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ABSTRACT

In voltage-clamped Myxicola giant axons internally and externally
applied tetrahydroaminoacridine (THA) blocked K* channels with
a dissociation constant of 100 uM and slowed their rate of
activation. At a concentration of 10 uM, intemal THA primarily
slowed inactivation of conducting Na* channels. At 100 uM the
decline of the Na* current during depolarizing pulses was bi-
phasic, with an initial phase 2 to 3 times faster than in control
axons. In the presence of THA there was a steady-state inward
current accompanied by an increase in amplitude and time
constant of Na* tail currents, as if THA blocked Na* channels by
first entering them and then rendered THA-occluded channels

resistant to fast inactivation. THA did not alter activation, pre-
pulse-induced fast inactivation or slow inactivation. The effects
of THA on voitage-dependent axonal ion channels might account
for central nervous system hyperexcitability seen in some pa-
tients treated with THA. Because THA is a potent, centmlly
active anticholinesterase, even subtie ion channel-directed ef
fectsmighteonuibtnetoitsputaﬁveanﬁdanenﬁaacﬁonin
clinical states involving a central nervous system deficiency of
acetyicholine by selective augmentation of acetyicholine release
and/or negation of autoreceptor effects of endogeneous acetyl-
choline.

THA (1,2,3,4 tetrahydro-9-aminoacridine; Tacrine) is a po-
tent, centrally active anticholinesterase that appears to relieve
some of the symptoms of moderate-to-severe senile dementia
of the Alzheimer type (Summers et al., 1986). Plasma levels of
THA taken from the same experimental subjects (Summers et
al., 1986; Park et al., 1986) ranged from 5 to 70 ng/ml, corre-
sponding (for 50 ng/ml) to 0.2 uM, a concentration in the
correct range for THA inhibition of both cholinesterases and
acetylcholinesterases (Heilbronn, 1961; Tonkopii et al, 1976;
Bajgar et al, 1979). The availability of a clinical pharmacolog-
ical correlate for a drug in such an early stage of its application
is unusual. Although the more potent anticholinesterase phy-
sostigmine (Bajgar et al., 1979) has been studied more exten-
sively (see review by Jorm, 1986), it is not known whether it
will be as well tolerated clinically. THA is structurally similar
to 9-aminoacridine, a well known blocker of open Na* channels
(Yeh, 1979; Yamamoto and Yeh, 1984) and the central aromatic
ring of THA corresponds structurally to 4-AP, a well known
K* channel blocker (Yeh et al, 1976; Dubois, 1982; Soni and
Kam, 1982). Because THA was also shown to possess an
analeptic effect comparable to 4-AP in the ketamine/diazepam-
anesthetized macaque (Martinez-Aguirre and Crul, 1979), it
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appeared possible that THA might have ion channel-directed
effects that could modify conduction and/or synaptic transmis-
sion and contribute to its clinical efficacy. The experiments
reported here demonstrate that THA indeed blocks K* chan-
nels, but has an additional, substantially more potent, effect
on Na* channel inactivation.

Methods

Myxicola axons were dialyzed internally and voltage clamped by
standard methods (Bullock and Schauf, 1978, 1979). For Na* current
measurements the external solution was usually 20% Na* (millimolar):
NaCl, 86; CaCl,, 10; MgCl,, 50; Tris, 347; and pH 7.30 £ 0.05, 5°C) to
minimize net inward current and thus series resistance error, whereas
the internal solution was 600 mM Cs* glutamate (pH 7.30; 5 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid. For K* currents the
internal solution was 600 mM K* glutamate buffered with 5 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid to pH 7.30 + 0.05, with
10~® M tetrodotoxin added externally. Series resistance was compen-
sated, leak and capacity currents subtracted by analog circuitry and
data acquired by a Nicolet 535 Signal Averager. Currents were recorded
under standard conditions, after addition of THA and 15 min after
return to control solutions. A total of 12 axons were examined, with
data given as means + S.E.

