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a b s t r a c t

Cholinergic deficit is regarded as an important factor responsible for Alzheimer's disease (AD) symptoms.
Acetylcholinesterase (AChE) and nicotinic receptor (AChR) are two molecular targets for the treatment of
this disease. We found here that methanolic extracts of Camellia sinensis exhibited anticholinesterase
activity and induced AChR conformational changes. From bioguided fractionation we confirmed that
caffeine was the active compound exerting such effects. It is well-known that caffeine acts as an inhibitor
of AChE and here we explored the effect of caffeine on the AChR by combining single channel recordings
and fluorescent measurements. From single channel recordings we observed that caffeine activated both
muscle and a7 AChRs at low concentrations, and behaved as an open channel blocker which was evident
at high concentrations. Fluorescent measurements were performed with the conformational sensitive
probe crystal violet (CrV) and AChR rich membranes from Torpedo californica. Caffeine induced changes
in the KD value of CrV in a concentration-dependent manner taking the AChR closer to a desentisized
state. In the presence of a-bungarotoxin, an AChR competitive antagonist, high concentrations of caffeine
increased the KD value of CrV, compatible with a competition with CrV molecules for the luminal
channel. Our electrophysiological and fluorescent experiments show that caffeine has a dual effect on
nicotinic receptors, behaving as an agonist and an ion channel blocker, probably through distinct AChR
sites with quite different affinities. Thus, caffeine or its derivatives can be considered for the design of
promising multitarget-directed drugs for AD treatment by modulation of different targets in the
cholinergic pathway.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Tea is one of the most popular and widely consumed beverages
in the world. It is produced from the leaves of Camellia sinensis, and,
based on the processing procedures, it can be divided into different
types with different constituents. Tea has been considered a
healthful beverage with medicinal properties since ancient times.
Some of its beneficial effects are blood lipid and weight reduction,
antimicrobial, antioxidant, and anticancerogenic activities, and
enhanced digestion (Hamilton-Miller,1995; Hamilton-Miller, 2001;
Chan et al., 2011).

The focus of the potential health benefits associated with tea
consumption was put on its antioxidant properties (Tan et al.,
i).
2017). Pharmacological research has focused mainly on tea poly-
phenols, especially catechins and gallic acid have been considered
the main players in these beneficial effects.

An important constituent of tea that has attracted attention in
recent investigations is caffeine. It is the stimulant with psycho-
logical activity most widely consumed in the world (Christopher
et al., 2005; Xu et al., 2013). Some studies have suggested a pro-
tective and even therapeutic role of caffeine on neurodegenerative
disorders, like Alzheimer's and Parkinson's diseases. Until now, the
only known mechanism that is affected by caffeine at concentra-
tions close to the normal physiological level, in the mM range, is the
modulation of adenosine receptors (Fredholm,1995; Xu et al., 2010,
2016). However, other mechanisms, such as the activation of rya-
nodine receptors and inhibition of phosphodiesterases, which have
also been demonstrated to be affected by caffeine and its de-
rivatives, take place at high caffeine concentrations, in the range of
toxic plasma levels (in the mM range) (Guerreiro et al., 2008; Daly,
2007; Kolahdouzan and Hamadeh, 2017).
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Alzheimer's Disease (AD) is the most prevalent neurodegener-
ative disorder in the elderly characterized by progressive cognitive
decline. A disruption of the cholinergic pathways that contributes
to the cognitive impairment of AD patients is described in the ce-
rebral cortex and in the basal forebrain. The current treatment is to
maintain or improve cholinergic transmission (Yanovsky et al.,
2012). Two target molecules for this pharmacological treatment
are the acetylcholinesterase (AChE) and the nicotinic acetylcholine
receptor (AChR). AChE localizes at the synaptic cleft and is the
enzyme that terminates the acetylcholine (ACh) signal at the
postsynaptic membrane by hydrolysis of ACh into acetic acid and
choline. The AChRs are ionotropic receptor members of the pen-
tameric ligand gated ion channel family, that convert the binding of
ACh into the opening of a cation selective channel (Albuquerque
et al., 2009; Corradi and Bouzat, 2016). a7 AChRs are homomeric
members of this family, localized in the central and peripheral
nervous systems. In addition to AD, they have been implicated in
other neurological disorders, such as Parkinson's disease, schizo-
phrenia, bipolar disorder, autism spectrum disorder, cerebral
ischemic stroke, and traumatic brain injury (Uteshev, 2014; Quik
et al., 2015; Corradi and Bouzat, 2016). Muscle AChRs are hetero-
meric receptors (a12b1εd) located in the neuromuscular junction
and are mainly implicated in myasthenic syndromes (Albuquerque
et al., 2009). Nowadays, AChE inhibition is the only treatment for
AD. AChE inhibitors (galantamine, huperzine A, physostigmine, etc)
are considered indirect AChR agonists that locally increase endog-
enous neurotransmitter levels. Although much effort is put on the
design of cholinergic compounds to directly improve neuronal
AChR function, all potential drugs are still under research and
development.

In this work we investigated the modulation of AChE and AChR
by red tea obtained from C. sinensis leaves. Our results demonstrate
that methanolic extract of red tea inhibits AChE and induces AChR
conformational changes, and that caffeine is the molecule respon-
sible for all these effects. We observed that caffeine inhibits AChE
activity in a concentration-dependent manner, as previously
described (Karadsheh et al., 1991; Okello et al., 2012; Pohanka and
Dobes, 2013). We show for the first time that caffeine acts on AChR
with a dual behavior, namely as a partial agonist and as an open
channel blocker, at low and high concentrations, respectively.

