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Ravi Ranjan,* Nipavan Chiamvimonvat,* Nitish V. Thakor,* Gordon F. Tomaselli,$ Eduardo Marban$

*Department of Biomedical Engineering, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205; *Division of
Cardiology University of Cincinnati, Cincinnati, Ohio 45267; and $Section of Molecular and Cellular Cardiology, Department of Medicine,
Johns Hopkins University School of Medicine, Baltimore, Maryland 21205 USA

ABSTRACT Anodal stimulation is routinely observed in cardiac tissue, but only recently has a mechanism been proposed.
The bidomain cardiac tissue model proposes that virtual cathodes induced at sites distant from the electrode initiate the
depolarization. In contrast, none of the existing cardiac action potential models (Luo-Rudy phase | and I, or Oxsoft) predict
anodal stimulation at the single-cell level. To determine whether anodal stimulation has a cellular basis, we measured
membrane potential and membrane current in mammalian ventricular myocytes by using whole-cell patch clamp. Anode
break responses can be readily elicited in single ventricular cells. The basis of this anodal stimulation in single cells is
recruitment of the hyperpolarization-activated inward current /.. The threshold of activation for /; is —80 mV in rat cells and
—120 mV in guinea pig or canine cells. Persistent /; “tail” current upon release of the hyperpolarization drives the transmem-
brane potential toward the threshold of sodium channels, initiating an action potential. Time-dependent block of the inward
rectifier, /4, at hyperpolarized potentials decreases membrane conductance and thereby potentiates the ability of /; to
depolarize the cell on the break of an anodal pulse. Inclusion of /;, as well as the block and unblock kinetics of /4, in the
existing Luo-Rudy action potential model faithfully reproduces anode break stimulation. Thus active cellular properties suffice
to explain anode break stimulation in cardiac tissue.

INTRODUCTION

The heart can be stimulated by either cathodal or anodddecome depolarized and are referred to as “virtual cathodes”
stimulation (Cranefield et al.,, 1957; Dekker, 1970). (Sepulveda et al., 1989; Roth, 1992). It is proposed that,
Cathodal stimulation of the heart or any other excitableduring anodal stimulation, the excitation wavefront starts
tissue is readily explained by direct depolarization of thefrom these virtual cathodes (Roth, 1994, 1996; Wikswo,
cells in the region under the electrode (Hoffman and Crane1994). Anodal stimulation during the stimulating pulse (an-
field, 1960). Anodal stimulation results in hyperpolarization ode make stimulation) can be explained by this model. For
of the underlying tissue (Brooks et al., 1955; Cranefield eanode break stimulation, the bidomain model assumes that
al., 1957), so that the ability to trigger an action potential isa steady state has been reached during the anodal pulse with
paradoxical. Anodal stimulation can occur during the stim-regions of hyperpolarized and depolarized tissue; upon ter-
ulus pulse (make stimulation) or upon the termination of themination of the stimulus pulse, excitation propagates from
pulse (break stimulation) (Dekker, 1970). Recently, anodathe hyperpolarized tissue region as a result of depolarization
stimulation of cardiac tissue has been explained using biextending from the virtual cathodes (Roth, 1995; Wikswo et
domain models of cardiac tissue (Pollard et al., 1992; Henal., 1995).

riquez, 1993). Bidomain models postulate different electri- Recently a hyperpolarization-activated current was iden-
cal anisotropies in the intracellular and interstitial domainstified in normal (Yu et al., 1995; Cerbai et al., 1996) and
of the heart (Plonsey and Barr, 1984; Roth, 1988; Henriquefailing (Cerbai et al., 1994, 1997) ventricular myocytes.
et al., 1990). The unequal anisotropy in the two domaing=xcept for its voltage dependence, this current appears to be
leads to marked inhomogeneities in the induced membranigentical to thel; described in Purkinje fibers and in nodal
potential around the stimulating electrode (Roth andcells, but it has not yet been included in ventricular action
Wikswo, 1994; Sepulveda and Wikswo, 1994). During an-potential models. Another current whose properties change
odal stimulation, a “dog bone”-shaped region of the tissuevith hyperpolarization is the inward rectifiel,;. At hy-
underlying the stimulating electrode becomes hyperpolarPerpolarized potentials the current carried pychannels is

