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Donepezil is a cholinesterase inhibitor widely used for the treatment of Alzheimer’s disease. Voltage-
gated K'-channels are discussed as possible targets for the drug, but the results obtained by different
authors are contradictory. In the present study performed on pyramidal cells isolated from rat’s hippo-
campus, we investigated the effect of donepezil on delayed rectifier K*-current (Ixpr)) and transient out-

Keywords.: ward K'-current (Ixa)) using patch-clamp technique. The inhibitory effect of donepezil on Ixpg) wWas
Donepezil found in all the cells tested, but its strength varied in different cells. Two groups of neurons were differing
Ei?fucicrzr;pus in their sensitivity to donepezil: more sensitive (ICso = 8.9 LtM) and less sensitive (ICso = 114.9 uM). The
Pyramidal neurons effect of the drug on Ixpg) Was rapid, reversible and voltage-dependent, increasing with depolarization.
Patch clamp Donepezil modulated Ik in two different ways: in some cells it suppressed the current with the ICso

value of 23.4 puM, while in other cells it augmented the current with a bell-shaped dose-response curve.
Maximal (about twofold) enhancement of Ixay amplitude was caused by 10 uM donepezil. Augmentation
of Ixa) increased with membrane depolarization. Our results show for the first time that voltage-depen-
dent potassium channels in mammals’ neurons are effectively modulated by low micromolar concentra-

tions of donepezil.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Acetylcholinesterase (AChE) inhibitor donepezil is widely used
for the treatment of Alzheimer’s disease (AD) [1,2]. Besides cogni-
tive benefits in AD, other effects of donepezil observed in clinical
and preclinical investigations include: reduction of the number of
falls in patients with Parkinson disease [3]; attenuation of neuronal
damage and cognitive deficits after global cerebral ischemia [4,5];
improvement of cognitive impairment in schizophrenia and psy-
chotic depression [6]. Accumulative evidence suggests that action
of donepezil is not confined to AChE inhibition in the brain, and
some other targets for the drug’s action are currently discussed
[7]. Voltage-gated potassium channels as possible targets for
donepezil attract attention of investigators because those channels
dysfunction is believed to play a role in AD pathogenesis. The
mechanisms of beta-amyloid-induced neurodegeneration were
shown to involve an abnormal rise in activity of plasma membrane
K*-channels followed by cellular K*-loss and an induction of apop-
totic cascade [8,9]. The effects of donepezil on voltage-gated potas-
sium current were studied in different models [5,10,11]. The
results of the above studies appear to be contradictory and there
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is not enough clarity about this issue. In our previous work con-
ducted on molluscan neurons [10], we have described the inhibi-
tory effect of donepezil on delayed rectifier K*-current (Ixory)
and its stimulatory effect on transient K*-current (Ix)). The data
that the drug can affect K*-currents in low micromolar concentra-
tions allowed us to consider the involvement of K*-channels into
the mechanisms(s) of the drug therapeutic action. Strong inhibi-
tory effect of donepezil (ICso=7.6 tM) on Kv2.1 potassium chan-
nels was observed by Yuan et al. [5] in Kv2.1 transfected HEK293
cell line. At the same time, Yu and Hu [11], who performed the
experiments in rat hippocampal neurons, have found the inhibi-
tory effect of donepezil on both Ipry and Ixa) with rather high val-
ues of ICso: 78 and 249 uM, accordingly. The authors have
concluded that the blocking effect of donepezil on the voltage-
gated potassium channels is unlikely to contribute to the clinical
benefits to patients with AD. We decided to conduct our own
investigation of the effects of donepezil on voltage-gated potas-
sium currents in rat hippocampal neurons. In contrast to Yu and
Hu [11], we have added ATP into a recording pipette because a de-
crease in cellular ATP level might cause disturbances in phosphor-
ylation processes and change sensitivity of ionic channels to the
antagonists [12]. We also slightly modified the protocol of stimula-
tion of K'-currents (see Section 3.1). The effects of donepezil on
voltage-gated K'-currents in rat hippocampal neurons observed
in this work appear to be similar to our previous data obtained
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in molluscan neurons [10], but do not coincide with the data re-
ported by Yu and Hu [11].

