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Short-Term Desensitization of Muscarinic K™ Current in the Heart

Shingo Murakami, ™** Atsushi Inanobe, ™ and Yoshihisa Kurachi™*

TDivision of Molecular and Cellular Pharmacology, Department of Pharmacology, Graduate School of Medicine and *The Center for Advanced
Medical Engineering and Informatics, Osaka University, Osaka, Japan

ABSTRACT Acetylcholine (ACh) rapidly increases cardiac K™ currents (lkacn) by activating muscarinic K™ (Kacp) channels
followed by a gradual amplitude decrease within seconds. This phenomenon is called short-term desensitization and its precise
mechanism and physiological role are still unclear. We constructed a mathematical model for lxach to examine the conditions
required to reconstitute short-term desensitization. Two conditions were crucial: two distinct muscarinic receptors (m,Rs)
with different affinities for ACh, which conferred an lxach response over a wide range of ACh concentrations, and two distinct
Kach channels with different affinities for the G-protein 8y subunits, which contributed to reconstitution of the temporal behavior
of Ixkacn. Under these conditions, the model quantitatively reproduced several unique properties of short-term desensitization
observed in myocytes: 1), the peak and quasi-steady states with 0.01—100 uM [ACh]; 2), effects of ACh preperfusion; and
3), recovery from short-term desensitization. In the presence of 10 uM ACh, the lxach model conferred recurring spontaneous
firing after asystole of 8.9 s and 10.7 s for the Demir and Kurata sinoatrial node models, respectively. Therefore, two different
populations of Kacn, channels and myRs may participate in short-term desensitization of Ixach in native myocytes, and may be

responsible for vagal escape at nodal cells.

INTRODUCTION

Vagal nerve stimulation causes the release of acetylcholine
(ACh) from axonal termini and then decelerates the heart-
beat by increasing the amplitude of muscarinic K™ current
(Ixacn) in pace-making cells (1-4). Ixacp activation is grad-
ually decreased to a quasi-steady-state level despite the
continuous presence of ACh (2). This phenomenon is clas-
sified into two distinct categories by timescale: short-term
desensitization, which occurs within seconds immediately
after exposure to ACh, and long-term desensitization, which
is observed on a scale of minutes to hours. Although the
latter appears to be attributable to sequestration of available
receptors by modulations such as phosphorylation and inter-
nalization (5-9), the precise mechanism and physiological
role of the former are still a matter of debate (2,10-16).

ACh binding to M, muscarinic receptor (m,R) liberates
the By subunits (Gg,) from pertussis-toxin-sensitive G pro-
teins (Gj,,) that activate Ixocp. Interestingly, prestimulation
of the A -adenosine receptor, another G;/,-coupled receptor,
prevents ACh-induced short-term desensitization (2). This
cross talk between receptors suggests that mpR is not
involved in short-term desensitization. Constituents down-
stream of receptor activation, such as G protein and the
muscarinic K™ (Ksc,) channel, have been proposed to cause
this phenomenon (2,10-16). However, how these constitu-
ents could quantitatively account for the physiological Ixacp
response has not been fully examined.

Short-term desensitization of Ixacy 1S a cellular response
against overstimulation by ACh. At the organ level, excess
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vagal nerve stimulation eventually causes cardiac asystole,
followed by resumption of the heartbeat. This desensiti-
zation is called vagal escape and has been explained by
compensation from the sympathetic system (17-20).
Although ACh causes short-term desensitization of Igacp
and vagal escape, the functional relevance of these two
different phenomena has not been previously examined.

A previously proposed mathematical model for Ixach
activation consisted of only a single population of m;R,
Kacn channel, and G protein with the chemical cycle reac-
tions (21). However, this linear system was insufficient to
reproduce the temporal behavior of Ixacn, suggesting the
need for another hypothesis for the simulation of Ixacy, acti-
vation. At the macroscopic level, short-term desensitization
is observed at higher ACh concentrations ([ACh]s) (2). The
open probability of the K¢y, channel declines until a steady
state is reached (22), and is modulated by the concentration
of phosphatidylinositol 4,5-bisphosphate (PIP,) and the
phosphorylation state (23,24). These observations allowed
us to hypothesize an additional fraction of K¢, channels
that decrease their activity in a time-dependent manner.
Because this fraction was expected to develop at higher
[ACh]s, we designated them as Kac, channels with low
affinity for Gg, (Kachnow channel). To differentiate between
two populations of Kac, channels, another fraction was
presumed to have high affinity to Gg, (Kachmigh channel).
This assumption contributed to reproduction of the apparent
response of the peak and quasi-steady-state components in
short-term desensitization, the effects of ACh preperfusion,
and the recovery from short-term desensitization experi-
mentally observed in atrial myocytes. We also implemented
two populations of m;Rs with high and low affinities for
ACh (25-29) to confer the Ik 5cp, response over a wide range
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of [ACh]s. Furthermore, integration of the these hypotheses
reconstituted vagal escape when incorporated into mathe-
matical models of action potential in the sinoatrial node
(30-32). These results suggest that short-term desensitiza-
tion may contribute to vagal escape originating in the sinus
node.

