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Galantamine, one of the major drugs used in Alzheimer's disease therapy, is a relatively weak
acetylcholinesterase inhibitor and an allosteric potentiating ligand of nicotinic acetylcholine receptors.
However, a role in the control of excitability has also been attributed to galantamine via modulation of K™
currents in central neurones. To further investigate the effect of galantamine on voltage-activated K*
currents, we performed whole-cell voltage-clamp recordings in differentiated neuroblastoma N1E-115 cells
and in dissociated rat CA1 neurones. In both cell models, one can identify two main voltage-activated K*
current components: a relatively fast inactivating component (Ifast; time constant ~ hundred milliseconds)
and a slowly inactivating one (Islow; time constant~1s). We show that galantamine (1 pM-300 uM)
inhibits selectively Islow, exhibiting a dual dose-response relationship, in both differentiated N1E-115 cells
and CA1 neurones. We also demonstrate that, in contrast with what was previously reported, galantamine-
induced inhibition is not due to a shift on the steady-state inactivation and activation curves. Additionally,
we characterized a methodological artefact that affects voltage-dependence as a function of time in whole-
cell configuration, observed in both cell models. By resolving an inhibitory role on K" currents in a non-
central neuronal system and in hippocampal neurones, we are attributing a widespread role of galantamine
on the modulation of cell excitability. The present results are relevant in the clinical context, since the effects
at low dosages suggest that galantamine-induced K™ current inhibition may contribute to the efficiency of
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galantamine in the treatment of Alzheimer's disease.
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1. Introduction

It has long been demonstrated that the degeneration of cholinergic
neurones in the basal forebrain may be partially responsible for the
learning and cognitive deficits observed in patients with Alzheimer's
disease (Bartus et al., 1982; Francis et al., 1999). The recognition of
cholinergic dysfunction in Alzheimer's disease led to the development
of drugs that enhance cholinergic function, mainly by inhibition of the
catabolic enzyme, acetylcholinesterase (AChE). One such compound
is galantamine, a selective competitive, reversible and relatively weak
AChE inhibitor (Lilienfeld, 2002; Thomsen et al., 1991; Thomsen and
Kewitz, 1990), that has also been described as an allosteric
potentiating ligand of nicotinic receptors (Schrattenholz et al., 1996;
Maelicke et al., 1997; Samochocki et al., 2000). As a result of the
allosteric potentiation of nicotinic acetylcholine receptors, galanta-
mine has been shown to enhance GABA and glutamate release in
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hippocampal slices (Santos et al., 2002). Additionally, galantamine has
been proven to potentiate the NMDA receptor whole-cell current in
cortical neurones (Moriguchi et al., 2004), to stimulate dopamine
release in striatal slices (Zhang et al., 2004b) and to enhance
dopaminergic (Schilstrom et al., 2007) and purinergic neurotrans-
mission (Caricati-Neto et al., 2004).

An alternative hypothesis to explain synaptic facilitation by
galantamine has been linked to galantamine-induced changes in
neuronal excitability. There is evidence that galantamine can increase
excitability by inhibiting postburst afterhyperpolarization (AHP) and
accommodation of CA1 hippocampal pyramidal neurones, via mod-
ulation of muscarinic transmission (Oh et al, 2006). Moreover,
galantamine reduces delayed rectifier K* current (Ikory) in acutely
dissociated rat hippocampal pyramidal neurones (1-100 uM galanta-
mine; (Pan et al.,, 2003b) and in cloned Kv2.1 channel current (0.1-
100 uM; (Zhang et al., 2004a). In both studies, hyperpolarizing shifts
on the activation and steady-state inactivation curves were reported
under 10 uM galantamine; such shifts are not coherent with
galantamine-induced current reduction. The inhibition of central
outward K" currents by other AChE inhibitors currently used in
Alzheimer's disease therapy—tacrine (Li and Hu, 2002), rivastigmine
(Pan et al., 2003a) and donepezil (Yu and Hu, 2005)—has also been
reported. Altogether, these data suggest that the reduction of K*
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currents in the brain may provide a mean of enhancing cognitive
function in Alzheimer's disease. In fact, it was demonstrated that by
modulating some K™ channels, one can tune long term potentiation
(LTP; Ramakers and Storm, 2002; Chen et al., 2006)—the experimen-
tal paradigm of memory (reviewed in Lisman, 2003), or improve
cognitive deficits when memory is impaired (Inan et al, 2000).
Indeed, treatment of aged rats with galantamine has been shown to
extend LTP decay (Barnes et al., 2000).

It has been reported that mean galantamine plasma concentra-
tions of Alzheimer's disease patients, when sampled within 10 h of
administration, ranged from 82 pg/l to 126 ng/l (223-342 nM)
(Raskind et al., 2000; Wilcock et al., 2000; Farlow, 2003). However,
according to the studies described before concerning galantamine
effects on K* conductances (Oh et al., 2006; Pan et al., 2003b; Zhang
et al., 2004a), with such range of concentrations (223-342 nM), only
marginal effects were observed.

Therefore, in the present report we aimed to study the effect of
galantamine on voltage-activated K* currents, using a wider range of
concentrations, with doses of galantamine ranging from subnanomo-
lar to micromolar. Two different cell models were used: differentiated
neuroblastoma N1E-115 cells—a cell line from the sympathetic
nervous system—and acutely dissociated rat hippocampal pyramidal
neurones from the CA1 region. It is presently shown that galantamine
(1 pM-300 uM) selectively inhibits a slowly inactivating K™ current in
both cell models, exhibiting dual dose-response relationships. We
also show that this current inhibition is not due to a shift in the
voltage-dependence of steady-state inactivation and activation. The
present work extends our understanding about how galantamine acts
at the nerve cell.