2. Materials and methods
2.1. Cell preparation

All procedures were performed in accordance with the institu-
tional guidelines on the care and use of experimental animals set
by the Russian Academy of Sciences. Wistar rats (11-14 days old)
were decapitated, slices 200-500 pum thick were cut with a razor
blade and incubated at room temperature for at least 2 h. The incu-
bation solution consisted of (in mM): 124 NaCl, 3 KCl, 2 CaCl,, 2
MgS0,4, 25 NaHCO3, 1.3 NaH,PO,4, and 10 p-glucose at pH 7.4. The
saline was continuously stirred and bubbled with carbogen (95%
0, + 5% CO,). Neurons were dissociated from CA3 regions of hippo-
campus by a vibrating fused glass pipette with a spherical tip [13].
The large pyramidal-shaped neurons were chosen for study. The
dissociation procedure was carried out in the following saline (in
mM): 140 NaCl, 3 KCl, 3 CaCl,, 5 MgCl,, 10 p-glucose, 10 HEPES
hemisodium, pH 7.4.

2.2. Whole-cell patch-clamp technique

Voltage-clamp recording was obtained using the whole-cell
configuration of the patch-clamp technique [14]. Patch pipettes
had resistances of 2-3 MQ and were filled with (in mM): 40 KF,
100 KCl, 0.1 CaCl,, 1 EGTA, 10 HEPES, 2 Na,ATP, 3 MgCl,, pH 7.3.
The external solution contained (in mM): 140 NaCl, 3 KCl, 3 CaCl,,
3 MgCl,, 10 HEPES, 10 p-glucose and 0.001 tetrodotoxin at pH 7.4.
Experiments were performed at room temperature using a List
EPC-7 patch-clamp amplifier. Tight seals (>1 GQ) were obtained
during the recordings. Leak currents were small and could be esti-
mated directly from hyperpolarizing pulses. Current recordings
were not corrected for leak and capacitive components. The hold-
ing potential was maintained at —70 mV. Data were collected and
analyzed using home-made software and stored on a computer
disk.

2.3. Reagents

Donepezil solution was prepared by dissolving a tablet of Ari-
cept (Pfizer) containing 5 mg of donepezil hydrochloride in distil-
lated water. The liquid was filtered using membrane filter, so
that insoluble ingredients (corn starch, microcrystalline cellulose,
magnesium stearate, talk) were filtered out. Lactose was the main
soluble ingredient of the inert filling material. Control experiments
with lactose were carried out (see Section 3.8). Donepezil solution
was stored as 1 mM stock at 4 °C and was freshly dissolved in
external solution for each experiment. Other chemicals were pur-
chased from Sigma.

2.4. Data analysis and statistics

Voltage protocol and data analysis for Ixpgry and Ig) are de-
scribed in Section 3.1. All data were analyzed using the Prism 3.0
(GraphPad) software, and expressed as mean + SEM. Significant
differences between groups were assessed by paired Student’s
t-test. The criterion for significance was p < 0.05 in all the analyses.
The ICsq values for donepezil inhibition of voltage-gated K*-current
were determined using the equation [15]: Ifly=1 — [max/
(1 +(ICsp/C)™)], where Iy and I are current amplitudes measured
in control solution and in the presence of donepezil, max is the
maximum inhibition attainable, C is the concentration of donepezil

in the external solution, ICsg is the half-maximal inhibitory concen-
tration and n is the slope factor (Hill coefficient).