2. Materials and methods

2.1. Materials

Torpedo californica specimens obtained from the Pacific coast of
California (Aquatic Research Consulants, San Pedro, CA, USA) were
killed by pithing, and the electric organs were dissected and stored
at �70 �C until use. PNU-120596 (N-(5-Chloro-2,4-
dimethoxyphenyl)-N'-(5-methyl-3-isoxazolyl)-urea) was obtained
from Tocris Biosciences (Bristol, UK). Acetylcholinesterase (type VI-
S lyophilized powder), crystal violet (CrV), alpha-bungarotoxin (a-
BTX) and all other drugs were obtained from Sigma-Aldrich.

2.2. Methods

2.2.1. Identification of the active compound present in extracts of
C. sinensis

A bioguided fractionation of a methanol:water (80:20) extract of
red tea leaves was performed with solvents of increasing polarity
(hexane, dichloromethane, ethyl acetate, and butanol). The active
sub-extract was subject to column chromatography performed
with Silica gel 60 (70e230 mesh, Merck) to obtain an active frac-
tion, which was submitted to chromatographic separation.
Analytical thin layer chromatography (TLC) was performed on Silica
gel 60 F254 sheets (0.2mm thickness, Merck) and the spots were
detected with p-anisaldehyde-acetic acid spray reagent. The
structural characterization of the isolated active compound was
performed by NMR spectroscopy. NMR spectra were recorded with
a Bruker ARX300 spectrometer operated at 300 and 150MHz for 1H
and 13C, respectively, in CDCl3. Chemical shifts are given in ppm (d)
with TMS as an internal standard. All chemicals and solvents were
analytical grade and solvents were purified by general methods
before being used.

2.2.2. Inhibition of AChE activity
AChE water solution was prepared daily and AChE activity was

measured using Ellman's method (Ellman et al., 1961). Briefly, AChE
hydrolyzes acetylthiocholine, which results in the product thio-
choline that reacts with Ellman's reagent (DTNB) to produce 2-
nitrobenzoate-5-mercaptothiocholine and 5-thionitrobenzoate, a
yellow product that can be detected at 405 nm. DTNBwas dissolved
in phosphate buffer pH 7 containing NaHCO3 andwas subsequently
diluted with phosphate buffer pH 8 to obtain 0.25mM DTNB. The
enzymatic reaction was initiated by the addition of 20 ml of ACh
75mM, and its hydrolysis was monitored by reading the absor-
bance at 405 nm every 10 s for 3min. Galantamine (4 mg/ml) was
used as positive control. The percentage of inhibition was calcu-
lated as follows:

% INHIBITION¼ (E-S)/E x 100

Where E and S are the O.D. measured 180 s after the color reaction
initiation and correspond to AChE activity in either the absence or
presence of the extract analyzed, respectively.

To determine the IC50 (concentration that inhibits 50% of the
substrate hydrolysis), the values of the percentage of hydrolysis
were plotted as a function of the logarithmic increasing concen-
trations of plant extracts. The resulting sigmoid curve was fitted to
the Boltzmann function and the IC50 values calculated.

2.2.3. AChR-rich membranes preparation
AChR-rich membrane fragments were prepared from

T. californica electric tissue as described previously (Barrantes,
1982). Briefly, electric tissue was chopped into small pieces, ho-
mogenized using a Virtis homogenizer under controlled conditions,
and submitted to a series of centrifugation steps ending in a high-
speed sucrose gradient centrifugation. The middle fraction ob-
tained corresponds to AChR-rich membranes with a specific ac-
tivity of the order of 1.0e1.5 nmol of a-BTX sites/mg of protein
(Barrantes, 1982).

2.2.4. Cell culture
HEK293 cells were transfected with mouse a, b, d and ε subunits

(for adult muscle AChR, a12b1dε), or with human a7 and Ric-3 for
expression of neuronal a7 AChR, as was previously described
(Bouzat et al., 1994; Corradi et al., 2007). Each receptor cDNA sub-
unit was sub-cloned into pRBG4 plasmid for heterologous expres-
sion. For electrophysiological measurements, a plasmid encoding
green fluorescent protein (GFP) was included in all transfections to
allow the identification of transfected cells under fluorescence
optics.

2.2.5. Fluorimetric measurements
Fluorimetric measurements were performed in a SLM model

4800 fluorimeter (SLM Instruments, Urbana, IL) using a vertically
polarized light beam from Hannovia 200-W mercury/xenon arc
obtained with a Glan-Thompson polarizer (4-nm excitation and
emission slits).



Fig. 1. A) AChE activity in the presence of methanolic extract of C. sinensis. AChE ac-
tivity was measured 180 s after reaction initiation at an OD of 405 nm. Each point
represents the mean± S.D.; n¼ 3. B) Titration of AChR-rich membranes with CrV.
Membranes were previously incubated for 15min with increasing concentrations of
methanolic extract of C. sinensis, in the absence (: and -, methanolic extract and
control condition, respectively) or presence (△ and ,, methanolic extract and control
condition, respectively) of 1mM carb.
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2.2.5.1. AChR conformational state characterization. AChR-rich
membranes were resuspended in buffer A (150mM NaCl, 0.25mM
MgCl2, and 20mM HEPES buffer, pH 7.4) at a final concentration of
100 mg of protein/ml. Fluorimetric measurements were performed
in 2ml quartz cuvettes.

