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ABSTRACT

AIM: To study the effects of tetrahydroacridine (tacrine) on voltage-gated Na" channels in cardiac tissues.
METHODS: Single ventricular myocytes were enzymatically dissociated from adult guinea-pig heart. Voltage-
dependent Na" current was recorded using whole cell voltage-clamp technique. RESULTS: (1) Tacrine reversibly
inhibited Na" current with an | C5, value of 120 umol/L (95 % confidence range: 108-133 umol/L). (2) Theinhibitory
effects of tacrine on Na' current exhibited both a tonic nature and use-dependence. (3) Tacrine at 100 pmol/L
caused a negative shift (about 10 mV) in the voltage-dependence of steady-state inactivation of Na“ current, and
retarded its recovery from inactivation, but did not affect its activation curve. (4) Intracellular application of tacrine
significantly inhibited Na* current. CONCLUSION: In addition to blocking other voltage-gated ion channels,
tacrine blocked Na" channels in guinea-pig ventricular myocytes. Tacrine acted as inactivation stabilizer of Na
channelsin cardiac tissues.

INTRODUCTION 1,2,3,4-tetrahydroacridine hydrochloride) has been
found to have a sophisticated pharmacol ogical profile:
it affects numerous types of neurotransmitter receptors,
ion channels, as well as enzymes other than ChE™®. Due
toitsstructura similarity to 9-aminoacridine, aNa'" chan-
nel blocker™ and to 4-aminopyridine, a K* channel
blocker!®, attention has been focused on itsinteractions
with different ion channels. A large number of studies
showed an inhibitory action of tacrine on voltage-gated
K* channels both in nerve tissues (rat hippocampal neu-
ron'®™, the giant axon of Myxicola® and the myelinated
axons of Xenopus laevis®) and in heart and muscles
(guinea-pig ventricular myocyte!'®, rabbit sino-atrial
Foundtion of China (30123005) node™*?, and the larval mugcl e of Drosophila®, etc).
% Correspondence to Prof Guo-yuan HU. Phn 86-21-5080-6778. In contrast, the effects of tacrine on Voltage-gated Na"
Fax 86-21-5080-7088. E-mail gyhu@mail.shenc.ac.cn channels were only demonstrated in nerve tissues™.
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Cholinesterase (ChE) inhibitors (tacrine, donepezil,
rivastigmine, huperzine A, etc) are the most efficacious
drugs thus far to ameliorate the cognitive and mental
deficitsin Alzheimer’s disease (AD)™?. With increas-
ing number of AD patients treated with ChE inhibitors,
efforts have been made to understand how the drugs
work and what side effects they may cause. The ac-
tions of ChE inhibitors on other targets were exten-
sively studied. Asthe first drug approved by the US
FDA in 1993 for the treatment of AD, tacrine (9-amino-

! Project supported by agrant from the National Natural Science



Wang W et al / Acta Pharmacol Sin 2004 Sep; 25 (9): 1138-1144

channel blocker in Na' channels of Myxicola giant axont®,
it is unknown whether tacrine may act as inactivation
stabilizer of Na" channels. In the present study we first
examined the effects of tacrine on voltage-dependent
Na" current (l,,) in guinea-pig ventricular myocytes,
then conducted a further investigation on the mecha-
nisms underlying the blocking effect of tacrine on car-
diac Na' channels.

MATERIALS AND METHODS

Drugs and animals Tacrine was purchased from
Sigma Co (St Louis, MO, USA). All other chemicals
were commercial products of reagent grade. Male or
femal e guinea-pigs weighing 300+40 g were supplied
by Shanghai Laboratory Animal Center, Chinese Acad-
emy of Sciences [SCXK (Shanghai) 2002-0011].