3. Results
3.1. Isolation of Ixpr) and Ixa,

Total voltage-gated K*-current in rat hippocampal pyramidal
neurons contains two main components, the transient outward
K*-current (Ix)) and the delayed rectifier K'-current (Ixpg))
[16,17]. In our experiments, total K*-currents (Iyoa) Were activated
with a 200 ms depolarizing test pulse from a holding potential of
—70 to +50 mV, in 10 mV increments, following a conditioning
pre-pulse to —110 mV (Fig. 1A). Ixpr) Was isolated by using the
same voltage protocol as for total K*-currents, but with a 100 ms
interval to —50 mV after the pre-pulse which was inserted to inac-
tivate Ixa). The currents obtained at the end of depolarizing pulse
were referred to as Ixppr) (Fig. 1B). We used a 100 ms interval to
—50mV after the pre-pulse vs a 50 ms interval used by other
authors [11,17] in order to separate the pure Ixpg) to the full ex-
tent. Ia) was obtained by subtracting the Ixpg) traces from the to-
tal outward K'-current. The peak of the subtracted currents was
referred to as Iy (Fig. 1C).

3.2. Two types of Ixpr): sensitive and non-sensitive to low micromolar
concentrations of donepezil

The sensitivity of Ixpgr) to low micromolar concentrations of
donepezil varied from cell-to cell so that the cells tested may be di-
vided into two groups. In half of the cells examined (n = 12/24), a
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Fig. 1. Voltage-gated K'-current components in a hippocampal pyramidal neuron.
Holding potential was at —70 mV. (A) Total outward K*-current recorded during
200 ms depolarizing pulses from —50 to +50 mV in 10 mV steps following a
hyperpolarizing pre-pulse of 150 ms to —110 mV. (B) Ixpg) recorded with a similar
protocol, except that a 100 ms interval at —50 mV was inserted after the pre-pulse.
Currents recorded at the end of the depolarizing pulse were referred to as Ixpg). (C)
Isolated I(a), obtained by subtraction of current traces in (B) from those in (A). The
peak of the subtracted currents was referred to as Ig(a).
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noticeable and reversible inhibition of Ixpg) in the presence of
1 uM donepezil was observed, while threshold concentration for
other cells was 10 UM or higher (n = 12/24). These two subtypes
of Ixpr) were referred to as Ixpr)1 and Ixpry. There were no notice-
able differences in size or shape of the cells from these two groups.
The inhibitory effect of donepezil on both Ixpgry and Ixpr)y, Was
rapid, reversible and dose-dependent. The effect occurred over
1-3 min, reached a steady state by ~5 min and returned to near
control values within 3-6 min upon removal of donepezil. The
Fig. 2B (left) illustrates dose dependence of donepezil action on
Ixpryr and Ixpr)2 measured at +50 mV. Maximal effect for Ixpry
reached 83.2 £+ 8.7% at 300 uM donepezil, and half-maximal inhib-
itory concentration (ICsg) and the slope factor (Hill coefficient)
were calculated as 8.9+3.6 uM and 0.7 0.1, respectively. The
ICso value and Hill coefficient for Ixpry were calculated as
1149+122puM and 0.96+0.11, respectively (Fig. 2B). The
Fig. 2A (left) shows the original current traces of Ixpry; before
and after the addition of different concentrations of donepezil.

3.3. Dual effect of donepezil on Iy,

In contrast to Ixpgy Ika) was not changed in the presence of
1 uM donepezil. The higher concentrations of the drug (5-
100 uM) were found to cause two different kinds of effect: in some
cells donepezil suppressed the peak amplitude of the current
(n=5/17), and in other cells it augmented the current (n=12/
17). So, we have arranged the cells into two groups which were re-
ferred to as Ixay and Iy, accordingly. There were no noticeable
differences in size or shape of the cells from these two groups. Such
parameters as the peak amplitude and the rate of inactivation ap-
peared to be different in these groups. The mean values of ampli-
tude and half-decay time (t) at +50mV for Iy were
1.8 £0.4 nA and 21.5 * 3.8 ms, whereas these values for k), were
on the average 0.9 + 0.3 nA and 10.5 = 1.9 ms. Donepezil reversibly
suppressed Igay. Maximal effect reached 71.4 +7.2% with 300 uM
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donepezil, and the ICsq value and Hill coefficient were calculated as
23.4+8.1pM and 1.5+0.48, respectively. In contrast to Igay,
donepezil suppressed Iy, at 300 uM only whereas it potentiated
this current at concentration of 5-100 uM (Fig. 2), so the dose-
response curve was bell-shaped. Maximal increase of the Ika),
amplitude reached 196.1 £ 30.4% and was observed in the presence
of 10 uM donepezil (p <0.01, n=28). In the presence of 300 uM
donepezil, the amplitude decreased to 53.3+14.5% (p<0.01,
n=7). The stimulatory effect on Ixa), disappeared completely after
10-15 min washing in half of the cells tested (6/12), while only
partial recovery was observed in the remaining cells.