AChR conformational changes were evaluated using crystal vi-
olet (CrV) as described previously (Nievas et al., 2008). AChR-rich
membranes resuspended in buffer A were incubated for 15min
with caffeine, QX-314, or galantamine, either alone or after pre-
incubation with 1 mM of a-BTX. For the measurements conducted
with AChR in the desensitized state, T. californica membranes were
afterwards incubated with 1mM of carbamylcholine (carb) for
15min. Themembranes were subsequently titratedwith increasing
concentrations of CrV (in buffer A). After each addition of CrV, the
samples were incubated for 15min before obtaining the fluores-
cence emission spectra. CrV was excited at 600 nm, and the fluo-
rescence emission spectra were collected from 605 to 700 nm.
Before the first addition of CrV, a background fluorescence emission
spectrum was obtained for each sample. The spectrum was then
substracted from the emission spectra obtained in the presence of
CrV and the maximum intensity (at 623e625 nm) was measured.
To determine the CrV dissociation constants (KD), the values of CrV
maximum fluorescence emission were plotted as a function of the
logarithmic CrV concentrations (M). The resulting sigmoid curve
was fitted to the Boltzmann function and KD was calculated.

2.2.5.2. Binding experiments. 200 ml of AChR-rich membranes
resuspended in buffer A (100 mg of protein/ml) or HEK293 cells
expressing neuronal a7 AChR, two or three days after transfection,
resuspended in PBS (Bouzat et al., 1994; Corradi et al., 2007) were
incubated for 20min with increasing concentrations of caffeine
(0.1, 0.3, 1, 5 or 10mM), galantamine (0.3 and 1mM) or 10mM carb.
Each condition was afterwards incubated with Alexa 488-aBTX
10 nM for 30min. Binding was stopped by centrifugation at
12,000 rpm for 1min three times. The samples were resuspended
with 200 ml PBS and loaded in 5� 5mm quartz cuvettes. Alexa 488-
aBTX was excited at 488 nm, and the fluorescence emission spectra
were collected from 500 to 600 nm. A background fluorescence
emission spectrum was obtained. The spectrum was then sub-
tracted from each emission spectra obtained in the presence of
Alexa 488-aBTX and the maximum intensity (520 nm) was
measured.

2.2.6. Electrophysiological experiments
HEK293 cells expressing muscle AChR or neuronal a7 AChR

were used for single-channel measurements two or three days after
transfection. Single-channel recordings were performed in the cell-
attached patch-clamp configuration at room temperature (~20 �C)
and at �70mV of membrane potential. The bath and pipet solu-
tions contained 142mM KCl, 5.4mM NaCl, 1.8mM CaCl2, 1.7mM
MgCl2, and 10mM HEPES (pH 7.4). Agonists (ACh or caffeine) with
or without PNU-120596 (PNU) were added to the pipette solution.
Single-channel currents were recorded using an Axopatch 200B
patch-clamp amplifier (Molecular Devices), digitized at 200 kHz
and low-pass filtered at a cutoff frequency of 10 kHz using a com-
puter interface Instrutech ITC-18 (HEKA Instruments Inc.). Single-
channel events were idealized by the half amplitude threshold
criterion using the program QuB 2.0.0.28 (www.qub.buffalo.edu)
with a digital low-pass filter at 9 kHz. A filter of 3 kHz was used in
recordings with PNU to facilitate the analysis. Single-channel am-
plitudes were calculated with the Amps tool from QuB. The open
and closed time histograms obtained from idealization were fitted
by the maximum interval likelihood (MIL) function in QuB (Qin
et al., 1997, 1996) with a dead time of 0.03 ms for muscle AChR,
or 0.03 ms and 0.1 ms for a7 in the absence or the presence of PNU,
respectively. This analysis was performed on the basis of a kinetic
model whose probability density function curves properly fit the
histograms following the maximum likelihood criteria. For muscle
AChR, the best fitting was obtained with the classical kinetic model
previously reported for this receptor (Bouzat et al., 1994; Corradi
et al., 2007). For a7 receptor, this analysis was carried out by
sequentially adding an open and/or closed state to a starting C4O
model in order to properly fit the corresponding histograms.
Models contained four-five closed states and two-three open states
for a7 in the presence of ACh or caffeine plus PNU, or three closed
states and one-two open states for a7 in the presence of ACh or
caffeine in the absence of PNU (Andersen et al., 2016; Bouzat et al.,
2008;daCosta and Baenziger, 2009).