Preparation of ventricular myocytes Singleven-
tricular myocytes were prepared from adult guinea-pig
heart using the enzymatic dissociation method described
by Farmer et al’*®. Briefly, the heart was mounted in a
Langendorff apparatus for retrograde aorta perfusion
with Ca?*-free Tyrode's solution for 10 min. Then it
was perfused with Ca?*-free Tyrode' s solution contain-
ing 0.02 % collagenase | and 1 % bovine serum albu-
min for 2-4 min. The solution contained (in mmol/L):
NaCl 135, KCl 5.4, MgCl, 1, NaH,PO, 0.33, HEPES 5,
and glucose 5, and was adjusted to pH 7.4 with NaOH,
bubbled with 100 % O,, and warmed at 37 °C. After
washing-out the enzyme, the ventricles were minced
and gently triturated for 10 min in KB (Kraft-Bruhe)
solution containing (in mmol/L): L-glutamic acid 50,
KOH 80, KCI 40, MgSO, 3, KH,PO, 25, HEPES 10,
egtazic acid 1, tacrine 20, and glucose 10, adjusted to
pH 7.4 with KOH. The dissociated cells were filtered
through 200 um nylon mesh and stored in KB solution
at 21-23 °C. Only the cells with rod shape and clear
cross striation were used for experiments.

Whole cell voltage-clamp recording A small ali-
quot of ventricular myocytes was placed into a 3-mL
chamber mounted on the stage of a microscope
(Optiphot-2; Nikon, Japan), and superfused with an
external solution at arate of 3 mL/min. The solution
contained (in mmol/L): choline chloride 100, NaCl 40,
KCl 5.4, MgCl, 1, CaCl, 1, CdCl, 0.1, NaH,PO, 0.33,
HEPES 10, and glucose 10, adjusted to pH 7.4 with
NaOH.

Whole cell voltage-clamp recording was madefrom
single myocyte using an Axopatch-1D amplifier (Axon
instruments, USA) at 21-23 °C. Voltage command pro-
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tocols were provided by pClamp 6.0.4 software pack-
age (Axon Instruments, USA) via a DigiData-1200
interface. Patch pipettes (tip resistances 1-2 MQ) were
pulled on a P-97 microelectrode puller (Sutter Instru-
ments Co, USA), and filled with a pipette solution con-
taining (in mmol/L): CsCl 120, MgCl, 5, egtazic acid
11, HEPES 10, Na,ATP 5, and brought to pH 7.3 with
CsOH. With the given external and pipette solution, the
transmembrane Na" gradient was reduced to 4:1, thus
greatly improving the voltage control during activation
of I, After agigasea (sea resistance >1 GQ) forma:
tion, the membrane was ruptured with gentle suction to
obtain whole cell voltage-clamp configuration. Capaci-
tance compensation was routinely optimized and series
resistance was compensated by 40 %-80 %. Linear
leak were subtracted digitally online. Signals were fil-
tered at 5 kHz, digitized at 20 kHz, and stored in an
IBM-compatible computer. The mean cell capacitance
was 84.0+£4.4 pF (n=19 from 9 animals).

For extracellular application, tacrine was dissolved
in the external solution, and delivered to the recorded
myocyte using a PBS-8 solution exchange system (ALA
Ltd, USA). For intracellular application, tacrine was
dissolved in the pipette solution, and diffused from the
pipette into the myocyte after patch membrane was
ruptured®.

Data analysis and statistics The IC, value was
determined viafitting the concentrations-response rel a-
tionship using computer software ‘Prism 3.0'. Activa-
tion and inactivation plots were fitted to the Boltzmann
equation: Y=1/{ 1+exp[(V.-Vi,)/K]}, where V., is the
conditioning potential; V,,, is the voltage at half-maxi-
mal activation or inactivation; k isthe slope factor. The
time course of recovery from inactivation was fitted
with an exponential equation: Y=A*exp (-t/t), where A
is the amplitude and 7 is the time constant. Data are
presented as mean+SEM. Paired or unpaired two-tailed
t-test, as appropriate, was used for statistical analysis,
and P<0.05 was judged to be significant.