MATERIALS AND METHODS
Kach channel model

In this study, we used Monod’s allosteric model (33,34) to simulate the
interaction between Gg, and the Kscn channels. Previously, we showed
that Gg., does not affect channel gating at steady state, but does increase
the number of functionally active channels to enhance total channel activity
(34). The allosteric model with four subunits could describe this regulation
of functionally available channels; therefore, we used the allosteric model
of a previous Igxacp model study to reproduce the major features of
steady-state Ixacn and relaxation (21). To study the temporal behavior of
Tk ach, We adopted the experimental observation that high [ACh] modulates
the gating kinetics of the K¢y, channel during short-term desensitization
(22). To present the kinetically different populations in this phenomenon
(22,35), we used two allosteric models with different affinities. Although
the allosteric models of the K ach/iow and Kacpmign channels are structurally
identical, they have different dissociation constants (Fig. 1, top). Similarly
to the previous allosteric model (21,34), the K¢y, channel consists of four
subunits. The Kacp channel is a heterotetramer of Kir3.1 and Kir3.4.
Because Kir3.1 homotetramers are not functional and the electrophysiolog-
ical properties of functional Kir3.4 homotetramers are quite different from
those of the Kac, channel (36), we used four subunits with equal affinity
and aimed at the reproduction of the experimental activation curve
(Fig. S1 A in the Supporting Material). All of the subunits in a given channel
are defined as being in the same state, either tense (T) or relaxed (R), and
the subunits change state together (concerted transition). One Gg., protein
equilibrates with one subunit in either the tense or relaxed state with distinct
dissociation constants defined as Kr for tense and Ky for relaxed. A
tetramer without any Gy, transitions between the tense and relaxed states
according to the equilibrium constant L. The channels in the relaxed state
are considered available to open with fast gating kinetics, and the channels
in the tense state are considered unavailable. Gg., generated by the G-pro-
tein cycle model was used in the allosteric model. By solving a system of
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equations (21,34), the channel availabilities for populations with high and
low affinities (NP, jig;, and NP, ,,, respectively) can be expressed by
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The same parameters (L, the ratio between Kr; and Ky ;) validated in the pre-
vious study were used so that the experimental densitometry profiles of mem-
branes containing Kir3.4 preincubated with Gg, (i.e., the binding relationship
between Kcp channel and Gg,) could still be reproduced (21,37) (Table 1).
The values of Krpign and Kg pign successfully reproduced the experimental
activation curve of the K¢y channel by Gg,, (38) (Fig. S1 A). A simple sen-
sitive analysis was conducted to see the effects of the Kp of the Kachiow
channel on the quantitative reproduction of the peak current (Ip) and quasi-
steady-state current (Is) (Fig. S2 A). Based on the analysis results the values
of K jow and K jow Were set to be increased threefold compared with those of
K high and Kg high to represent low affinity of the Kacpow channel.

The current-voltage relationship of Ixacn, with 5.4 mM [K'], was
obtained from a previous study (1) and fitted to the Boltzmann function:
(v — Ex)/ (1 + exp[{v — Ex — vi2} / k]). The fitted equation reproduces
the current-voltage relationship of Ixacp, (Fig. S1 B), which is used to calcu-
late Ixacn in Eq. 3. To present the kinetically different gating kinetics of the
two populations (22,35), we calculated Igach using Eq. 3:

V_EK

V—Ex +265.7
1+e 5356

Ixach = gkach (NP onigh +f + NP o,low) 3)

where v is the membrane potential, gxacp is the maximum conductance for
Ik ach, fis the desensitization gate variable for the Kacp/ow channel, and Ex
is the equivalent potential for K. The fast decrease in channel activity in

FIGURE 1 Schematic diagrams of the allosteric
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state, which is represented by a circle or a square,
respectively. Each subunit in the R or T state binds
to one dissociated G-protein 87 subunit (solid cir-
cles) independently of the other subunits, with the
microscopic dissociation constants Kgr or Kr,
respectively. In this model, all subunits in the
same oligomer must change their conformations
simultaneously. R4 and T4 are in equilibrium
with the allosteric constant L. Bottom: Models of
receptor-G-protein interaction. The low-affinity
state of m,Rs was incorporated into our previous
model (21). A, ACh; Ry;gn and Ry, high-affinity
and low-affinity m,Rs, respectively; G, G protein.
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Short-Term Desensitization in Ixach

TABLE 1 Parameters of the allosteric and G-protein cycle
models

Parameter Value Units
L 1.41 x 10° -
KR high 7.50 x 1071¢ M
Krhigh 1.36 x 1078 M
KR low 225 % 107° M
I<T,Iow 4.09 x 1078 M
k! 250 x 10° s lM!
k" 2.50 x 10 .M
Ky 0.25 ¢!
ko™ 0.25 s !
ky 5.40 x 107! s hom!
ko 1.0 x 10° 5!
k34 2.86 x 10° s'M!
k.4 _3[GDP] 0.68 LMt
k5 10 s_l
ke 0.03 4 2.4/(1 + V700717 s
[Rhignhliotat 1.87 x 1073 M
[Riowliotal 1.87 x 1072 M
[Gliota 5.60 x 1072 M

short-term desensitization was associated with the gating kinetics of the
Kacniow channel and characterized by exponential convergence to a steady
state (22). Therefore, to represent this decrease, the kinetics of f were calcu-
lated using Hodgkin-Huxley-type equations:

2.5
f;s = [Gﬁy]—TU- 109 (4)
14+e 10109
110
T = 10 + [Gﬁv]’w' 109 )
1.0+ e 10-1079

where fq is the steady state of f, 7 is the time constant for f, and [Gg, ] is the
concentration of Gg, in M.