Clusters were identified as a series of closely separated openings
preceded and followed by closings longer than a critical duration.
Different critical closed times were calculated byMIL between each
closed component. Critical time between the second and third
closed components for muscle AChR (~15 ms), and between the
third and fourth closed components for a7 in the presence of PNU
(~60ms) were selected in QuB to chop the idealized data and create
a sub-data set that only contained clusters to define mean cluster
duration and open probability within clusters (Popen).
2.2.7. Data analysis
Intergroup comparisonswere carried out using one-way ANOVA

test with the values representing the average ± SD of the total
number of samples indicated in each figure legend. *, statistically
significant differences (p < 0.05). ** statistically very significant
differences (p < 0.01)
3. Results

3.1. AChE and AChR activity in the presence of methanolic extract
from C. sinensis leaves

To study the effect of red tea on AChE we first investigated the
enzyme activity in the presence of a methanolic extract obtained
from red tea leaves. The extract caused an inhibition of AChE ac-
tivity in a concentration-dependent manner, with an IC50 value of
0.043mg/ml (Fig. 1A). This value is close to the IC50 published for
pure galantamine, a recognized AChE inhibitor (Dalai et al., 2014;
Tel et al., 2015). Here we used a galantamine concentration of
0.004mg/ml which induced more than 90% AChE inhibition.

The AChR is an allosteric protein that can be in three different
and interconvertible conformational states: resting state (R), in the
absence of agonist; open state (O), and desensitized state (D), in the

http://www.qub.buffalo.edu


Fig. 3. Variations in the KD-ratio of the experimentally determined KD values to the
control KD obtained in the resting state in the presence of increasing concentrations of
caffeine. The values were obtained with T. californica AChR-rich membrane alone (-),
or in the presence of 1mM carb (,). Each point represents the mean± S.D.; n¼ 5.
Inset: KD-ratio calculated in the presence of increasing concentrations of carb.
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continuous presence of agonist. To study whether the methanolic
extract obtained from C. sinensis can modify AChR conformational
state, we used the AChR conformational-sensitive fluorescence
probe crystal violet (CrV) (Nievas et al., 2008; Perillo et al., 2012),
since CrV displays higher affinity for the D than for the R state
(Lurtz and Pedersen,1999), and evaluated the titration curves in the
absence and presence of the methanolic extract (Fig. 1B). In the
absence of carb and in the presence of the methanolic extract, a
displacement of the titration curve was observed, indicating that in
the presence of the extract the AChR changed its conformational
state, approaching to a state close to the desensitized one, whereas
in the presence of carb, the KD of CrV for the receptor in the
desensitized state did not change.

3.2. Identification of the active compound present in extracts of C.
sinensis

A bioguided fractionation of a methanol:water (80:20) extract of
red tea leaves was performed with solvents of increasing polarity.
Those sub-extracts were evaluated in their ability to inhibit AChE
activity. The dichloromethane sub-extract showed the highest in-
hibition power (Fig. 2A). Ten sub-fractions were obtained from the
dichloromethane sub-extract by column chromatography using
dicholoromethane with increasing methanol content as solvent
eluent. Only sub-fraction 3 presented AChE inhibitory activity
(Fig. 2B). Thin-layer chromatography suggested that there was a
single molecule in this sub-fraction which was spontaneously
crystallized, in pure and in excellent yield. This was confirmed by
NMR spectroscopy and the active compound was identified as
caffeine (Supplementary file 1). Therefore, the effects observed on
AChE activity in the presence of the methanolic extract were due to
its caffeine content. Although previous research has reported AChE
inhibition by caffeine (Pohanka and Dobes, 2013), the effect of
caffeine on AChR activity still remains unknown. We continued the
study with synthetic caffeine to have total control of the identity
and purity of the drug.

3.3. AChR conformational changes induced by caffeine

To explore if caffeine has a direct effect on the AChR, we first
incubated T. californica membranes with increasing concentrations
of caffeine (10-300 mM) in the absence and presence of carb, a full
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To deepen the caffeine-AChR interaction, we performed another
series of experiments in which the membranes were preincubated
with a-BTX, a specific AChR competitive antagonist that blocks ACh
binding sites (Fig. 4). The presence of a-BTX induced no change in
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Fig. 4. Variations in the KD-ratio of the experimentally determined KD values to the
control KD obtained in the resting state in the presence of caffeine (10, 100 and
220 mM), galantamine (10 and 220 mM) or QX-314 (250 mM). The values were obtained
with T. californica AChR-rich membrane alone (black columns), in the presence of
1mM carb (dark grey columns) or preincubation with 1 mM a-BTX (light grey col-
umns). Each column represents the mean ± S.D.; n¼ 4.

Fig. 5. Single-channel activation of muscle AChR by caffeine. Left) Single-channel
events obtained in the presence of 30 mM of ACh or increasing concentrations of
caffeine. Membrane potential -70mV. Right) Open and closed time histograms ob-
tained from the corresponding recordings.
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the KD of CrV, whereas at high concentrations (220 mM), caffeine
produced a great increase of KD value. This increase was observed
neither in the absence of a-BTX nor in the presence of carb where a
constant and diminished KD value at all caffeine concentrations was
observed, nor in the absence of carb where a reduction in the KD
with caffeine was evident. (Fig. 4).