RESULTS

Inhibition of Na* current by extracellular ap-
plication of tacrinein ventricular myocytes Volt-
age-dependent Ca?* currents were blocked by addition
of Cd** 100 umol/L to the external solution whereas
voltage-dependent K* currents were eliminated by re-
placing K* with Cs" in the pipette solution. Under the
conditions, the transient inward currents elicited by
depolarizing steps represented the fast 1, which could
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be blocked by tetrodotoxin 30 pumol/L (data not shown).
Superfusion of the recorded myocyte with tacrine re-
duced the peak amplitude of |, in a concentration-de-
pendent manner (Fig 1A). The steady-state inhibition
was observed within 2 min, and the current partially
recovered after washout for 5 min. The fit of the con-
centration-response curve (Fig 1B) resulted in an I Cg,
value of 120 umol/L (95 % confidence range: 108-133
pmol/L) and aHill coefficient of 1.15 (95 % confidence
range: 1.04-1.26). The effect of tacrine on current-
voltage (1/V) relationship of I, was shown in Fig 1C.
In the control group, the threshold for I, activation
was between -60 mV to -50 mV, maximal activation
reached at -35 mV, and the reversal potential was 20.
0+2.1 mV (n=11). Tacrinedid not change the threshold,
the potential of maximal activation, and the reversal
potential, but caused a marked upward shift of the I/V
curve: the maximal current elicited at -35 mV was re-
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duced to 44 %+3 % of the control level (n=11, P<
0.01). The current returned to 84 %5 % after wash-
out for 5 min (n=7).

Properties of extracellular tacrine-induced
inhibition in ventricular myocytes The action of ex-
tracellular tacrine on |, exhibited both a tonic block
and use (frequency)-dependence. The tonic block was
assessed with atrain of 10 depolarizing pulses at alow
frequency of 0.1 Hz. In the control group, the ampli-
tude of I, was hardly changed during the train of pulses.
However, it was instantaneously reduced by about 30 %
during extracellular application of tacrine 100 pumol/L
(Fig 2A, the top row). The data pooled from 4 indi-
vidual observations confirmed that tacrine exerted a
tonic block on Na" channels (Fig 2B).

The use-dependent inhibition was observed when
atrain of 20 depolarizing pulses was delivered at fre-
guencies of 2.5 or 5 Hz. In the control group, the am-

A Con Tacrine/mmol-L! Washout C
0.01 0.1 1 3
| I -
{ —O— Control §
10 4 —@— Tacrine §/§
7
30 ms | —— Washout ﬁfi.jb Qb
20 mv 0- )
TGO =38
< ¢ ."/5
= z T ce
~ = Col
- 100 mV < 10 c cc O | ¥
Sms = . et ¢¢C §§ f?/
z XYY} ©/
B 2 20 o
)
,.c .
T ¥
~ AV v/
< i =Y
-40 A4
= NS
]
= \é/
-50 =
T T L L T T T
-80 -60 -40 -20 0 20 40
0 T T T T
5.5 45 35 25 Voltage/mV

Concentration of tacrine/lg mol-L”

Fig 1. Inhibition of tacrine on Na" current in guinea-pig ventricular myocytes. (A) Representative records of Na* current
elicited by 30 msdepolarizing pulsesto -20 mV from a holding potential of -100 mV at a frequency of 0.1 Hz before, during
application of tacrine, and after washout of thedrug for 5 min. Therecordsweretaken from a single myocyte superfused with
cumulative concentrations of tacrine. (B) Concentration-response curve of tacrine in inhibition of Na" current. Data were
from 35 myocytes of 7 guinea-pigs. The number of myocytes tested at each concentration wasindicated in parentheses next
to therelevant data point. (C) Current-voltage (1/V) curvesin control and in the presence of tacrine 100 umol/L (n=11), and
after washout of the drug (n=7). *P<0.05, P<0.01 vs the control. The curves were constructed using a pulse protocol with a
series of 30 msdepolarizing pulses delivered from a holding potential of -100 mV to different membrane potentials (-90 mV

to +45 mV) with 5mV incrementsat 0.1 Hz.
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Fig 2. Tonic and use-dependent block of Na* current by tacrine. (A) Each row showstherepresentative current traces elicited
by theindicated pulsesin atrain of 30 ms depolarizing pulses from a holding potential of -100 mV to -20 mV in control (the
left panel) and in the presence of tacrine 100 pmol/L (theright panel). In thetop row thetrain consisted of 10 pulsesat 0.1
Hz, whereasin the middle and bottom row it contained 20 pulses at 2.5 and 5 Hz, respectively. (B) Tonic block of Na* current
by tacrine 100 pmol/L. Therelativecurrent (1/1.4) elicited by atrain of 10 depolarizing pulsesat 0.1 Hz was plotted (n=4). The
inset shows the parametersof a single pulsein thetrain. (C) Use-dependent block of Na* current by tacrine 100 umol/L. The
relative Na* current (1/1,4) elicited by a train of 20 depolarizing pulses at 2.5 Hz (n=8) and 5 Hz (n=8) was plotted. Theinset