G-protein cycle model

ACh causes a biphasic response in myR over a wide range of [ACh]s
(25-29). Therefore, we simulated Gg, generation by the G-protein cycle
model (21) using two m,Rs with either high or low affinity for ACh
(Fig. 1, bottom). In the G-protein cycle model presented here, the reaction
rates are represented by differential rate equations with rate constants and
concentrations, as done in other studies (39-41). We calculated the values
of 10 concentrations using the following ordinary differential equations
(Egs. 6-15):
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d|AR igh i, igh
[T’”"] = K""[A] [Rign] — K [AR e ®)

+k_, [ARhighG — GDP ] —ky [ARhigh]
x [G — GDP] + ks [AR}4G — GTP]|

1517
d AR ow ow ow
W] — A R) ~ K7 ARL)
4k 5[AR G — GDP] — ks[ARu] ©)
x [G — GDP] + ks[AR ,,G — GTP]
d[ARyuG — GDP]
7 = —k_2[ARyG — GDP]
+ k2 [AR}i4] [G — GDP] (10)

— k34 [AR);4G — GDP|[GTP]
+k_4-3[ARyxG — GTP|[GDP]

d[AR},,G — GDP]

= —k_[AR},,G — GDP)

dt
+ k2 [ARi,| |G — GDP] an
— k34|AR,G — GDP]|GTP]
+k_4_3[AR;,,G — GTP]|GDP)
d[AR};4G — GTP
(AR 0 I _ ks 4 [ARy;sG — GDP)[GTP]
— k_43[ARyghG — GTP|[GDP] (12)
— ks [ARyG — GTP)]
d[AR,,,,G — GTP
% = ks4[AR,G — GDP][GTP]
— k4 3[ARwG — GTP|[GDP] (1D
— ks[ARy,,G — GTP]
d[G, — GTP] _ d[Gg,]
dt o ar 4
= ks [ARy;4,G — GTP] 14
+ ks[AR;,,G — GTP] — ke|G — GTP)
d[G — GDP
% = k¢[G — GTP] + k_([AR}esG — GDP]
(15)

+ [AR},G — GDP]) —ky ( [ARhigh]
+[ARi,])[G — GDP]

where A is ACh; Ryign and Ryoy, are myRs with high and low affinities
for ACh, respectively; G is the Gy, protein; and k is the reaction rate
constant. The value of each rate constant was fixed, except for ks, which
was defined as a function of membrane voltage (Table 1) to incorporate
the regulation of G-protein signaling (RGS). RGS proteins regulate G-pro-
tein signaling by accelerating GTP hydrolysis in a voltage-dependent
manner and are required to reconstitute short-term desensitization
(42-44). On the basis of the voltage- and time-dependent characteristics
of Ixach in atrial myocytes known as relaxation (44-46), ke is defined as
a function of membrane voltage so that depolarization of the membrane
potential can accelerate GTPase activity. This relaxation of Ixacy reflects
an increasing suppression of channel open probability during depolarization
(i.e., strong accelerated GTP hydrolysis at depolarization) and a gradual
recovery during hyperpolarization (i.e., less accelerated GTP hydrolysis
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at hyperpolarization). The voltage-dependent Ca*" influx and Ca*"/CaM
modulation of RGS protein activity have been suggested as one of the
underlying mechanisms (44). We did not incorporate the possible voltage
dependence of myR into our model because its electrophysiological
function and properties have not yet been fully elucidated. The parameters
in the G-protein cycle were mainly taken from the previous model (21)
with minor modifications to incorporate the low-affinity interaction of
m,R with ACh. On the basis of experimental results (25-29), we introduced
myR with low affinity to ACh into our model. The values of & and
kv were selected so that low affinity and high affinity differed by a
factor of 100 (47). By a simple, sensitive analysis, we verified that this
value could reproduce the unique characteristics of short-term desensiti-
zation in a wide range of [ACh]s, whereas factors of 10 and 1000
could not reproduce the constant increase in Ip in the wide range of
[ACh]s (Fig. S2 B). The values of k, and k., were increased from those
in the previous model so that the calculated Gg, concentration would be
sufficient to activate the allosteric model with a realistic activation curve.
The Gg, concentration generated by the G-protein cycle model was added
to the allosteric model, and then channel availability and Ixacn were
calculated.

Incorporation of the Ixacn model into the
sinoatrial node models

We examined the effect of short-term desensitization on the action poten-
tial by incorporating the Ixacn model into two mathematical models of
action potential in the rabbit sinoatrial node (30-32). The original Ixacp
model in the sinoatrial node model was replaced with the Ixacn, model
constructed in this study. The membrane potentials were calculated at
0.1 uM and 10 uM ACh. ACh activates G; proteins that reduce adenylyl
cyclase activity and therefore inhibits the hyperpolarization-activated cur-
rent (If) and the L-type Ca>" current (Icar) in sinoatrial nodes. On the
basis of the experimental dose-dependent effects of ACh for Iy and I,
in single cells isolated from rabbit sinoatrial nodes (48), the effects of
ACh on I; and I, were modeled and incorporated into the sinoatrial
models. In the simulation, 0.1 uM ACh inhibits only If by a negative shift
of its activation curve by 7.0 mV, whereas 10 uM ACh inhibits I; by a
9.9 mV shift, and inhibits Ic,;, by reducing its maximum conductance
by 12.5%.
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RESULTS
Simulation of Ixach in response to ACh