Similar experiments were performed with galantamine (10 and
220 mM), a partial agonist of AChR and commercial AChE inhibitor
(Dajas-Bailador et al., 2003; Grossberg, 2003; Nordberg and
Svensson, 1998). A clear decrease in KD values was observed at
both concentrations (Fig. 4). When the membranes were pre-
incubated with a-BTX, the presence of 10 mM of galantamine
resulted in a KD of CrV close to the KD of the R state. However, at
220 mM of galantamine, a similar behavior to the one reported
above at high concentrations of caffeine was observed: a marked
increment in KD value. Galantamine was reported to act on AChR as
a partial agonist and an open channel blocker (Akk, 2005). A further
conditionwas tested.We performed the same study in the presence
of QX-314, an AChR open channel blocker (Pascual and Karlin, 1998;
Yu et al., 2003). When membranes were incubated in the presence
of QX-314 and in the absence of carb, there was no change in the
relative KD value (Fig. 4); in the presence of carb KD value was
similar to the one for the R state, thus suggesting that this channel
blocker did not allow the displacement of the AChR conformation
equilibrium towards a D state in the presence of carb. Finally, when
membranes were preincubated with a-BTX, the addition of QX-314
increased the KD value with respect to the value for the R state,
similar results were obtained with caffeine and galantamine
(Fig. 4).

3.4. Muscle and neuronal nicotinic acetylcholine receptor activation
by caffeine

To understand the molecular mechanism underlying the
conformational changes of AChR, we studied if caffeine activates
both muscle and neuronal a7 AChRs by electrophysiological
measurements. To this end, mouse muscle AChR was expressed in
HEK293 cells, and single channel events were recorded at 30 mM
ACh to corroborate channel expression. From these recordings we
observed single channel events of 5.2± 0.6 pA (at -70mV of
membrane potential) grouped in clusters of 140± 70 ms with a
Popen of 0.4± 0.1 (Fig. 5 and Table 1). At this ACh concentration, the
open time histograms showed two components whose durations
and relative areas were similar to those reported previously
(Table 1, Fig. 5) (Bouzat et al., 2000; Corradi et al., 2007). Closed
time histograms were adjusted by three or four components, of
which the two briefest corresponded to closings within clusters
(Table 1) (Corradi et al., 2007). When cells were analyzed in the
presence of caffeine, single-channel events were observed, which
indicates that caffeine can act as an agonist for the muscle AChR
(Fig. 5). At 1 mM of caffeine, no activation was observed in a total of
11 seals, in contrast to what was observed at the same concentra-
tion of ACh, where single-channel events are readily detected as
isolated events (Bouzat et al., 2000). At higher caffeine concentra-
tions (from 10 to 100 mM), single-channel events of 5.5± 0.5 pA
were detected and the activation pattern was as isolated events
without ability to activate in clusters (Fig. 5 and Table 1). Open
duration histograms were adjusted by a sum of two components,
whose durations were similar to those obtained at 30 mM ACh but
with different relative areas (Table 1).

To gain insight into the selectivity of action of caffeine, we
explored its ability to activate the human a7 AChR. To this end, we
performed single channel experiments at different caffeine con-
centrations (100 and 300 mM) on a7 receptors expressed in
HEK293 cells. In the presence of 100 mM ACh, a7 events of about
10 pA (at -70mV of membrane potential) were detected as brief
and isolated openings, or as a few openings in quick succession
(bursts) similar to that reported previously (Bouzat et al., 2008)
(Fig. 6A). With 100 mM of caffeine on the same set of cells, no single



Table 1
Single channel properties of muscle ACh receptors activated by ACh or caffeine.

Agonist [mM] Amp (pA) O1 (ms)
(area)

O2 (ms)
(area)

C1 (ms)
(area)

C2 (ms)
(area)

n

ACh
30 5.2± 0.6 1.3± 0.3 0.3± 0.2 0.06± 0.04 2.8± 0.9 14

(0.95± 0.09) (0.15± 0.10) (0.11± 0.05) (0.82± 0.07)
Caffeine

10 5.9± 0.1 0.97± 0.19 0.13± 0.04 0.04± 0.03 e 6
(0.43± 0.23) (0.63± 0.26) (0.02± 0.01) e

50 5.4± 0.3 0.90± 0.23 0.19± 0.08 0.04± 0.02 e 5
(0.51± 0.21) (0.49± 0.21) (0.05± 0.02) e

100 5.8± 0.3 1.1± 0.2 0.22± 0.08 0.03± 0.01 e 5
(0.47± 0.19) (0.52± 0.19) (0.05± 0.02) e

Fig. 6. Single-channel activation of human a7 receptor by caffeine. Single-channel events obtained in the presence of ACh or caffeine in the absence (A) or presence of PNU (B).
Openings are shown as upward deflections and were recorded at -70mV of membrane potential. Open and closed time histograms are shown from the corresponding recordings.
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channel events were detected. Instead, some brief events were
detected when caffeine concentration was increased to 300 mM
(Fig. 6A), thus suggesting that caffeine probably acts as a weak
agonist. Since a7 single-channel activation by ACh occurs as low-
frequency brief events, and considering that caffeine could be a
low efficacy agonist, we obtained single-channel recordings in the
presence of PNU-120596 (PNU), a positive allosteric modulator for
a7. In the presence of 100 mM of ACh and 1 mM of PNU, single-
channel events were more frequent and appeared grouped in
clusters of high Popen (0.92± 0.02) and long duration
(3,100± 1,700 ms) (Fig. 6B). Open duration histograms were
adjusted by the sum of two or three components and a clear in-
crease in the durations with respect to those obtained without PNU
was observed due to a7 potentiation. Closing duration histograms
where adjusted by four or five components, of which the three
briefest where considered within clusters, and the critical time to
define a cluster was obtained by the intersection between the third
and fourth closed component (see Methods). All the results ob-
tained from ACh activation of human a7 AChR in the presence of
PNU were similar to those previously reported (daCosta and
Baenziger, 2009). To confirm that caffeine can act as an a7
agonist, we obtained single channel recordings with increasing
concentration of caffeine (from 1 to 300 mM) in the presence of
1 mM of PNU. At all caffeine concentrations, single-channel events
where easily detected and the activation patternwas similar to that
observed from ACh plus PNU (3,800± 1,600 ms and 3,200± 80 ms
for cluster duration, and 0.97± 0.02 and 0.96± 0.01 for Popen at 1
and 300 mM of caffeine, respectively) (Fig. 6B). Open and closed
duration histograms were similar to those obtained from ACh
activation (Fig. 6B).
All these results confirm that caffeine is an agonist for muscle
and a7 neuronal AChRs.
3.5. Caffeine behaves as an allosteric agonist

