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Abstract
The link between off-target anticholinergic effects of medications and acute cognitive im-

pairment in older adults requires urgent investigation. We aimed to determine whether a rel-

evant in vitromodel may aid the identification of anticholinergic responses to drugs and the

prediction of anticholinergic risk during polypharmacy. In this preliminary study we em-

ployed a co-culture of human-derived neurons and astrocytes (NT2.N/A) derived from the

NT2 cell line. NT2.N/A cells possess much of the functionality of mature neurons and astro-

cytes, key cholinergic phenotypic markers and muscarinic acetylcholine receptors

(mAChRs). The cholinergic response of NT2 astrocytes to the mAChR agonist oxotremor-

ine was examined using the fluorescent dye fluo-4 to quantitate increases in intracellular

calcium [Ca2+]i. Inhibition of this response by drugs classified as severe (dicycloverine, ami-

triptyline), moderate (cyclobenzaprine) and possible (cimetidine) on the Anticholinergic

Cognitive Burden (ACB) scale, was examined after exposure to individual and pairs of com-

pounds. Individually, dicycloverine had the most significant effect regarding inhibition of the

astrocytic cholinergic response to oxotremorine, followed by amitriptyline then cycloben-

zaprine and cimetidine, in agreement with the ACB scale. In combination, dicycloverine with

cyclobenzaprine had the most significant effect, followed by dicycloverine with amitriptyline.

The order of potency of the drugs in combination frequently disagreed with predicted ACB

scores derived from summation of the individual drug scores, suggesting current scales

may underestimate the effect of polypharmacy. Overall, this NT2.N/A model may be appro-

priate for further investigation of adverse anticholinergic effects of multiple medications, in

order to inform clinical choices of suitable drug use in the elderly.
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Introduction
Use of multiple medications is common in the elderly [1,2] and polypharmacy is linked with sig-
nificant reduction in mental and physical health [3,4]. Specifically, it has been estimated that as
many as 70% of the frail elderly take drugs with off-target anticholinergic functionality [5]. His-
torically, clinical focus on anticholinergic effects has been on peripheral autonomic unwanted
events, such has dizziness and dry mouth. However, cholinergic transmission at central musca-
rinic acetylcholine receptors (mAChR) has long been implicated in higher brain functions such
as learning and memory [6]. Unsurprisingly, experimental and clinical studies have revealed a
strong link between the anticholinergic properties of medications and acute cognitive im-
pairment in older adults [1,7,8]. Latterly, these agents have also been indicated to accelerate the
onset of dementia and shortening of patient lifespan, particularly in those with delirium [5,9,10].

Several approaches have been published that attempt to assess drug-induced anticholinergic
burden, broadly rank anticholinergic medications and assist in the prediction of anticholinergic
adverse effects. The serum anticholinergic activity (SAA) assay uses an in vitro radioreceptor
assay to quantitate the total anticholinergic drug burden in serum via competitive inhibition by
anticholinergic compounds of the binding of the potent muscarinic antagonist tritiated quinu-
clidinyl benzilate to solubilised mAChRs derived from rat brain [11,12]. The results are pre-
sented as picomoles of atropine equivalents per milliliter (pmol/mL), based on displacement of
the benzilate compared with an atropine standard curve; values exceeding 15 pM/mL are con-
sidered high (+++), those between 5–15pM/mL medium (++) and values ranging from 0.5–5
pM/mL are viewed as low (+) [12]. In clinical practice, several expert-based models which aim
to score the anticholinergic drug burden of an individual have also been developed. Of these,
the Anticholinergic Cognitive Burden (ACB) scale was developed with reference to frequently
prescribed medications, clinical experiences (medical literature related to anticholinergic ad-
verse effects and determine rates of anticholinergic adverse effects compared with placebo), ex-
pert opinion and evidence of in vitro affinity for muscarinic receptors. The ACB scale then
ranked medications on a 4-point scale (0—no anticholinergic evidence; 1—drugs with SAA but
no known clinically relevant anticholinergic effects; 2/3—drugs with established clinically rele-
vant cognitive anticholinergic effects of increasing degree) [13].

Whilst peripheral SAA has been used to detect overall muscarinic anticholinergic properties
of various medications, as well as in the prediction and management of patient risk, the associ-
ation with central and cognitive cholinergic function remains unclear. Indeed, the association
of anticholinergic burden assessments and electroencephalogram (EEG) parameters in a pa-
tient group with high delirium risk was investigated and it was concluded that SAA levels did
not reflect cerebral cholinergic function [14]. As all the expert-based score models are partly
based upon the in vitro detection of SAA, the limitations of SAA and the drug scales overlap.
In addition, the choice of methods used to measure changes in anticholinergic burden and cog-
nitive decline has recently been found to have a significant effect on the results of causal associ-
ation studies [15]. In all cases the overall score for an individual patient is considered to be the
sum of points of their medications [7,16].

The current indirect in vitro and clinical methods, though complex and expensive, may not
be sufficiently informative to predict anticholinergic risk, especially from combinations of
medications. Therefore, we considered the reliable identification of anticholinergic impact to
require urgent investigation. It has previously been suggested that the study of anticholinergic
pharmacological mechanisms using a biological model would inform further predictive studies
[17]. Clearly the ideal in vitro biological assay would be an advanced form of human neuronal
tissue, with a functional neuronal and astrocytic network, which was capable of cholinergic
transmission. As such, we employed the NTERA-2 (NT2) cell line, established from a human
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male germ cell carcinoma. These cells are capable of differentiating into post-mitotic neurons
and astrocytes, designated NT2.N [18] and NT2.A [19] cells respectively. NT2 neurons exhibit
virtually all the functional competencies of central nervous system (CNS) neurons and they
have cholinergic, GABAergic and glutamate receptor and neurotransmitter systems [20].
These cells generate action potentials, as well as sustaining neurotransmitter release and re-
sponse [21,22], as well as expressing functional synapses [23]. They also express the high volt-
age activated L, N, P/Q and R calcium channel currents [24] and calcium activated BK
channels which are involved in neuronal hyperpolarisation following action potential firing
[25]. Our group has extensive experience of these cells, demonstrating that NT2 neuronal net-
works signal to NT2 astrocytes in co-culture (NT2.N/A), and that astrocytic networks commu-
nicate via gap junction-mediated and gliotransmitter signalling [22].

In order for an in vitromodel to be applicable for the pharmacological study of anticholiner-
gic effects, it must express functional muscarinic acetylcholine receptors (mAChR). This family
of five G Protein-coupled receptor subtypes (m1–5) are widely distributed on multiple organs
and tissues and are critical to the maintenance of central and peripheral cholinergic neuro-
transmission [26]. All five mAChR subtypes have been identified in the brain and their regional
expression varies between species [27]. Regarding the intrinsic suitability of the NT2.N/A co-
culture model, functional mAChRs have previously been identified in NT2.N cells [28]. Addi-
tionally, cultured astrocytes exhibit a wide variety of functional neurotransmitter receptors,
including all five mAChRs [29].

Astrocytes are now known to respond to signals from cholinergic neurons, with the activa-
tion of cellular mAChRs being coupled to an increase in astrocytic intracellular calcium [Ca2+]i
and with their blockage having the opposite effect [28]. Information processing and brain stor-
age was classically thought to rely solely on neurons. However, it has been demonstrated that
astrocytic [Ca2+]i increase as a result of cholinergic transmission is crucial to the mechanisms of
learning and memory [30]. Thus it was decided to focus on the mAChR- induced calcium re-
sponses of NT2 astrocytes in order to develop an in vitro predictive model of the anticholinergic
impact of polypharmacy on the CNS. In this study, the confirmation of cholinergic activity in
NT2.N/A cultures was achieved via calcium imaging by exposing them to oxotremorine (a non-
selective muscarinic acetylcholine receptor agonist) and using the fluorescent calcium dye fluo-
4 to detect Ca2+ mediated network responses in terms of changes to astrocytic [Ca2+]i. Blockage
of these responses by increasing concentrations of clinically relevant drugs with anticholinergic
functionality (Table 1) was examined and the resulting dose-response curves used to rank these
drugs and combinations thereof for anticholinergic potential, in comparison with the existing
ACB scale as well as with some published SAA values for amitriptyline and dicycloverine.

