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BACKGROUND AND PURPOSE
Cholinesterase inhibitors such as neostigmine are used for acute colonic pseudo-obstruction, but cardio-bronchial side-effects
limit use. To minimize side-effects, lower doses could be combined with a 5-HT4 receptor agonist, which also facilitates
intestinal cholinergic activity. However, safety concerns, especially in the elderly, require drugs with good selectivity of action.
These include the AChE inhibitor donepezil (used for Alzheimer’s disease, with reduced cardio-bronchial liability) and
prucalopride, the first selective, clinically available 5-HT4 receptor agonist. This study examined their individual and potential
synergistic activities in human colon.

EXPERIMENTAL APPROACH
Neuronally mediated muscle contractions and relaxations of human colon were evoked by electrical field stimulation (EFS)
and defined phenotypically as cholinergic, nitrergic or tachykinergic using pharmacological tools; the effects of drugs were
determined as changes in ‘area under the curve’.

KEY RESULTS
Prucalopride increased cholinergically mediated contractions (EC50 855 nM; 33% maximum increase), consistent with its
ability to stimulate intestinal motility; donepezil (477%) and neostigmine (2326%) had greater efficacy. Concentrations of
donepezil (30–100 nM) found in venous plasma after therapeutic doses had minimal ability to enhance cholinergic activity.
However, donepezil (30 nM) together with prucalopride (3, 10 μM) markedly increased EFS-evoked contractions compared
with prucalopride alone (P = 0.04). For example, the increases observed with donepezil and prucalopride 10 μM together or
alone were, respectively, 105 ± 35%, 4 ± 6% and 35 ± 21% (n = 3–7, each concentration).

CONCLUSIONS AND IMPLICATIONS
Potential synergy between prucalopride and donepezil activity calls for exploration of this combination as a safer, more
effective treatment of colonic pseudo-obstruction.

Abbreviations
AUC, area under the curve; Cmax, peak concentration of drug measured in blood after a single dose; EFS, electrical field
stimulation; Emax, maximum response to agonist; GI, gastrointestinal; L-NAME, Nω-nitro-L-arginine methyl ester; NK,
neurokinin; TTX, tetrodotoxin
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Introduction
Restoration of normal intestinal motility is a key objective in
treatment of a range of acute and chronic digestive motility
disorders. In the most common – chronic constipation, laxa-
tives remain the mainstay of pharmacological intervention,
although new drugs have recently been introduced. These
include prucalopride, a selective 5-HT4 receptor agonist,
which facilitates enteric cholinergic and nitrergic activities to
promote intestinal motility (Cellek et al., 2006), and lubipros-
tone and linaclotide, which, respectively, activate chloride
type-2 channels and guanylate cyclase type-C receptors to
promote defecation primarily by increasing fluid secretion
into the lumen (Lembo et al., 2011; Chey et al., 2012). Such
breakthroughs have renewed interest in how best to treat
other conditions associated with hypomotility and also with
acute or chronic small and/or large intestinal dilation. These
include post-operative ileus, intestinal pseudo-obstruction
(Coulie and Camilleri, 1999), ‘acute colonic pseudo-
obstruction’ (Saunders, 2007) and ‘megacolon’ (Bharucha
and Phillips, 1999), collectively leading to significant
individual morbidity and incident mortality (Coulie and
Camilleri, 1999).

