mmol, NEN, Boston, MA, USA) ([3H]-EPI) binding was
determined by incubating membrane preparations (0.25-0.5 mg protein/assay point) or cell
pellets (0.1-0.2 mg protein/point) in 1 ml of a buffer containing 5 nM [3H]-EPI, 120 mM
NaCl, 5 mM KCI, 2 mM CaCl, 1 mM MgCl, and 50 mM Tris pH 7.4 (AB). Non-specific
binding was determined in the presence of 1 uM EPI (RBI, Natick, MA, USA). Samples
were incubated on ice for 2 h, and the assay terminated by rapid filtration through GF/C
filters, presoaked in 0.5% polyethyleneimine for at least 1 h, using a Brandell Cell Harvester
(Brandell Instruments, Gaithersburg, MD, USA). Filters were transferred to vials containing
5 ml Ecolume scintillation cocktail (ICN Biomedical, Costa Mesa, CA, USA) and
radioactivity quantified by liquid scintillation spectrometry (LS 6500, Beckman Instruments,
Torrance, CA, USA). There were three replicates per sample.

[3H]-Methyllyconitine binding ([3H]-MLA) was performed as described above for [3H]-EPI,
with 10 nM [3H]-MLA in the AB. Non-specific binding was determined in the presence of 1
pMunlabelled MLA. In all experiments non-specific binding was less than 25% of the total
binding.

The data was analyzed for statistical significance by ANOVA using commercially available
software (Prizm, Instat Software, San Diego, CA, USA).

The questions being addressed in this research involve how ChEls may interact with
nAChRs both in vivo and in vitro. The results from the in vivo phase are presented in Figs.
1a, b, c and 2a, b, c. In the cortical tissue samples, the [3H]-EPI binding for the saline
control animals was 42.4 + 3.1 fmol/mg protein (n = 6). The level of [3H]-EPI binding in
response to nicotine, high dose donepezil and rivastigmine, as well as both galantamine
doses treatment were significantly increased compared to saline control (Fig. 1a, P<0.05). In
the hippocampus [3H]-EPI binding was 35.5 + 0.8 fmol/mg protein (n = 6) in the saline
control. Hippocampal [3H]-EPI binding was significantly increased for the animals treated
with nicotine, donepezil, galantamine and rivastigmine. (Fig. 1b P<0.05). In the striatal
tissue samples, the [3H]-EPI binding was 95.8 + 3.2 fmol/mg (n = 6) for saline controls.
There was no change in binding for any of the compounds tested (Fig. 1c P>0.05).

When examining the results on the [3H]-MLA binding, the effects were less pronounced. In
the cortex, the level of [3H]-MLA binding was 46.0 + 4.2 fmol/mg protein for the saline
control. Nicotine, high dose donepezil, high and low dose galantamine and rivastigmine
significantly increased 3H-MLA binding in the cortex (Fig. 2a, P>0.05). Neither treatment
had any significant effect in the hippocampus, for [3H]-MLA binding compared to saline
control (Fig. 2b, P>0.1). There were also no significant differences for [?H]-MLA binding in
the striatum (Fig. 2c, P>0.1).

Following the examination of the effects of donepezil in vivo, we also set out to determine
how donepezil may regulate nAChR levels in cell culture models. The results of these
experiments are shown in Figs. 3 and 4. Untreated PC12 cells measured 17.1 £+ 2.4 fmol/mg
protein for [3H]-EPI binding. When grown in the presence of 0-100 1M donepezil,
galantamine or rivastigmine, no significant increases in the level of [3H]-EPI binding were
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seen, although there are slight but not significant increases at the 10 and 100 uM
concentrations (P>0.1). Nicotine on the other hand, at a concentration of 10 uM for a 3 day
treatment increased [3H]-EPI binding (P<0.01, Fig. 3).