First, induction of Ix ocp, by various [ACh]s was simulated us-
ing the constructed model (Fig. 2) and quantitatively
compared with experimental results (Fig. 3). The simulation
conditions were the same as in the previous study (2), i.e., the
membrane potential was held at —53 mV and Ex was
—87 mV. When various [ACh]s were applied, the outward
Ixacn responses exhibited the typical characteristics of
short-term desensitization (Fig. 2 A, solid lines). As [ACh]
increased, the maximum Ig ¢, amplitude increased and the
response was faster. At [ACh] > 0.1 uM, the Ixacp, gradually
decreased after reaching a peak. The time constants for the
simulated decreases were 12.9 s, 10.5 s, and 10.3 s for
[ACh] =1 uM, 10 uM, and 100 uM, which are comparable
to values observed in previous experiments (11.8 s (2) and
7.3-12.7 s (16)). The Ip during application of ACh was
used to quantify the dependence of short-term desensitization
on [ACh] (Fig. 3, row 1, upper solid line). The Ip increased
constantly over a wide range of [ACh]s, in accord with the
values recorded experimentally (Fig. 3, row 1, upper circles)
(2). In contrast to the Ip, the Ig that is measured at the end of
ACh application exhibited saturation of current increase at
[ACh]s > 1 uM (Fig. 3, row 1, lower solid line). This response
of Ig is consistent with that observed in isolated myocytes
(Fig. 3, row 1, lower circles). The two K¢y, channel popula-
tions contributed to the responses of Ip and Ig: the Ip is
composed of the current response of the Kacp/iow and Kacyy
high channels (Fig. 3, rows 2 and 3), whereas the Is mainly
consists of only the Kacp/migh channel (Fig. 2 A, dotted lines).
When m,R with low affinity for ACh was removed from the
model, the increase in the amplitude of Ip was not observed at

A Activated by Rhigh and R, B Activated by Rhigh alone
ACh (},lM) — ACh (pM) I
0.01-= 0.01-%=

FIGURE 2 Simulated short-term desensitiza-

0.1 = 0.1 =

With Kachnigh
and Kacpyiow

100 = 100 ==

With Kagpmigh With K
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With Kachnigh
and Kacpiow

ACh/high

tion. (A) Time course of Ix ¢y, activation by various
[ACh]s. The simulated responses of Ixach at
various [ACh]s (0.01-100 uM) are shown as solid
lines. The value of ggacn Was set to 0.16 to repro-
duce the Ixacn amplitude in a quasi-steady state at
—53 mV and 5.4 mM K, (1). Ixkach in the absence
of the Kacpiow channel is shown as dotted lines.
The bar above the current traces represents the
period of ACh perfusion. The [ACh]s are indicated
in uM at each current trace. Arrows indicate the
zero current. (B) Ixacn in the absence of m,R
with low affinity for ACh. Simulated Ixacp, Without
low-affinity m,R to ACh is shown in the same
manner as in (A). Igkach in the absence of the
Kachiow channel is shown as dotted lines.
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FIGURE 3 Quantitative analysis of simulated short-term desensitization.
Dose-response curves for ACh-induced peak and quasi-steady Ixacp. Top
panel: The simulated peak current (Ip) and quasi-steady-state current (Is)
are shown as solid lines. Experimental data (2) for peak and quasi-steady
Ixacnh are shown as circles with the standard deviation (SD). In the graph,
the quasi-steady Igacp, induced by 100 uM ACh is expressed as one. Ixach
in the absence of m,R with low affinity for ACh is shown as dashed lines.
Middle panel: Dose-response curve for Ip through the Kacnmign channel.
The Ip through Kachmign channel is shown as a solid line. The currents
are normalized as in row 1. Bottom panel: Dose-response curve for Ip
through the Kacp/iow channel. The Ip through the Kacp/iow channel is shown
in the same manner as in the middle panel.

high [ACh]s (Fig. 2 B, solid line; Fig. 3, row 1, dashed lines).
Further, removal of the Kacpow channels resulted in com-
plete loss of short-term desensitization (Fig. 2 B, dotted
lines). Previous mathematical models that dealt with the G-
protein cycle (1 1) and were equipped with a single population
of Kacp channels (21) did not reproduce the responses of Ip
and Ig over a wide range of [ACh]s. Therefore, mechanisms
based on two different m,Rs and K¢y, channels quantita-
tively account for the short-term desensitization of Ixach.

Characterization of short-term desensitization in
the lkach model

When atrial myocytes were serially perfused with bath solu-
tions containing different [ACh]s, the amplitude of Ip in the
second ACh application was decreased by the high [ACh] of
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FIGURE 4 Analysis of simulated ACh preperfusion and recovery from
short-term desensitization. (A) Traces of simulated Igacp, With ACh preper-
fusion. The bars above the current traces represent perfusion with various
[ACh]s (indicated in uM). (B) Simulated dose response after ACh preperfu-
sion. Ip induced with 0.01 to 1 uM ACh preperfusion (I;) was plotted with
reference to the control Ip value (I,). The experimental data (2) are shown
as circles. (C) Traces of simulated recovery from short-term desensitization
by ACh. ACh (10 uM) was applied during the two periods indicated by the
bars below the current traces. (D) Time dependence of simulated recovery
from short-term desensitization. The values of the control Ip at 10 uM
ACh before a washout period (I3) were set at one. The ratio of I;/I5 in (C)
was plotted to determine the time dependence of recovery from short-term
desensitization. The experimental data (2) are shown as circles.