Methods

1. Materials
The NTERA-2 clone D1 (NT2.D1; Human Caucasian pluripotent embryonal carcinoma) cells
(European Collection of Cell Cultures Catalogue Number 01071221) were kindly donated by
Professor P. W. Andrews (University of Sheffield, UK). Cell culture products were from Invi-
trogen (Paisley, UK) and all other reagents and chemicals were from Sigma (Poole, UK), unless
otherwise stated.

2. Generation of NT2.N/A co-cultures
Production of the NT2.N/A co-cultures was based on previous plating methods ([19, 31] with
modifications as previously described by ourselves [32,33]. Briefly, NT2.D1 cells (2 × 106 cells/
75 cm2 flask) were treated (unpassaged, to allow a build-up of layers of cells) for 4 weeks using
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DMEM high glucose medium (DMEM-HG), changed twice weekly and supplemented with
10% (v/v) foetal bovine serum (FBS), 100 units/ml penicillin, 100 μg/ml streptomycin and
1 × 10-5 M all-trans retinoic acid (RA). Differentiated cells were replated (sub-cultured 1:3; re-
plate #1) and incubated for two days, then dislodged and replated onto CellBIND (Corning,
Netherlands) 6-well plates (2.5 × 106 cells/well, replate #2) and treated with mitotic inhibitors
for 28 days; 0.1 μM cytosine arabinoside (for the first 7 days only), 3 μM fluorodeoxyuridine
and 5 μM uridine. No further passaging took place as cells had reached a post-mitotic stage.
For some experiments, 12 mm poly-D-lysine (PDL)/Laminin Corning Biocoat round cover-
slips (VWR International, Lutterworth, UK) were placed in the wells prior to replate #2.

3. Characterisation of the NT2.N/A cells
3.1 Immunocytochemistry and fluorescent image acquisition. NT2.N/A cells cultured on
coverslips were fixed using 4% (v/v) paraformaldehyde at 4°C for 1 h and then blocked with
0.2% Triton X-100 in PBS and 5% (w/v) bovine serum albumin (BSA) for 2 h at room tempera-
ture. Coverslips were incubated with mouse anti-neuronal class β-tubulin-III (Clone TUJ1,
Covance, UK, 1:500), Mouse anti-Glial Fibrillary acidic protein (Clone GA5, Millipore 1:500)
or mouse anti- anti-choline acetyltransferase (ChAT: clone 1.B3.9B3, Millipore, 1:400). Cover-
slips were washed and incubated with donkey anti-mouse rhodamine (Jackson ImmunoRe-
search, Europe, 1:200) or rabbit anti-Mouse FITC (Jackson ImmunoResearch, 1:200) for 1 h at
room temperature. After washing the coverslips were mounted on slides using Prolong Gold
Antifade Mountant (Life Technologies, UK) before analysis using the Leica SP2 fluorescent mi-
croscope with the x10 dry/oil objective and the green filter (495nm) and red filter (546nm)
cubes for FITC and Rhodamine visualisation respectively. Images were analysed using the LAS
AD Lite software (Leica Microsystems, Milton Keynes, UK) or a Zeiss LSM 510 META confo-
cal laser-scanning microscope. Cells were imaged at optimal intervals throughout the entire
depth of the section and acquired as a Z-stack.

3.2 Western blotting. The protein extraction and western blotting procedure was carried
out as previously described by us [34], using 10 μg protein/well, in duplicate. For immunoblot-
ting, after blocking the blots were incubated with primary antibodies overnight at 4°C; mouse
anti-acetylcholinesterase (AChE, clone AE-1, Millipore, Watford, UK, 1:500), mouse (ChAT,
clone 334008, RnDSystems, Abingdon, UK, 1:500). After washing the blots were incubated for
1 hr at RT with horse anti-mouse IgG-horseradish peroxidase (HRP) (7076, Cell signalling,
MA, USA, 1:500) secondary antibody. After washing, protein-antibody binding was detected
on film (Hyperfilm ECL; Amersham) using enhanced chemiluminescence (ECLWestern blot-
ting analysis system; Amersham Pharmacia).

3.3 Muscarinic acetylcholine receptor (mAChR) sandwich ELISAs. NT2.N/A cells were
frozen at-20°C overnight, followed by three freeze/thaw cycles, where each time the cells were
thawed to room temperature then frozen at-20°C. (~40 mins per cycle). During each cycle, the
cells were examined under the microscope to ensure full freeze/defrost had occurred in order

Table 1. The drugs employed in the present investigation with their respective Anticholinergic Cognitive Burden (ACB) scores and Serum
Anticholinergic Activity (SAA) scores.

Drug Use ACB score SAA Score (pM/mL)

Amitriptyline Hydrochloride Antidepressant Pain relief 3 (severe) >15 (High)

Dicycloverine Hydrochloride Anticholinergic antispasmodic 3 (severe) >15 (High)

Cyclobenzaprine Hydrochloride Antispasmodic 2 (moderate)

Cimetidine Hydrochloride H2 antagonist 1 (possible)

doi:10.1371/journal.pone.0118786.t001
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to achieve full lysis. Following centrifugation (5000 g, 4°C, 10 min), protein in the supernatant
was quantitated using the Pierce BCA protein assay kit (Fisher Scientific, Loughborough, UK).
Quantitative analysis of all 5 muscarinic acetylcholine receptors (mAChRs) in the cell superna-
tant was performed using human mAChR Sandwich ELISA systems exactly as the manufactur-
er’s protocol (2bscientific, Upper Heyford, UK). A standard curve (2000–31.25 pg ml-1 purified
mAChR with sample diluent only acting as a negative control), was run alongside and used to
calculate the mean concentration of muscarinic receptors in the samples (pg ml-1) and the pro-
tein concentration of the lysate used to determine the concentration in fmol mg-1 protein. Each
ELISA was performed on 3 independent occasions and data are presented as the mean ± stan-
dard error of the mean (SEM).

4. Calcium Imaging
4.1 Solutions and chemicals. Binding of agonist drugs to cholinergic muscarinic receptors
(mAChR) stimulates release of Ca2+ from membrane bound stores, causing a rise in intracellu-
lar free calcium [Ca2+]i which is measurable using the fluorescent calcium dye, fluo-4 (Molecu-
lar Probes, Eugene, OR). Initially the mAChR functionality of the NT2 astrocytic cells was
established by exposure of the cells to increasing concentrations of the non-specific mAChR
agonist oxotremorine. Secondly, inhibition of the astrocytic response to oxotremorine was ex-
amined. Four drugs on the ACB ranking scale were chosen [7] and examined singly (Table 1)
and in six combinations of two (amitriptyline with dicycloverine, amitriptyline with cycloben-
zaprine and so on).

4.2 Cell perfusion: mAChR agonist—oxotremorine. Oxotremorine in base medium was
applied to the coverslip via a perfusion pump for 1 min at a rate of 1.5 ml min-1 in the following
concentrations (μM) 0.1, 1, 10 and 100, with 4 min perfusion with base medium only between
each drug concentration. The concentration of oxotremorine required to elicit the half maxi-
mal effect (EC50) regarding increase in astrocytic intracellular calcium was then determined as
outlined in Fig. 1 (oxotremorine EC50 = 2.5 μM, see results section 3.2).

4.3 cell perfusion: mAChR antagonists—amitriptyline, cyclobenzaprine, cimetidine,
dicycloverine. The cells were first perfused with the established EC50 of oxotremorine (2.5 μM)
in base medium for 1 min followed by 4 min perfusion with base medium only, in order to es-
tablish the maximal agonist effect at this concentration. Next, anticholinergic drugs together
with oxotremorine at 2.5 μMwere applied via a perfusion pump for 1 min at a rate of 1.5 ml
min-1 in the following concentrations (μM): 0.005, 0.05, 0.5, 5, 50 followed by 4 min perfusion
with base medium only. However, prior to the challenge with oxotremorine (together with
each anticholinergic drug concentration), the cells were perfused for 5 min with the relevant
antagonist concentration only (during which time image recording did not take place). The
concentration of each antagonist required to inhibit the response of the cells to the EC50 con-
centration of oxotremorine to 50% regarding the increase in astrocytic intracellular calcium
(IC50), was then determined.