2. Materials and methods
2.1. Neuroblastoma cell-culture and isolation of CA1 neurones

Mouse neuroblastoma cells of the clone N1E-115 (ECACC,
88112303) were routinely grown in Dulbbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 0.1% antibiotic (10 000 U/ml penicillin and 10 000 pg/ml strepto-
mycin). The cultures were maintained at 37 °C in a humidified
atmosphere containing 5%CO,. Cells were split weekly when 70-80%
confluent and were plated in 35 mm plastic Petri dishes (Nunc) using
medium containing reduced serum content—2.5% FBS—and 1.5%
dimethyl sulphoxide (DMSO), for induction of neuronal differentiation.
Cells at 6-14 days after induction of differentiation, showing clear
neuritic processes, were selected for recording.

Hippocampal pyramidal cells from the mid-third CA1 region of P21-
30 Wistar rats were isolated as described before (Costa et al., 1994). Sub-
slices of the CA1 region were incubated at 32 °C in an oxygen saturated
solution under moderate stirring; the composition of the incubating
solution was as follows (in mM): NaCl 120, KC1 5, CaCl2 1, MgCI2 1, 1,4-
Piperazinediethanesulfonic acid (PIPES) 20, p-Glucose 25, adjusted to
pH 7 with 1 mM NaOH. Trypsin (0.6 mg/ml) was added to this solution
shortly after the preparation of the sub-slices; incubation period was
30-50 min, depending on rat's age. Sub-slices were transferred to an
oxygen saturated enzyme-free solution after a brief wash with this
solution and kept at room temperature at moderate stirring. A trypsin
inhibitor (0.5 mg/ml) was added to the enzyme-free solution; the
preparation remained viable for about 5-6 h. Cells from the CA1 layer
were isolated by gentle trituration of the sub-slices using fire polished
Pasteur pipettes (1.5-2 mm bore).

2.2. Electrophysiological recordings
The 35 mm plastic Petri dishes were used as recording chambers for

either cultured or acutely isolated cells. Voltage-clamp recordings were
performed in the whole-cell patch clamp configuration. Patch pipettes

(1.5-3 MQ), pulled from borosilicate glass (Science Products GmbH,
GB150T-8P), were filled with pipette solution (N1E-115-cells) contain-
ing (in mM): KMeSO, 140, Na, ,HEPES 10, CaCl, 1, MgCl, 1, EGTA 10,
Na,ATP 2, NaGTP 0.4 and adjusted to pH 7.2-7.3 with 1 mM NaOH
(calculated free [Ca® "] = 60 nM, by Webmaxclite 1.15, MaxChelator). In
the case of recordings in CA1 neurones, modifications of the above
solution were used, as follows: KMeSO,4 was either 132 mM or replaced
by KF 140 mM (osmolarity was kept within the same range).

The recording chamber was perfused by gravity (2-3 ml/min)
with the following solution (in mM): NaCl 135, KCl 5.4, Na, ,HEPES
10, CaCl, 2, MgCl, 1.5, p-Glucose 25 and adjusted to pH 7.4 with 1 mM
KOH (calculated equilibrium potential for K* was —82 mV).
Tetrodotoxin (TTX) (50 nM) was added to the external solution in
most of the experiments. During recording, cells were kept near the
surface and remained under continuous bath perfusion. The estimated
junction potential for the filling and bath solution combinations
mentioned above is, respectively, —9.8 mV, —9.4 and —9.2 mV
(calculated with JPCalc 2.00, School of Physiology and Pharmacology
University of New South Wales). Data were not corrected for the
junction potential.

Currents were recorded with an Axopatch 200B electrometer
(Axon Instruments) and stored using a DigiData 1200 interface (Axon
Instruments) and pCLAMP 6.0.3 software (Axon Instruments) Signals
were filtered at 2 kHz (— 3 dB, four pole Bessel) with a 5 kHz sampling
rate. Series resistance was compensated to about 70%. Electrode and
cell membrane capacitances were compensated. Leak subtraction was
applied to raw data during data processing (see below). Experiments
were carried out at room temperature (about 20 °C).

2.3. Experimental design (voltage protocols)

In experiments with N1E-115 cells, current amplitude and clamp
conditions were monitored throughout the experiment with a set of
two 5.6 s in duration depolarizing pulses to 0 mV and + 40 mV, every
60 s. For the study of the voltage-dependence of activation a set of
6.4 s command pulses from —60 mV to +50 mV (in 10 mV steps)
was applied. For the subsequent estimate of leak current, a set of
pulses (—75 mV to —53 mV, 2 mV increments, 100 ms) was applied
prior (60 ms) to the command pulses. This allowed calculating and
subtracting leak current at each voltage. For the study of steady-state
inactivation, currents were evoked by a 4.8 s in duration depolarizing
command pulse to a fixed voltage (440 mV) preceded by 6.4 s
prepulses ranging from —60 mV to +50 mV (in 10 mV steps). The
holding potential was —70 mV.

In experiments with CA1 neurones, the voltage-clamp protocols
were equivalent to those described above, differing as follows. A
hyperpolarizing pre-pulse to — 120 mV, 200 ms in duration, was used.
Such pre-pulse aimed the removal of inactivation of channels
underlying the fast current component (previously named A-D type).
Current amplitude and clamp conditions were monitored throughout
the experiment with a set of two 2.1 s in duration depolarizing pulses
to —30mV and +40mV, every 60s. To study the fast current
component in isolation, a different voltage protocol was used: the same
depolarizing pulse to +40 mV (2 s, holding potential —50 mV) was
preceded either by a pre-pulse to —30 mV or — 120 mV, with a duration
(30-200 ms) that was adjusted to each cell/current; the subsequent
current traces were subsequently subtracted and, thus, the fast current
was then isolated (Lima et al., 2008; see inset in Fig. 2B).

For the study of the voltage-dependence of activation a set of 1 s
command pulses from —70 mV to +50 mV (in 10 mV steps) was
applied; command pulses were preceded by a set of 160 ms prepulses
from —70mV to —52mV (2mV increments), to subsequently
estimate and subtract leak current. For the study of steady-state
inactivation, currents were evoked by a 4 s in duration depolarizing
command pulse to a fixed voltage (+40 mV) preceded by 640 ms
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prepulses ranging from —140 to +10mV (in 10 mV steps). The
holding potential was —60 mV.