the first application (2). Therefore, the degree of experi-
mental short-term desensitization is influenced by preperfu-
sion with ACh. Using our model, we calculated Ip during the
second ACh application (I;, 10 uM) after applying various
[ACh]s (0.01-1 uM) (Fig. 4 A), and then compared the
amplitude of the I; with that of the Ip elicited by 10 uM
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ACh applied after a 5-min interval (I;) (Fig. 4 B). The [;
amplitude during preapplication of ACh at 0.1 uM did not
differ significantly from the I, amplitude (Fig. 4 A, fop).
However, when the [ACh] was increased to 1 uM, [
decreased to approximately one-half of I, (Fig. 4 A, bottom).
The calculated ratio of I; to I, (Fig. 4 B, solid line) was com-
parable to that experimentally observed in atrial myocytes
(Fig. 4 B, circles) (2). In contrast to the change in I; ampli-
tude, the [ACh] in the first application did not influence the
fraction of Ix sch through the Kschmigh channel in I, (Fig. 4
A, dotted lines). Therefore, our model reproduces the
decreased Ip amplitude after perfusion of high [ACh], sug-
gesting that the desensitization of Ix scy, during preperfusion
of ACh is attributable to desensitization of the Kacpiow
channel.

As shown in Fig. 4 A, the response of Ixacn to ACh is
recovered from the desensitized state by perfusion with an
ACh-free bath solution (2). Therefore, we determined the
time course of recovery from desensitization. The Ip ampli-
tudes elicited by the first and second applications of 10 uM
ACh (I3 and 14, respectively) were compared when the
administration interval was changed (Fig. 4 C). As the
washout time was prolonged, the ratio of 14 to I3 gradually
increased and returned to one within 5 min (Fig. 4 D, solid
line). This temporal response of simulated recovery is nearly
identical to that measured experimentally (Fig. 4 D, circles)
(2). The recovery rate was dependent on the time constant
for Gg,-dependent desensitization of the Kacniow channel.
Since the current amplitude through the Kachmign channel
was nearly constant regardless of the interval duration
(Fig. 4 C, dotted lines), this recovery can be attributable to
the recovery of the Kacpiow channel from the desensitized
state. Thus, the Ip and Ig in simulated short-term desensiti-
zation are comparable to those obtained in experiments.
Short-term desensitization in experiments is usually evalu-
ated quantitatively only by using the percentage of desensi-
tization of Ixacy, at a certain, high [ACh] (11,14-16,49,50).
We further validated the model by quantitatively comparing
the simulated results of ACh preperfusion and recovery with
the experimental results. Therefore, the major characteris-
tics of short-term desensitization can be well captured by
our Ixacnp model on the basis of the assumption that the cur-
rent is due to two populations of Kac, channels with
different affinities for Gg,.

Effects of nucleotide-bound states of G-protein
on short-term desensitization

The transient change in the population of nucleotide-bound
G proteins has been proposed to be responsible for the short-
term desensitization of Ixacy (11,14). Using our model, we
examined the effects of nucleotides on the Ixacy response
(Fig. 5). In the presence of 0.1 uM ACh, application of
high GTP (200 uM) over a short time period induced
short-term desensitization (Fig. 5 A, solid line). The contin-
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uous presence of excess GDP (1 mM) in the bath solution
(Fig. 5 B) and reduction of the m;R concentration by 50%
(Fig. 5 C) effectively suppressed the GTP-induced short-
term desensitization. These results are consistent with
previously reported experimental results (11) and can be
accounted for by the different degrees of the activation of
the G-protein cycle (Fig. S3, B, D, and F). Next, we changed
the rate parameters for nucleotide exchange on the G protein
to reveal how its nucleotide-bound state affects short-term
desensitization. When the rates for GDP/GTP exchange
increased fivefold, ACh-induced short-term desensitization
was strongly enhanced (Fig. 5 D, solid line). In contrast,
when the rates were lowered to one-half, ACh-induced
short-term desensitization was suppressed (Fig. 5 E). This
is because fast GDP/GTP exchange enhances the formation
of GTP-bound G protein (Fig. S3, H and J). Therefore, the
nucleotide-bound state of G protein appears to be important
in the development of short-term desensitization. However,
when the Kcpiow channel was omitted from the model,
short-term desensitization was not produced under any con-
dition (Fig. 5, dotted lines). Therefore, our theoretical anal-
ysis suggests that the Kacpiow Channel plays an essential
role in reconstitution of short-term desensitization, and an
additional role in modulating the nucleotide-bound state
of G proteins.

Simulation of the effect of membrane potentials
on short-term desensitization

M,R-dependent G protein signaling is enhanced at hyperpo-
larization (44.,46). Because our Igacn, model retains the
voltage dependence incorporated into the previous model
(21), we tested how membrane potential affects short-term
desensitization of Ixacn (Fig. 6). At 10 uM ACh, short-
term desensitization occurred even at depolarized potential
(0 mV), but it became more distinct at hyperpolarized
potential (Fig. 6 A). Short-term desensitization was calcu-
lated in the presence of various [ACh]s at —80 mV,
—50 mV, and 0 mV (Fig. 6 B). At hyperpolarization
(—80 mV), Ixach started to exhibit short-term desensitiza-
tion even at 0.1 uM ACh. In contrast, at depolarization
(0 mV), this transient current response developed at [ACh]
> 1 uM. These simulations demonstrate that hyperpolar-
ization shifts the [ACh] threshold for short-term desensitiza-
tion to lower concentrations.