Given that caffeine alone activated muscle and neuronal AChRs
and also induced conformational changes on muscle AChR, we next
studied whether caffeine goes to ACh binding sites through
competition experiments with a-BTX. T. californica membranes or
HEK293 cells expressing neuronal a7 AChR were first incubated
with increasing concentrations of caffeine following by addition of
Alexa 488-aBTX. Similar results were obtained with both AChRs. In
the presence of 1mM carb, the fluorescence intensity of Alexa 488-
aBTX was statistically significant lower than the value obtained for
the control condition, confirming a net displacement of a-BTX by
carb (Fig. 7). However, at different caffeine concentrations, the
fluorescence intensities were similar to the control value suggest-
ing that caffeine did not affect a-BTX binding to AChR. Similar re-
sults were observed when the experiment was performed in the
presence of galantamine, a known allosteric activator of AChR. All
together, these results support the hypothesis that caffeine behaves
as an allosteric agonist (Fig. 7).
3.6. Nicotinic acetylcholine receptors blockade by caffeine

To explore how caffeine can modulate the channel activity eli-
cited by ACh, we obtained single channel events at 30 mM ACh in
the presence of increasing concentrations of caffeine (from 0 to
20mM). From 300 mM of caffeine, a reduction in the mean open
time duration and an increase in the mean cluster duration were



Fig. 7. Normalized fluorescence intensity of Alexa 488-aBTX binding to both muscle
AChR (,) and neuronal a7 AChR (-) in the presence of 10mM carb, galantamine (0.3
and 1mM) or increasing concentrations of caffeine (0.1, 0.3, 1, 5 and 10mM). Each
point represents the mean ± S.D.; n¼ 3.

Fig. 8. Activation of muscle AChR in the presence of ACh and caffeine. A) Single
channel events obtained in the presence of 30 mM of ACh plus increasing concentra-
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clearly observed as a function of caffeine concentration (Fig. 8).
Events obtained at 30 mMACh in the presence of 500 or 5,000 mMof
caffeine showed a mean open duration of 0.61± 0.09 ms and
0.23± 0.02 ms and a mean cluster duration of 230± 80 ms and
450± 260 ms, respectively (Fig. 8). These observations are consis-
tent with an open channel blockade, which can be represented by
the classical blocking scheme (Scheme 1) (Neher and Steinbach,
1978):
tions of caffeine (left) and their respective closed and open duration histograms (right).
Open events are shown as upward deflection from the baseline level. Membrane po-
tential -70mV. B) Relationship plot for the longest open duration and caffeine con-
centration. Experimental data were fitted by the linear equation (1)/topen ¼ aþkþB

[Caf], where topen is the longest open duration, kþB is the forward blocking rate con-
stant and a is the closing rate constant. Each point represents the mean± SD from �3
recordings.

β  k+B[B]  
C ↔ O ↔ B 

α  k-B

Scheme 1.
Where C, O and B correspond to closed, open and blocked states,
respectively. Plotting the inverse of the longest open duration
against caffeine concentration, a linear relation was observed and
the slope of the linear regression allowed to obtain a forward
blocking rate constant (kþB) of 6.5� 105M�1 s�1 (r2¼ 0.98). Since
the area of the briefest closed component increases with caffeine
concentration (0.11± 0.04 and 0.77± 0.04 at 0 and 5,000mM of
caffeine, respectively) in parallel to the decrease in the duration of
the longest opening (Fig. 8), the duration of this closing can be
associated with the fast blocking process. Therefore, the inverse of
the briefest closed duration was used as an estimation of the
unblocking rate (k-B) whose value was 25,000 s1.

Thus, our results confirm that caffeine can block the AChR pore
with an estimated blocking constant (KB¼ k-B/kþB) of 35mM.
4. Discussion

In the present work we focused on finding a compound which
exerts a dual biological activity: inhibitor of AChE and activator of
AChR. The study was initiated with a screening of these two ac-
tivities on the methanolic extract of C. sinensis manufactured as a
red tea preparation. This extract showed an AChE inhibitionwith an
IC50 value of 0.043mg/ml (Fig. 1A). A similar result was previously
reported from green and white teas (Karadsheh et al., 1991; Okello
et al., 2012), thus suggesting that green, red and white teas share
the agent responsible for this effect. This extract also showed
T. californica AChR conformational perturbation (Fig. 1B), which
suggested a modulation of AChR function.