Sodium and K* activation were characterized using half-activation
times and peak inward or maximum steady-state currents respectively.
Time constants for inactivation of open (conducting) Na* channels
were determined assuming a single exponential decline. The time course
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of fast inactivation produced by conditioning depolarizations was meas-
ured with a variable-duration prepulse to a fixed potential, followed by
a 0.5 msec return to the holding potential (—80 mV), and then by a
constant test pulse to +20 mV (Schauf, 1974). Steady-state fast inac-
tivation was measured using 50 msec prepulses of variable amplitude
and a test pulse to 20 mV. To measure slow inactivation axons were
held at —160 mV, depolarized to —30 mV for 100 msec to 10 sec and
maximum Na* currents measured during subsequent test pulses to +20
mV (Schauf et al., 1976). Recovery from slow inactivation was measured
using a 1-sec prepulse to 20 mV to load the slow inactive state and
returning to —160 mV for variable times before a test pulse to +20 mV.

Results

Effects of THA on the K* conductance. External and
internal THA at a concentration of 0.5 mM completely blocked
K* currents in Myxicola giant axons. At 100 to 200 uM THA
decreased K* currents and slowed the rate of K* activation by
50 to 75% (fig. 1), but did not affect its voltage-dependence.
Before THA application the average half-maximal activation
time for the K* conductance at 0 mV was 2.11 + 0.12 msec,
whereas the voltage for half-maximal activation was 11.6 + 1.5
mV. The corresponding values in THA were 3.24 + 0.23 msec
(an average increase of 52%) and 10.5 + 2.2 mV (no significant
difference). The dose-response curve for internal THA was well
described assuming a single THA binding site with a dissocia-
tion constant (K3) of 100 uM (solid squares and dashed line in
fig. 2). In a few experiments THA was applied externally in
440 mM K* and was equally effective on outward and inward
K* currents. Rate of block with external application was slower
than if THA was applied internally, but the final levels (and
K,) were comparable.

Effects of THA on the Na* conductance. For exposure
times of 10 to 15 min and a concentration of 10 uM internal

A
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Fig. 1. Effects of intemal 100 uM THA (A; trace 2) and 200 uM THA
(trace 3) on K* currents compared to control (trace 1) at a potential of
+20 mV. Slowing of K* activation becomes apparent when THA records
are scaled to have the same final value as control (record labeled 3’ in
B). Current and time scales are 0.5 mA/cm? and 1.0 msec.
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Fig. 2. Dose-response curves for THA. The ordinate represents the
relative effect of THA at the concentrations indicated on the abcissa.
Filled circles were obtained from the THA-dependent increase in steady-
state inward current, whereas the filled squares were calculated using
the inhibition of the K* conductance. The dashed line is the prediction
for a single binding site with a dissociation constant of 100uM, whereas
the solid line is the prediction for a single binding site with a dissociation
constant of 10 uM. Data are from two different axons.

THA accelerated inactivation and decreased the maximum
inward Na* currents by 35 to 50% (average 41 + 4% in 8 axons).
Inward Na* currents failed to inactivate completely in the
presence of THA, even for long-lasting depolarizations (fig. 3).
The eventual increase in steady-state inward current was dose-
dependent and not strongly voltage-dependent. At 10 uM THA
steady-state inward current was 20 to 30% of peak inward
current, whereas for 100 uM THA steady-state inward current
saturated at 74 + 7%. The effects on inactivation seen with
varying exposure times to THA is shown more clearly in figure
4. Relatively short exposures (2 min or less) primarily slowed
Na* inactivation and did not affect the maximum inward Na*
current (records in A). Longer applications progressively re-
duced maximum inward current, induced noninactivating in-
ward currents (records B and B1) and accelerated the initial
phase of Na* inactivation (records in C and C1).

The time constant characterizing inactivation of conducting
Na* channels in untreated axons averaged 1.44 + 0.22 msec at
0 mV, declining to 0.74 + 0.07 msec at +80 mV. In axons
exposed to 10 uM THA for 10 to 15 min inactivation was
biphasic with average values for fast and slow components of
0.49 + 0.08 msec and 10.4 + 2.6 msec at 0 mV, and 0.22 + 0.04
msec and 4.7 + 1.3 msec at +80 mV. When Na* was included
in the internal solution, THA was found to block outward Na*
currents to a much greater extent than inward currents. Steady-
state currents in the presence of THA were as sensitive to
external tetrodotoxin as control Na* currents and had the same
reversal potential. These complex effects on inactivation of
conducting Na* channels are similar to those reported previ-
ously for gallamine on Myxicola (Schauf and Smith, 1981).