ized, whereas regions lying in the convexity of the dog bondlocked in a time-dependent manner (Carmeliet, 1980;
Biermans et al., 1987; Mitra and Morad, 1991). If the

unblocking of this channel at depolarized potentials is time-
dependent as well, it could play a significant role in bringing
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MATERIALS AND METHODS The largest current at hyperpolarized potentialsis This current was
studied under the same ionic conditions as action potentials, at different
Isolation of ventricular myocytes hyperpolarizing potentials to quantify the time and voltage dependence of

block. To study the time-dependent unblocking of this current, cells were

Canine, guinea pig, and rat ventricular myocytes were used for the studyygied under the ionic conditions described above, with ARItetrodo-
Adult mongrel dogs weighing 20-30 kg and Wistar-Kyoto (WKY) and tqyin (sigma Chemical Co.) added to the bath solution to reduce the
Fisher-344 (F344) rats ranging in age from 6 to 22 months were useds,giym current at potentials near its threshold. During quantificatiog,of
Canine ventricular myocytes were isolated as previously describ&ib(Ka pjock and unblock kinetics, potential interference fromwvas minimized

et al,, 1996). Briefly, the dogs were sedated with sodium thiamylol andyy, sing pulse protocols that were too brief or insufficiently negative to
anesthetized with 1-2% halothane. The chest cavity was opened by pegicit Iy.

forming a left lateral thoracotomy and flooded with ice-cold saline. After  1he modified bath solution used to studyhid the following compo-
banding the great vessels, the coronary arteries were perfused retrogradelion, (in mM): 140 NaCl, 5 KCI, 1 MgGJ, 10 HEPES, 10 glucose, 1.8
with cold cardioplegic solution containing (in mM) 110 NaCl, 16 KCI, 16 CaCl, 2 MnCl,, 0.1 CdC}, 8 BaCl, (pH 7.4 with NaOH). B&" was used
MgCl,, 10 NaHCQ, and 1 CaCJ, with a pH of 7.4. After diastolic cardiac {4 block I, and Mr?* and C&" to reduce C&" currents, which could
arrest, the heart was quickly excised and submerged in cold cardioplegigyeriap with and obscure the tail currents. This ionic composition has been
solution. The area of the myocardium perfused by the left anterior descend;seq in earlier studies of (Yu et al., 1993, 1995; Cerbai et al., 1994). The
ing coronary artery (LAD) from the aortic root to the apex was excised andyg|tage dependence of activation was determined from the tail current
then perfused via the LAD at a rate of 15 ml/min with &@Cdree solution  ampjitude after holding the cell at different hyperpolarizing potentials to
containing (in mM)_ 138 NaCl, 4KCl, 1 Mg(;J.lo glucose_, 0.33 NajfP O, ~ activate the current. The ionic selectivity lpfvas determined by changing
and 10 HEPES, with a pH of 7.3. After 30 min of perfusion, the myocardial ihe external ionic concentrations of sodium and potassium, and determin-
segment was perfused for another 40 min with the same solution containing, the reversal potential of the instantaneous tail current after activating
collagenase (type I, 178 units/ml; Worthington Biochemical Corp) andine current by holding the cell at hyperpolarized potentialsMethyl

protease (type XIV, 0.12 mg/ml; Sigma Chemical Co). The myocardiumg,camine (NMG) was used to replace external sodium to maintain the

was then washed for 15 min with Tyrode’s solution containing 200 osmolarity of the solution.