Studies performed with different types of teas (green, red and
black) showed that the catechin content has a direct correlation
with the neuroprotective effect of tea (Schimidt et al., 2017; Singh
et al., 2011). Green tea showed the greatest neuroprotective activ-
ity and it was suggested that this could be due to the content of
(-)-epigallocatechin-3-gallate (EGCG), which is not detected in red
and black teas. In vitro and in vivo studies have demonstrated that
the decrease in oxidative stress, reactive oxygen species and
apoptosis, and the increase in ACh levels by the inhibition of
adenosine receptor and/or AChE are responsible for EGCG neuro-
protective and neurorescue properties (Singh et al., 2011; Soung
et al., 2015). Since red and black tea lack EGCG but show neuro-
protective effects (Schimidt et al., 2017), another molecular agent
must be responsible for the observed effects.

In order to identify the active compound, a bioguided fraction-
ation of the C. sinensis methanolic extract was performed with a
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group of solvents of varying polarity. The dichloromethane sub-
extract, the most hydrophobic one, displayed the highest AChE
inhibition (Fig. 2A). Bioguided subsequence fractioning of this
sample by HPLC and identification of the compound by NMR
analysis revealed that the active compound was caffeine (Fig. 2B
and Supplementary file 1). Although previous research reported
the inhibitory effect of caffeine on AChE (Pohanka and Dobes, 2013),
no information is available on caffeine effect over the AChR.
Therefore, caffeine could be the common agent present in all types
of tea responsible, at least in part, for their beneficial effects.

In this work we demonstrated that caffeine induced confor-
mational changes on muscle AChR (Fig. 3) which are similar to
those induced by the agonist carb or the allosteric agonist galant-
amine. However, the potency of this effect was quite different be-
tween caffeine and carb (IC50 of 98.1 mM and 0.12 mM, respectively)
suggesting that caffeine could be a partial agonist of AChR.
Furthermore, by competitive experiments between caffeine and a-
BTX, we observed that once a-BTX was bound to the AChR, low
concentrations of caffeine could not perturb the AChR conforma-
tion. a-BTX binds to the orthosteric binding site and blocks the
access of orthosteric ligands, maintaining the receptor in the
resting state (Moore and McCarthy, 1995). Thus, two possible ex-
planations could be given in support of this result: one according to
which the binding of a-BTX to the agonist-binding site prevents
caffeine binding to similar sites, and the other according to which
the presence of a-BTX blocks the necessary allosteric pathway for
an AChR conformational change and therefore, although caffeine
goes to allosteric sites, no AChR conformational change occurs.
Binding experiments with Alexa 488-aBTX and caffeine or galant-
amine, in both muscle and neuronal a7 AChRs, demonstrated that
no competition between this fluorescence toxin and caffeine or
galantamine occurred (Fig. 7), thus confirming that both caffeine
and galantamine activate the AChR through an allosteric site.

Our single channel recordings verify that caffeine behaves as an
agonist for adult muscle (a12b1εd) and neuronal (a7) AChRs (Figs. 5
and 6). We observed that caffeine activates muscle AChR as single
and isolated openings without the ability to form clusters, even at
high caffeine concentrations. Thus, our results confirm that caffeine
behaves as a low efficacy agonist for this receptor.

Single channel recordings show a clear reduction in open time
duration and an increase in cluster duration as a function of caffeine
concentration, thus suggesting that caffeine also acts as an open
channel blocker (Fig. 8A and B). To go deeper into this idea, we
performed competitive experiments between caffeine at a high
concentration and a-BTX in T. californica AChR-rich membranes to
evaluate the CrV apparent affinity (Fig. 4). a-BTX alone induced no
change in the KD of CrV for the R state, suggesting that the blockage
of both ACh binding sites by this toxin is not detectable by CrV.
Using the measurement of the AChR intrinsic fluorescence as a
strategy to monitor AChR conformational changes towards its
desensitized state, Kawai and Raftery (2010) (Kawai and Raftery,
2010) reported that in the presence of a-BTX alone no significant
AChR intrinsic fluorescence changes were observed, in agreement
with our results. Furthermore, analyzing the pattern of incorpora-
tion of the hydrophobic photolabel 3-(trifluoromethyl)-3-(m-[125I]
iodophenyl)diazirine ([125I]TID) into AChR, Moore and McCarthy
(1994) (Moore and McCarthy, 1994) concluded that a-BTX
increased/stabilized the amount of AChR in the R state. However, in
the presence of a-BTX, high concentrations of caffeine induced
values of KD of CrV higher than the ones corresponding to the AChR
in a resting state, which is already a low affinity conformation for
CrV. This suggests that caffeine, at a high concentration, and
without the possibility to act as an AChR activator, diminished
further the affinity of CrV for AChR (Fig. 4). Taking into account that
CrV binds to luminal non-competitive antagonist sites competing
with phencyclidine (Lurtz and Pedersen, 1999), probably this KD
value increment could correspond to a displacement of CrV for its
sites. To verify this hypothesis, similar experiments in the presence
of QX-314, which is a quaternary ammonium lidocaine derivative
that acts as an AChR open channel blocker (Pascual and Karlin,
1998; Yu et al., 2003), were performed. QX-314 alone induced no
change in the KD of CrV for the R state. Previous research reported
that most of the drugs classified as open channel blockers bind to
the AChR in the resting state with similar affinity (Moore and
McCarthy, 1995), thus suggesting that the presence of QX-314 did
not perturb the AChR resting conformation. However, in the pres-
ence of a-BTX, QX-314 increased KD values of CrV (Fig. 4), rein-
forcing the idea that this increment can be related to a
displacement of CrV from the ion channel. Considering that in the
absence and presence of a-BTX, QX-314 goes to the ion channel and
that only in the presence of a-BTX, the KD of CrV increased signif-
icantly, one possible explanation for this could be that a-BTX trig-
gers a conformational change at the channel vestibule which is not
detectable by CrV or by the AChR intrinsic fluorescence, thus
exposing the CrV molecules which can be easily displaced by QX-
314 or caffeine. This possibility also suggests that caffeine prob-
ably behaves as an ion channel blocker at high concentrations. The
potential dual effect observed with caffeine at low and high con-
centrations reminds galantamine behavior (a low-efficacy agonist
and an open channel blocker for the AChR) (Akk, 2005). Thus,
similar competition experiments were performed at high concen-
trations of galantamine and a-BTX (Fig. 4), confirming the increase
of KD values, and hence the displacement of CrV for the ion channel
and the behavior as a channel blocker of this drug at high con-
centrations. The electrophysiological and fluorescent experiments
carried out show that caffeine induces two opposite effects on the
AChR: namely as an activator and as an ion channel blocker, both of
which probably correspond to caffeine binding at different AChR
sites with quite different affinities. These experiments suggest that
the inhibition site would probably be the ion channel pore.