2.4. Data analysis and statistical procedures

Data were analyzed using pCLAMP Clampfit 9.0.1.07 (Axon
Instruments), Microcal™™ Origin™M? 5.0 (Microcal Software) and
GraphPad Prism 4.00 (GraphPad Software) software.

For each experiment, the decaying phase of the K™ current was
best fitted with a sum of two exponential functions, using the
following equation:

F(t) = Afast exp(_t/Tfast) + Aslow exp (_t/Tslow) + (1)

where T, and Ty are the time constants of the fast and the slow-
inactivating current components, respectively; Apnse and Agow are
coefficients and C is a constant.

Currents were measured as shown in Figs. 1Ai and 2Ai. Current
amplitude at the peak was used as a measure of the fast component; the
measure of the slow component was taken as the current amplitude at a
time equal to 57, after the start of the command pulse.

In the case of activation, the current amplitudes of the fast and
slow components were converted to conductance (G) using the
equation:

G =1/(V—Eg), (2)

where [ is the current amplitude, V is the step command potential and
Ex is the estimated equilibrium potential for K*. Conductance values
were normalized for the maximal response (G/Gmax) and plotted
against step command potential (V); normalized data points were
fitted with the following equation:

G/Gmax = (A]—AZ)/{l + exp[(V—V1/2>/Vs]} + A, 3)

where V;, is the half-activation potential, V; is the slope constant, A;
and A, are coefficients.

For inactivation, current values were normalized to maximal value
(I/Imax) and plotted against pre-pulse potential (V). Normalized data
points were fitted with the following Boltzmann equation:

I/Imax = (Al—Az)/{l + eXpKV—Vl/2>/VS}} + A, (4)

For the comparison of data before and under galantamine, the
Wilcoxon signed-rank test (n<10) or the paired t-test (n>10) was
used. Student t-test was applied for the comparison between results
of the application of galantamine at different concentrations.
Differences were considered significant if P<0.05. Values given in
the text are mean 4 S.E.M.

For the quantification of current inhibitions induced by galanta-
mine, the following analysis was conducted: the current trace
recorded under treatment with galantamine (after effect stabilised)
was subtracted from control trace (before addition); the charge of the
consequent galantamine-sensitive current was calculated (integral)
and compared with the charge of the control current; effect is
presented as % current inhibition.

2.5. Drugs and chemical reagents

Reagents were obtained from Merck, unless specified: DMEM, FBS,
penicillin, streptomycin and trypsin-EDTA were purchased from
Gibco; DMSO, Na;,HEPES, EGTA, Na,ATP, NaGTP, PIPES, trypsin
type XI, trypsin inhibitor and galantamine (G1660) from Sigma; TTX
from Alomone Labs; and KMeSO, from AcrosOganics.

Galantamine was used in concentrations of 1 pM to 300 uM. Con-
centrated stock solutions of galantamine (100 nm, 100 ptM and 10 mM)

were prepared in water and stored at —20 °C and subsequently diluted
in the superfusing bath solution to the required final concentration.

3. Results

3.1. K™ currents in differentiated N1E-115 cells and in dissociated
CA1 neurones

Fig. 1Ai and Bi depict currents evoked by a depolarising command
pulse to +40 mV in differentiated N1E-115 cells and in dissociated
CA1 neurones. In either case this evoked a fast rising outward K*
current with a slow decay. In both cell models, and given the long
duration of the command pulse, the decaying phase of the K™ current
was best described by a sum of two exponential functions (Eq. (1)),
indicating the existence of at least two current components: a
relatively fast inactivating current, here termed Ifast, and a slowly
inactivating one, Islow (these current components were characterized
by us before: Lima et al. (2008) for differentiated N1E-115 cells; Costa
et al. (1994) for CA1 neurones. In the cases illustrated in Fig. 1Ai and
Bi, the inactivation time constants of the two current components
were: Trse = 64 mS, Tgow = 1741 ms, for the N1E-115 cell (Fig. 1Ai);
Trast =70 MS, Tgow=1015ms, for the CA1 neurone (Fig. 1Bi).
(insets) used to characterize the voltage-dependence of activation
and steady-state inactivation in differentiated N1E-115 cells and in
CA1 neurones, respectively.

3.2. Effect of galantamine on the slow component in differentiated N1E-
115 cells and in dissociated CA1 neurones

To observe the effect of galantamine on current amplitude,
currents were evoked throughout the experiment with a depolarizing
pulse to +40 mV (voltage protocols as in Figs. 1Ai and 1Bi). Fig. 2Bi
and Aii show the effect of galantamine in differentiated N1E-115 cells,
before and under 100 pM and 10 M, respectively; the choice of these
two concentrations relates to the dose-response relationship found
for galantamine (see below, Fig. 2C). The effect of galantamine could
be detected 3-4 min after drug application and reached a steady-state
in 10-15 min (not shown).