Presence of steady-state inward current was accompanied by
a slowing and an increase in magnitude of the Na* tail currents
that occur on membrane repolarization (C2 in fig 4). At negative
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potentials the effect of THA on tail currents was relatively
small, but for positive potentials Na* tail currents were quite
prolonged and also showed an initial plateau, as if THA could
not easily dissociate from open channels. Although THA de-
creased maximum inward currents for long exposure times the
time course of activation was never altered, behavior expected
if the rapid decline in inward current was not an effect of
inactivation, but reflected blockade of open Na* channels by
THA.

Because the effect of THA on steady-state Na* current
saturated at high concentrations, a dose-response curve could
be derived by dividing the steady-state inward current by peak
current at a given dose and normalizing to the maximal ratio
observed at 1 mM (filled circles and solid line in fig. 2). The
dissociation constant was 10 uM, an order of magnitude lower
than that derived from the effect of THA on the K* conduct-
ance.

External 100 M THA had no effect on the Na* conductance,
or did 100 uM internal THA change time- or voltage-depend-
ence of Na* activation (Fig. 5). In control experiments half-
maximum activation occurred at —24.5 + 2.6 mV, whereas after
100 uM THA the value was —22.8 + 2.1 mV. Although THA
affected the inactivation of conducting Na* channels, it had no
effect on the rate or voltage-dependence of inactivation pro-
duced by depolarizing prepulses. Steady-state inactivation was
quantitated using the expression (Hodgkin and Huxley, 1952):

1

b = T exp (Vs = V)R]
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Fig. 3. Effects of 10 uM THA
on Na* currents in Myxicola at
potentials between —20 and

c
+70 mV (10-mV increments).

Traces in A were obtained be-

> fore THA appilication and those
A in B after 10 min. In C records

from B were scaled to the same

magnitude as the control rec-

ords. Current and time scales

are 0.3 mA/cm? and 1.0 msec.
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Fig. 4. Effect of intemal 10 uM
THA on Na* inactivation at —10
mV. The Na* current before THA
is labeled 0 in all traces, whereas
the numbers on the other traces
(A, B, C) indicate the time in min-
c1 utes after THA application. In B1
A and C1 the results in THA have
been scaled for comparison.
Traces in C2 are the same as
those in C1, except that a longer
pulse was used. Current and time
scales are 0.3 mA/cm? and 1.0
msec, respectively, for all but C2,
where the time scale is 2.0 msec.

where V), is the voltage for 50% inactivation and k, is a shape
parameter. Before THA k, was —7.5 + 0.6 mV and V, was
—44.2 + 2.1 mV. In THA the corresponding values were —7.2
+ 0.4 mV and —45.7 + 2.4 mV. The time constants for prepulse
inactivation at —30 mV and +20 mV were 6.7 + 1.1 msec and
1.1 £ 0.29 msec, respectively, in untreated axons and 7.2 + 1.5
msec and 0.9 + 0.25 msec after THA application. Recovery
time constants were similarly unaffected.

In THA-treated axons the maximum Na* conductance and
residual noninactivating Na* currents were reduced to the same
extent by long-lasting (seconds) depolarizing prepulses or re-
petitive stimulation in the same way as in control experiments.
THA therefore did not appear to alter the slow Na* inactivation
process. Effects of THA on gating currents were examined in
only a few experiments and are not illustrated. Activation
charge movement was insensitive to THA, but THA decreased
charge movement at the end of a depolarizing pulse, consistent
with enhanced charge immobilization.