Caffeine is the most widely consumed alkaloid in the world. It is
contained in many types of beverages like coffee, tea, soda and
energy drinks, and in some food and medicines. The high popu-
larity of all these sources has made people from a wide range of
ages been daily exposed to caffeine effects. From oral administra-
tion, caffeine is quickly absorbed, and peak plasma concentration
occurs approximately 15e120min after consumption. Due to its
hydrophobic nature, it can cross the blood-brain barrier, and ce-
rebral spinal concentration equals caffeine plasma concentration
(Fredholm et al., 1999; Kolahdouzan and Hamadeh, 2017).

Previous research has reported that caffeine acts mainly upon
the central nervous system, increasing arousal and concentration,
and decreasing fatigue (Kim et al., 2015). Although its long-term
effects have not yet been fully understood, a number of animal
studies have suggested that caffeine has neuroprotective effects
(Martins et al., 2017; Schimidt et al., 2017; Singh et al., 2011; Xu
et al., 2016. Schwarzschild et al., 2006). Further studies have sug-
gested that caffeine intake from coffee or tea is inversely associated
with the risk of AD, cognitive impairment, or cognitive decline (Ng
et al., 2015; Okello et al., 2012). Biological effects of caffeine are now
known to span a wide range of molecular targets, the most
important being the following ones: i) adenosine receptors, in
which xanthines act as antagonists; ii) phosphodiesterases, in
which xanthines act as inhibitors; iii) calcium release ryanodine-
sensitive channels in the sarcoplasmic and endoplasmic reticu-
lum, in which xanthines act to sensitize the channels to the acti-
vation by calcium, and iv) GABAA receptors, in which xanthines act
as antagonists at the benzodiazepine-positive modulatory site. Of
all these mechanisms, the only one that is affected by caffeine at
concentrations in the range of physiological level is the modulation
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of adenosine receptors. Based on results from our work and those
from previous studies, AChE is also a molecular target for caffeine at
micromolar concentrations (Pohanka and Dobes, 2013). Further-
more, in this work we described for the first time the action of
caffeine on AChRs in a micromolar concentration, pointing to this
receptor as a newmolecular target. This would not be the first time
that a novel biological activity is assigned to a well-known drug.

Nowadays it is agreed that caffeine promotes neuronal survival
in AD pathogenesis, which may contribute to its beneficial effects.
Furthermore, clinical trials demonstrated beneficial effects of
caffeine in AD progression and prevention, for example, the
amount of caffeine intake during a period of 20 years is inversely
associated with AD, and drinking three to five cups of coffee daily at
midlife is associated with a 65% lower risk of dementia. What this
demonstrates is that caffeine exerts protective effects partly by
reducing caspase-3 expression, by decreasing the levels of PS1, B-
secretase, and soluble amyloid-b (AB) in the hippocampus, and by
reducing AB deposition in the hippocampus and entorhinal cortex.
Furthermore, it can stimulate the survival pathway by increasing
PKA activity and phospho-CREB levels but suppressing phospho-
JNK and phospho-ERK expressions in the striatum of the Swedish
mutant APP transgenic mouse model (Ng et al., 2015). Here, we
propose that caffeine has a dual potentiation effect on the cholin-
ergic pathway, behaving both as an AChE inhibitor and an AChR
activator. In addition to this, caffeine itself is a rather unique
compound with very high solubility in both water and nonpolar
organic solvents. This chemical property is quite interesting
because it facilitates partition across cell membranes, rapidly
yielding high levels throughout the body, including the brain
(Kolahdouzan and Hamadeh, 2017). Thus, caffeine must be
considered for the design of promising multitarget-directed drugs
for AD, with some well-defined target molecules and others still
unknown. Here we highlight AChE as one target molecule and
introduce a newone, the AChR. Further studies will define the exact
mechanism by which caffeine exerts a dual effect on the AChR and
will give molecular insights into the development of new drugs.
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