From the current traces in Fig. 2Ai and Aii it is apparent that
galantamine had a selective effect on Islow, leaving Ifast unaffected.
Analysis of the effect of galantamine on the inactivation kinetics of
the two current components, revealed that the time constants values
of Ifast did not change under application of 100 pM or 10 pM, further
demonstrating that galantamine has a selective effect on Islow. Mean
values concerning experiments as illustrated in Fig. 2Ai and Aii were
as follows: in control: 7(fast)=91.8+10.8, 7(slow)=1861.5+
199.8; under 100 pM galantamine: 99.3+11.0 ms and 1398.4 4+
139.4 ms, respectively (n=13); in control: 7(fast)=57.84+4.0 ms,
T(slow) =1745.7 +132.0; under 10 pM galantamine: 61.3 +-4.7 ms and
1373.5+£108.1 ms, respectively (n=13). Under 100 pM and 10 uM,
7(slow) values, but not 7(fast) values, differed statistically from the
corresponding control values (paired t-test). Current subtractions, as
illustrated in Fig. 2Ai and Aii (A-B), revealed a slow-rising and slow-
inactivating galantamine-sensitive current. The inactivation of the
galantamine-sensitive component, for both concentrations, was best
described by a single exponential (Eq. (1), with only one term), with
time constants of the same order of magnitude as the time constant of
Islow; mean time constants were as follows: 2479 +£161.0 ms (n=11)
and 2319+ 158.3 ms (n=10), for 100 pM and 10 M galantamine,
respectively. Mean values concerning the application of 100 pM and
10 pM galantamine did not differ statistically (Student t-test). This
strongly suggests that the nature of current sensitive to galantamine is
the same when 100 pM or 10 pM galantamine is used.

The dose-response relationship for the inhibitory effect of
galantamine on Islow in differentiated N1E-115 cells is depicted in
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Fig. 1. Voltage-activated K™ current components evoked in differentiated neuroblastoma N1E-115 cells (A) and in dissociated CA1 pyramidal neurones (B). (Ai) Total outward K™
current in a differentiated N1E-115 cell evoked by a depolarizing pulse to +40 mV (5.6 s in duration) from holding potential of —70 mV (inset). The decaying phase of the K*
current is best described by a sum of two exponential functions (Eq. (1)). Peak current amplitude ([]) was used as a measure of the fast component; the amplitude of the slow
component was taken at a time equal to 5 * T, after the start of the command pulse (M). (Aii) K* currents evoked by a set of depolarizing command pulses (6.4 s) in steps of 10 mV
(range —50 mV to + 50 mV), from a holding potential of —70 mV (inset). (Aiii) K* currents evoked by a command step to +40 mV (4.8 s) following a set of prepulses (6.4 s)
ranging from —60 mV to + 30 mV in steps of 10 mV, for the study of steady-state inactivation; holding potential of —70 mV (inset). (B) K™ currents evoked in a dissociated CA1
pyramidal neurone. Voltage-clamp protocols were equivalent to those described in (a), with a hyperpolarizing pre-pulse to — 120 mV, 200 ms in duration (Bi, Bii); holding potential
was —60 mV in all cases. The procedures for the measurements of current amplitude (Bi) were the same as in (Ai). (Biii) The voltage-clamp protocol applied for the study of steady-

state inactivation had prepulses ranging from — 140 mV to +30 mV (steps in 10 mV).

the plot of Fig. 2C (square symbols); the results concern experiments
with doses of galantamine ranging from 1 pM to 300 uM. The effect,
which was concentration-dependent, exhibits a dual relationship
(Fig. 2C). It is important to note that even at the concentrations that
induce the highest inhibitions, the effect was not complete (23.3 +
5.2% at 100 pM; 36.4 + 8.5% at 300 uM).

The effect of galantamine in CA1 neurones was tested at three key-
concentrations: 100 pM, 10 uM (representative of both phases of the
dose-response relationship in N1E-115 cells) and 100 nM
(corresponding to the minimal effect). Fig. 2Bi and Bii illustrate the
result of the application of 100 pM and 10 pM, respectively, in two CA1
neurones. It is noticeable that in CA1 neurones the effect of galantamine
is of the same nature we found for the N1E-115 cells, i.e. only the slow
component was affected. To confirm the specificity of the galantamine
effect on Islow in CA1 pyramidal neurons, we applied voltage protocols
that aim to dissect the two current components (see Materials and
methods). In isolation, Ifast was not altered by 10 uM galantamine
(n=3) (Fig. 2B, inset). Most importantly, the galantamine-induced
current reduction showed a similar trend in terms of dose-response
relationship to the one observed in differentiated N1E-115 cells (Fig. 2C;
triangle symbols).

For the experiments in CA1 pyramidal neurones a fluoride-based
internal solution was used (see Materials and methods); this
provided better current stability in these cells, which was critical
for long lasting recordings during drug application. Given the
eventual influence of fluoride on some cellular mechanisms—such
as G-protein mediated signalling (Pleumsamran et al., 1998)—these
experiments were carried out also with a different pipette solution: a
KMeSO4-based filling solution (see Materials and methods) for
comparison. The same inhibitory effect of galantamine on Islow
was observed with either filling solutions, with similar percent
reductions and dose-relationship patterns (Fig. 2C); the absence of
effect on Ifast was not dependent on the chloride substitute of the
filling solution.

For any of the concentrations of galantamine used, none of the
effects recovered upon wash.

