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ABSTRACT In Alzheimer’s disease (AD), the involvement of cholinergic deficit and overstimulation of
N-methyl-D-aspartate (NMDA) receptors by excessively released glutamate has been proposed. Since no
existing drug currently addresses both pathologies, a combination therapy may be used clinically to target both
mechanisms. The objective of the current study was to determine whether the NMDA receptor antagonist,
neramexane affects the acetylcholinesterase (AChE) inhibition produced by donepezil and rivastigmine, two
drugs used in the treatment of AD, or a prototype organophosphate compound diisopropylphosphorofluoridate
(DFP) in rat cortex, hippocampus, striatum, and brainstem. Neramexane, at therapeutically relevant or higher
doses (3.1, 6.2, or 12.4 mg/kg, ip), did not produce any apparent behavioral toxicity. Donepezil (0.75 mg/kg, ip),
rivastigmine (0.35 mg/kg, ip) or DFP (1.5 mg/kg, ip) were administered at doses that produced approximately
50% inhibition of AChE and were well tolerated. Also, neramexane in combination with either of the AChE
inhibitors did not produce any behavioral toxicity. This magnitude of AChE inhibition has been shown to
increase extracellular acetylcholine (ACh) concentrations to therapeutically relevant levels. Neramexane
(12.4 mg/kg) did not inhibit AChE activity in any of the brain regions tested when evaluated over a 24-h period.
Rats receiving neramexane alone or in combination with an AChE inhibitor (donepezil, rivastigmine, or DFP)
were sacrificed 60 min after neramexane or DFP, 15min after donepezil, and 30 min after rivastigmine
administration. The times at which drug (donepezil, rivastigmine, or DFP) effects were assessed were based on
maximal AChE inhibition established from previously reported time course studies. The current findings indicate
that neramexane alone did not affect AChE activity at any dose tested nor did it influence the AChE inhibition
produced by donepezil or rivastigmine in any brain region examined. However, a low dose of neramexane
(3.1 mg/kg) significantly attenuated the inhibition of AChE produced by DFP in the hippocampus, striatum and
brainstem, while higher doses (6.2 or 12.4 mg/kg) attenuated DFP-induced AChE inhibition in all four of the
brain regions evaluated. These results suggest that AChE inhibition produced by donepezil or rivastigmine is not
altered by the co-administration of neramexane. Drug Dev Res 68:253–260, 2007. r 2007 Wiley-Liss, Inc.
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INTRODUCTION

It is well documented that in Alzheimer’s disease
(AD), cholinergic deficit and excessive N-methyl-D-
aspartate (NMDA) receptor activation are two major
contributory factors [Coyle et al., 1983; Reisberg et al.,
2003; Hynd et al., 2004; Woolf, 2006]. Some discrete
brain regions (cerebral cortex and hippocampus) of
patients with AD have low acetylcholine (ACh) levels
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due to the reduced activity of choline acetyltransferase
(ChAT), suggesting a significant loss of cholinergic
neurons [Murphy et al., 1998]. In fact, in severe cases
of AD, ACh can decline by as much as 90% compared
with controls.

Enhancing ACh levels in the brain has been
linked to improved cognitive function (Woolf, 2006).
One mechanism suggested to be involved in the
degeneration of cholinergic neurons appears to be
excessive activation of NMDA receptors [Cacabelos
et al., 1999; Winblad et al., 2002]. Currently, conven-
tional therapy involves the use of acetylcholinesterase
(AChE) inhibitors (donepezil, rivastigmine, galanta-
mine) to elevate ACh levels in the brain [Scali et al.,
2002; Seltzer, 2006]. Until recently, these compounds
were indicated only in mild to moderate cases of AD
[Corey-Bloom et al., 1998; Farlow et al., 2000; Wilcock
et al., 2000; Winblad et al., 2001, 2006]. However,
donepezil has recently been approved for the treatment
of severe AD [Seltzer, 2007]. In addition to improve-
ments in cognitive function, these compounds are
known to exert adverse events (e.g., gastrointestinal
upset, muscle cramps) that are related to hypercholi-
nergic activity [Knopman, 2003; Ibach and Haen, 2004].
Furthermore, other behavioral complications, such as
agitation and violent behavior, have been reported
[Wengel et al., 1998] and may be related to AChE
inhibition. At higher doses, AChE inhibitors may induce
excitotoxic effects by activation of NMDA receptors
[Solberg and Belkin, 1997; Lancelot and Beal, 1998;
Raveh et al., 1999] and neuronal damage by excess
production of free radicals and depletion of energy
metabolites [Gupta et al., 2001a,b, 2007; Parihar and
Brewer, 2007]. In recent studies, an amantadine
derivative, memantine, has been proved effective in
moderate and advanced cases of dementia by antagoniz-
ing NMDA receptors [Bullock, 2006; Reisberg et al.,
2003, 2006; Reskind et al., 2006; Wirth et al., 2006; Ott
et al., 2007]. Studies from clinical trials suggest that
combination therapy with AChE inhibitors (especially
donepezil) and the NMDA receptor antagonist mem-
antine provides superior therapeutic effects compared
with donepezil alone [Farlow et al., 2003; Hartmann and
Möbius, 2003; Tariot et al., 2004; Greets and Grossberg,
2006]. These clinical trial-based studies, in which the
therapeutic benefits of donepezil and memantine were
evaluated, demonstrated good efficacy and tolerability of
memantine, including those patients already receiving
donepezil [Schmitt et al., 2006].