4.4 Measurement of evoked astrocytic [Ca2+] increases. NT2.N/A cells on coverslips were
loaded with 5 μM fluo-4 and 0.01% pluronic acid in DMEM-HG without phenol red, for 60
min at 37°C. Following washing the coverslip was placed in the calcium imaging recording
chamber (Luigs and Neumann, Germany) fitted to a Nikon FN1 upright microscope, with filter
cubes obtained from Chroma (Chroma VT, USA). The cells were perfused as described in sec-
tion 4.2 and the fluo-4 was excited using LEDs at excitation and emission wavelengths of
488nm and 516 nm respectively. Images of areas of 444 μm×341μm were routinely acquired
every 5 s for 5 min with a ×20 objective lens (NA = 0.8) using an ORCA ER CCD camera (Ha-
mamatsu) and analysed using Simple PCI software (Compix Hamamatsu, Digital Pixel, UK).
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Fig 1. Determination of agonist effect on NT2A cultures. A. Images of field of astrocytes before (left) and during (right) 100μMOxotremorine application.
Red circles indicate regions of interest (ROI’s) from which fluorescence (AFU-arbitrary fluorescence units) over time are sampled. B. Plot of fluorescence
over time showing the effect of oxotremorine on the circled astrocytes in A. Plot on the right displays the average of the astrocyte fluorescence over time. C.
Average of fluorescence traces from the same ROI’s to 0.1,1,10 and 100μM oxotremorine. Plot on the right displays the normalised change in fluorescence
from the traces on the right to give the dose response relationship.

doi:10.1371/journal.pone.0118786.g001
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For each coverslip at least 80 astrocytes in each image were designated as a region of interest
(ROI) for analysis (Fig. 1). The data produced were transferred to a spreadsheet and the aver-
age fluorescence intensity of the ROIs at each time-point calculated.

4.5 Determining the EC50 for oxotremorine. The highest mean fluorescence (Fmax) of the
ROI (Fig. 1) was designated the maximal response to the oxotremorine agonist and from this
the lowest mean baseline fluorescence (F0) was subtracted (Fmax-F0 = ΔF). The results were ex-
pressed as ΔF for each oxotremorine concentration as a percentage of ΔF in the presence of the
highest concentration of oxotremorine used, which was considered to elicit the maximal re-
sponse (100μM; set at 100%). From this a concentration-response curve was plotted and the
EC50 for oxotremorine in the NT2 astrocytes determined using Graphpad Prism software.

4.6 Determining the IC50s for the mAChR antagonists. Again, the highest mean fluores-
cence (Fmax) was designated the maximal response to the oxotremorine agonist and from this
the lowest mean baseline fluorescence (F0) was subtracted (Fmax-F0 = ΔF). This was done for
each antagonist concentration and the results were expressed as ΔF for 2.5 μM oxotremorine in
the presence of each antagonist concentration as a percentage of ΔF in the presence of 2.5 μM
oxotremorine only (set at 100%). From this concentration-response curves were plotted and
the IC50 for each antagonist or combination determined using Graphpad Prism software.

5. Statistical analysis
Each perfusion experiment was performed using 3 individual coverslips of cells and data are
presented as the mean ± standard error of the mean (SEM). The mean EC50 ± SEM (oxotre-
morine) or IC50 ± SEM (antagonist drugs) of the three independent experiments were deter-
mined following non-linear regression curve fit analysis using Graphpad Prism. One-way
ANOVA followed by the Tukey multiple comparisons post-test was used to determine signifi-
cant differences between the IC50 values.

Results

1. Characterisation of the NT2.N/A cell cultures
1.1 Immunocytochemistry—β-tubulin III and GFAP. Specific immunostaining for the cell-
type specific intracellular markers β-tubulin III and GFAP distinguished with secondary anti-
bodies conjugated to different fluorochromes (β-tubulin positive neurons stained red, GFAP
positive astrocytes stained green) was used to produce images of the NT2 neuronal network
(Fig. 2A) and associated NT2 astrocytes (Fig. 2B). The neuronal cell bodies formed small, even-
ly dispersed aggregations (50–100 μm) with linking bundles of neurites, which covered the en-
tire surface of the coverslip. The network appears supported by a monolayer of astrocytic cells,
also covering the whole of the coverslip and clustered around the aggregations of neuronal cell
bodies, both beneath and between neurite outgrowths. Many of the GFAP positive cells dem-
onstrate the stellate morphology with short processes expected of human astrocytes.

1.2 Immunoblotting—ChAT and AChE. Immunoblotting was carried out using the anti-
ChAT clone 334008 and mouse anti-AChE clone AE-1 antibodies to examine for the presence
of the phenotypic cholinergic markers ChAT and AChE in the NT2.N/A cell lysate proteins.
The anti-ChAT antibody cl.334008 recognises both the ChAT isoform 1 (ChAT-69; cyto-
plasmic) and isoform 2 (ChAT-82; nuclear), however only one band was observed in our ex-
periments (Fig. 3). Comparison with molecular markers run alongside the samples revealed
this protein’s molecular weight to be consistent with isoform 1 (69 kDa, RnDSystems, UK).
Such soluble forms are responsible for 80–90% of the enzyme’s activity. A single band was also
observed using the AChE antibody (Fig. 3) and comparison with the molecular markers
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confirmed the molecular weight of the protein to be approximately 68 kDa, which is consistent
with the manufacturer’s predicted band size (Millipore, UK).

1.3 Muscarinic acetylcholine receptor (mAChR) quantitation by ELISA. Five muscarinic
receptor subtypes have been identified in the brain and quantitative analysis of all mAChRs
(m1–5) in the NT2.N/A lysed cell supernatant was performed via specific human sandwich en-
zyme immunoassay. From the respective calibration curves run alongside the samples and
their protein content, the concentration of muscarinic receptors in the NT2.N/A supernatant
was calculated (fmol mg-1 protein) and determined to be 300.8 ± 313.1 (m1), 273.8 ± 11.5
(m2), 30 ± 4.8 (m3), 118 ± 6.6 (m4) and 12.5 ± 3 (m5; Fig. 4). This translates to approximate
relative percentage (%) values of mAChRs in NT2.N/A cells of 41 (m1), 37 (m2), 4 (m3), 16
(m4) and 2 (m5). Thus, the predominant receptor subtypes in our neuronal-astrocytic co-
culture seemed to be the ACh m1 and m2 receptors, whose levels were not considered signifi-
cantly different, followed by the m4 receptor (P< 0.001), with a significantly lower level of ex-
pression of both the m3 and m5 receptors (P< 0.001).

Fig 2. Immunofluorescence images of NT2 neurons and astrocytes. A) Bundles of β-tubulin III positive NT2 neurons interconnected with neurites
(stained red) and B) GFAP positive NT2 astrocytes (stained green).

doi:10.1371/journal.pone.0118786.g002

Fig 3. Representative western blot analysis of NT2.N/A cell lysate proteins. The cholinergic markers choline acetyltransferase (ChAT) and
acetylcholinesterase (AChE) were detected in NT2.N/A cell lysates (10 μg/well).

doi:10.1371/journal.pone.0118786.g003
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2. Response to cholinergic and anticholinergic drugs
2.1 Oxotremorine. Release of Ca2+ from astrocytic membrane bound stores in response to the
non-specific mAChR agonist oxotremorine was measured using the fluorescent calcium dye,
fluo-4 (Fig. 1). As can be seen in Fig. 5, increasing concentrations of oxotremorine resulted in a
sigmoidal-response in respect of increased Ca2+ release. The concentration of oxotremorine re-
quired to elicit the half maximal response (EC50) regarding increase in astrocytic intracellular
calcium [Ca2+]i was determined to be 2.45 ± 0.12 μM and thus a value of 2.5 μMwas used for
the antagonist experiments (see below).