Ca*. All solutions were oxygenated with 100%,@nd kept at 37°C. After

perfusion, cells were mechanically desegregated from chunks of well-

digested myocardial tissue from the middle of the ventricular wall, filtered A ction potential model

through a nylon mesh, and stored at room temperature in Tyrode’s solution

containing 2.0 mM C&" until use. The action potential model developed by Luo and Rudy (1991) was
Rat and guinea pig ventricular myocytes were isolated by conventionalimplemented and modified. The ionic currents in the model include a fast

enzymatic dissociation techniques (Liu et al., 1996). Briefly, the heart wassodium current, a slow inward current, a time-dependent potassium current,

excised via a median sternotomy from animals anesthetized with pentoa plateau potassium current, a time-independent background current, and a

barbital (60 mg/kg i.p.). The heart was then perfused at 37°C with modifiedime-independent inwardly rectifying potassium current to repreggnt

Krebs solution composed of (in mM) 120 NaCl, 5 KCI, 1.2 MgCl.2 The time-independerif,; was modified to include the hyperpolarization-

Na,SO,, 2 NaH,PQ,, 20 NaHPQ, 0.5 CaC}, and 10 glucose bubbled with  induced time-dependent blocking and the subsequent unblocking of the

95% O,/5% CO,. After 5 min, the heart was perfused without®Caor channel at depolarized potentials. The modification was based on a

another 5 min and then switched to a Krebs containing collagenase (Hodgkin-Huxley-type gating formalism in which a gating variabj i§

mg/ml; Boehringer Mannheim, Germany) and protease (0.1 mg/ml; Sigmayoverned by a differential equation of the form

Chemical Co.). Perfusion with the collagenase solution was carried out for

another 10—15 min at a perfusion pressure-80 mm Hg, after which the dy _ - —Y)

heart was removed from the perfusion apparatus, the atria removed, and the a - Ty

ventricles minced and incubated in the collagenase-containing solution for

another 1015 min. Cells were then filtered through a mesh and stored iwherer, is the time constant anyl. is the steady-state value pf

a solution containing (in mM) 140 NacCl, 5 KCI, 1 Mgg£i10 HEPES, 10 The gating variable added for the inward rectifier curreit)( was

glucose, and 1.5 Caght room temperature. Only Ex-tolerant cells with  experimentally determined to be governed by the equations given below.

uniform sarcomeric appearance and nonrounded edges were chosen for ke, was determined by fitting a curve to the normalized steady-state

study. The cells were used within 24 h of isolation. conductance curve fdg;,. 7., was determined by fitting a curve to the

time constants determined for different test potentials:

Electrophysiological studies —0.9075
KL=1+ VT 117.1

Isolated myocytes were placed in a bath mounted on the stage of an 1+ ex .

inverted microscope. To study the response to anodal stimulation, trans- 10.37

membrane potential was recorded under current clamp conditions in the

whole-cell configuration of the patch-clamp technique (Hamill et al., 1981)For V = E,,

in normal physiological Tyrode’s solution of the following composition (in

mM): 140 NaCl, 5 KCI, 1 MgCJ, 10 HEPES, 10 glucose, and 1.8 CaCl B V + 200.

(pH 7.4 with NaOH). The pipettes, made of borosilicate glass, had resis- Tky. = 7.0602 ex 26.22 ms

tances of 2—4 M when filled with the standard internal solution contain-

ing (mM): 6 NaCl, 130 K-aspartate, 2 MggI5 CaCl, 11 EGTA, 2 whereV is the transmembrane potential (in mV) agid is the reversal for
Mg-ATP, 0.2 Na-cAMP, and 10 HEPES (pH 7.2 with KOH). Patch-clamp potassium ions. Because the hyperpolarization-induced blocking is pre-
amplifiers Axopatch 200A and Axoclamp 2A (Axon Instruments) were sumably mediated by external cations present in the solution (Carmeliet,
used to make the recordings with the filter cutoff set at 2 kHz. All of the 1980; Biermans et al., 1989), the time constant of blocking/unblocking was
recordings were made at room temperature (21-22°C). made symmetrical about the reversal of potassium ions.

Membrane currents were recorded using the whole-cell configuration of |; was also included in the model, based on the “funny current” for-
the patch-clamp technique. After we gained intracellular access, cell camalism in the Purkinje fiber model developed by DiFrancesco and Noble
pacitance was calculated by integrating the area under the uncompensatéi®85). The time constant éf gating determined experimentally at room
capacity transient elicited by a 10-mV step from a holding potential & temperature was adjusted for use in the model at 37°C by apply@pg a
mV. of 3.0, based on published results (Hart, 1983).