The present investigation was undertaken to
determine whether neramexane (1-amino-1,3,3,5,5-
pentamethyl-cyclohexane), an NMDA receptor chan-
nel blocker, inhibits AChE in brain regions associated
with AD pathology, or whether it affects the inhibition

of AChE produced by either donepezil or rivastigmine
when administered in combination.

MATERIALS AND METHODS

Drugs and Chemicals

Neramexane mesylate, donepezil HCl (Sequoia
Research Products, Ltd.), and rivastigmine tartrate
(Sequoia Research Products, Ltd.) were provided by
Merz Pharmaceuticals (Frankfurt, Germany). Diiso-
propylphosphorofluoridate (DFP) was purchased from
Sigma Chemical Company (St. Louis, MO). All other
chemicals used were American Chemical Society
certified grade and purchased from Fisher Scientific
(Fair Lawn, NJ).

Animals

Male Sprague-Dawley (Sasco) rats, weighing about
175 g each, were purchased from Charles River
Laboratories (Raleigh, NC). A total of 120 rats were
used for completion of this project. The rats were
acclimatized to our standard housing conditions
(temperature 21721C; humidity 5710%; and 12-h
dark/12-h light cycle) for 5–6 days before they were
used. The animals were housed in polypropylene cages
(17.5 in. long, 10 in. wide, and 6 in. high), and were
changed every third day to clean cages. The rats had ad
libitum access to tap water and pelleted food (Rodent
Laboratory Chow, Purina Mills, St. Louis, MO). The
animal facility is approved by the Institutional Animal
Care and Use Committee (IACUC), and all experiments
were conducted in accordance with guidelines from the
National Institutes of Health. Adequate measures were
taken to minimize any discomfort to the rats.

Animal Treatment

Dose selection criteria
Each AChE inhibitor was injected at the dose that

has been previously shown to produce about 50% AChE
inhibition (donepezil, 0.75 mg/kg; rivastigmine, 0.35 mg/
kg; and DFP, 1.5 mg/kg) in brain regions associated with
AD pathology [Gupta and Dekundy, 2005].

See Table 1 for details of the dose selection,
treatments, and timing of sacrifice. All three AChE
inhibitors and neramexane were administered via the
intraperitoneal (ip) route at doses that were well
tolerated. Fresh solutions were made in normal saline
just before each injection.

The time course of AChE activity in rat brain
regions following administration of donepezil, rivastig-
mine, and DFP are reported elsewhere [Gupta and
Dekundy, 2005]. A similar time-course evaluation of
AChE activity was conducted in the present study with
the highest dose of neramexane (12.4 mg/kg, ip). In the
interaction studies, rats pretreated with neramexane
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(3.1, 6.2, or 12.4 mg/kg) were sacrificed 60 min
after neramexane or DFP (1.5 mg/kg), 15 min after
donepezil (0.75 mg/kg), and 30 min after rivastigmine
(0.35 mg/kg) administration.

Animal sacrifice and tissue collection
At the predetermined times, rats were sacrificed

by decapitation and cerebral cortex, hippocampus,
striatum, and brainstem were removed by dissection
for the measurement of AChE activity. Tissues were
stored at �801C and analyzed for AChE activity within
48 h of collection.

Acetylcholinesterase (EC 3.1.1.7) Assay

AChE activity was measured in homogenates of
cortex, hippocampus, striatum, and brainstem, accord-
ing to the modified method of Hestrin [Gupta et al.,
2000]. The enzyme activity was determined and
calculated as mmol ACh iodide hydrolyzed per g/h
and was expressed in terms of percentage remaining
AChE activity compared with controls (100%).

Statistical Analysis

AChE activity measures were calculated and
presented as means7SEM (n 5 6 per group), and
statistically analyzed for significance using analysis of
variance (ANOVA), coupled with the Tukey–Kramer
test (Po0.05), using NCSS 2000 software program.
Final data were graphed using GraphPad Prism
version 4.0.