2.2 Inhibition of the astrocytic response to oxotremorine by anticholinergic drugs: per-
fusion with single compounds. The concentration of oxotremorine required to elicit the half
maximal response (EC50) regarding increase in astrocytic [Ca2+]i was determined to be 2.5 μM
(see section 3.2.1) Following this, the inhibition of the astrocytic calcium response to 2.5 μM
oxotremorine by mAChR antagonists was examined. As can be seen in Fig. 5, increasing con-
centrations of all four antagonists (dicycloverine, amitriptyline, cyclobenzaprine and

Fig 4. Quantitative analysis of muscarinic acetylcholine receptors (mAChR): receptor concentration (fmol mg-1 protein) values were determined
using sandwich ELISAs for each subtype. Bars represent the mean ± SEM of the means from three separate experiments: Values marked ‘a’, ‘b’ or ‘c’ are
significantly different from each other (P<0.001). Additionally, values for m3 and m5 are significantly different from those of m4 (P<0.001), whilst values for
m3 and m5 are also significantly different from each other (P<0.05)

doi:10.1371/journal.pone.0118786.g004
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Fig 5. Effects of anticholinergic agents on NT2.N/A culture responses to the cholinergic agonist
oxotremorine. A) Effect of perfusion of NT2.N/A cultures with oxotremorine for 1 min on release of Ca2+ from
astrocytic membrane bound stores; showing a sigmoidal log concentration-response curve for [Ca2+]i
increase in the NT2 astrocytes. B) Inhibition of the astrocytic response to the EC50 concentration of
oxotremorine by single anticholinergic drugs, Sigmoidal log concentration—response curves for inhibition of
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cimetidine) were associated with a progressive decrease in Ca2+ release from astrocytic mem-
brane bound stores. This confirms that all four antagonists were capable of inhibiting the astro-
cytic cholinergic response to oxotremorine. IC50 values (Table 2) indicated that dicycloverine
was significantly the most potent antagonist (0.27 ± 0.046 μM), followed by amitriptyline
(1.0 ± 0.1 μM, P< 0.05), followed by cyclobenzaprine (4.7 ± 0.6 μM; P< 0.05) and with cimet-
idine having the least significant effect (21.7 ± 2.3 μM; P< 0.001). This order of potency of the
single compounds compared favourably with their respective ACB scores (Table 2).

2.3 Perfusion with anticholinergic drugs in combination. As can be seen in Fig. 5, increas-
ing concentrations of all six antagonist combinations (see Table 3) were also associated with a
progressive decrease in Ca2+ release from astrocytic membrane bound stores. This confirms
that all six antagonist combinations were capable of inhibiting the astrocytic cholinergic re-
sponse to oxotremorine. IC50 values (Table 3) indicating that dicycloverine with cyclobenzapr-
ine was the most potent antagonist combination (10 ± 1.3 nM), followed by dicycloverine with
amitriptyline (22 ± 2.7 nM; P< 0.05). The effects of amitriptyline with cyclobenzaprine (65 ±
9.4 nM) and dicycloverine with cimetidine (66 ± 3.4 nM) were not considered significantly dif-
ferent. The least potent antagonist combinations were cyclobenzaprine with cimetidine (560 ±
30 nM; P< 0.001), followed by amitriptyline with cimetidine (670 ± 45 nM; P< 0.05). In the
majority of cases, the order of potency of the drugs in combination did not agree with their re-
spective ‘predicted’ ACB scores (Table 3), which were derived from the sum of scores of the in-
dividual drugs (Table 2).

the [Ca2+]i increase in the NT2 astrocytes in response to increasing concentrations of antagonist;
dicycloverine (□ open square), amitriptyline (■ solid square), cyclobenzaprine (● solid circle) and cimetidine (▲
solid triangle). C) Comparison of the inhibition of the astrocytic response to the EC50 concentration of oxotremorine
by anticholinergic drugs in combination. Sigmoidal log concentration—response curves for inhibition of the [Ca2+]i
increase in the NT2 astrocytes in response to increasing concentrations of antagonists in combination; amitriptyline
and cimetidine (● solid circle), cyclobenzaprine and cimetidine (� open circle), amitriptyline and cyclobenzaprine (▲
solid triangle), dicycloverine and cimetidine (Δ open triangle), dicycloverine and amitriptyline (■ solid square) and
dicycloverine and cyclobenzaprine (□ open square). All values determined using the fluorescent calcium dye fluo-4.
Results are expressed as a percentage of the 100 μM (A) and 2.5 μM (B & C) oxotremorine values (designated the
maximal response) following background correction. Data points represent the mean ± SEM of the means from three
separate experiments.

doi:10.1371/journal.pone.0118786.g005

Table 2. Summary of the IC50 (μM) values obtained for each antagonist drug with their respective
Anticholinergic Cognitive Burden (ACB) and Serum Anticholinergic Activity (SAA) scores.

Drug IC50 ± SEM (μM) ACB score SAA score pM/mL

Dicycloverine 0.27 ± 0.046 a* 3 >15 (high)

Amitriptyline 1.0 ± 0.1 b* 3 >15 (high)

Cyclobenzaprine 4.7 ± 0.6 c*** 2

Cimetidine 21.7 ± 2.3 1

Values represent the mean IC50 values (μM) ± SEM (n = 3) for each drug.

Compared IC50s;

a dicycloverine vs amitriptyline,

b amitriptyline vs cyclobenzaprine and

c cyclobenzaprine vs cimetidine.

* P < 0.05,

** P < 0.01,

*** P < 0.001

doi:10.1371/journal.pone.0118786.t002
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The IC50s obtained show the combinations of drugs to all be significantly more inhibitory
(P<0.001) compared with those of their single counterparts. For example dicycloverine with
amitriptyline was 12-fold and 45-fold more potent than dicycloverine or amitriptyline alone,
respectively. The exception was amitriptyline alone, compared with amitriptyline with cimeti-
dine, the IC50s for which were not considered to differ significantly.

Discussion
The core objective of this study was to develop a relevant human-based and functional neuro-
nal/astrocytic network to enable the prediction of the impact of combinations of drugs with an-
ticholinergic effects, as channelled through mAChRs. It is essential that any model employed
possesses the cholinergic phenotype. Acetycholine is crucial for cholinergic neuronal commu-
nication. ChAT catalyses the production of the acetylcholine and AChE hydrolyses it and to-
gether they serve as markers for functional cholinergic neurons [35]. The NT2.N/A model
consists of a network of β-tubulin III positive neuronal cells in co-culture with GFAP positive
astrocytes and we confirmed the presence of ChAT and AChE in the model via immunoblot-
ting. It has been estimated that 1:3 differentiated NT2 neurons in pure cultures present the
molecules phenotypic of cholinergic neurotransmission [36–39]. As our model encompasses
both neurons and astrocytes, it would be interesting in future to examine the effects of the pres-
ence of NT2.A cells on cholinergic NT2.N numbers. Indeed, AChE and ChAT are also actively
secreted by astrocytes [40,41].

The levels of all five specific mAChRs in the NT2.N/A co-culture were determined quantita-
tively and it was found that the predominant subtypes were m1 and m2, followed by m4 and
with negligible amounts of m3 and m5. In humans, m1, m2 and m4 mAChRs are the most
abundant subtypes in the forebrain. The basal forebrain is considered to be responsible for the
major cholinergic output of the CNS and the basal ganglia has been implicated with voluntary
movement, learning, memory and sleep. The hippocampus plays a key role in the consolidation
of information from short to long term memory and spatial navigation. The m2 receptor is the

Table 3. Summary of the IC50 (nM) values obtained for the antagonist drugs in combinations as
indicated, along with their ‘predicted’ ACB scores.

Drug IC50 ± SEM (nM) ‘Predicted’ ACB score

Dicycloverine/Cyclobenzaprine 10 ± 1.3 a* 5

Dicycloverine/Amitriptyline 22 ± 2.7 b* 6

Amitriptyline/Cyclobenzaprine 65 ± 9.4 5

Dicycloverine/Cimetidine 66 ± 3.4 c*** 4

Cyclobenzaprine/Cimetidine 560 ± 30 d* 3

Amitriptyline/Cimetidine 670 ± 45 4

Values represent the mean IC50 values (n = 3), ± SEM (nM) for each combination of two drugs.

Compared IC50s;

a dicycloverine/cyclobenzaprine vs dicycloverine/amitriptyline,

b dicycloverine/amitriptyline vs amitriptyline/cyclobenzaprine,

c dicycloverine/cimetidine vs cyclobenzaprine/cimetidine and

d cyclobenzaprine/cimetidine vs amitriptyline/cimetidine.