Cholinesterase inhibitors such as neostigmine or pyri-
dostigmine are sometimes used to enhance intestinal propul-
sion in patients with severe hypomotility (Law et al., 2001),
especially those with acute colonic pseudo-obstruction in
which dilatation of the colon can lead to perforation and
death (Turégano-Fuentes et al., 1997; Ponec et al., 1999;
Amaro and Rogers, 2000; Trevisani et al., 2000; Loftus et al.,
2002; Mehta et al., 2006; Saunders, 2007; McNamara and
Mihalakis, 2008; O’Dea et al., 2010; Elsner et al., 2012;
Bharucha et al., 2013). The latter can occur in patients of any
age after major surgery or trauma, severe illness or during
intensive care (Saunders and Kimmey, 2005; Saunders, 2007;
Giorgio and Knowles, 2009). However, it most commonly
occurs in susceptible elderly patients with extensive
co-morbidities (Hyatt, 1987), in whom neostigmine and pyri-
dostigmine may be absolutely contraindicated or hazardous
due to cardio-bronchial side effects or renal insufficiency
(Saunders, 2007). Further, neostigmine is an unattractive
treatment option in any patient due to side effects of abdomi-
nal pain, excess salivation, nausea and/or vomiting, brady-
cardia (necessitating cardiac monitoring; Saunders, 2007;
McNamara and Mihalakis, 2008), hypotension and bronchos-
pasm (Turégano-Fuentes et al., 1997; Amaro and Rogers,
2000). For these reasons, the use of cholinesterase inhibitors
beyond acute colonic pseudo-obstruction has been limited to
anecdotal reports of patients with cancer and opioid-induced
chronic constipation (Rubiales et al., 2006; Papa and Turconi,
2010), chronic constipation associated with spinal injury
(Singal et al., 2006; Ebert, 2012) and patients with autonomic
neuropathies (Bharucha et al., 2008).

In recent years, new cholinesterase inhibitors have been
developed for treatment of Alzheimer’s disease (Birks, 2006),
with improved selectivity for AChE, retaining therapeutic
benefit while minimizing adverse events in the elderly
(Imbimbo, 2001). These include donepezil, rivastigmine and
galantamine. Given their improved safety profile, it is possi-
ble that these agents might also be more suitable for treat-
ment of intestinal motility disturbances, replacing the older,

often contraindicated cholinesterase inhibitors. The current
study therefore investigated the ability of donepezil to
enhance cholinergic activity in human isolated colon and
compared this activity with the effects of neostigmine and
prucalopride when applied individually and for donepezil
and prucalopride when applied together. In this model, elec-
trical field stimulation (EFS) evokes neuronally mediated con-
tractions and relaxations of the colonic muscle, defined
phenotypically as cholinergic, nitrergic or tachykinergic
(Broad et al., 2012). The use of prucalopride is important
because in contrast to all other 5-HT4 receptor agonists used
in clinical practice, this drug has good selectivity of action,
improving clinical safety and simplifying interpretation of
5-HT4 receptor functions (Sanger, 2009).

The results demonstrate a weak ability of therapeutically
relevant concentrations of donepezil to facilitate cholinergic
activity but when combined with prucalopride, a marked
increase in activity occurred, greater than the sum of each
activity alone. These results, obtained for the first time using
clinically available drugs in human tissues, call for explora-
tion of this combination as a safer and more effective treat-
ment of colonic pseudo-obstruction particularly in the
elderly for whom there is a lack of suitable medications.
Preliminary results were previously reported to the British
Pharmacology Society (Broad et al., 2010).

Methods

Nomenclature
The receptor nomenclature described by Alexander et al.
(2011) has been used throughout.

Human tissues
The study was approved by the local ethics committee (REC
10/H0703/71) and written informed consent was obtained
from all patients. Full thickness human ascending and
descending colonic tissue segments (4 × 2 cm strips) were
obtained from patients undergoing surgery mostly for bowel
cancer (tissues were taken from macroscopically normal
areas, at least 10 cm from the tumour); the details are shown
in Table 1 and for individual patients, in Supporting Infor-
mation Table S1. The segments were transferred to the
research laboratory within 2 h after resection in Krebs solu-
tion (mmol·L−1: NaCl 121.5, CaCl2 2.5, KH2PO4 1.2, KCl 4.7,
MgSO4 1.2, NaHCO3 25, glucose 5.6) at room temperature,
equilibrated with 5% CO2 and 95% O2.