3.4. The effects of donepezil on the voltage dependence of the steady-
state activation of Ixppry

The inhibitory effect of low concentrations (1-50 uM) of
donepezil on Ixpr)1 Was voltage-dependent increasing progres-
sively with depolarization. In contrast, the inhibitory effect of
300 uM donepezil on Ixpry; was voltage-independent, and effect
of 100 uM was voltage-dependent only in half of the cells tested.
Fig. 3 illustrates the influence of 10 and 300 UM donepezil on
Ixpryr at different potentials. The average values of the amplitude
of the current at +50 mV in control and in the presence of 10 uM
donepezil were 3.1+0.3 and 1.7+0.2nA (p<0.01, n=6), while
there was no significant difference between corresponding cur-
rents recorded at 0 mV (1.1 £ 0.2 vs 0.8 + 0.1 nA, n = 6). The ampli-
tudes of Ixpr)1 were converted to conductance (G), as described in
[15], and the normalized conductance was fitted with Boltzmann
function (Fig. 3C). The values of half-maximal activation for Ixpgry
(V4)2) were —6.4 £ 1.8 mV in control, —13,4+ 1.0 mV in the pres-
ence of 10 uM donepezil (p<0.05, n=6), and —7.1£2.2mV in
the presence of 300 uM donepezil (n =5). Thus, 10 uM donepezil
caused a hyperpolarizing shift of the steady-state activation curve
of about —7 mV, and 300 puM donepezil did not alter the voltage
dependence of Ixpr) activation.
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Fig. 2. Dose dependence of donepezil effects on Ixpg) and Ixa) measured at +50 mV. (A) Superimposed current traces obtained at +50 mV in control solution, 5 min after
application of donepezil and after washout of the drug. Two subtypes of Ixpry were identified: more sensitive to donepezil (Ixppry1) and less sensitive (Ixppry2). Current traces of
Ixory1 are presented, and current traces of Ixpgy2 are not shown. Two different effects of donepezil on Ixx) was observed in different cells: a suppression (Ixay) and an
enhancement (Iga)2). Both effects are shown. (B) Concentration-response curves for the action of donepezil on Ixpry1, Ikpry2, Ikcan and Igay. Data were fitted with the Hill
equation (see section 2. 4) for Ixpry1, Ixory2 and Ixay. The direct lines between data points were drawn for Ixay.
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Fig. 3. Effects of donepezil on current-voltage (I-V) curves and the voltage dependence of Ixpry activation. (A) The original current traces of Ixpg); before and after addition
of 10 or 300 uM donepezil. (B) The effects of 10 and 300 pM donepezil on the I-V curves. (C) The effects of 10 and 300 uM donepezil on the steady-state activation curves. The
amplitudes of Ixpry were converted to conductance and normalized to maximal conductance. Normalized data points were fitted with the Boltzmann equation. 10 uM
donepezil caused a hyperpolarizing shift of the steady-state activation curve of Ixpgr); of about —7 mV, and 300 uM donepezil did not alter the voltage dependence of Ixpry

activation.
3.5. Voltage-independence of the inhibitory effect of donepezil on Iy

The inhibitory effect of the drug on Ixa) was voltage-indepen-
dent at all concentrations tested. No shift of the steady-state acti-
vation curve was observed in the presence of donepezil. The values
of V12 was —9.4 £ 4.4 mV in control and —9.5 £ 3.9 mV in the pres-
ence of 100 uM donepezil (n = 5) (not shown).