* P < 0.05,

** P < 0.01,

*** P < 0.001

‘Predicted’ ACB score from linear addition of individual drug ACB scores (Table 2).

doi:10.1371/journal.pone.0118786.t003
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dominant receptor type in the basal forebrain, with the m4 subtype being predominant in the
basal ganglia. In the hippocampus, m1 receptors are thought to account for 35–60%, with m2
and m4 each accounting for 15–25% of the subtypes in this region [6]. The cerebral cortex is
the outermost layered structure of neural tissue which plays a key role in memory, attention,
perception, thought, language, and consciousness and contains a mixed population of m1 and
m2 sites [42]. Our preliminary results indicate a similar proportion of muscarinic receptors to
be expressed by NT2.N/A cells to that of these areas of the brain receiving of cholinergic input,
which supports the applicability of the model. Quantitative analysis of mAChRs in pure cul-
tures of NT2 neuronal cells has previously found the m3 subtype to be the most abundant, fol-
lowed by m2 and with negligible levels of m1 and m4 [43]. The discrepancy between these
findings and ours may be due to the presence of astrocytes in our NT2.N/A co-culture. Astro-
cytes are essential for normal neuronal function which adds to the complexity and relevance of
the model and indeed, astrocytes themselves possess functional mAChRs [44].

Neuronal response to neurotransmitters following feedback via an increase in astrocytic in-
tracellular free calcium [Ca2+]i, modulates CNS activity [45] and we have previously shown
NT2 astrocytes to respond to exogenously applied neurotransmitters with calcium elevation
[22]. In the current study, we determined the calcium response of NT2 astrocytes to the non-
selective mAChR agonist oxotremorine and the inhibition of this [Ca2+]i increase by a number
of commonly used anticholinergic medications on the ACB scale, alone and in combination.
When the four drugs were studied singly, their potency in terms of their IC50s corresponded
with their ACB score rankings, with dicycloverine and amitriptyline showing the greatest im-
pact and cimetidine the least (Table 2). To place our preliminary findings in the context of like-
ly anticholinergic burden, they must be considered alongside clinical determinations of human
CNS drug concentrations. For instance, the pharmacological impact of centrally active drugs
such as antidepressants is directly related to their free drug concentrations. It was previously
assumed that plasma protein and CNS drug binding were of similar magnitude, although it has
been established that this is not the case for many centrally active drugs [46,47] and brain drug
binding is considerably higher than that of plasma. With amitriptyline for example, values for
plasma concentrations (360–900 nM) are in clear contrast with values predicted for that of un-
bound drug with the human brain (14–35 nM) after clinical doses [48]. In the present study,
our values for the impact of amitriptyline alone in terms of its anticholinergic inhibitory effects
(IC50 1000 nM; Table 2) were considerably higher than the unbound human clinical concentra-
tions. Likewise, plasma steady state values for dicycloverine of ~280 nM (40 mg tablet) [49]
and cyclobenzaprine of ~100 nM (30 mg tablet) [50] have been measured following a single
dose in healthy volunteers. It can be expected therefore, that the unbound concentrations with-
in the brain would be considerably lower than our values for the impact of dicycloverine
(270 nM) and cyclobenzaprine (4700 nM) alone in terms of their anticholinergic potential.
However, it is well established that the elderly often exhibit considerably higher drug plasma
and therefore potentially higher unbound brain levels, compared with younger adults. With
cyclobenzaprine, plasma levels in the elderly are double those of younger subjects [51] and this
is the case with many CNS-active drugs [52]. There is a lack of appropriate pharmacokinetic
studies regarding dicycloverine but it is conceivable that unbound brain levels in the elderly
may approach the IC50 of 270 nMmeasured for this drug in the present study, as this was the
most potent of the medications examined with respect to anticholinergic effects. Additionally,
our IC50 values for a number of the drugs in combination also approach human clinical con-
centrations (as described above), for example dicycloverine plus cyclobenzaprine (IC50 10 nM;
Table 3) or dicycloverine plus amitriptyline (22 nM). This is of great relevance as up to 40% of
the elderly in care homes are being treated with anti-depressants [53] and other anticholinergic
medications [54] concurrently.
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A key observation of this study is how our preliminary findings contrast with the way anti-
cholinergic drug impact is currently measured and considered clinically. As previously men-
tioned, expert-based anticholinergic score models for patients are calculated from the
summation of each drug’s score [7,16]. However, in Table 3, the rank order of anticholinergic
potential of the drugs in combination as determined from their IC50 values, doesn’t always cor-
relate with the simple summation ‘predictive’ combined ACB score. For example, the combina-
tion of dicycloverine with cyclobenzaprine (IC50 10 nM) which carries a ‘predictive’ ACB score
of 5 was significantly more potent than the combination of dicycloverine with amitriptyline
(22 nM; P< 0.01) which carries a ‘predictive’ ACB score of 6. It is likely that this discrepancy is
at least partly accounted for by the synergistic effects we have shown in this report. Indeed, we
have shown a combination of dicycloverine and cyclobenzaprine to be approximately 27- and
470-fold more potent respectively than either drug singly (tables 2 and 3). Additionally, the
combination of amitriptyline and cyclobenzaprine was approximately 15- and 72-fold more
potent respectively than either drug singly, which suggests that there may be a synergistic effect
in terms of the anticholinergic impact of these drugs in combination, at concentrations which
are clinically relevant. Our findings can be seen in the context of a recent report, where the idea
that the anticholinergic effects following cumulative drug exposure are linearly additive, has
previously been flagged as an oversimplification [55]. The aetiology of such synergy is likely to
be complex and operate at several levels. These may include effects at presynaptic muscarinic
receptors, such as those involved with atropine-mediated synergistic pesticide toxicity in insect
systems, whose muscarinic receptors are similar to those of vertebrates [56]. Presynaptic nico-
tinic cholinergic receptors have also been implicated in human neuromuscular cholinergic an-
tagonist synergy, although receptor conformational changes induced by multiple antagonist
binding may be the more plausible explanation [57].

Thus, though complex and expensive, current clinical assessment of anticholinergic burden
and the subsequent ranking of medications with anticholinergic functionality may not be suffi-
ciently informative to predict anticholinergic risk from combinations of medications likely
used by an elderly population, as the summative approach employed by current scales may
under-estimate the effect of polypharmacy. We have shown that our human-derived NT2.N/A
co-cultures possess the required cellular functionality to act as an appropriate biological model
with which to investigate anticholinergic pharmacological mechanisms in vitro. Unlike the
rodent source of muscarinic receptors employed in the SAA assay, the NT2.N/A cell are
human-derived and appear to express the relevant mAChR subtypes and in the appropriate
proportions. Though preliminary, the data obtained in this study suggests the NT2.N/A model
may prove suitable for inclusion in a framework for the ranking of drugs alone and in combi-
nations for anticholinergic potency, in order to inform further predictive clinical studies and
assist in the prediction of anticholinergic adverse effects. The model may also be suitable for
the future determination of muscarinic receptor binding affinities, which will be valuable as
part of future estimations of anticholinergic impact in the human brain.

Another vital component of human research into anticholinergic impact in the future
would be the in vitromodelling of the role of the blood brain barrier (BBB) in the systemic anti-
cholinergic drug penetration into the CNS, as well as that of any metabolites formed by the
liver or other biotransforming organs. Clinically, anticholinergic agents differ in their abilities
to enter the brain and there is evidence that the brain microvessel robustness and permeability
is impaired by age and infirmity [58, 59] The NT2.N/A co-cultures could be combined with ad-
vanced stem cell-derived human models [60] of the BBB in bioreactor systems to further en-
hance clinical predictability in terms of anticholinergic drug impact.

Future work will aim to examine a greater number of drugs on the ACB scale, alone and in
combination of two or more, as this is well within the capabilities of the flexible perfusion
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system employed. Consultation with experts in the various fields of the primary care of the el-
derly, such as geriatric psychiatrists, will reveal the most relevant drug combinations worthy of
study that exhibit the most anticholinergic effects at clinically relevant doses and CNS free
drug concentrations, with the overall aim of establishing a reliably predictive model. Whilst
there are a large potential number of possible anticholinergic drug combinations used in clini-
cal practice to investigate, such efforts would be rewarded in terms of the discovery of which
new and older drug combinations cause the most damage to the CNS cholinergic health of
the elderly.