Experimental protocol
Immediately on arrival in the laboratory, the mucosa was
removed by blunt dissection and discarded. Strips (∼5 mm
wide, 12 mm long) were cut parallel to the circular muscle
fibres from the intertaenial region of each colon and these
were used immediately or after overnight storage at 4°C in
fresh, oxygenated Krebs solution. The method used to evoke
neuromuscular contractions and relaxations of human iso-
lated gastrointestinal (GI) tissues by EFS has previously been
described (Broad et al., 2012; Broad and Sanger, 2013). In
brief, for each experiment, strips (4–16 from each patient)
were mounted in tissue baths (10 mL) containing Krebs solu-
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tion at 37°C and gassed with 5% CO2 in O2. Changes in
muscle tension were recorded using isometric force transduc-
ers (AD Instruments, Chalgrove, UK) on a data acquisition
system (Biopac Systems Inc., Goleta, CA, USA). The strips
were given 2 g tension (enabling maximum tension to be
developed in response to 5 Hz EFS: data not shown) and
allowed to recover for 60 min during which time the bath
solutions were changed every 15 min. Thereafter, strips were
stimulated via two parallel platinum ring electrodes con-
nected to a stimulator (STG2008, Scientifica, Uckfield, UK).
The stimulation parameters were 50 V (c. 200 mA), 0.5 ms
bipolar pulse duration, 5 Hz (unless otherwise specified),
given for 10 s, every 1 min and the bathing solution changed
every 15 min until consistency of responses to EFS was
achieved. Drugs were then applied non-cumulatively or in
some experiments frequency-response curves were estab-
lished using 1, 2, 5, 10, 15 and 20 Hz EFS, each delivered for
10 s every 1 min.

Pharmacological characterization of responses evoked by
EFS was achieved using tetrodotoxin (TTX), atropine and the
NOS inhibitor L-NAME (Nω-nitro-L-arginine methyl ester
hydrochloride). Each was applied for 30 min before measur-
ing any effect on the EFS-evoked responses. The actions of
donepezil, neostigmine and prucalopride were investigated
using either single concentrations added to each strip, or
single concentrations of two drugs administered together.
Due to the often biphasic response to EFS (contractions or
relaxations during EFS, usually followed by an ‘after-
contraction’ on termination of EFS), the effects of EFS were
measured as the total change in muscle movement [area
under the curve (AUC)] over the 30 s period following initia-
tion of EFS. Drug-induced changes in AUC were determined
as a percentage of the mean of at least three pre-drug EFS-
induced responses. To investigate the effects of the drugs on
contractions evoked by the muscarinic receptor agonist car-
bachol, the establishment of a concentration-effect curve
(data not shown) identified 1 μM carbachol as the concentra-

tion, which evoked a contraction approximately 50% of
maximum. This concentration was then used to obtain con-
sistent contractions (5 min contact time followed by
washout, repeated at 15 min intervals). Fifteen minutes
before the last application, the drugs were added to the bath.
Drug-induced changes in response to carbachol were deter-
mined as a percentage of the mean of at least three pre-drug
responses.

Data analysis and statistical procedures
Data were expressed as medians and ranges or as the mean ±
SEM with n values indicating the number of patients. Differ-
ences between the medians were determined using the
Mann–Whitney U-test for unpaired observations. EC50 and
Emax (maximum response to agonist) values were obtained
from three parameter agonist-response curves plotted using
GraphPad Prism 5.0; Emax values are reported as mean ± stand-
ard error. ANOVA models were used to analyse independent
or interdependent effects of drugs, followed by Bonferroni
post test analysis to investigate effects at individual concen-
trations. P < 0.05 was considered to represent statistical
significance.

Drugs and chemical reagents used
All drugs were freshly prepared prior to use. Donepezil HCl
(Molekula, Gillingham, UK), neostigmine bromide (Sigma,
Gillingham, UK), prucalopride succinate (Shire-Movetis,
Turnhout, Belgium), carbachol, atropine, L-NAME (each from
Sigma) and TTX (Tocris, Abingdon, UK) were each dissolved
in distilled water (dH2O).