The role of short-term desensitization in action
potential generation in the sinoatrial node

The two incorporated mechanisms quantitatively reconsti-
tuted short-term desensitization in the Ixac, model. We
next investigated how their characteristics were involved
in the regulation of cardiac function. To address this ques-
tion, we replaced the Ixacn portion in the action potential
models in the rabbit sinoatrial node with our Ixsc, model.
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FIGURE 5 Effect of GDP/GTP exchange on short-term desensitization.
(A) Traces of simulated Ix acp elicited by 200 uM GTP. The bar above the cur-
rent traces represents the period of GTP perfusion. To represent basal Ix ach
activity in the corresponding experimental condition (11), 0.1 uM ACh was
applied during the simulation period. Ixach through the Kacp/ow channel
only is shown as a dotted line. The arrowheads indicate the zero current level
of each trace. The original values of initial [Ry;gn] and [Ryq,] were used to
represent high receptor expression in the experiments (11). (B) Effect of
1 mM GDP on Igacy induced by 200 uM GTP. Ixach Was elicited in the
same way as in A except that 1 mM GDP was applied during the entire simu-
lation period. (C) Traces of simulated Ixgacy, elicited by 200 uM GTP with
low receptor expression. Ixacp, Was elicited in the same way as in A except
that [Ry;gn] and [Ry,,] were lowered to 50% to represent low receptor expres-
sion in the experiments (11). (D) Effect of high GDP/GTP exchange activity
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FIGURE 6 Voltage dependence in short-term desensitization. (A) The
effect of 10 uM ACh on short-term desensitization at different membrane
voltages. Ixacn Was activated by 10 uM ACh at potentials of 0 mV,
—50 mV, and —80 mV. Arrows indicate the zero current levels of each trace.
(B) Voltage-dependent dose-response curves for peak and quasi-steady
Ixach- The peak current (Ip) and quasi-steady-state current (Is) at clamped
membrane potentials of —80 mV, —50 mV, and 0 mV are shown as blue, red,
and yellow lines, respectively. Is induced by 100 uM ACh was set to one.

Two models of cardiac pacemaker activity, the Demir model
(30,31) and the Kurata model (32), were subjected to the
simulation. The former is a classical Hodgkin-Huxley-type
model, and the latter is a model with updated ion channels
and intracellular Ca®>" models. Application of low [ACh]
(0.1 uM) increased outward Ixacn (Fig. 7 A, rows 2
and 4) and reduced the action potential frequency by
14.5% in the Demir model (Fig. 7 A, row 1) and by 12.4%
in the Kurata model (Fig. 7 E, row 1). These values are in
the range of the experimental responses to the applied
[ACh]: 0.1 uM ACh decreased the action potential

on ACh-induced short-term desensitization. GDP/GTP exchange was
enhanced by increasing the rate constants for GDP/GTP exchange (k3 4
and k4 _3) by a factor of 5. The period during which ACh was perfused is
shown as a bar above the current trace. (E) The effect of low GDP/GTP
exchange activity on ACh-induced short-term desensitization. GDP/GTP
exchange was lowered by reducing the rate constants to one-half.
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FIGURE 7 Role of short-term desensitization in
spontaneous firing of the sinoatrial node. (A and E)
Effects of 0.1 uM ACh on spontaneous firing in the
Demir and Kurata sinoatrial node models. The cur-
rent Ixacn, model was incorporated into the Demir
(A) and Kurata (E) sinoatrial node models (30-32)
and 0.1 uM ACh was applied during the period
indicated by the bar. The dashed lines indicate
the zero level of each trace. The value of gxacn
was set at 1.1 (pS/pF) for the Demir model and at
6 (pS/pF) for the Kurata model. (B and F) Effects
of 10 uM [ACh] on spontaneous firing. Parameters
are the same as in A and E except that 10 uM ACh
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frequency by 0% (51) or 30% (30,52). The cycle length was
prolonged by 46.0 ms and 43.0 ms, the maximum diastolic
potential was reduced by 1.0 mV and 9.7 mV, and action
potential amplitude was increased by 1.1 mV and 9.0 mV
in the Demir model and Kurata model, respectively. In
contrast, application of 10 uM ACh suspended the sponta-
neous generation of action potential in the two models
(Fig. 7, B and F, row 1). This suspension was caused by
the strong activation of Igacy (Fig. 7, B and F, row 2). How-
ever, action potential firing resumed in 8.9 s in the Demir
model and in 10.7 s in the Kurata model. These time periods
are comparable to those reported for the recovery from vagal
escape observed in myocytes isolated from rabbit sinoatrial
nodes (52). This phenomenon was observed even when
a wide range of different values of ggacn were used
(Fig. S4) or when ACh modulation on If and I, was not
incorporated. Resumption was mainly due to the gradual
decrease in the outward current. Moreover, the hyperpolar-
ization may facilitate short-term desensitization (see Fig. 6).