Acknowledgments
We would also like to thank Dr R Sims (Aston University, UK) for his valued assistance and
technical advice during this project. This work is dedicated to the memory of Mark J. Winn,
Ph.D. (1960–1993).

Author Contributions
Conceived and designed the experiments: EKWHRP EHT IDM GCF MDC. Performed the ex-
periments: EKW EHT. Analyzed the data: EKWHRP. Contributed reagents/materials/analysis
tools: HRP EJH. Wrote the paper: EKWHRP EJH IDM GCFMDC.

References
1. Ancelin ML, Artero S, Portet F, Dupuy AM, Touchon J, Ritchie K Non-degenerative mild cognitive im-

pairment in elderly people and use of anticholinergic drugs: longitudinal cohort study. BMJ. 2006; 332:
455–459. PMID: 16452102

2. Hajjar ER, Cafiero AC, Hanlon JT Polypharmacy in elderly patients. Am J Geriatr Pharmacother. 2007;
5: 345–351. doi: 10.1016/j.amjopharm.2007.12.002 PMID: 18179993

3. Hilmer SN, Gnjidic D The effects of polypharmacy in older adults. Clin Pharmacol Ther. 2009; 85:
86–88. doi: 10.1038/clpt.2008.224 PMID: 19037203

4. Garfinkel D, Mangin D Feasibility study of a systematic approach for discontinuation of multiple medica-
tions in older adults: addressing polypharmacy. Arch Intern Med. 2010; 170: 1648–1654. doi: 10.1001/
archinternmed.2010.355 PMID: 20937924

5. Uusvaara J, Pitkala KH, Kautiainen H, Tilvis RS, Strandberg TE Association of anticholinergic drugs
with hospitalization and mortality among older cardiovascular patients: A prospective study. Drugs
Aging 2011; 28: 131–138. doi: 10.2165/11585060-000000000-00000 PMID: 21275438

6. Levey AI Muscarinic acetylcholine receptor expression in memory circuits: implications for treatment of
Alzheimer disease. Proc Natl Acad Sci. USA 1996; 93: 13541–13546. PMID: 8942969

7. Pasina L, Djade CD, Lucca U, Nobili A, Tettamanti M, Franchi C. et al. Association of anticholinergic
burden with cognitive and functional status in a cohort of hospitalized elderly: comparison of the anti-
cholinergic cognitive burden scale and anticholinergic risk scale: results from the REPOSI study. Drugs
Aging 2013; 30: 103–112. doi: 10.1007/s40266-012-0044-x PMID: 23239364

8. Campbell N, Boustani M, Limbil T, Ott C, Fox C, Maidment ID et al. The cognitive impact of anticholiner-
gics: a clinical review. Clin Interv Aging 2009; 4: 225–233. PMID: 19554093

9. Fox C, Richardson K, Maidment ID, Savva GM, Matthews FE, Smithard D et al. Anticholinergic medica-
tion use and cognitive impairment in the older population: the medical research council cognitive func-
tion and ageing study. J Am Geriatr Soc. 2011; 59: 1477–1483. doi: 10.1111/j.1532-5415.2011.03491.
x PMID: 21707557

10. Fox C, Smith T, Maidment I, ChanWY, Bua N, Myint PK, et al. Effect of medications with anti-choliner-
gic properties on cognitive function, delirium, physical function and mortality: a systematic review. Age
Ageing 2014; 43:604–615. doi: 10.1093/ageing/afu096 PMID: 25038833

11. Tune L, Coyle JT Serum levels of anticholinergic drugs in treatment of acute extrapyramidal side ef-
fects. Arch Gen Psychiatry 1980; 37: 293–297. PMID: 6102457

12. ChewML, Mulsant BH, Pollock BG, LehmanME, Greenspan A, Mahmoud RA et al. Anticholinergic ac-
tivity of 107 medications commonly used by older adults. J Am Geriatr Soc. 2008; 56: 1333–1341. doi:
10.1111/j.1532-5415.2008.01737.x PMID: 18510583

Anticholinergic Impact on Human Neuronal and Astrocytic Systems

PLOSONE | DOI:10.1371/journal.pone.0118786 March 4, 2015 15 / 18

http://www.ncbi.nlm.nih.gov/pubmed/16452102
http://dx.doi.org/10.1016/j.amjopharm.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18179993
http://dx.doi.org/10.1038/clpt.2008.224
http://www.ncbi.nlm.nih.gov/pubmed/19037203
http://dx.doi.org/10.1001/archinternmed.2010.355
http://dx.doi.org/10.1001/archinternmed.2010.355
http://www.ncbi.nlm.nih.gov/pubmed/20937924
http://dx.doi.org/10.2165/11585060-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21275438
http://www.ncbi.nlm.nih.gov/pubmed/8942969
http://dx.doi.org/10.1007/s40266-012-0044-x
http://www.ncbi.nlm.nih.gov/pubmed/23239364
http://www.ncbi.nlm.nih.gov/pubmed/19554093
http://dx.doi.org/10.1111/j.1532-5415.2011.03491.x
http://dx.doi.org/10.1111/j.1532-5415.2011.03491.x
http://www.ncbi.nlm.nih.gov/pubmed/21707557
http://dx.doi.org/10.1093/ageing/afu096
http://www.ncbi.nlm.nih.gov/pubmed/25038833
http://www.ncbi.nlm.nih.gov/pubmed/6102457
http://dx.doi.org/10.1111/j.1532-5415.2008.01737.x
http://www.ncbi.nlm.nih.gov/pubmed/18510583


13. Boustani M, Campbell N, Munger S, Maidment I, Fox C Impact of anticholinergics on the aging brain: a
review and practical application. Aging Health 2008; 4: 311–320.

14. Thomas C, Hestermann U, Kopitz J, Plaschke K, Oster P, Driessen M. et al. Serum anticholinergic ac-
tivity and cerebral cholinergic dysfunction: an EEG study in frail elderly with and without delirium. BMC
Neurosci. 2008; 9: 86. doi: 10.1186/1471-2202-9-86 PMID: 18793418

15. Kashyap M, Belleville S, Mulsant BH, Hilmer SN, Paquette A, Tu LM et al. Methodological challenges in
determining longitudinal associations between anticholinergic drug use and incident cognitive decline.
J AmGeriatr Soc. 2014; 62: 336–341. doi: 10.1111/jgs.12632 PMID: 24417438

16. Rudolph JL, Salow MJ, Angelini MC, McGlinchey RE The anticholinergic risk scale and anticholinergic
adverse effects in older persons. Arch Intern Med 2008; 168: 508–513. doi: 10.1001/archinternmed.
2007.106 PMID: 18332297

17. Mangoni AA Assessing the adverse effects of antimuscarinic drugs in older patients: which way for-
ward? Expert Rev Clin Pharmacol. 2011; 4: 531–533. doi: 10.1586/ecp.11.44 PMID: 22114880

18. Andrews PWRetinoic acid induces neuronal differentiation of a cloned human embryonal carcinoma
cell line in vitro. Dev Biol. 1984; 103: 285–293. PMID: 6144603

19. Bani-Yaghoub M, Felker JM, Naus CC Human NT2/D1 cells differentiate into functional astrocytes.
Neuroreport 1999; 10: 3843–3846. PMID: 10716220

20. Guillemain I, Alonso G, Patey G, Privat A, Chaudieu I Human NT2 neurons express a large variety of
neurotransmission phenotypes in vitro. J Comp Neurol 2000; 422: 380–395. PMID: 10861514

21. Coyle DE, Li J, Baccei M Regional differentiation of retinoic acid-induced human pluripotent embryonic
carcinoma stem cell neurons. PLoS One 2011; 6: e16174. doi: 10.1371/journal.pone.0016174 PMID:
21283767

22. Hill EJ, Jimenez-Gonzalez C, Tarczyluk M, Nagel DA, ColemanMD, Parri HR NT2 derived neuronal
and astrocytic network signalling. PLoS One 2012; 7: e36098. doi: 10.1371/journal.pone.0036098
PMID: 22567128