3.6. Potential-dependent augmentation of Ixa), by donepezil

The stimulatory effect of low doses of donepezil (5-100 uM) on
Ixa)2 was observed at positive potentials only and increased pro-
gressively with membrane depolarization. In contrast, inhibitory
effect of high concentration of the drug (300 pM) was voltage-
independent. Fig. 4 shows the average I-V curve and the normal-
ized G-V relationship for Ixay in control solution and in the
presence of 10 pM or 300 pM donepezil. The values of Vi, was
—11.2+3.7mV in control, —19.6 £4.6 mV (p <0.05, n=6) in the
presence of 10 uM donepezil, and —12.9 + 4.8 mV in the presence
of 300 uM donepezil (n = 5). Thus, a depolarizing shift of the stea-
dy-state activation curve of about 8 mV was caused by 10 uM
donepezil, and no shift was observed in the presence of 300 uM
donepezil.

3.7. No changes in donepezil effects in Ca**-free solution

In Ca®*-containing medium, the contamination of voltage-gated
K*-current with voltage-gated Ca?*-current and Ca?*-dependent
K*-current might occur. We compared the effects of donepezil on
voltage-gated outward current in Ca?*-containing and Ca**-free
solution in the same cells (n = 8). In Ca®*-free solution, the ampli-
tude of control outward currents changed at +50 mV not more than
by 10%, and the effects of donepezil were similar to those observed
in Ca®*-containing medium (not shown). The results suggest that
observed donepezil induced changes in voltage-gated outward cur-

rents were really caused by the changes in voltage-gated K*-chan-
nels functioning.

3.8. Control experiments with lactose

Tablets of “Aricept” contain both insoluble and soluble ingredi-
ents as inert filling materials. While insoluble ingredients were fil-
tered out, soluble ingredients contaminated donepezil solution.
Lactose was the main soluble ingredient of the inert filling mate-
rial. We measured voltage-gated K*-current of rat hippocampal
neurons in the presence of lactose (ChemMed, Russia) in the wide
range of concentrations, and found no noticeable effects.

4. Discussion

In the present work, we studied the influence of donepezil on
Ixpry and Ixca) in rat pyramidal neurons isolated from CA3 hippo-
campal regions. In our experiments, the sensitivity of Ixpg) to
donepezil varied from cell to cell, so that the cells examined may
be arranged into two groups: more sensitive (Ixpry1) and less sen-
sitive (Ixpr)2) to donepezil. Such a variability in sensitivity of Ixpg)
to donepezil looks understandable taking into account that the
family of DR-channels in hippocampal neurons consists, at least,
of seven members built with various proteins [16]. The effects of
donepezil on Ix) also varied in different cells. We observed both
a suppression and an augmentation of this current by donepezil
in different cells. As is the case with Ixpr), a diversity in the prop-
erties of different A-channels may underlie this distinction [16].
Our results indicating the ability of donepezil to modulate in low
micromolar concentrations the voltage-gated K*-currents in rat
hippocampal neurons agree with the results of Yuan et al. [5] ob-
tained in Kv2.1 transfected HEK293 cell line. The value of ICsq for
the inhibition of Ixpgry with donepezil was found to be 7.6 pM in
that study. At the same time, our results do not coincide
with the data reported by Yu and Hu [11] who performed the
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Fig. 4. Potential-dependent augmentation of Ixa), by donepezil. (A) The original current traces of Ixay, before and after addition of 10 and 300 uM donepezil. (B) The effects of
10 and 300 uM donepezil on the I-V curves. (C) The effects 10 and 300 M donepezil on the steady-state activation curves. The amplitudes of Ig), were converted to
conductance and normalized to maximal conductance. Normalized data points were fitted with the Boltzmann equation. A depolarizing shift of the steady-state activation
curve of about 8 mV was caused by 10 pM donepezil, and no shift was observed in the presence of 300 uM donepezil.

experiments in rat hippocampal neurons and found that the inhib-
itory effects of donepezil on both Ixpry and Ixa) require high micro-
molar concentrations (ICso=78 and 249 puM, accordingly). The
reason of this discrepancy is not clear. Some variations in the
methods used, such as the presence of ATP in the recording pipette,
some differences in the protocol of stimulation and postnatal age
of the rats, may, at least in part, explain this discrepancy.