1852 Biophysical Journal Volume 74  April 1998

?

-100

-200 L

Transmembrane Potential (mV)
3
Transmembrane Potential (mV)

-250 1 1 ) 1
0 500 1000 1500 0 200 400 600

Time (msec) Time (msec)

FIGURE 1 Action potentials induced by anodal stimulationA) ¢anine andB) rat ventricular myocytes. The time for which the stimulus was applied
to the cells is indicated by the bar on top of the figures. A 50-ms pulse was applied to the canine cell and a 20-ms pulse to the rat cell.

The gating variable () for I;, per the experimental results, was deter- an action potential ensues. The anodally induced action
mined to be governed by the following equations: potentials in Fig. 1 are representative of 13 canine and 14 rat
V + 170. cells. Anode break responses were also observed in nine

1236(3 ms* guinea pig ventricular myocytes (data not shown). Thus

a; = 0.01824 exé—
anode break excitation exists in single isolated ventricular

—0.074655 ) cells from a variety of mammalian species, demonstrating
B = vV _ 29056 = 0-075955ms that such excitation need not depend upon passive tissue
+ s roperties.
1 exr< 577 6) prop
where . . .
Membrane currents during hyperpolarization
1 o . . .
= To understand the ionic basis of anodal stimulation, we
atp measured membrane currents in isolated mammalian ven-
and tricular cells at increasingly negative potentidlg, is the
predominant current at hyperpolarized potentials. Fig. 2
£ = @ shows the membrane currents activated by hyperpolariza-
atp tion, beginning with a transient spike of capacity current.
|, is given by Thereafter, at=-160 mV, I, turns on and is subsequently
blocked in a time-dependent manner. At a more hyperpo-
whereE; is the reversal potential fdg (—29 mV).
The integration algorithm used to solve the system of differential 80 mv | 160 mV
equations was based on a backward Euler method (Press et al., 1992), and 5. 200y
the simulations were run on an INDIGO R10000 workstation (Silicon 160 my
Graphics). N R — 200 mv
< 0 famny
£
RESULTS § S
E st
Anode break stimulation in single isolated cells (;:
Current clamp experiments were performed on isolated ’g -10
mammalian cardiac myocytes to test the hypothesis that = é
active membrane properties are involved in anodal excita- sl ! .
tion. Action potentials were routinely recorded upon the 0 50 100
break of anodal stimulation. Fig. 1 shows representative Time (msec)

action potentials induced in canine (FigAland rat (Fig. 1 o _ .
B) ventricular cells under current Clamp conditions with FIGURE 2 Total ionic current in response to hyperpolarizing voltage

. . . S . clamp steps in a canine myocyte under normal physiological ionic condi-
anodal Stlmullatlon' During th_e current injection IFsehf’ thetions. At —160 mV there is a time-dependent blocking of the current
membrane simply hyperpolarizes, but after termination 0farried by the,, channels. At-200 mV the blocking of ., is faster, and

the stimulus the membrane potential reaches threshold arw inward currentl() is activated.
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FIGURE 3 Time-dependent unblocking of,. (A) Current recorded

larized potential {200 mV), the decay ol,; is much
faster, and there is activation of another inward current, the
hyperpolarization-activated curremt, Whereas the records
shown here are from a dog cell, similar currents were
observed in rat and in guinea pig myocytes, albeit with
somewhat different voltage dependenced foas discussed
below.

To dissect the two current components that change with
hyperpolarization, different ionic conditions and voltage
clamp protocols were usetl; was studied at hyperpolar-
ized potentials under physiological ionic conditions. Be-
cause the activation and blocking kf; current are much
faster than the reported activation time constant; {Di-
Francesco et al., 1986; Yu et al., 1995), all of therelated
recordings were made before there was any significant
activation ofl;. To isolatel;, barium was used to blodl.