23. Hartley RS, Margulis M, Fishman PS, Lee VM, Tang CM Functional synapses are formed between
human NTera2 (NT2N, hNT) neurons grown on astrocytes. J Comp Neurol. 1999; 407: 1–10. PMID:
10213184

24. Neelands TR, King AP, Macdonald RL Functional expression of L-, N-, P/Q-, and R-type calcium chan-
nels in the human NT2-N cell line. J Neurophysiol 2000; 84: 2933–2944. PMID: 11110822

25. Chapman H, Piggot C, Andrews PW,Wann KT Characterisation of large-conductance calcium-
activated potassium channels (BK(Ca)) in human NT2-N cells. Brain Res. 2007; 1129: 15–25. PMID:
17156763

26. Resende RR, Adhikari A Cholinergic receptor pathways involved in apoptosis, cell proliferation and
neuronal differentiation. Cell Commun Signal 2009; 7: 20. doi: 10.1186/1478-811X-7-20 PMID:
19712465

27. Tice MA, Hashemi T, Taylor LA, McQuade RD Distribution of muscarinic receptor subtypes in rat brain
from postnatal to old age. Brain Res Dev Brain Res. 1996; 92: 70–76. PMID: 8861724

28. Aluigi MG, Guida C, Falugi C Apoptosis as a specific biomarker of diazinon toxicity in NTera2-D1 cells.
Chem Biol Interact. 2010; 187: 299–303. doi: 10.1016/j.cbi.2010.03.031 PMID: 20338157

29. Elhusseiny A, Cohen Z, Olivier A, Stanimirovic DB, Hamel E Functional acetylcholine muscarinic recep-
tor subtypes in human brain microcirculation: identification and cellular localization. J Cereb Blood Flow
Metab. 1999; 19: 794–802. PMID: 10413035

30. Navarrete M, Perea G, Fernandez de Sevilla D, Gomez-Gonzalo M, Nunez A, Martin ED et al. Astro-
cytes mediate in vivo cholinergic-induced synaptic plasticity. PLoS Biol 2012; 10: e1001259. doi: 10.
1371/journal.pbio.1001259 PMID: 22347811

31. Pleasure SJ, Page C, Lee VM Pure, postmitotic, polarized human neurons derived from NTera 2 cells
provide a system for expressing exogenous proteins in terminally differentiated neurons. J Neurosci.
1992; 12: 1802–1815. PMID: 1578271

32. Woehrling EK, Hill EJ, Coleman MD Evaluation of the importance of astrocytes when screening for
acute toxicity in neuronal cell systems. Neurotox Res. 2010; 17: 103–113. doi: 10.1007/s12640-009-
9084-3 PMID: 19593679

33. Woehrling EK, Hill EJ, Torr EE, ColemanMD Single-cell ELISA and flow cytometry as methods for
highlighting potential neuronal and astrocytic toxicant specificity. Neurotox Res. 2011; 19: 472–483.
doi: 10.1007/s12640-010-9202-2 PMID: 20552314

34. Hill EJ, Woehrling EK, Prince M, Coleman MD Differentiating human NT2/D1 neurospheres as a versa-
tile in vitro 3Dmodel system for developmental neurotoxicity testing. Toxicology 2008; 249: 243–250.
doi: 10.1016/j.tox.2008.05.014 PMID: 18599177

Anticholinergic Impact on Human Neuronal and Astrocytic Systems

PLOSONE | DOI:10.1371/journal.pone.0118786 March 4, 2015 16 / 18

http://dx.doi.org/10.1186/1471-2202-9-86
http://www.ncbi.nlm.nih.gov/pubmed/18793418
http://dx.doi.org/10.1111/jgs.12632
http://www.ncbi.nlm.nih.gov/pubmed/24417438
http://dx.doi.org/10.1001/archinternmed.2007.106
http://dx.doi.org/10.1001/archinternmed.2007.106
http://www.ncbi.nlm.nih.gov/pubmed/18332297
http://dx.doi.org/10.1586/ecp.11.44
http://www.ncbi.nlm.nih.gov/pubmed/22114880
http://www.ncbi.nlm.nih.gov/pubmed/6144603
http://www.ncbi.nlm.nih.gov/pubmed/10716220
http://www.ncbi.nlm.nih.gov/pubmed/10861514
http://dx.doi.org/10.1371/journal.pone.0016174
http://www.ncbi.nlm.nih.gov/pubmed/21283767
http://dx.doi.org/10.1371/journal.pone.0036098
http://www.ncbi.nlm.nih.gov/pubmed/22567128
http://www.ncbi.nlm.nih.gov/pubmed/10213184
http://www.ncbi.nlm.nih.gov/pubmed/11110822
http://www.ncbi.nlm.nih.gov/pubmed/17156763
http://dx.doi.org/10.1186/1478-811X-7-20
http://www.ncbi.nlm.nih.gov/pubmed/19712465
http://www.ncbi.nlm.nih.gov/pubmed/8861724
http://dx.doi.org/10.1016/j.cbi.2010.03.031
http://www.ncbi.nlm.nih.gov/pubmed/20338157
http://www.ncbi.nlm.nih.gov/pubmed/10413035
http://dx.doi.org/10.1371/journal.pbio.1001259
http://dx.doi.org/10.1371/journal.pbio.1001259
http://www.ncbi.nlm.nih.gov/pubmed/22347811
http://www.ncbi.nlm.nih.gov/pubmed/1578271
http://dx.doi.org/10.1007/s12640-009-9084-3
http://dx.doi.org/10.1007/s12640-009-9084-3
http://www.ncbi.nlm.nih.gov/pubmed/19593679
http://dx.doi.org/10.1007/s12640-010-9202-2
http://www.ncbi.nlm.nih.gov/pubmed/20552314
http://dx.doi.org/10.1016/j.tox.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18599177


35. Gil-Bea FJ, Garcia-Alloza M, Dominguez J, Marcos B, Ramirez MJ Evaluation of cholinergic markers in
Alzheimer’s disease and in a model of cholinergic deficit. Neurosci Lett. 2005; 375: 37–41. PMID:
15664119

36. Fischer HS, Berti I, Schatz DS, Humpel C, Saria A Retinoic acid treatment enhances the acetylcholine
contents in the human teratocarcinoma cell line NTera-2. Regul Pept. 2000; 96: 59–63. PMID:
11102653

37. Podrygajlo G, Tegenge MA, Gierse A, Paquet-Durand F, Tan S, Bicker G et al. Cellular phenotypes of
human model neurons (NT2) after differentiation in aggregate culture. Cell Tissue Res. 2009; 336:
439–452. doi: 10.1007/s00441-009-0783-0 PMID: 19377856

38. Podrygajlo G, Wiegreffe C, Scaal M, Bicker G Integration of humanmodel neurons (NT2) into embryon-
ic chick nervous system. Dev Dyn. 2010; 239: 496–504. doi: 10.1002/dvdy.22193 PMID: 20034101

39. Zeller M, Strauss WL Retinoic acid induces cholinergic differentiation of NTera 2 human embryonal car-
cinoma cells. Int J Dev Neurosci. 1995; 13: 437–445. PMID: 7484214

40. Thullbery MD, Cox HD, Schule T, Thompson CM, George KMDifferential localization of acetylcholines-
terase in neuronal and non-neuronal cells. J Cell Biochem. 2005; 96: 599–610. PMID: 16052514

41. Vijayaraghavan S, Karami A, Aeinehband S, Behbahani H, Grandien A, Nilsson B et al. Regulated Ex-
tracellular Choline Acetyltransferase Activity- The Plausible Missing Link of the Distant Action of Acetyl-
choline in the Cholinergic Anti-Inflammatory Pathway. PLoS One 2013; 8: e65936. PMID: 23840379

42. Cortes R, Probst A, Tobler HJ, Palacios JM Muscarinic cholinergic receptor subtypes in the human
brain. II. Quantitative autoradiographic studies. Brain Res 1986; 362: 239–253. PMID: 3753655

43. Wolf BA, Wertkin AM, Jolly YC, Yasuda RP, Wolfe BB, Konrad RJ et al. Muscarinic regulation of Alzhei-
mer’s disease amyloid precursor protein secretion and amyloid beta-protein production in human neu-
ronal NT2N cells. J Biol Chem. 1995; 270: 4916–4922. PMID: 7876266