To examine the effects of the two populations of Kacy,
channels on the resumption, we replaced our Ixacn, model
with an Ix oc, model that contained only Kacp/migh channels
or only Kacpow channels. In both action potential models of
the sinoatrial node, incorporation of the Ixacy, model with
the Kacnmign channel alone resulted in cardiac asystole
with 10 uM ACh, and failed to resume during ACh applica-
tion (Fig. 7, C and G). In contrast, the Ixac, model with the
Kachiow channel alone resulted in brief suspension of spon-
taneous firing (Fig. 7, D and H). These results suggest that
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was applied. (C and G) Effects of 10 uM ACh on
the Kachmign channel only. Parameters are the
same as in B and F except that the Kxcp/iow channel
was replaced with the Kocpmigh channel. (D and H)
Effects of 10 uM ACh on the Kacpiow channel
only. Parameters are the same as in B and F except
that the Kacpmign channel was replaced with the
Kacniow channel.

the Kacniow channel is critical for the linkage between
short-term desensitization and vagal escape.

DISCUSSION

Short-term desensitization of Ixacy, is an adaptation mecha-
nism for excessive vagal nerve stimulation in cardiac
myocytes. In this study, we addressed the mechanisms un-
derlying short-term desensitization of Ixacy theoretically.
On the basis of experimental evidence, we hypothesized
the existence of two populations of m,R and K¢y, channels
with different affinities to ACh and Gy, respectively. The
introduction of m,Rs enabled the model to respond to a
wide range of [ACh]s. The introduction of K¢y, channels
resulted in quantitative reproduction of the temporal
behavior of the Ixacy, current in short-term desensitization.
Furthermore, the model conferred vagal escape on the math-
ematical action potential models of sinus node cells. These
results allow us to propose that two functionally distinct
populations of m,Rs and K¢y, channels underlie the physi-
ological Ixacy response of short-term desensitization.

To date, both G protein and the Kac, channel have
been proposed to be responsible for short-term desensitiza-
tion. Experimental manipulations that lead to a rapid
increase in free Gg, induce short-term desensitization
(11,14,16,42,43,53). However, neither previous models
(11,21) nor our model without the Kcpsow channel quanti-
tatively reconstituted this phenomenon. This is simply
because a linear model of the G-protein cycle cannot
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represent the transient response of Ixacn. We hypothesized
the Kacniow channel as the missing component. This frac-
tion is likely a K¢y, channel with a different gating kinetic
(35) or modulatory system, such as PIP, (23,54) and phos-
phorylation (24), as discussed below. The K" ion passing
through the K" channels has been proposed to account for
short-term desensitization (15). This theory is based on
the shift of Ex by K" flux in the microspace in close prox-
imity to the plasma membrane. This explanation, however,
cannot account for the constant Ig after various amplitudes
of Ip under a wide range of [ACh]s. Although our mathemat-
ical model reproduced the effects of not only m,R stimula-
tion (Figs. 2-4) but also G-protein-cycle modification
(Fig. 5), there may be some discrepancy between the phys-
iological phenomena and the model design and parameters.
However, the theory we propose here is robust to various
perturbations (Figs. 2-5; Fig. S4). Therefore, possible devi-
ations in the model structure and parameters would not
weaken our conclusion.

Although two different myR populations with high and
low affinities for ACh are well known, this has been ignored
in previous models (25-29). Experimentally, cardiac m,R
shows a biphasic response over a wide range of [ACh]s
(to a factor of 10%) that cannot be detected by a single recep-
tor population with a single affinity. One cellular mecha-
nism that could generate two distinct populations of Kacp
channel is different levels of PIP,. PIP, is known as a pre-
requisite for Kacp, channel activation (23) and as a modu-
lator for its gating kinetics (54). It has become apparent
that PIP, is enriched in membrane microdomains such as
lipid rafts (55). Furthermore, the constituents of G-protein
signaling and PIP, metabolism are distributed differently
within the plasma membrane, and after various stimuli,
these constituents change their position with respect to these
microdomains (49,56). In contrast, whereas phosphoryla-
tion of the Kscp channel subunits (Kir3.1 and Kir3.4) by
protein kinase A reportedly increases their open probability
(24), phosphorylation of Kir3.1 by protein kinase C3 has
been shown to reduce PIP, sensitivity (57). These reports
suggest that phosphorylation state also has the potential to
generate quantitatively different K¢y, channel populations.
Therefore, although the precise mechanisms that contribute
to the generation of two distinct Kacp, channel populations
are not known, various cellular signals may account for
this phenomenon.

This study also demonstrates the role of short-term desen-
sitization in vagal escape. Vagal escape usually refers to the
two responses of the heart to continuous vagal stimulation:
the gradual return of the heart rate toward control level
(58,59) and the development of pacemaker activity in multi-
modal origins (60). Compensation from the sympathetic
system has been proposed to cause vagal escape (17-20).
However, since this phenomenon could be observed even
in isolated sinoatrial nodes in the presence of a # blocker
(52), the cellular machinery associated with the postjunc-

1523

tional mechanism was expected to participate in vagal
escape. The two assumptions that we proposed in this study
are in agreement with this criterion. Therefore, the function
of these two quantitatively different populations of m,Rs
and K¢, channels in short-term desensitization might be
the missing cellular mechanisms in vagal escape from
excessive parasympathetic nerve stimulation at the organ
level. In general, the high-affinity m,R is most often
measured and assumed to be physiologically relevant. How-
ever, it has been suggested that activation of the low-affinity
m,R, rather than the high-affinity m,R, is responsible for
atrial bradycardia in mice (27). The effects of RSG4 are
another interesting link between short-term desensitization
and vagal escape. In one study, the spontaneous generation
of action potential firing in RGS4-null sinoatrial node myo-
cytes was suspended by application of high concentrations
of carbachol, whereas that of the wild-type was resumed
(53). RGS proteins are also required to reconstitute short-
term desensitization without affecting the amplitude of the
Ixach (43). Because acceleration of the G-protein cycle en-
hances short-term desensitization (Fig. 5), RGS proteins are
also important components to identify links between short-
term desensitization and vagal escape in vivo.