3.3. Artefacts in the steady-state inactivation and activation—criteria for
drug application

In the course of the study of the effect of galantamine on the voltage-
dependence of steady-state inactivation and activation, we were
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Fig. 2. Specific effect of galantamine on the slow component in differentiated N1E-115 cells (A) and in CA1 pyramidal neurones (B). (Ai, Aii) Current traces evoked by a depolarizing
command pulse to +40 mV (voltage protocol as in Fig. 1Ai) before and under application of 100 pM and 10 uM galantamine, respectively, in two differentiated N1E-115 cells. (Ai)
inactivation time constants in control were as follows: T(fast) =91.4 ms, T(slow) = 1893.3 ms; under 100 pM galantamine: 103.1 ms, 1867.2 ms, respectively; the time constant of the
galantamine-sensitive component (A-B) was 2271 ms (Aii) in control: 7(fast) = 125.8 ms, 7(slow) = 1143.5 ms; under 10 uM galantamine: 133.7 ms, 1243.9 ms, respectively; the time
constant of the galantamine-sensitive component (A-B) was 2282 ms (Bi, Bii) effect of 100 pM and 10 uM galantamine, respectively, in two CA1 neurones (voltage protocol as in Fig. 1Bi).
(Bi) inactivation time constants in control were as follows: 7(fast) =41.9 ms, 7(slow) =405.2 ms; under 100 pM galantamine: 43.8 ms, 379.2 ms, respectively; the time constant of the
galantamine-sensitive component (A-B) was 473 ms. (Bii) in control: T(fast) =71.5 ms, 7(slow)=476.2 ms; under 10 pM galantamine: 68.4 ms ms, 427.9 ms, respectively; the time
constant of the galantamine-sensitive component (A-B) was 1751.3 ms. Inset: galantamine did not alter Ifast in isolation. Currents evoked by a depolarizing step to +40 mV (holding
potential —50 mV) which was preceded either by a pre-pulse to —30 mV or — 120 mV; this voltage protocol was applied before and under 10 pM galantamine. The subsequent current
subtraction (shown in the inset) aimed the isolation of the fast current component. (C) Effect of galantamine on the slow component in differentiated N1E-115 cells expressed as a dose—
response relationship (filled squares); values are expressed as mean 4+ S.E.M.; sample size concerning N1E-115 experiments were as follows: 1 pM, n=4, 10 pM, n=>5; 100 pM, n=14;
1nM,n=3;10nM,n=3; 100 nM, n=4; 1 pM, n=5; 10 uM, n=15; 100 uM, n = 3.; sample size concerning CA1 experiments conducted with the two pipette solutions can be depicted
from figure (open triangles—KMeSO4 based pipette solution, n =3 for the three key-concentrations; filled triangle—KF based pipette solution, n =3 for the three key-concentrations). All
experiments concern sole treatments for each cell (galantamine was not applied in increasing concentrations). All experiments started after 30-45 min recording to account for the voltage
shifts described (Fig. 3, Table 1); galantamine application was just applied after a negligible current run-up being observed (described in Fig. 3Ai and Bi).

confronted with an important experimental artefact, independent of
drug effect, which affected voltage profiles as a function of time after
whole-cell configuration, and thus we herein firstly describe.

The insets of the Fig. 3Ai and Bi illustrate the currents evoked by a
depolarizing pulse to a moderate potential (O mV in the case of the
N1E-115 cell and to —30 mV for the CA1 neurone); in either case
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Fig. 3. Current run-up and shifts in voltage-dependence as a function of time, for N1E-115 cells (A) and for CA1 neurones (B). (Ai, Bi) Currents evoked by a depolarizing command
step to 0 mV, in a (Ai) differentiated N1E-115 cell (current traces in the insert—every 10 min) and in a (Bi) a CA1 neurone (current traces in the inset—every 5 min) as a function of
time after whole-cell configuration. Normalized peak current amplitude versus time after stabilization of whole-cell configuration (current run-up) for the data in the insets. Open
circles with dotted line refer to the recording of the insets; for N1E-115 cells, grey points represent mean 4 S.E.M. of five cells. Vertical dashed lines delimit two distinct stages of
evolution of current amplitude observed in the N1E-115 cell and on CA1 neurones; symbols on top of vertical lines refer to the acquisition-timing of voltage protocols for the
activation and inactivation profiles (see below). (Aii, Aiii) Steady-state inactivation and activation curves for the fast (open symbols) and slow components (closed symbols),
respectively, at the three different intervals from the experiment represented in ‘Ai’ (N1E-115 cell). (Bii, Biii) Steady-state inactivation and activation curves for the fast (open
symbols) and slow components (closed symbols), respectively, at the three different intervals from the experiment represented in ‘Bi’ (CA1 neurones).

pulses were applied at regular intervals in a time span of 70-90 min. depicts the increase in peak current amplitude as a function of time for
An increase in current amplitude with time is clear in those current the N1E-115 cell illustrated in the respective inset; current run-up
recordings; in all cases, one observed a substantial current run-up for evolved bi-exponentially (not shown), and the same applied to CA1
at least 45 min after whole-cell configuration. The plot in Fig. 3Ai neurones (Fig. 3Bi).
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Such run-up could reflect time-dependent shifts in the voltage-
dependence of steady-state inactivation and activation that could affect
our measurements. Therefore, the voltage-dependence of steady-state
inactivation and activation was studied at three different time-intervals,
corresponding to the limits of the two phases of current run-up (vertical
lines in Fig. 3Ai and Bi). Current amplitude values for Ifast and Islow
were converted to conductance, G (Eq. (2)), normalized to the maximal
value, G/Gmax, and plotted versus step command potential, V, to define
the voltage-dependence of activation; data points were fitted with
Eq. (3). For steady-state inactivation, current values, I, were normalized
to maximal value, I/Imax, and plotted against pre-pulse potentials, V;
data points were fitted with Eq. (4).

For the experiments with N1E-115, cells the steady-state inactivation
and activation curves for Ifast and Islow from the experiment represented
in Fig. 3Ai with open circles are shown in Fig. 3Aii and Aiii, respectively. For
the early period—corresponding to the higher rate of current run-up—the
voltage shifts were as follows: AV, »(Ifast) = —8.9 mV, AV, ,(Islow) =
—7.4mV, for activation; AV, (Ifast)=—11.3 mV, AVy,(Islow) =
—12.7 mV, for steady-state inactivation. On the other hand, during
the later time period, when the rate of current run-up was
slower, smaller voltage shifts were observed: AV;,(Ifast)=
—3.5mV, AVy,(Islow)=—0.7mV, for activation; AV, (Ifast) =
—43mV, AV;,(Islow)=—4.4mV, for steady-state inactivation.
Pooled voltage shift values (in mV/min), from 5 experiments, are
summarized in Table 1. These results show that in whole-cell
configuration, currents from differentiated N1E-115 cells display
artefactual hyperpolarizing shifts on the steady-state inactivation
and activation of Ifast and Islow as a function of time. The noticeable
decrease in the voltage shifts observed during the later phase of the
recording relates to the later phase of the softer current run-up rate
observed at 0 mV (Fig. 3Ai).