Results

Characterization of tissues used
Colon was obtained from 53 patients. Their age, gender
and region of colon are summarized in Table 1 (see also,

Table 1
Patients and tissues used in functional studies

Region (patients;
strips)

Gender
(M : F)

Age (median,
range)

Response (number
of strips)

Recovery time (minutes:
median, range)

Ascending (19; 146) 1:1.1 67 (39–88) Contract (25) 137 (92–195) if used on day of
surgery (3 patients) or 238
(175–299) if stored overnight
(16 patients)

Contract-AC (81)

Relax (5)

Relax-AC (35)

Descending (34; 314) 1:0.4 61 (35–82) Contract (30) 159 (120–220) if used on day of
surgery (8 patients) or 218
(110–330) if stored overnight
(25 patients)

Contract-AC (213)

Relax (10)

Relax-AC (61)

The phenotype of responses to 5 Hz EFS studied on the day of surgery or after overnight storage of the tissue were similar and data obtained
using these two groups of tissues are grouped together. Gender- or age-related differences in responses to 5 Hz EFS were not apparent in this
study and data were pooled together. There was a tendency for tissues stored overnight to take longer to recover (defined as the time to
achieve consistent responses to 5 Hz EFS following suspension in tissue baths). Data are expressed as medians (ranges in parenthesis). For one
patient, these details were not collected.
AC = after-contraction observed on termination of EFS.
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Supporting Information Table S1 for more details on most of
these patients), as well as the times taken to recover from the
surgery and preparation of the tissues. Before evaluating the
actions of prucalopride and the cholinesterase inhibitors, in a
subset of experiments, EFS was applied at different frequen-
cies in order to select the most suitable stimulation param-
eters. The results showed that small muscle relaxations and
larger contractions were evoked in approximately equal
numbers during low frequencies of EFS (1–2 Hz; 44% relaxed;
n = 37; 296 strips), whereas with increasing frequencies of
stimulation the proportion of relaxations decreased (5 Hz:
24%, n = 53, 460 strips, see Table 1; 10–20 Hz: 8%, n = 37, 296
strips). Each response was usually followed by an ‘after-
contraction’ on termination of EFS, the occurrence of which
also tended to be frequency dependent (1–2 Hz 76%, n = 37,
296 strips; 5 Hz 85%, n = 53, 460 strips; 10–20 Hz, 90%, n =
37, 296 strips; Figure 1A). Subsequently, all experiments that

examined the actions of drugs were conducted using EFS at
5 Hz. Thus, stimulation at this frequency evoked clear, appar-
ently submaximal responses, which represented each of the
relaxation and contraction phenotypes observed throughout
the range of frequencies studied.

All responses to 5 Hz EFS were prevented by application of
TTX 1 μM (n = 4; data not shown). Contractions during EFS
were prevented by atropine 1 μM, revealing EFS-evoked
muscle relaxation (n = 8). Similarly, relaxations during EFS
were prevented by L-NAME 300 μM (n = 11). Further, the
presence of L-NAME 300 μM often resulted in the EFS-evoked
contractions becoming monophasic and the distinct after-
contractions were no longer apparent (in 39/75 strips, n = 28
patients; Figure 1C). In the experiments with atropine 1 μM,
the after-contractions were also attenuated (−49 ± 11%, n = 7;
Figure 1B) and these contractions were further reduced by
application of a neurokinin (NK) NK1,2,3 receptor antagonist
combination of L732138 1 μM, GR 159897 0.1 μM and
SB235375 0.1 μM (by −34 ± 19%, n = 3).

Actions of donepezil and neostigmine
Donepezil 0.03–1 μM facilitated contractions evoked both
during and after EFS in a concentration-dependent manner
with baseline muscle tension unaffected (Figure 2; Support-
ing Information Table S1 shows the data matched to indi-
vidual patients). Overall, the maximum increase in EFS-
evoked AUC was 477 ± 129%, with an EC50 value of 124 nM;
n = 3–4 each concentration (Figure 2). Donepezil 1 μM did
not affect the amplitude of contractions evoked by carbachol
1 μM (change of 4 ± 15% from control; n = 3).

Neostigmine (0.1–10 μM) evoked large increases in the
amplitude of contractions evoked during and after EFS
(Figure 2; Supporting Information Table S1). At the higher
concentrations the increased contractions appeared to merge
together to become monophasic, and baseline muscle tension
was increased (observed at 1–10 μM in 10/15 strips tested);
the magnitude of the latter was variable (e.g. the increase in
muscle tension at 10 μM was 725 ± 621% EFS). This increase
in baseline tension made it difficult to define the maximally
effective concentration, which increased EFS-evoked contrac-
tions; however, the calculated Emax was 2326 ± 624% and EC50

value was 235 nM; n = 4–5 (Figure 2).