shows the parameters of a single pulsein thetrain. °P<0.05, °P<

plitude of I, showed a minor (2 %-3 %) reduction
during the train of pulses at 2.5 Hz, whereas the cur-
rent was progressively reduced during extracellular ap-
plication of tacrine 100 umol/L (Fig 2A, the middierow),
aphenomenon consistent with use-dependent inhibition.
Therelative current (1/1,4) elicited by the 2nd, 5th, 10th,
and 20th pulse in the train was reduced by 12 %5 %,
26 %=10 %, 35 %+12 %, and 46 %+12 %, respec-
tively (n=8, Fig 2C). The use-dependent inhibition be-
came more profound at 5 Hz (Fig 2A, the bottom row).
During the application of tacrine, the amplitude of I,
was rapidly suppressed, then reached a steady-state level.
Therelative current (1/1,4) elicited by the 2nd, 5th, 10th,
and 20th pulse was reduced by 27 %+6 %, 47 %+10 %,

0.01 vs the respective control.

55 %z+12 %, and 62 %+11 %, respectively (n=8, Fig
2C).

Effect of extracellular application of tacrine
on kinetic behaviors of Na* current in ventricular
myocytes Extracellular application of tacrine did not
affect the activation curve of I, (Fig 3A). In control
and under tacrine 100 pumol/L, the voltage at half-maxi-
mal activation (V,;,) was -46.4+1.8 mV and -46.0+3.2
mV (n=8, P>0.05), respectively, while the slope factor
(K) was 3.2+0.5 mV and 4.2+0.4 mV (P>0.05).

Extracellular application of tacrine caused a nega-
tive shift in the voltage-dependence of the steady-state
inactivation of I, (Fig 3B). In control and under tacrine
100 umol/L, the voltage at half-maximal inactivation
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Fig 3. Effect of tacrine on kinetic behaviors of Na* current
in ventricular myocytes. (A) Activation curves of Na* cur-
rent in control and in tacrine 100 umol/L (n=8). The pulse
protocol: a series of 30 ms depolarizing pulses to different
membrane potentials (-90 mV to -20 mV, with 10 mV
increments) delivered from a holding potential of -100 mV
at 1Hz. (B) Steady-stateinactivation curves of Na" current
in control and in tacrine 100 umol/L (n=10). The pulse
protocol: 1000 ms prepulses at different membrane poten-
tials (-120 mV to -20 mV, with 10 mV increments) were
followed by a 30 msdepolarizing pulseto-20 mV at 0.33 Hz.
(C) Recovery from fast inactivation in control and in tacrine
100 umol/L (n=7). Double-pulse protocol (theinset): inter-
vals with variable duration (from 2 to 500 ms) at -100 mV
were inserted between a 100 ms conditioning pulse to -20
mV and a 30 mstest pulseto-20 mV, delivered at 1 Hz.

(Vy) was -73.0£1.8 mV and -83.0£3.7 mV (n=10,
P<0.05), respectively, whereas the slope factor (k) had
no significant change (-8.7+1.1 mV vs -7.3x0.7 mV,
P>0.05).

In ventricular myocytes, the time course of re-
covery of |, from inactivation was well fitted with a
single exponential function (Fig 3C). In the control
group, the time constants (7) was 13.8+5.8 ms (n=7).
Extracellular application of tacrine 100 pmol/L caused
a marked prolongation in the time constant (7=26.7+
4.8 ms, P<0.05).

Inhibition of Na® current by intracellular
tacrine in ventricular myocytes Extracellularly ap-
plied drugs, like local anesthetics, could diffuse through
the membrane and block Na" channels at an internal
binding site. To determine the drug acts at an external
or internal site of Na" channels, the effects of intracel-
lular application of tacrine were investigated (Fig 4). In
the control group with 7 myocytes dialyzed with nor-
mal pipette solution, |, ran down slowly. Therelative
current (1/1,4) at 12 min was reduced by 17 %3 %, as
compared with the first current trace recorded imme-
diately after patch membrane was ruptured. In 6
myocytes dialyzed with tacrine 100 umol/L, afast de-
cline of I, appeared at 4 min, and reached a steady-
state at 10 min. The relative current at 12 min was
reduced by 44 %+8 % (P<0.05 vs the control group).
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Fig 4. Inhibition of Na" current by intracellular application
of tacrinein ventricular myocytes. The recording pipettes
were filled with either the normal pipette solution or the
pipette solution containing tacrine 100 pmol/L. Na'cur-
rents wer e elicited by 30 ms depolarizing pulsesto -20 mV
from a holding potential of -100 mV, delivered every minute.
Therelative current (1/1,4) is plotted against the recording
time. Time zero (t=0) indicates the time when patch mem-
braneruptured. "P<0.05 vsthe control.
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DISCUSSION