From the plots in Fig. 3Bii and Biii, it is apparent that shifts of the
same nature were also observed in CA1 neurones. During the first
time period (higher rate of current run-up) the voltage shifts were as
follows: AV;;(Ifast) =—9.6 mV, AV;»(Islow) = —6.4 mV, for activa-
tion; AV;p(Ifast) = —12.6 mV, AV, ;(Islow) = —15.8 mV, for steady-
state inactivation. For the second time period (slower rate of current

run-up), smaller voltage shifts were observed: AV, »(Ifast) = — 6.6 mV,
AVy5(Islow) = —0.4 mV, for activation; AV;j,(Ifast)=—3.7mV,
AVy5(Islow) = —5.3 mV, for steady-state inactivation. Pooled data

from similar recordings are summarized in Table 1.

These data revealed that the existence of such experimental
artefacts that affect voltage-dependence as a function of time in
whole-cell configuration may lead to misleading conclusions in the
study of drug-induced voltage shifts. The mentioned voltage shifts
become much smaller after 30-45 min recording. Consequently, in
the experiments concerning the study of the effect of galantamine on
the steady-state inactivation and activation—as described below—we
accounted for the time-dependent voltage shift by waiting enough
time for the start of each experiment. Measurements and drug

Table 1
Early recording period Later recording period
Vip Vs Vip Vs n
(mV/min) (mV/e/min)  (mV/min) (mV/e/min)
Activation
N1E-115 [fast —0.26+0.05 0.07+£0.02 —0.16+£0.02 0.03+£0.01 5
Islow —0.25+0.06 0.10+0.03 —0.16+0.03 0.08+0.01 5
CA1 Ifast —0.47+0.07 0.08+0.03 —0.14+0.03 0.05+0.02 4
Islow —0.31+£0.04 0.09+0.02 —0.09+0.02 0.07+£0.03 4
Inactivation
N1E-115 Mast —0.37+£0.04 —0.03+0.01 —0.18+£0.04 —0.01+£0.01 5
Islow —0.43+0.08 —0.034+0.02 —0.2540.03 0.00+0.04 5
CA1 Ifast —0.62+0.08 —0.044+0.02 —0.154+£0.02 —0.02+0.02 4
Islow —0.66+0.11 —0.05+0.03 —0.17+£0.04 —0.03+0.04 4

application were carried out at the stage of minimal shifts (Fig. 3Ai
and Bi, interval between 2nd and 3rd vertical dashed lines), i.e. after
about 30-45 min post whole-cell configuration.

3.4. Lack of effect of galantamine on the voltage-dependence of steady-
state inactivation and activation of Islow and Ifast

To study the effect of galantamine on the voltage-dependence of
steady-state inactivation and activation of Islow and Ifast, current run-
up at 0 mV was monitored prior to the experiment (see above). Given
the dual dose-response relationship, in N1E-115 cells (Fig. 2C; square
symbols), the effect of galantamine on the voltage-dependence of
steady-state inactivation and activation of Ifast and Islow was studied
at two concentrations—100 pM and 10 pM—representative of the
different phases of the dose-response relationship; 10 uM was
applied in experiments with CA1 neurones.

Fig. 4A illustrates a typical effect of 100 pM (Fig. 4Ai and ii) and
10 uM galantamine (Fig. 4Aiii and iv) on the steady-state inactivation
and activation curves of Ifast and Islow in two differentiated N1E-115
cells; data were obtained with the corresponding protocols (insets of

inactivation and activation parameters are summarized in pooled
values in Table 2. The shifts in V;,, determined by galantamine in
experiments carried out under the criteria described above (i.e. at the
stage of minimal voltage shifts) were not statistically significant
(Wilcoxon signed-rank test).

In CA1 neurones similar results were obtained, i.e. the application
of 10 uM galantamine did not affect the steady-state inactivation and
activation curves of Ifast and Islow. Fig. 4Bi-ii show the steady-state
inactivation and activation curves of Ifast and Islow before and under
10 uM galantamine, in a CA1 neurone; data were obtained with the
on the steady-state inactivation and activation parameters are also
summarized in polled values in Table 2.

Altogether, these results show that galantamine inhibits Islow in
differentiated N1E-115 cells and in dissociated CA1 neurones by a
process that does not involve changes in the voltage-dependence of
steady—state inactivation and activation. This absence of galantamine
effect on the current voltage-dependence contradicts what was
previously reported (Pan et al., 2003b; Zhang et al., 2004a).

4. Discussion

The purpose of this study was to further characterize the effect of
galantamine on voltage-activated K™ currents, using two neural cell
models with different origins, one from the sympathetic nervous
system and the other from the brain. Our results demonstrate that
galantamine (doses ranging from picomolar to micromolar) inhibits
selectively a slowly inactivating K* current (here termed Islow) in a
dual dose-dependent manner. These results were observed in both
differentiated N1E-115 cells and in dissociated CA1 hippocampal
pyramidal neurones, indicating that the reported effect of galanta-
mine on K* currents may be a widespread mechanism. We also show
that galantamine does not shift the activation and inactivation curves
of Islow, as suggested previously (Pan et al., 2003b; Zhang et al,,
2004a). The present findings are in part consistent with such previous
studies showing that galantamine at concentrations > 100 nM inhibits
adelayed rectifier K* current (Ix(pry) in dissociated rat CA1 pyramidal
neurones (1-100 uM galantamine; Pan et al., 2003b) and cloned Kv2.1
channel current (0.1-100 uM; Zhang et al., 2004a). In addition, we
present the first evidence that galantamine-induced inhibition of K*
currents is also observed at concentrations under 100 nM and this
effect is dose-dependent.