Kinetics of I, block and unblock

To quantify the block ofl, at negative potentials and its
subsequent unblock at voltages near the resting potential,
voltage clamp experiments were performed. As reported
earlier, the block was found to be time- and voltage-depen-
dent, becoming faster and more pronounced as the potential
became more negative (Biermans et al., 1989). If the un-
blocking is time-dependent as well, then the magnitude of
I«» will be reduced just after the potential is stepped back to
more depolarized levels. This reduction lig, after the
termination of the pulse will facilitate depolarization be-
yond the resting potential. To test if the unblockind of is
indeed time-dependent, the cell was held &80 mV,
stepped to—150 mV until steady-state block was reached,
and then stepped back to more depolarized potentials. Fig. 3
A shows that, after we stepped back to less negative volt-
ages, there was a time-dependent increase in current as the
channels unblocked. The growing current (shown on an
expanded scale in Fig.B) is inward or outward, depending

on whether the pulse is positive or negative with respect to
the equilibrium potential for potassium iong,(). Both the
block and the unblock of the current could be well-fit with
single exponentials. The time constants at various potentials
for block (circles) and unblock gquare$ are plotted in Fig.
3C.

Characterization of /; during and after
hyperpolarizing steps

We next characterized the hyperpolarization-activated in-
ward current tentatively identified ds. Fig. 4 shows the
membrane current elicited by hyperpolarization in canine

from a rat myocyte held at a hyperpolarizing voltage to induce block andnegative toE,. (C) Time constant of, block/unblock i = 5). The time
then stepped to a more depolarized tail potential to demonstrate timesonstant of block was derived from single exponential fits to the decreasing

dependent unblock ofs,. (B) Same asA, with an expanded scale to

current profiles at different potentials. Time constant of unblock was

illustrate the unblocking. There is an increase in current with time, and thederived from single exponential fits to the increasing current profiles at
direction of the current is dependent on whether the pulse is positive odifferent tail potentials.
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FIGURE 4 I in ventricular myocytes. The recordings were made in the presence of 8 MMiBéhe bath solution to block,. (A—C) Representative
currents in canineA), guinea pig B), and rat C) ventricular myocyte.) The activation curve for canine, guinea pig, and rat cells determined from the
tail current after different hyperpolarizing pulses activating the current. Data points representn$ain = 5, n = 4 for guinea pig cells). Solid lines
represent a sigmoidal fit to the data using the Boltzman equatipn= —150 mV for canine cells;~145 mV for guinea pig cells, ane93.9 mV for

rats cells with a slope factor of 12.2 mV for canine, 12.0 for guinea pig, and 7.4 mV for rat cells.

(Fig. 4 A), guinea pig (Fig. 8), and rat (Fig. 4C) ventric-  channel was tested by altering the ionic concentrations in
ular myocytes under the ionic conditions identified in Meth- the external solution and then measuring the reversal poten-
ods (including 8 mM B&" to blockl,). A slowly activat- tial of the instantaneous tail currents. The reversal potential
ing inward current is observed. The time constant ofwas found to vary in response to changes in the concentra-
activation is similar to that of; (DiFrancesco et al., 1986; tions of external sodium and potassium ions. Table 1 sum-
Yu et al., 1995). Fig. 4 also shows the slowly decaying tailmarizes the reversal potentials measured in solutions of
currents in representative canine (FigA¥ guinea pig (Fig.  varying ionic concentrations in rat myocytes; these findings
4 B), and rat (Fig. 4C) ventricular myocytes. The voltage are typical ofl; (DiFrancesco, 1981; Yu et al., 1995).
dependence of activation of the channel (FigD} was For anodal stimulation, it would be more relevant to the
determined by measuring instantaneous tail currents. Thanodal pacing literature (e.g., Furman et al., 1989) to ex-
time constant of activation was found to be longer in canine

and guinea pig than in rat cells, in agreement with published

results forl; (Yu et al., 1995; Cerbai et al., 1996). AS iS TABLE 1 Table showing the reversal potential (E,..) of I; for
evident from Fig. 4D, the current is activated at more different external ionic concentrations (n = 3)

negative potentials in canine and guinea pig than in rat cellsg, + . [Na'], E., Eva E