PC12 cells were also treated with nicotine, donepezil galantamine or rivastigmine and
examined for changes in [3H]-MLA binding. Binding in the untreated control cells was 6.2 +
0.9 fmol/mg protein. Figure 4 demonstrates that unlike the results obtained for [3H]-EPI
binding, no increases [3H]-MLA binding were observed for either nicotine (10 uM) or with
any of the ChEI (0.1-100 puM) treatments.

Discussion

In this report we present a side by side comparison of the effects on nAChR binding for
three of the ChEls commonly used in the treatment of AD. The most interesting finding to
come out of this series of experiments is the result that although all three compounds have
slightly different mechanisms of action, mainly relating to secondary effects of the
compounds, they all up-regulate NAChRs in a similar way. Donepezil, rivastigmine and
galantamine increase non-a7 and a7 receptor levels in the cortex of rats and increase non-a7
receptor levels in the hippocampus. The in vitro data suggests that the positive effects of
ChEls on nAChR binding activity are not related to a direct agonist action. Although the
data does not allow us to make any statements on how secondary mechanisms such as
allosteric potentiating effects may be involved in the observed nAChR up-regulation.

Without a full series of dose experiments we are unable to make quantitative statements
about the relative potency, efficacy or duration of action of the three compounds. However,
the in vivo results, along with the lack of any observed modulation of receptor levels in
vitro, suggest that one possibility is that all of the tested ChEls increase nAChR levels via a
similar mechanism; by increasing synaptic acetylcholine (ACh) and not by any direct
actions at the receptor itself. Additionally, our study only investigates the effects of ChEls
on total binding. Since we did not do single cell recording or other mechanistic studies, we
cannot comment on the modulating properties reported for some ChEIls (Maelicke et al.
2001; Samochocki et al. 2000).

The observation that [3H]-EPI binding increases in vivo in the cortex and hippocampus but
not the striatum may be related to receptor subtype differences in those three brain regions.
It has recently shown that chronic nicotine administration decreased the level of conotoxin
MII binding to a6 subunits in the striatum (Lai et al. 2005; Perry et al. 2007), and since
nAChRSs containing either a4 or a6 subunits are both found in this brain region and [3H]-EPI
binds to both receptor subpopulations, the net effect of ChEls on nAChRs in the striatum
may be difficult to parse.

While we show no effects of the tested ChEls on nAChRs in vitro, other researchers have
shown that some of these compounds do increase NAChR levels in some cell lines.
Hellstrom-Lindahl et al. (2000) demonstrated increases in [3H]-EPI binding in SH-SY5Y
cells following 72 h incubations with donepezil or galantamine. One possible explanation
for the difference between this work and ours is the choice of cell line with the former work
using a human derived line while we used a rat derived line. There could be other
explanations as Barik et al. (2005) also failed to see increases in nAChR levels in SH-SY5Y
cells following incubation with galantamine.

The effects of ChEIs on nAChR levels in vivo are particularly interesting because they
might lend additional explanations for secondary mechanism of action for ChEls beyond
simply inhibiting acetycholinesterase thereby increasing synaptic ACh (Nordberg 2006).
ChEls have been shown to have neuroprotective qualities. Tacrine and physostigmine have
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been shown to have interaction with the allosteric activator site of the o452 nAChR subtype
(Svensson and Nordberg 1996; Smulders et al. 2005). Other studies suggest that galantamine
might act in a similar manner, thus sensitizing the nicotinic receptor to ACh and nicotinic
agonists. (Samochocki et al. 2000; Svensson and Nordberg 1997; Storch et al. 1995;
Maelicke et al. 2001) Galantamine might even be a direct agonist of the nAChR (Maelicke
et al. 2001). In another study both rivastigmine and galantamine have been shown to inhibit
ion currents evoked by low concentrations of acetylcholine (Smulders et al. 2005). Both
galantamine and donepezil, but not rivastigmine, have been shown to possess anti-apoptotic
properties mediated through the a7 receptor (Arias et al. 2005). Donepezil and galantamine
increase nAChR binding in a concentration dependent manner in neocortex (Reid and
Sabbagh 2003; Woodruff-Pak et al. 2001; Barnes et al. 2000). Galantamine initially
increases and then decreases NAChR binding in a concentration dependent manner and acts
at the nAChR to decrease subsequent functional responses to acute stimulation with nicotine
(Barik et al. 2005).