The dual dose response could be the result of two different K™
currents being affected by galantamine, each one at a different con-
centration ranges. Indeed there are evidences that AHP, in particular
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Fig. 4. Effect of galantamine (100 pM and 10 uM) on the voltage-dependence of steady-state inactivation and activation. (Ai, Aii) Typical examples of steady-state inactivation and
activation curves for the fast (open symbols) and slow components (filled symbols), respectively, before (black symbols) and under 100 pM galantamine (grey symbols) in a differentiated
N1E-115 cell. (Aiii, Aiv) Effect of 10 uM galantamine on the fast and slow components, respectively, in a differentiated N1E-115 cell. (Bi, Bii) Same as above (result of the application of
10 uM galantamine) in a CA1 neurone. Results relate to typical individual experiments; pooled data is presented in Table 2. For the voltage-dependence of activation, the amplitudes of the
fast and slow components were converted to conductance (Eq. (2)) and normalized to maximal conductance; normalized data points were fit with Eq. (3). For steady-state inactivation, the
amplitudes of the fast and slow components were normalized to maximal current and fit with Eq. (4). For the experiment with 100 pM galantamine applied to a N1E-115 cell (Ai, Aii), the
fitting parameters concerning both current components were as follows: for activation curves—Ifast (control, V; , = 8.1 mV, Vs =12.2 mV/e; galantamine V;, =7.8 mV, V;=13.9 mV/e)
and Islow (control, V;,=6.5mV, V=152 mV/e; galantamine V;,, =4.6 mV, V;=19.0 mV/e); for steady-state inactivation curves—Ifast (control, V;,=—19.2 mV, V;= —84 mV/e;
galantamine V;, = —21.8 mV, Vs = —7.9 mV/e) and Islow (control, V; , = —24.4 mV, V;= — 8.9 mV/e; galantamine V; , = —30.7 mV, Vs = — 9.6 mV/e). For the experiment with 10 pM
galantamine applied toa N1E-115 cell (aiii, aiv), the fitting parameters were: for activation curves—Ifast (control, V, , = 13.8 mV, V;=11.5 mV/e; galantamine V; , = 10.3 mV, Vs =12.8 mV/e)
and Islow (control, Vi, =74 mV, V;=11.5mV/e; galantamine V;,=3.7 mV, V;=14.5 mV/e); for steady-state inactivation curves—Ifast (control, V;,=—10.8 mV, V;=—6.3 mV/e;
galantamine V;, =—14.1 mV, V;=—64mV/e) and Islow (control, V;,=—9.8 mV, V;=—9.6 mV/e; galantamine V;,=—13.5mV, V;=—85 mV/e). For the experiment with 10 uM
galantamine applied to a CA1 neurone (Bi, Bii), the fitting parameters were: for activation curves—Ifast (control, V; , =—7.2, Vs =17.3 mV/e; galantamine V; , = 10.5 mV, V;=17.8 mV/e) and
Islow (control, V;,=—7.6 mV, V;=243 mV/e; galantamine V;,=—9.1mV, V;=242 mV/e); for steady-state inactivation curves—Ifast (control, Vi, =—99.2mV, V;=—11.6 mV/e;
galantamine V3, = —100.5 mV, V;=—11.9 mV/e) and Islow (control, V;,, =—107.9 mV, V;= —9.7 mV/e; galantamine V;, = —109.6 mV, Vs= —9.8 mV/e). All experiments started after
30-45 min recording to account for the voltage shifts described above (Fig. 3, Table 1); voltage protocols prior to galantamine application were just applied after a negligible current run-up being
observed (described in Fig. 3Ai and Bi).
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Table 2
Control Galantamine
Via (mV) Vs (mV/e) Via (mV) Vs (mV/e) n
Activation
N1E-115 100 pM
Ifast 13.0+25 123+04 9.6+33 13.7+06 5
Islow 103426 13.8+0.7 84+3.6 204407 5
10 uM
Ifast 141+£1.1 12.6+1.0 9121117 140+13 5
Islow 89+14 122405 41424 16.0+£09 5
CA1 10 uM
Ifast —16.64+29 141+£1.0 —20.7+3.0 146+09 3
Islow —18.6+1.7 185409 —204+2.1 182+08 3
Inactivation
N1E-115 100 pM
Ifast —165+14 —81+£06 —205+1.2 —794+06 5
Islow —208+25 —844+05 —266+24 —87+06 5
10 uM
Ifast —10.04+£07 —794+04 —135+0.6 —824+05 5
Islow —152422 —804+08 —19.94+2.1 —89+15 5
CA1 10 uM
Ifast —96.84+09 —94+08 —987+2.6 —99409 3
Islow —99.64+29 —994+11 —9924+30 —-102+12 3

its slow component, is inhibited by galantamine in CA1 pyramidal
neurons (Oh et al., 2006). However, it is unlikely that the slow AHP
current was evoked with the voltage protocols used here considering
(a) the voltage-dependence of Islow and (b) the time course of the
rising phase of the slow AHP current. Moreover, in the present study,
the time constant values of the exponential decay of the galantamine-
sensitive currents are not different for both galantamine concentra-
tions (100 pM and 10 pM). Also, with both representative concentra-
tions, galantamine is inhibiting Islow in a similar way, i.e. not
changing the voltage profiles. Altogether, there are strong suggestions
that it is the same current being affected in the two galantamine
concentration ranges of the dual dose-response relationship.

It has been reported that acetylcholine can control K* currents
through mechanisms mediated by nicotinic receptors (Hamon et al.,
1997). Therefore, the observed galantamine-induced K* current
reduction could eventually be a consequence of the inhibition of
AChE, as it would lead to the increase of acetylcholine levels. However,
that seems not to be the case in the present study, as recordings were
performed under continuous superfusing solution (not containing
acetylcholine). For galantamine concentrations ranging from 1 pM to
100 nM, the hypothesis of AChE inhibition as the cause for
galantamine-induced current reduction is even less likely; i.e. such
concentrations are not within the ICso range (0.4-4 uM) of brain
cholinesterase inhibition by galantamine (Bickel et al., 1991; Sweeney
et al., 1989; Bores et al., 1996).