Even though the current is activated at potentials belowmm) (mM) (mV) (mV) (mV)
normal physiological potentials (particularly in canine and

: ) ) . 140 -10 80 -42
guinea pig cells), these potentials are well within the range ¢ 140 _29 80 _ga
that is predicted to be achieved in tissue beneath a stimu- s 70 -35 63 -84
lating electrode (Roth, 1995). 5 10 -52 13 -84

It is known to be a relatively nonselective cation channelg_ (andg,) is the calculated reversal potential of sodium (and potassium)
The ionic selectivity of the hyperpolarization-activated for the ionic concentration used for that experiment.
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2S0mV 60 S0mV canine or guinea pig cells: the time constant of activation is
longer for dog and guinea pig, ahds more fully activated
2200 at this potential in rat cells. Nevertheless, FigB&hows
ir that much largel; is activated after holding the dog and
Z o ] guinea pig cells fo2 s at—180 mV. The modeling results
£ T I T below confirm that these current densities suffice to initiate
Bl ™ anode break excitation.
5
O 4t
5]
5 \ Strength-duration curve
5 6p
£ Because the activation time constant ffgis on the order of
p

-80 " o 5 700 hundreds of milliseconds to seconds at weakly hyperpolar-
ized potentials, longer hyperpolarizing pulses would be
expected to result in increased activation of the current.

) . _ Longer pulses would thus be expected to leave behind larger
FIGURE 5 Inward current activated by short hyperpolarizing pulses in a.

rat ventricular myocyte. Short hyperpolarizing pulses of 15 ms Were”w\/arc_1 currents aft_er termination of the hyperpolquz_lng
delivered before switching to a test potential-e80 mV. At hyperpolar-  Stimuli, hence lowering the threshold for anodal excitation.
ized potentials an inward current is recorded. The current is larger and thd his prediction was experimentally verified. Fig. 7 shows
activation more rapid at more negative potentials. anodally induced action potentials at threshold using vari-
ous stimulus durations and strengths (FigAy and the

amine the currents activated as a result of short hyperpoIaf’-trength'duratIon curve (Fig. B). Because the activation

izing pulses. If the current activated during the hyloerloolar_hreshold is more negative and the time constant of activa-

i . . . . : tion is longer for canine than for rat cells, a higher stimulus
izing pulse results in persistent inward tail current, it can

provide the inward current needed to depolarize the cell td%trength would be predicted to be required to excite a dog

the threshold of sodium current activation. To test Whethemyocyte' Fig. 7B shows that, for stimuli of the same

any inward tail current is activated as a result of hyloerpO_duratlon, stronger current pulses ardeed required to excite

larizing pulses of short duration, current was recorded i anine as compared to rat myocytes.

cells held at varying hyperpolarizing potentials for 15 ms

and then ste_pped to a test potentiat@0 mV. Fig. 5 shows Correlation of I, magnitude with a measure of

representative currents recorded from a rat myocyte. At the, . .

. . . . stimulation energy

more hyperpolarized potentials, an inward current activates

during the pulse, with corresponding inward tail currentslf the presence of; is indeed critical in driving the mem-

when the cell is stepped back +80 mV. The deactivation brane potential to the activation threshold for an action

time constant of the current at80 mV is large, similar to  potential, then a largdf would be expected to facilitate the

that of I; (DiFrancesco et al., 1986; Yu et al., 1995). depolarization process. For activationlgfboth the degree
The presence df is critical at potentials ranging from the of hyperpolarization of the membrane (which is directly

resting potential to the threshold for sodium current, as itrelated to the strength of the stimulating pulse) and its

may provide the inward current needed to depolarize theluration are important. As a measure of the minimum

membrane and trigger an action potential. Thus, we quarstimulation energy, we calculated the area between the

tified I; at these potentials. Fig. & shows the tail current transmembrane voltage and the zero line at threshold for

amplitudes measured at70 and—90 mV in dog, guinea anode break responses. The integration area was bounded

pig, and rat myocytes after holding the cells-at50 mV for  on the time axis by the time of application of the stimulus

2 s. Not surprisingly, the tail current is larger in rat than inand that of the action potential upstroke (Figir&e). This

Time (msec)

FIGURE 6 I, tail currents in dog, 7} Guinea Pig
guinea pig, and rat cells.Af The 6

myocytes were held at 150 mV for

2 s, and then the tail current was
measured at a test potential ef70
and—-90 mV (n = 5 for dog and rat,

n = 4 for guinea pig). B) The cell
was held at-180 mV for 2 s, and the
current was measured at test poten-
tials of —70 and—90 mV.