44. Shelton MK, McCarthy KD Hippocampal astrocytes exhibit Ca2+-elevating muscarinic cholinergic and
histaminergic receptors in situ. J Neurochem. 2000; 74: 555–563. PMID: 10646506

45. FuW, Ruangkittisakul A, MacTavish D, Baker GB, Ballanyi K, Jhamandas JH Activity and metabolism-
related Ca2+ and mitochondrial dynamics in co-cultured human fetal cortical neurons and astrocytes.
Neuroscience 2013; 250: 520–535. doi: 10.1016/j.neuroscience.2013.07.029 PMID: 23876319

46. Liu X, Van Natta K, Yeo H, Vilenski O, Weller PE, Worboys PD et al. Unbound drug concentration in
brain homogenate and cerebral spinal fluid at steady state as a surrogate for unbound concentration in
brain interstitial fluid. Drug Metab Dispos. 2009; 37: 787–793. doi: 10.1124/dmd.108.024125 PMID:
19116265

47. Summerfield SG, Read K, Begley DJ, Obradovic T, Hidalgo IJ, Coggon S et al. Central nervous system
drug disposition: the relationship between in situ brain permeability and brain free fraction. J Pharmacol
Exp Ther. 2007; 322: 205–213. PMID: 17405866

48. Weber ML, Hofland CM, Shaffer CL, Flik G, Cremers T, Hurst RS et al. Therapeutic doses of antide-
pressants are projected not to inhibit human alpha 4 beta 2 nicotinic acetylcholine receptors. Neuro-
pharmacology 2013; 72: 88–95. doi: 10.1016/j.neuropharm.2013.04.027 PMID: 23639435

49. Patel AP Dicyclomine Hydrochloride Bioequivalency Review. Center for Drug Evaluation and Re-
search, U.S. Food and Drug Administration (FDA). http://www.accessdata.fda.gov/drugsatfda_docs/
anda/99/40230_Dicyclomine%20Hydrochloride_Bioeqr.pdf. Accessed 25/06/14.

50. Darwish M, Hellriegel ET Steady-state pharmacokinetics of once-daily cyclobenzaprine extended re-
lease: a randomized, double-blind, 2-period crossover study in healthy volunteers. Clin Ther. 2011; 33:
746–753. doi: 10.1016/j.clinthera.2011.05.045 PMID: 21704239

51. Winchell GA, King JD, Chavez-Eng CM, Constanzer ML, Korn SH Cyclobenzaprine pharmacokinetics,
including the effects of age, gender, and hepatic insufficiency. J Clin Pharmacol. 2002; 42: 61–69.
PMID: 11808825

52. Ballon N, Siobud-Dorocant E, Even C, Slama F, Dardennes R [Tricyclic antidepressants dosage and
depressed elderly inpatients: a retrospective pharmaco-epidemiologic study]. Encephale 2001; 27:
373–376. PMID: 11686060

53. Bourgeois J, Elseviers MM, Van Bortel L, Petrovic M, Vander Stichele RH The use of antidepressants
in Belgian nursing homes: focus on indications and dosages in the PHEBE study. Drugs Aging 2012;
29: 759–769. PMID: 23018612

54. Narayan SW, Hilmer SN, Horsburgh S, Nishtala PS Anticholinergic component of the drug burden
index and the anticholinergic drug scale as measures of anticholinergic exposure in older people in
new zealand: a population-level study. Drugs Aging 2013; 30: 927–934. doi: 10.1007/s40266-013-
0111-y PMID: 23975730

55. Kersten H, Wyller TB Anticholinergic drug burden in older people’s brain—how well is it measured?
Basic Clin Pharmacol Toxicol 2014; 114: 151–159. doi: 10.1111/bcpt.12140 PMID: 24112192

Anticholinergic Impact on Human Neuronal and Astrocytic Systems

PLOSONE | DOI:10.1371/journal.pone.0118786 March 4, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/15664119
http://www.ncbi.nlm.nih.gov/pubmed/11102653
http://dx.doi.org/10.1007/s00441-009-0783-0
http://www.ncbi.nlm.nih.gov/pubmed/19377856
http://dx.doi.org/10.1002/dvdy.22193
http://www.ncbi.nlm.nih.gov/pubmed/20034101
http://www.ncbi.nlm.nih.gov/pubmed/7484214
http://www.ncbi.nlm.nih.gov/pubmed/16052514
http://www.ncbi.nlm.nih.gov/pubmed/23840379
http://www.ncbi.nlm.nih.gov/pubmed/3753655
http://www.ncbi.nlm.nih.gov/pubmed/7876266
http://www.ncbi.nlm.nih.gov/pubmed/10646506
http://dx.doi.org/10.1016/j.neuroscience.2013.07.029
http://www.ncbi.nlm.nih.gov/pubmed/23876319
http://dx.doi.org/10.1124/dmd.108.024125
http://www.ncbi.nlm.nih.gov/pubmed/19116265
http://www.ncbi.nlm.nih.gov/pubmed/17405866
http://dx.doi.org/10.1016/j.neuropharm.2013.04.027
http://www.ncbi.nlm.nih.gov/pubmed/23639435
http://www.accessdata.fda.gov/drugsatfda_docs/anda/99/40230_Dicyclomine%20Hydrochloride_Bioeqr.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/anda/99/40230_Dicyclomine%20Hydrochloride_Bioeqr.pdf
http://dx.doi.org/10.1016/j.clinthera.2011.05.045
http://www.ncbi.nlm.nih.gov/pubmed/21704239
http://www.ncbi.nlm.nih.gov/pubmed/11808825
http://www.ncbi.nlm.nih.gov/pubmed/11686060
http://www.ncbi.nlm.nih.gov/pubmed/23018612
http://dx.doi.org/10.1007/s40266-013-0111-y
http://dx.doi.org/10.1007/s40266-013-0111-y
http://www.ncbi.nlm.nih.gov/pubmed/23975730
http://dx.doi.org/10.1111/bcpt.12140
http://www.ncbi.nlm.nih.gov/pubmed/24112192


56. Corbel V, Stankiewicz M, Bonnet J, Grolleau F, Hougard JM, Lapied B Synergism between insecticides
permethrin and propoxur occurs through activation of presynaptic muscarinic negative feedback of ace-
tylcholine release in the insect central nervous system. NeuroToxicology 2006; 27: 508–519. PMID:
16516970

57. Liu M, Dilger JP Synergy between Pairs of Competitive Antagonists at Adult Human Muscle Acetylcho-
line Receptors. Anesth Analg. 2008; 107: 525–533. doi: 10.1213/ane.0b013e31817b4469 PMID:
18633030

58. Chancellor MB, Staskin DR, Kay GG, Sandage BW, Oefelein MG, Tsao JW Blood-Brain Barrier Perme-
ation and Efflux Exclusion of Anticholinergics Used in the Treatment of Overactive Bladder. Drugs &
Aging 2012; 29: 259–273.

59. van AssemaDME, Lubberink M, Boellaard R, Schuit RC, Windhorst AD, Scheltens P, et al. P-Glycopro-
tein Function at the Blood—Brain Barrier: Effects of Age and Gender. Mol Imaging Biol. 2012; 14: 771
776. doi: 10.1007/s11307-012-0556-0 PMID: 22476967

60. Lippmann ES, Ahmad A, Azarin SM, Palecek SP Shusta EV A retinoic acid-enhanced, multicellular
human blood-brain barrier model derived from stem cell sources. Scientific. Rep. 2014 4: 4160, 1–10.
doi: 10.1038/srep04160 PMID: 24561821

Anticholinergic Impact on Human Neuronal and Astrocytic Systems

PLOSONE | DOI:10.1371/journal.pone.0118786 March 4, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/16516970
http://dx.doi.org/10.1213/ane.0b013e31817b4469
http://www.ncbi.nlm.nih.gov/pubmed/18633030
http://dx.doi.org/10.1007/s11307-012-0556-0
http://www.ncbi.nlm.nih.gov/pubmed/22476967
http://dx.doi.org/10.1038/srep04160
http://www.ncbi.nlm.nih.gov/pubmed/24561821