The relevance of the inhibition of K currents by AChE inhibitors to
Alzheimer's disease therapy is still not clear. It has been suggested
that tacrine (one of the others AChE inhibitors currently used in
Alzheimer's disease therapy) could enhance neurotransmitter release
into the synaptic cleft, by inhibiting Ixpry and increasing the duration
of action potentials, as observed in Drosophila larval muscles (Kraliz
and Singh, 1997). Several reports have suggested a link between
Alzheimer's disease and K" channels. For example, in fibroblasts
obtained from patients with Alzheimer's disease, a K channel
dysfunction was discovered (Etcheberrigaray et al., 1993); this
could be mimicked in normal fibroblasts by the addition of 3-amyloid
peptide (AR) (Etcheberrigaray et al., 1994). In cortical neurones and
septal cholinergic cells, exposure to AR enhanced Ixpry (Yu et al,
1998; Colom et al., 1998, respectively); Ap-induced neuronal death
could be attenuated by the addition of tetraethylammonium (Yu et al.,
1998). Furthermore, overexpression of presenilin-1, presenilin-2 and
amyloid precursor protein—the respective genes are associated with
hereditary Alzheimer's disease—increased Ix(pg) in rat hippocampal

pyramidal neurones, which might be related to neuronal apoptosis
(Zhang et al., 2004c). Overall, these studies suggest that the inhibition
of delayed rectifier-like currents by AChE inhibitors, and therefore by
galantamine, may lead to the suppression of apoptosis and to a
substantial increase in cell survival.

A relevant issue deals with the concentration of galantamine used
in in vitro experiments and the levels reached in the brain of patients
and animals. Although there is some uncertainty about the actual
brain concentrations of galantamine in Alzheimer's disease patients
(Jann et al., 2002), it is estimated that for patients treated with doses
of 16-24 mg/day, brain galantamine concentration ranges from 0.5 to
1.2 uM (values extrapolated from Marco-Contelles et al., 2006). In the
case of mice, galantamine doses between 1.5 and 5 mg/kg achieve
brain levels in the range of 0.2-1 pM (Marco-Contelles et al., 2006).
According to the previous reports by Pan et al. (2003b) and Zhang
et al. (2004a) concerning galantamine effect on voltage-activated K™
currents, galantamine seems to be effective only at micromolar
concentrations (Pan et al, 2003b; Zhang et al., 2004a), i.e. at
concentrations higher than those reached in clinical conditions.
Therefore, our results are particularly relevant in the context of
clinical applications of galantamine, since they show for the first time
that galantamine-induced inhibition of K™ currents, at concentrations
under 100 nM, might contribute to the effectiveness of galantamine in
the treatment of Alzheimer's disease.

In the present study, we observed that recordings from both
differentiated N1E-115 cells and CA1 neurones display artefactual
hyperpolarizing shifts on the steady-state inactivation and activation
curves of Ifast and Islow (smaller shifts for Ifast). These shifts in
voltage-dependence evolved in time with two distinct rates: a faster
rate, which lasted about 30-45 min after whole-cell configuration; a
slower rate, which continued throughout the recording period.
Similar shifts were observed previously with Na™ currents in the
whole-cell configuration (Sakmann and Neher, 1995); peak current
and steady-state activation curves showed a negative shift after
30 min of whole-cell recording. Additionally, signs of a hyperpolariz-
ing voltage shift were also found in the analysis of Ca®>* currents
(Fenwick et al.,, 1982). It has been suggested that these shifts in the
voltage-dependence result from the existence of junction potentials
between different solutions, namely between pipette solution and
citosol (Sakmann and Neher, 1995), although, shifts along the voltage
axis may also result from other effects. For instance, during the course
of whole-cell recording, membrane proteins may undergo phosphor-
ylation/dephosphorylation as a result of inevitable changes in citosol
composition (Sakmann and Neher, 1995); e.g. large hyperpolarizing
shifts in voltage-dependent activation of Kv2.1-based neuronal IK
were observed under conditions leading to Kv2.1 dephosphorylation
(e.g. Misonou et al., 2005, 2004; Murakoshi et al., 1997).

By considering these artefactual voltage shifts into our experi-
mental procedures, we allowed our results to demonstrate that
galantamine-induced current inhibition is not due to a shift in the
voltage-dependence of steady-state inactivation and activation. The
small hyperpolarizing shifts that were observed before and under
galantamine, when confronted with the artefactual voltage shifts seen
during the second time period of current run-up, became meaning-
less. These results are in disagreement with the studies of Pan et al.
(2003b) and Zhang et al. (2004a), that report that galantamine shifts
the activation and inactivation curves of I pgr) to negative potentials.
According to such studies, the shift on the inactivation was more
pronounced (Pan et al., 2003b; Zhang et al., 2004a) (interestingly, the
artefactual shifts reported here, are also more pronounced for the
inactivation profiles) . Also, a hyperpolarizing shift on the activation
curve indicates activation at lower potentials that normally results in an
increase in current amplitude. Therefore, the K™ current reduction
observed in both studies conflicts with the hyperpolarizing shift on the
activation curve. Our results also contrast with what has been noted for
other AChE inhibitors whose inhibitory effects on K™ currents have been
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related to similar voltage shifts: donepezil (Zhong et al, 2002);
rivastigmine (Pan et al., 2003b); huperzine A (Li and Hu, 2002).

The present report provides the first evidence of a dual dose-
response relationship for the inhibition of a slowly inactivating K*
current by galantamine, in differentiated N1E-115 cells and in CA1
neurones. It also describes the existence of an important experimental
artefact that affects voltage-dependence as a function of time in
whole-cell configuration; monitoring such artefacts is of paramount
importance as they may lead to misleading conclusions in the study of
drug-induced voltage shifts. Finally, we demonstrate that galanta-
mine-induced current inhibition does not occur via a shift in the
voltage-dependence of steady-state inactivation and activation, as
opposed to what was previously suggested.
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