Our results outlined in the present paper resemble, in general,
our previous findings obtained in molluscan neurons which have
shown that donepezil inhibited Ixpgy with ICso=8.0 pM and had
a dual effect on Ixa): an augmentation by 5 uM and a suppression
by higher doses [10]. However, despite that general similarity, a
number of differences can be found between donepezil action on
K*-currents in rat neurons and in molluscan neurons. The main dif-
ference is that the effects in molluscs were voltage-independent
while in rats this independence was observed only at high concen-
tration of the drug (300 uM). Lower donepezil concentrations
caused voltage-dependent inhibition of Ixpry and voltage-depen-
dent augmentation of Ix),. Voltage-dependence of donepezil ef-
fects in rats allows us to think that their mechanisms are more
complicated than those in molluscan neurons. The latter was sup-
posed to involve donepezil binding with the external mouth of
K*-channels [18]. From the extracellular side, the molecules
of the antagonist can’t enter the channel’s pore deeply because of
the position of selective filter. In the present study, such a simple
explanation can work for the following voltage-independent ef-
fects of donepezil: inhibition of Ixay by all donepezil concentra-
tions, and inhibition of Ixpr); and Ixay by 300 uM of the drug.
But voltage-dependent effects need some other explanations. One
of the possible explanations involves the penetration of charged
molecules of a blocker into the channel’s pore from the intracellu-
lar side. The point is that donepezil molecules can exist in both un-
charged and charged form, because the amino group of donepezil
can be protonated at physiological pH. The uncharged donepezil
can cross the lipid membrane and reach the internal mouth of
K*-channel. In cytoplasm, the substance molecules may be proton-

ated, and positively charged ions may enter deeply into the
channel pore in potential-dependent manner. Such a blockade
might explain voltage-dependent inhibition of Ixpgy by donepezil.
The voltage-dependent augmentation of Iga), can also be ex-
plained by the drug interaction with internal mouth of K*-channel.
Indeed, under physiological conditions, voltage-gated K*-channels
are known to be blocked by internal cations (Na*, Mg?*, poly-
amines) in a voltage-dependent manner [19,20]. An attenuation
of such a blockade will cause a voltage-dependent increase in K*-
current, and donepezil may augment Ixa) just due to this
mechanism.

Some reasons allow us to think that therapeutical doses of
donepezil may modulate voltage-gated K*-currents in patients’
brain. Plasma level of donepezil in the patients receiving effective
doses (10 mg) of donepezil hydrochloride per day corresponds
approximately to 122 nM [21]. Additionally, taking into account
that in rodents the concentration of donepezil in the brain was
estimated to be 6-9 times higher than in the plasma [22], it is con-
ceivable to hypothesize that donepezil concentration in human
brain can reach the level of 1 pM. Finally, there are reasons to sup-
pose that, in AD brain, donepezil affects K*-currents stronger than
in our experiments. Literature data show that beta-amyloid
increases membrane expression of K*-channels and, as a result,
dramatically intensifies voltage-gated K'-currents [8,9]. Under
the circumstances, blocking effect of classical antagonist of K*-
channels, tetraethylammonium, was found to be enhanced [8].
Similarly, the neurons in AD brain may response to donepezil
stronger than those untreated with beta-amyloid.

Our results are in line with the literature data concerning the
properties of other AChE inhibitors, such as galantamine [23] and
rivastigmine [15]. These drugs were shown to block voltage-gated
K*-currents in low micromolar concentrations, therefore one may
consider the involvement of this effect in their therapeutic action.

Sum up, it may be said, that the regulation of voltage-gated K*-
currents of rat hippocampal neurons by low micromolar concen-
trations of donepezil reconfirms a possibility of contribution of
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K*-channels modulation to the mechanisms of the drug therapeu-
tic action.
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