Discussion

In Myxicola axons internal and external THA blocked K*
channels with a dissociation constant of 100 uM and slowed
K* activation. Other well characterized K* blockers include
tetraethylammonium chloride*, 4-AP (Dubois, 1982; Yeh et al.,
1976) and dendrotoxin (Halliwell et al, 1986; Penner et al.,
1986; Schauf, 1987; Weller et al, 1985). In contrast to 4-AP
(Yeh et al., 1976), THA had no use-dependence. Micromolar
internal concentrations of THA initially slowed inactivation of
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Fig. 5. Effects of 100 uM THA on Na* tail currents in Myxicola. The
traces in A were obtained after repolarization to —80 mV after a depo-
larization to 0 mV, whereas those in B followed a depolarization to +80
mV. The numbers by each trace indicate the time in minutes after
exposure to THA. Current and time scales are 0.2 mA/cm? and 0.5
msec.

conducting Na* channels, with the decline of Na* currents
during depolarizing pulses becoming biphasic during prolonged
exposure.

In the presence of THA there was a significant steady-state
inward current accompanied by an increase in the amplitude
and time constant of Na* tail currents. Such effects might arise
if THA interacted with two sites in the Na* channel. For
example, the rapid initial phase of inactivation accompanied
by slowed tail currents could correspond to THA entry and
block of open Na* channels, whereas THA-induced resistance
to fast inactivation is the result of drug binding at another site
associated with the inactivation gate. THA did not alter Na*
activation or slow inactivation. These effects correspond most
nearly to gallamine (Schauf and Smith, 1981), although THA-
induced inward Na* tail currents were not as slow or “hooked”
as those in gallamine, suggesting easier dissociation of THA
from its binding site.

Ion channel-directed effects of THA may contribute to its
toxicology. Clinical doses of THA range up to 3 mg/kg (Sum-
mers et al., 1981; Kaye et al., 1982; Summers et al., 1986). These
doses may produce the CNS side effects of emesis and diapho-
resis, but seizures have not been reported. Doses in the range
of 35 mg/kg in rats and mice produce generalized seizures
(Summers et al., 1980). In the rodent this would exceed the K,
of THA for the Na* channel effects in Myxicola. Combined
effects of THA on Na* and K* currents could prolong presyn-
aptic action potentials, potentiate synaptic transmission and
thus contribute to the seizures observed after toxic doses of
THA in rodents.

In the treatment of Alzheimer’s disease with THA plasma
levels are an order of magnitude lower than those observed here
for ion channel-directed effects. Any clinical comparison also
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involves unknown species specificities, differences in tempera-
ture and ionic composition, sensitivity of end-organs and vari-
ations in presynaptic activity. Nevertheless, because THA is a
highly potent anticholinesterase, one might speculate that even
a modest prolongation of action potentials resulting from al-
tered Na* inactivation could potentiate the postsynaptic cho-
linergic actions of THA, thus making THA a promising drug
for the treatment of diseases characterized by CNS deficiencies
of ACh. Although the therapeutic possibilities for physostig-
mine cannot be overlooked, doses of physostigmine greatly in
excess of those needed for the maximal inhibition of cholines-
terases appeared to have no significant effects on action poten-
tials (Cantoni and Loewi, 1944; Crescitelli et al., 1946; Toman
et al,, 1947), though it should be noted that these early studies
could have missed modest effects on Na* inactivation. Phar-
macodynamic considerations also favor THA in comparison to
physostigmine as the latter has a short duration of action
(Summers et al., 1980).

In an independent series of experiments the effects of the
muscarinic ACh receptor agonist RS86 (Palacios et al., 1986)
were examined. In contrast to THA, no effects of RS86 on Na*
or K* conductances in Myxicola were evident at concentrations
up to 1 mg/ml. Controlled trials of individualized doses of this
agent were negative in eight Alzheimer’s subjects (Bruno et al.,
1986).

Presynaptic muscarinic receptors (autoreceptors) may act to
inhibit the release of ACh in the CNS (Polak and Meeuws,
1966; Polak, 1971; Hadhazy and Szerb, 1977). Thus, in Alz-
heimer’s disease both anticholinesterases and direct agonists
might be self-defeating in that they inhibit the release of
endogenous ACh. However, in the case of THA, the ion channel
effects described could negate the autoreceptor effects and, in
this way, increase the release and effectiveness of the remaining
endogeneous ACh.