The findings on up-regulation presented here fit well with the currently accepted hypotheses
on the mechanism of nicotinic receptor up-regulation. Whiteaker et al. (1998) propose an
agonist mediated mechanism of up-regulation of nAChRs through a receptor state that is
neither the activated nor the high affinity desensitized state. In their work, they also report
little to no effect up-regulation by antagonists although they did not examine allosteric
acting compounds in their study. Peng et al. (1994) proposed a similar mechanism of
activation based up-regulation, although they also report up-regulation by the channel
blocking antagonist mecamylamine. These reports support our hypothesis that since the
ChEls we tested are not direct agonists at the nAChR, they should not have a direct effect on
the up-regulation of the receptor.

Further study will need to be focused on how ChEls effect nAChR binding in transgenic
mice and how the chronic cholinergic stimulation provided might affect AD pathology and
whether it is mediated through nAChR activity. Further study will also need to elucidate the
interaction between Af and NAChRs.
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Fig. 1.

Effect of chronic treatment with nicotine or cholinesterase inhibitors on [3H]-EPI binding to
rat brain membranes. Rats (n = 6 per group) were treated nicotine (0.4 mg/kg), donepezil
(0.3 mg/kg, black bars or 1.0 mg/kg, checked bars), galantamine (0.3 mg/kg, black bars or
0.9 mg/kg, checked bars) or rivastigmine (0.1 mg/kg, black bars or 0.25 mg/kg, checked
bars) twice daily for 14 days. Subsequent to the treatment, non-a7 nAChR levels three brain
regions were determined by [3H]-EPI binding as described in “Methods.” a Cortex, b
hippocampus, c¢ striatum, *P<0.05
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Fig. 2.

Effect of chronic treatment with nicotine or cholinesterase inhibitors on [2H]-MLA binding
to rat brain membranes. Rats (n = 6 per group) were treated nicotine (0.4 mg/kg) or
donepezil (0.3 mg/kg, black bars or 1.0 mg/kg, checked bars), galantamine (0.3 mg/kg,
black bars or 0.9 mg/kg, checked bars) or rivastigmine (0.1 mg/kg, black bars or 0.25 mg/
kg, checked bars) twice daily for 14 days. Subsequent to the treatment, a7 nNAChR levels
three brain regions were determined by[3H]-MLA binding as described in “Methods.” a
Cortex, b hippocampus, ¢ striatum, *P<0.05
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Fig. 3.

Effect of cholinesterase inhibitors on non-a7 nAChR levels in PC-12 cells. Cells were
cultured in RPMI-1640 medium +10% FBS and 5% HS in the presence of 10 uM nicotine or
0-100 puM donepezil for 3 days, with the media replaced daily. Following the cell culture,
nAChR levels were determined by [3H]-EPI binding as described in “Methods”. (dark filled
square) nicotine, (dark filled triangle) donepezil (dark filled inverted triangle) galantamine

and (dark filled diamond) rivastigmine
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Fig. 4.

Effect of cholinesterase inhibitors on a7 nAChR levels in PC-12 cells. Cells were cultured in
RPMI-1640 medium +10% FBS and 5% HS in the presence of 10 uM nicotine or 0-100 pM
donepezil for 3 days, with the media replaced daily. Following the cell culture, NAChR
levels were determined by[3H]-MLA binding as described in “Methods”. (dark filled
square) nicotine, (dark filled triangle) donepezil (dark filled inverted triangle) galantamine
and (dark filled diamond) rivastigmine
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