Actions of prucalopride
The interactions between prucalopride and the responses to
EFS were more complex. In summary, prucalopride (1 μM or
above) usually increased the amplitude of contractions
during EFS whilst exerting smaller increases in the amplitude
of the after-contractions (Figure 3). Overall, the EFS-evoked
AUC increased in an approximately concentration-
dependent manner (Emax 33 ± 14%; EC50 = 855 nM; n = 3–7
each concentration; Figure 3). In this action, the AUC
increased in most (but not all) of the tissues exposed to the
higher concentrations of prucalopride, with males and
females of different ages appearing to be similarly affected
(Supporting Information Table S1); it should be noted,
however, that the study was not powered to provide
statistically-meaningful data on potential gender- and age-
related variations. Finally, 10–30 μM prucalopride caused a
small, but consistent reduction in baseline muscle tension.

Figure 1
Representative traces illustrating muscle relaxations and contractions
to EFS in circular muscle from human isolated colon. (A) Trace
showing effects of different frequencies of EFS (1, 2, 5, 10, 15 and
20 Hz, 50 V, 0.5 ms bipolar pulse duration) applied for 10 s every
1 min. The horizontal bar indicates the period of EFS, with the
response generated during this time usually followed by an ‘after-
contraction’ on termination of EFS. Contractions and relaxations
during 5 Hz EFS were prevented, respectively, by (B) 1 μM atropine
and (C) by 300 μM L-NAME. The enlarged sections of tracing show
the ability of atropine to prevent contractions during EFS (revealing
muscle relaxation) and greatly reduce the large after-contractions,
which followed termination of EFS. Similarly, muscle relaxation
was prevented by L-NAME and the resultant contraction became
monophasic.
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In the presence of L-NAME 300 μM, during which mono-
phasic contractions were now often observed in response to
EFS, prucalopride caused a larger, more consistent increase in
the responses to EFS (Figure 3); the maximum observed
increase in AUC was 115 ± 39% at 30 μM, n = 4). Small
decreases in baseline muscle tension continued to be
observed at 30 μM. At 10 μM, prucalopride did not affect the
amplitude of contractions evoked by the submaximally effec-
tive concentration of carbachol 1 μM; contractions were
changed by −9 ± 9% from control (n = 3).

Actions of donepezil together
with prucalopride
An approximately threshold concentration of donepezil
(30 nM) was added together with 3 or 10 μM prucalopride;

these experiments were conducted in the absence of L-NAME,
when the excitatory actions of prucalopride on cholinergic
function were sometimes less clear (see Figure 3). Addition of
donepezil markedly increased the response to prucalopride.
Thus, the increases observed during the presence of donepezil
and prucalopride 10 μM together or alone were, respectively,
105 ± 35% (n = 8), 4 ± 6% (n = 3) and 35 ± 22% (n = 7).
Similarly, at the lower concentration of 3 μM, the increases in
AUC for prucalopride together with donepezil or when given
alone were 50 ± 22% (n = 6) and 11 ± 10% (n = 6) respectively.
Individually, the increased responses to prucalopride in the
presence of donepezil did not reach statistical significance
(P > 0.05; Bonferroni post test; cholinergic activity was not
increased by prucalopride alone in tissues from two patients)
but when the effects of donepezil on both concentrations of
prucalopride were assessed together, statistical significance
was achieved (Figure 4; P = 0.04; two-way ANOVA).

Figure 2
Effects of donepezil and neostigmine on cholinergically mediated
contractions evoked by (EFS of human isolated colon circular muscle.
Typical traces are shown in the upper panels (A, C), with the graphs
below each trace showing the mean (±SEM) increase in EFS-evoked
AUC at increasing concentrations of donepezil (B) and neostigmine
(D) (n = 3–4 and 4–5 patients for each data point, respectively); note
the different g-tension scales for the traces shown. EFS (50 V, 0.5 ms
bipolar pulse duration, 5 Hz) was given for 10 s, every 1 min.