In the present study we demonstrated that tacrine
caused reversible blockade of |, in guinea-pig ventricu-
lar myocytes. The finding was in accordance with those
obtained from nerve tissues, such as rat hippocampal
neurons”, the giant axon of Myxicolal®, and the myeli-
nated axon of Xenopus laevisi®. As concerns to the
mechanisms underlying the Na" channel-blocking action,
we demonstrated that intracellular application of tacrine
was almost as potent as extracellular one in blocking
Iy Because the myocytes dialyzed with tacrine were
continuously superfused with a drug-free external
solution, it was impossible for intracellularly applied
tacrine to block Na" channels from the external side.
On the contrary, extracellularly applied tacrine may dif-
fuse through the membrane and bind to an internal site
of the channels. We found two line of evidence sup-
porting the speculation: (1) The drug caused a negative
shift (about 10 mV) in the voltage-dependence of steady-
state inactivation of |, without affecting its activation
curve. Such a shift suggests that tacrine has a higher
affinity for theinactivated state of cardiac Na“ channels,
thus causing atonic block at 0.1 Hz. (2) Tacrine mark-
edly slowed the recovery of I, from inactivation, a
mechanism underlying the use-dependent block at higher
frequencies. Therefore, tacrine, likethelocal anesthetic
lidocaine, acts as inactivation stabilizer of Na’ channels
in ventricular myocytes™. In the myelinated axons of
Xenopus laevis, tacrine also caused negative shift of
the steady-state inactivation curve of 1%, Inthe giant
axons of Myxicola, however, the drug did not affect
the steady-state inactivation of 1, and its recovery from
inactivation'®. The discrepancy may be attributed to
the molecular and functional diversities of voltage-gated
Na’ channelsin different tissues, aswell asin different
species™,

Clinical benefits of tacrine in the treatment of AD
were observed at plasmalevelsranged from 5to 70 ug/L
(0.02-0.3 umol/L)™*7, which was far below the ICy,value
of tacrine for blocking Na" channels (120 umol/L).
Similar concentrations of tacrine (30-100 pumol/L) were
necessary to block other voltage-activated currentsin
cardiac tissues, such as slowly inactivating Ca?* cur-
rent™, different K* currents (I, 1,)™"**?, and the car-
diac pacemaker current (1,)*¥. Due to the high con-
centrations used, the significance of channel-blocking
effects of tacrineisunclear. Itisevident that the drug
should not directly affect the cardiac ion channels at
the therapeutic dosage in the treatment of AD. Tacrine
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caused significant cardiovascular effects (increase of
blood pressure and reduction of heart rate) in whole
animals®?, But the actions were found mediated via
central and peripheral muscarinic mechanism,
respectively. On the other hand, the multichannel-block-
ing effects of tacrine hasled to anotion that it might be
beneficial in the treatment of ventricular fibrillation!*”.
Antiarrhythmic action of tacrine was indeed demon-
strated in the ischemia and reperfusion-induced
arrhythmias of rat. In this model, tacrine effectively
suppressed the ventricular fibrillation via a mechanism
of QT widening, which was partly due to blocking I, ;
in ventricular myocytes, and partly due to the drug-
induced bradycardia®. Clinical investigations have
shown that the multichannel-blocking agents, such as
dronedarone and tedisamil, are effective antiarrhythmics
with a number of advantages over the existing agents,
particularly in terms of safety!®. Tacrine may provide
a useful structural clue for design of novel anti-
arrhythmics with a more favorable therapeutic index.

In summary, our results showed that tacrine
blocked Na* channelsin guinea-pig ventricular myocytes
in addition to blockade of other cardiac ion channels
previously reported. Furthermore, we demonstrated
that tacrine acted as inactivation stabilizer of cardiac
Na’channels.
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