RESULTS

Administration of neramexane alone, or in
combination with donepezil, rivastigmine, or DFP,
did not produce any signs of behavioral toxicity at the
doses tested. Neramexane (3.1, 6.2, or 12.4 mg/kg, ip)
did not affect AChE activity in any brain region tested
60 min after drug administration (Fig. 1). A 24-h time
course evaluation of AChE activity following adminis-
tration of neramexane (12.4 mg/kg) also demonstrated
no effect on AChE activity in any of the brain regions at
any time (Fig. 2).

Administration of a single dose of donepezil
(0.75 mg/kg, ip) produced an approximately 50%
inhibition of AChE activity in the cortex, hippocampus,
and brainstem 15 min after administration, while about
a 30% inhibition in AChE activity occurred in the
striatum (Fig. 3). Pretreatment with neramexane (3.1,
6.2, or 12.4 mg/kg) had no effect on the AChE
inhibition produced by donepezil (0.75 mg/kg) in any
of the brain regions evaluated (Fig. 3). In similar
experiments, a single dose of rivastigmine (0.35 mg/kg,
ip) produced 40–60% inhibition of AChE activity in
cortex, hippocampus, and brainstem, and about 30%
inhibition in striatum when evaluated 30 min after drug
injection (Fig. 4). Neramexane, at any dose tested, had
no affect on the inhibition of AChE activity produced
by rivastigmine (0.35 mg/kg) in any of the brain regions
tested (Fig. 4).

Administration of a single dose of DFP (1.5 mg/
kg, ip) produced an approximately 50% AChE inhibi-
tion in all four brain regions 60 min after injection
(Fig. 5). Pretreatment of rats with a low dose
of neramexane (3.1 mg/kg), attenuated the inhibition
of AChE activity produced by DFP in hippocampus,
striatum, and brainstem. Pretreatment with neramex-
ane at the higher doses (6.2 or 12.4 mg/kg) significantly
attenuated DFP-induced inhibition of AChE activity in
all four brain regions evaluated (i.e., cortex, hippocam-
pus, striatum, and brainstem).

DISCUSSION

Multiple mechanisms have been proposed to be
involved in the pathogenesis of Alzheimer’s disease. AD
is partially characterized by neuronal loss resulting in
perturbations in several neurotransmitter systems
[Mann et al., 1980; Mathews et al., 2002], including
the cholinergic system, in which deficits appear to
contribute to AD pathogenesis [Farlow and Evans,
1998]. There is mounting evidence that the progression
of AD pathology initially involves the degeneration of
cholinergic neurons in the basal forebrain but, with
time, eventually affects other parts of the cortex,
hippocampus, and brainstem [Bartus et al., 1982;

TABLE 1. Protocol for Interaction of Neramexane and AChE Inhibitors�

Group Drug I Drug 2 Sacrifice Time

I Saline — 60 min after saline
II Neramexane (3.1, 6.2,

or 12.4 mg/kg)
— 60 min after neramexane

III Saline Donepezil, rivastigmine, DFP 60 min after saline; 15 min after donepezil, 30 min after
rivastigmine; and 60 min after DFP

IV Neramexane Donepezil, rivastigmine, DFP 60 min after neramexane; or15 min after donepezil,
30 min after rivastigmine, and 60 min after DFP

�All drugs were administered via ip route.
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Coyle et al., 1983; Ibach and Haen, 2004]. This results
in disturbances of attentional processes and deficits in
cognition and memory [Perry and Hodges, 1999;
Gollan et al., 2006]. In advanced AD, ACh levels are
decreased by as much as 90%, especially in the cerebral

cortex and hippocampus, primarily due to marked
declines in the cholinergic neurons and ACh synthesiz-
ing enzyme, choline acetyltransferase. One therapy
option in the treatment of AD includes the use
of AChE inhibitors. By increasing the availability
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Fig. 1. Effect of neramexane (3.1, 6.2, or 12.4 mg/kg, ip) on AChE activity (percentage remaining) in discrete rat brain regions 60 min after
neramexane injection.
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Fig. 2. Effect of neramexane (12.4 mg/kg, ip) on AChE activity (percentage remaining) in discrete rat brain regions at various time intervals.
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Fig. 3. Effects of donepezil or neramexane 1 donepezil on AChE activity (percentage remaining) in discrete rat brain regions. a 5 significant
difference between values from saline-treated rats and those treated with saline1donepezil or neramexane1donepezil (Po0.05).
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Fig. 4. Effects of rivastigmine or neramexane 1 rivastigmine on AChE activity (percentage remaining) in discrete rat brain regions. a 5 significant
difference between values from saline-treated rats and those treated with saline1rivastigmine or neramexane1rivastigmine (Po0.05).
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of synaptic ACh, AChE inhibitors enhance cholinergic
transmission which may relieve some of the symptoms
of AD [Weinstock, 1999; Wynn and Cummings, 2004].
In addition to the cholinergic hypothesis, there is
compelling evidence for a noncholinergic hypothesis
related to an overstimulation of the NMDA receptor by
glutamate, which is also implicated in the pathogenesis
of AD [Cacabelos et al., 1999]. This led to the concept
that therapy with the NMDA receptor antagonist can
be crucial in the treatment of AD [Danysz et al., 2000;
Danysz and Parsons, 2003].