In this study, we simulated short-term desensitization
with a linear model of the G-protein cycle, which was
improved on the basis of previous models (21). Although
our model traced the Ixocy, recorded from electrophysiolog-
ical experiments performed with isolated atrial myocytes
under physiological conditions well (2) (Figs. 2—4), qualita-
tive comparisons of the effects of nucleotides on the exper-
iment and simulation remain to be done. Our model
structure is different from that proposed by Chuang et al.
(11), in which the nucleotide-free state of G proteins is
responsible for short-term desensitization. In their qualita-
tive reproduction of short-term desensitization, a large
amount of G protein was required to populate the nucleo-
tide-free state. The lack of consideration for such a drastic
case might appear as a limitation of this study. However,
when a model structure is linear, intracellular signaling cas-
cades within the G-protein cycle do not appear to reproduce
short-term desensitization quantitatively (Fig. 5). In other
words, if a signal component is identified to transiently in-
fluence the receptor-dependent K¢, channel activation, as
we hypothesized in this study for the Kacpiow channel, it
could become another candidate for the mechanism of
short-term desensitization. On the other hand, as shown in
Fig. 6, our model possesses voltage dependence as a modu-
lator of RGS protein activity (44—46). Ligand binding in
mpR has been reported to show voltage dependence
(61-63). How these voltage-dependent components should
be considered with regard to the regulation of Ixacy, may
need to be clarified in future studies. By incorporating
new knowledge, the model presented here can be used to
gain more insights into short-term desensitization as well
as other phenomena associated with Igacp.
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Appendix Figure Legends

Appendix Figure 1. Simulated [Gg,]-dependent activation and current-voltage
relationship of the constructed Kach channel model

(A) [Gg,]-dependent activation of the constructed Kacn channel model. Relative channel
availabilities (relative NPoS) of Kacnmigh channel (solid line) and Kacniow Channel (dashed
line) are calculated by using Egs. 1 and 2 and compared with that from inside-out patch
measurements with a rat atrial myocyte membrane (38) (dotted line).

(B) The current-voltage relationship of Ixach in the constructed Kacn channel model. The
current-voltage dependent part in Eq. 2 is shown with experimental Ixacn in guinea pig atrial
myocytes (1) (filled circles).

Appendix Figure 2. Effects of changes in low affinities of Kacnh channel and m2R on
short-term desensitization

(AB) Effect of changes in low affinity of Kacnh channel on dose-response curves for
ACh-induced peak and quasi-steady Ilxach. The simulated peak current (Ip) and
quasi-steady-state current (Is) are shown as gray lines for control (Kp for Kachiow channel is
tripled from Kp for Kacnmigh channel), red lines in (A) for doubled Kp for Kacniow channel
and blue lines in (B) for sextuple Kp for Kacnhiow Channel. Experimental data (2) for peak and
quasi-steady lxacn are shown as circles with standard deviation [SD]. In the graph, the
quasi-steady Ixach induced by 100 uM ACh is expressed as 1.



(CD) Effect of changes in low affinity of m,;R on dose-response curves for Ip and Is. The
same as in (AB) except red lines in (C) are for ten-fold Kp for m;R and blue lines in (D) for
thousand-fold Kp for m;R.

Appendix Figure 3. [AR-G-GDP] and [AR - G-GTP] during short-term desensitization

Concentrations of G-proteins of nucleotide-bound states before and after GDP/GTP
exchange ((ACEGI) for [AR-G-GDP] and (BDFHJ) for [AR-G-GTP] in) are shown for the
same simulation conditions in Figure 5.

(AB) Traces of [AR-G-GDP] and [AR-G-GTP] elicited by 200 uM GTP. GTP was applied
in the same way as in Fig. 5A. The bar above the traces represents the period of GTP
perfusion. The arrowheads indicate the zero level of each trace.

(CD) Effect of 1 mM GDP. As done in Fig 5B, [AR-G-GDP] and [AR-G-GTP] were
simulated in the same way as in (AB) except that 1 mM GDP was applied during the entire
simulation period.

(EF) Traces of simulated [AR-G-GDP] and [AR-G-GTP] with low receptor expression. As
done in Fig 5C, [AR-G-GDP] and [AR - G-GTP] were calculated in the same way as in (AB)
except that [Ry] and [R_] were lowered to 50%.

(GH) Effect of high GDP/GTP exchange activity on [AR-G-GDP] and [AR-G-GTP]. As
done in Fig 5D, GDP/GTP exchange was enhanced by increasing the rate constants for
GDP/GTP exchange by a factor of 5. The period during which ACh was perfused is shown as
a bar above the trace.

(19) The effect of low GDP/GTP exchange activity on [AR-G-GDP] and [AR-G-GTP]. As
done in Fig 5E, GDP/GTP exchange was lowered by reducing the rate constants to one-half.

Appendix Figure 4. Sensitivity of the maximum conductance of the Kacn channel to
asystole length

The effects of maximum conductance of the Kach channel on asystole length with 10 uM
[ACh] are calculated for the (A) Demir and (B) Kurata sinoatrial node models. Only results
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obtained when sinus rhythms were resumed are shown as lines. The cross marks correspond
to the simulation conditions in Figure 7.
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