References

BAJGAR, J., FUSEK, J., PATOCKA, J. AND HRDINA, V.: In vivo kinetics of blood
cholinesterase inhibition by 9-amino-1,2,3-4-tetrahydroaminoacridine, its 7-
methoxy derivative and physostigmine in rats. Physiol. Bohemeslov. 28: 31-
34, 1979.

BRUNO, G., MOHR, E., GILLESPIE, M., FEDIO, P. AND CHASE, T. N.: Muscarinic
agonist therapy of Alzheimer’s disease. Arch. Neurol. 43: 659-661, 1986.

BULLOCK, J. O. AND SCHAUF, C. L.: Combined voltage-clamp and dialysis of
Myzxicola axons: Behavior of membrane asymmetry currents. J. Physiol. (Lond.)
278: 309-324, 1978.

BULLOCK, J. O. AND SCHAUF, C. L.: Immobilization of intramembrane charge in
Myzxicola giant axons. J. Physiol. (Lond.) 286: 157-172, 1979.

CANTONI, G. L. AND LoEw1, O.: Inhibition of cholinesterase activity of nervous
tissue by eserine in vivo. J. Pharmacol. Exp. Ther. 81: 67-71, 1944.

CRESCITELLI, F., KOELLE, G. B. AND GILMAN, A.: Transmission of impulses in
peripheral nerves treated with di-isopropyl fluorophosphate (DFP). J. Neuro-
physiol. 9: 241-252, 1946.

Dugois, F.: Properties and physiological roles of K* currents in frog myelinated
nerve fibers as revealed by 4-AP. In Advances in Biosciences, ed. by P. Lechet,
vol. 35, pp. 43-51, Pergamon Press, New York, 1982.

HADHAZY, P. AND SzERB, J. C.: The effect of cholinergic drugs on *H acetylcholine
release from slices of rat hippocampus, striatum and cortex. Brain Res. 128:
311-322, 1977.

HALLIWELL, J. V., OTHMAN, I. B., PELCHEN-MATTHEWS, A. AND DoLLY, J. O.:
Central action of dendrotoxin: Selective reduction of a transient K* conduct-
ance in hippocampus and binding to localized acceptors. Proc. Natl. Acad. Sci.
U.S.A. 83: 493497, 1986.

HEILBRONN, E.: Inhibition of cholinesterases by tetrahydroaminoacridine. Acta
Chem. Scand. 15: 1386-1390, 1961.

HODGKIN, A. L. AND HUXLEY, A. F.: Quantitative description of membrane
current and its application to conduction and excitation in nerve. J. Physiol.
(Lond.) 117: 500-544, 1952.

JORM, A. F.: Effects of cholinergic enhancement therapies on memory function
in Alzheimer’s disease: A meta-analysis of the literature. Aust. N.Z. J. Psychiat.
20: 237-240, 1986.

KAYE, W. H., SITARAM, N., WEINGARTNER, H., EBERT, M. H., SMALLBERG, S.



1987

AND GILLIN, J. C.: Modest facilitation of memory in dementia with combined
lecithin and anticholinesterase treatment. Biol. Psychiatry 17: 275-280, 1982.

MARTINEZ-AGUIRRE, E. AND CRUL, J. F.: Effect of tetrahydroaminoacridine and
4-aminopyridine on recovery from ketamine-diazepam anesthesia in the ma-
cacus rhesus monkey. Acta Anesth. Belg. 30: 231-238, 1979.

PaLacios, J. M., BOLLIGER, G., CLOSSE, A., ENz, A. AND GMELIN, G.: The
pharmacological assessment of RS86 (2-ethyl-8-methyl 2.8 diazapiro 4,5-decan-
1,3-dionhydrobromide). A potent specific acetylcholine receptor agonist. Eur.
J. Pharmacol. 128: 45-62, 1986.

PARK, T. H,, TacHiki, K. H., SUMMERS, W. K., KLING, D., FITTEN, J., PEREY-
MAN, K., SPIDELL, K. AND KNLIG, A. S.: Isolation and the fluorometric, high
performance liquid chromatographic determination of tacrine. Anal. Biochem.
159: 358-362, 1986.