The present investigation was designed to test
whether the NMDA receptor antagonist neramexane
affects the inhibition of AChE produced by donepezil or
rivastigmine in brain regions associated with the
pathology of AD (i.e., cortex, hippocampus, and
brainstem). The present findings suggest that neramex-
ane alone does not inhibit AChE activity, nor does it
significantly affect the inhibition produced by donepezil
or rivastigmine in rat cortex, hippocampus, striatum or
brainstem when tested at therapeutically relevant doses.
Neramexane at a therapeutically relevant or higher dose
did not inhibit AChE activity in any brain region tested
(Fig. 1). Also, pretreatment with neramexane (3.1, 6.2,
or 12.4 mg/kg, ip) did not interfere with the AChE
inhibition induced by donepezil (0.75 mg/kg, ip) or

rivastigmine (0.35 mg/kg, ip), suggesting that neramex-
ane does not interact with donepezil or rivastigmine at
the AChE level in brain (Figs. 3 and 4). Since donepezil
binds to the anionic, while rivastigmine binds to the
esteratic site of AChE, it appears that neramexane does
not bind to either catalytic site of AChE. The lack of an
interaction between neramexane and donepezil and
rivastigmine with respect to AChE inhibition allows for
the possibility of co-administration of neramexane with
either donepezil or rivastigmine in the treatment of AD.

Although neramexane alone, at therapeutic or
higher doses, does not inhibit AChE activity, it
significantly attenuates the inhibition of AChE activity
produced by DFP in brain regions associated with AD
pathology. The protection against DFP-induced inhibi-
tion of AChE activity by neramexane could be due to
the binding of neramexane at peripheral or modulatory
site(s) of AChE interfering with the binding of DFP to
AChE. The precise mechanism of the interaction
involved remains to be elucidated. From the present
findings it is evident that neramexane protects AChE
from phosphorylation by DFP (Fig. 5), but not from
carbamylation by rivastigmine or donepezil (Figs. 3
and 4).

It is interesting to note that the cholinesterases,
particularly butyrylcholinesterase (BuChE), are
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Fig. 5. Effects of DFP or neramexane 1 DFP on AChE activity (percentage remaining) in discrete rat brain regions. a 5 significant difference
between values from saline-treated rats and those treated with saline1DFP or neramexane 1 DFP (Po0.05); b 5 significant difference between
values from rats treated with saline1DFP and those treated with neramexane 1 DFP (Po0.05).
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involved in the pathogenesis and progression of AD
[Guillozet et al., 1997; Darvesh et al., 2003]. Therefore,
the cholinesterase inhibitors that inhibit both AChE
and BuChE stabilize disease progression better than
those that inhibit only AChE in AD patients [Ballard,
2002; Giacobini et al., 2002]. In this context, rivastig-
mine appears to be an improved therapeutic option
than donepezil, as it is an AChE-selective inhibitor,
while rivastigmine is an inhibitor of BuChE as well as
AChE [Ogura et al., 2000; Ballard, 2002]. Since
rivastigmine is a carbamate cholinesterase inhibitor,
its mechanism of inhibition has been characterized as
pseudo-irreversible [Bar-On et al., 2002]. Furthermore,
unlike donepezil, rivastigmine is bound more tightly to
the active center of AChE [Ibach and Haen, 2004].
Rivastigmine selectively inhibits monomeric AChE,
especially in the cortex and the hippocampus, and
thereby is thought to facilitate cholinergic neurotrans-
mission by slowing the degradation of ACh released by
functionally intact cholinergic neurons [Polinsky, 1998;
Ibach and Haen, 2004]. Based on the facts, as
described above, co-administration of neramexane with
rivastigmine may provide superior therapeutic effects
than with donepezil.

In conclusion, the present study demonstrates
that the NMDA receptor antagonist neramexane (3.1,
6.2, or 12.4 mg/kg, ip) neither inhibits AChE activity
nor affects the inhibition of AChE activity produced by
either donepezil or rivastigmine in rat brain cortex,
hippocampus, striatum, or brainstem, regions asso-
ciated with AD pathology. These data suggest that
co-administration of neramexane with either donepezil
or rivastigmine is not likely to interfere with the
benefits produced by the increase in ACh levels
produced by these AChE inhibitors.
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