Figure 3
Effects of prucalopride on cholinergically mediated contractions
evoked by EFS of the human isolated colon circular muscle. Typical
traces are shown in the upper panels in the absence (A) and presence
(B) of L-NAME 300 μM; the enlarged section of tracing obtained in
the absence of L-NAME shows the ability of prucalopride to act
mostly by increasing muscle contractions during EFS. The graph
below (C) shows the concentration-response curve for prucalopride
in the absence of L-NAME, measuring the mean (±SEM) increase in
EFS-evoked AUC. EFS (50 V, 0.5 ms bipolar pulse duration, 5 Hz) was
given for 10 s, every 1 min (n = 3–6 patients for each data point).
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Discussion and conclusions

The main findings of this study were (i) that donepezil facili-
tated cholinergic activity in human isolated colon, but at
therapeutically relevant concentrations, this activity was at or
just above threshold levels; (ii) neostigmine and prucalopride
also facilitated cholinergic activity in human colon with a
rank-order of efficacy: neostigmine >> donepezil > prucalo-
pride; (iii) the combination of a low, therapeutically relevant
concentration of donepezil with prucalopride facilitated cho-
linergic activity, the combined activity appearing greater
than the sum of each drug alone.

To reach these conclusions, considerable care was taken to
ensure that reproducible data could be obtained with human
isolated tissues, which unlike tissues from laboratory animals,
do not originate from a homogeneous source; procedures for
minimizing potential variations by attention to surgical tech-
niques, tissue storage conditions and recovery times (Sanger
et al., 2013) were adhered to in the present studies. In brief,
EFS evoked cholinergically mediated contractions (prevented
by atropine 1 μM) or nitrergically mediated relaxations

(prevented by L-NAME 300 μM), usually followed by a large
‘after-contraction’ on termination of EFS. The latter were
abolished or reduced by a combination of atropine plus NK1,
NK2 and NK3 receptor antagonists, suggesting predominant
cholinergic and tachykinergic involvement. These results are
consistent with structural data indicating high numbers of
cholinergic and nitrergic motor and interneurones in human
colon (Porter et al., 2002). Interestingly, the lack of obvious
gender-related differences in responses to EFS appears to con-
trast with Maselli et al. (2011), who suggested that contrac-
tions evoked by EFS were more pronounced in tissues from
elderly males. Perhaps the discrepancy can be explained by
the fact that in the study of Maselli et al. the number of
observations represented the number of muscle strips studied
and not the number of patients. Since certain patients gen-
erated more muscle strips than others, the potential to arti-
ficially skew the data must therefore be high. In the present
study, all n values refer to numbers of patients studied.

Prucalopride usually increased (but not always) the ampli-
tude of the cholinergically mediated contractions of the
colon, an action greatly enhanced and made more consistent
by the presence of the NOS inhibitor L-NAME; small reduc-
tions in baseline muscle tension were also observed. These
observations are consistent with previous reports of an ability
of prucalopride to activate the 5-HT4 receptor and increase
cholinergic and nitrergic activity in human isolated colon
circular muscle (Cellek et al., 2006), increase cholinergic
activity in human taenia coli (Prins et al., 2000a) and cause a
small reduction in baseline muscle tension of the human
colon (Prins et al., 2000b). The importance of ACh as the
major motor neurotransmitter in the colon, together with the
known ability of prucalopride to promote colonic motility
and defecation (Coremans, 2008) therefore support the trans-
lational value of the present model.