PENNER, R., PETERSEN, M., PIERAN, F. K. AND DREYER, F.: Dendrotoxin: A
selective blocker of a non-inactivating K* current in guinea pig dorsal root
ganglion neuron. Pfligers Arch. 407: 365-369, 1986.

PoLAK, R. L.: The stimulating actions of atropine on the release of acetylcholine
by rat cerebral cortex in vivo. Br. J. Pharmacol. 41: 600-606, 1971.

POLAK, R. L. AND MEEUWS, M. M.: The influence of atropine on the release and
uptake of acetylcholine by the isolated cerebral cortex of rat. Biochem. Phar-
macol. 15: 989-992, 1966.

SCHAUF, C. L.: Sodium currents in Myxicola axons: Nonexponential recovery
from the inactive state. Biophys. J. 14: 121-124, 1974.

ScHAUF, C. L.: Dendrotoxin blocks potassium channels and slows sodium inac-
tivation in Myxicola giant axons. J. Pharmacol. Exp. Ther. 241: 793-796, 1987.

SCHAUF, C. L., PENCEK, T. L. AND Davis, F. A.: Slow sodium inactivation in
Myzxicola axons: Evidence for a second inactive state. Biophys. J. 18: 771-778,
1976.

SCHAUF, C. L. AND SMITH, K. J.: Gallamine triethiodide induced modifications
of sodium conductance in Myzxicola giant axons. J. Physiol. (Lond.) 323: 157-
171, 1981.

THA on Myxicola 613

SoNI, N. AND KAM, P.: 4-Aminopyridine—A review. Anaesth. Intensive Care 10:
120-126, 1982.

SuMMERS, W. K., KAUFMAN, K. R., ALTMAN, F. AND FISCHER, J. M.: THA—A
review of the literature and its use in treatment of five overdose patients. Clin.
Toxicol. 16: 269-281, 1980.

SuMMERS, W. K., MAJovsKI, L. V., MARSH, G. M., TACHIKI, K. AND KLING,
A.: Oral tet: ydmmmoacnd.me in long-term tmtment of senile dementia,
Alzheimer type. N. Engl. J. Med. 315: 1241-1245, 1986.

SUMMERS, W. K., VIESSELMAN, J. O., MARSH, G. M. AND CANDELORA, K.: Use
of THA in tmtment of Alzheimer-like dementia; a pilot study in 12 patients.
Biol. Psychiatry 16: 145-153, 1981.

ToMAN, J. E. P., WOODBURY, J. W. AND WOODBURY, L. A.: Mechanisms of
nerve conduction block produced by anticholinesterases. J. Neurophysiol. 10:
429-441, 1947.

Tonkoril, V. D., PROZOROVSKII, V. B. AND SUSLOVA, I. M.: Interaction of
reversible inhibitors with catalytic centers and allosteric sites of cholinester-
ases. Translated from Byull. Eksp. Biol. Med. 82: 947-950, 1976.

WELLER, U., BERNHARDT, U., SIEMEN, D., DREYER, F., VOGEL, W. AND HABER-
MAN, E.: Electrophysiological and neurobiochemical evidence for the blockade
of a potassium channel by dendrotoxin. Naunyn-Schmiedeberg’s Arch. Phar-
macol. 330: 77-83, 1985.

YAaMAMOTO, D., AND YEH, J. Z.: Kinetics of 9-aminoacridine block of single Na*
channels. J. Gen. Physiol. 84: 361-377, 1984.

YEH, J. Z.: Dynamics of 9-aminoacridine block of sodium channels in squid axons.
J. Gen. Physiol. 73: 1-21, 1979.

YEH, J. Z.,, OXFORD, G. S., Wu, C. H. AND NARAHASHI, T.: Dynamics of
aminopyridine block of potassium channels in squid axon membrane. J. Gen.
Physiol. 88: 519-535, 1976.

Send reprint requests to: Dr. Charles L. Schauf, Department of Biology,
Indiana University, Purdue University, 1125 East 38th St., Indianapolis, IN
46223.