Donepezil (0.03–1 μM) and neostigmine (0.1–10 μM)
markedly facilitated cholinergic activity in the human colon.
Indeed, at the higher concentrations of neostigmine, but not
donepezil, the baseline muscle tension was also increased.
These actions of donepezil and neostigmine have not previ-
ously been described using human isolated colon although
similar activities have been reported using rat isolated
stomach (Jarvie et al., 2008). The reasons for the difference in
efficacy between donepezil and neostigmine are not clear and
likely to be complex. Different AChE inhibitors may, for
example, interact in different ways with different isoforms of
the enzyme or perhaps the additional ability of neostigmine
to inhibit butyrylcholinesterase may contribute to its greater
efficacy, relative to donepezil (see Jarvie et al., 2008, for ref-
erences). Notably, however, the plasma concentrations of
donepezil found in healthy volunteers receiving donepezil
[e.g. Cmax (peak concentration of drug measured in blood after
a single dose) values around 11 ng·mL−1 (equivalent to
26 nM) after a single oral dose of 6 mg (Rogers and Friedhoff,
1998) or 34–60 ng·mL−1 (82–144 nM) after repeat dosing in
Alzheimer patients with 5 or 10 mg; Tiseo et al., 1998] corre-
spond to the lower regions of the concentration-response
curve in the present experiments. This apparently ‘threshold
activity’ of donepezil is consistent with the findings of Farlow
et al. (2010), who found a 5.5% incidence of diarrhoea as a
treatment-related adverse event in Alzheimer’s patients
receiving 10 mg of donepezil per day, the incidence rising

Figure 4
Facilitation by donepezil, in the absence and presence of prucalo-
pride, of cholinergically mediated contractions evoked by EFS in
human colonic circular muscle. (A) Trace showing the large increase
in EFS-evoked contractions after application of donepezil together
with prucalopride. (B) Bars showing the mean (±SEM) facilitation of
EFS-evoked AUC caused by donepezil 30 nM alone (n = 3) and in the
presence of prucalopride 3 and 10 μM (respectively, n = 6 each for
3 μM in the absence and presence of donepezil, and 7 and 8 for
10 μM). EFS (50 V, 0.5 ms bipolar pulse duration, 5 Hz) was given
for 10 s, every 1 min (n = 3–7 patients for each data point). P = 0.04
(two-way ANOVA) when the effects of donepezil on both concentra-
tions of prucalopride were assessed together.
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(along with a larger increase in nausea and vomiting) with
higher doses of the drug. Diarrhoea was also the most
common adverse event (15.6%) in an open-label study in
patients with amnesic mild cognitive impairment receiving
10–20 mg daily (Doody et al., 2010).

The combination of a low concentration of donepezil
(30 nM) together with different concentrations of prucalo-
pride facilitated cholinergic activity in the human colon in
a manner which appeared to be greater than the activities
of either drug given alone. These data are consistent with
the previously reported synergy between neostigmine and
prucalopride, or between neostigmine and tegaserod (Cellek
et al., 2008; Campbell-Dittmeyer et al., 2009). However, this
is the first report of similar activity in the human intestine
with donepezil in combination with prucalopride. The fact
that both of these drugs are readily available in many
countries for clinical use now offers the potential for
improved efficacy over prucalopride alone and improved
cardiovascular and bronchial safety over the use of phys-
ostigmine. Thus, when compared with neostigmine, done-
pezil is safer to use, especially in the elderly (Birks, 2006;
Lockhart et al., 2009) who are more likely to suffer from
acute colonic pseudo-obstruction (Hyatt, 1987). Further,
prucalopride has been shown to have no cardiac safety
liability in elderly patients treated for constipation
(Camilleri et al., 2009).

In summary, our experiments have provided an effective
and translationally relevant model of human colonic motil-
ity in vitro. Using this model, therapeutically relevant con-
centrations of donepezil have been shown to facilitate the
increase in colonic cholinergic activity caused by prucalo-
pride in an apparently synergistic manner. These experi-
ments raise the possibility of using donepezil (at current
therapeutic doses or lower) in combination with prucalo-
pride to treat significant digestive motility disorders. Obvious
first targets for this approach would be those conditions cur-
rently treated with neostigmine, for example, acute colonic
pseudo-obstruction; however, other populations could also
benefit such those with severe chronic constipation, pro-
longed ileus or intestinal pseudo-obstruction syndromes.
Given the specificity of action of prucalopride for the GI
system (Coremans, 2008; Camilleri et al., 2009), an increase
in non-GI adverse events is not expected. Nevertheless, it
remains a possibility that in other systems where 5-HT4

receptors are expressed by cholinergic neurones (e.g. the
urinary bladder and the brain; Johnson et al., 2012;
Kullmann et al., 2013), similar interactions will occur and
adverse events could be noted. Further preclinical and clini-
cal studies are therefore now required to test the efficacy and
safety of this combination of drugs.
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