I, (pA/pF)
1 (pA/pF)

Vm (mV)



1856 Biophysical Journal Volume 74  April 1998

A B
a b ¢ ;: 400 4 }
[
< o Rat
0 S 300
b ] nm Dog
-50 mV s }
"
o
5 2004
= % E
5
2 b
% 100 4 §§§ E
c
E e [
0 50 100 150 200
0 100 msec Stimulus Duration (msec)

FIGURE 7 Strength-duration curveA) Representative action potentials recorded in rat myocytes for different stimulus pulse durations and strengths.
(B) Stimulus strength-duration curve for dog and rat myocytes- (5).

measure of stimulation energy (in units of mvhs) was  to test for anodal excitation. Fig. 9 shows the response of the
compared with the amount df activated in myocytes of unmodified model to cathodal (Fig.A) and anodal (Fig. 9
different species after a hyperpolarizing pulse-tb50 mV  B) stimulation. Anodal stimulation produces hyperpolariza-
for 2 s. Fig. 8 shows that there is a strong correlationtion of the cell, which returns monotonically to the resting
between the magnitude df and the stimulus energy. A potential upon the release of the pulse. The model was then
larger|; is activated in rat than in guinea pig or dog cells, modified to includel; as well as the time-dependent block-
and thus cells from rats require less energy to achieve anodgg and unblocking ofl,. The gating variables added to
break stimulation. Interestingly, preliminary experimentsrepresent the time and voltage dependence of the currents
using younger rats (6—10 weeks old) revealed that anodgere based on the experimental results presented above,
break responses were much more difficult to elicit than i”using those from guinea pig whenever possible, given that

the 6-22-month-old animals used here. This is consistenthe | uo-Rudy model is a guinea pig action potential model.
with the reported paucity df in younger rats (Cerbai etal., The major differences among action potential models for

1996). different species are in the currents that underlie repolariza-
tion. Because we are concentrating on the mechanism of
Action potential model excitation, which relies primarily on the ubiquitous sodium

_ ) current, the results are expected to be generalizable.
The action potential model developed by Luo and Rudy Fig. 9 (C andD) shows the results of simulations using

(1991) was implemented, and simulations were performeghe modified model. The response to cathodal stimulation

shown in Fig. 9C is the same as that of the unmodified
model (Fig. 9A). However, the response to anodal stimu-
lation is qualitatively different: unlike the original model
(Fig. 9 B), the modified model exhibits anode break stim-
T ulation (Fig. 9D).

Fig. 10 shows the currents that are active during a stim-
150004 T e e ulating pulse (shown here as a voltage clamp step for

Guinea Pig

_ Vm(@mv)

18000 4

simplicity), and in the interval preceding the anode break
action potential. Note the time-dependent reduction,Qf
(Fig. 10 B) and activation ofl; (Fig. 10 C) during the

12000 4

Stimulation Energy (mV msec)

9000 Rat stimulus pulse. Upon the break of the pul$eremains
% inward and drives the potential to more depolarized levels
6000 - until the threshold for activation of the sodium current is
| R A reached and the upstroke occurs. Fig.DL8hows the total
1, (pA/pF) current; the large inward peak represents the sodium current

underlying the action potential upstroke.
FIGURE 8 Stimulation energy versuiscurrent magnitude. As a mea-  We then determined whether the modified model could
sure of stimulation energy needed for excitation at threshold, the transreproduce the experimentally observed stimulation-strength

membrane potential curve was integrated between the time of applicatiogration curve. Fig. 1A shows the action potentials gen-
of the stimulus pulse and the action potential upstrokeef). The mag- . . . .
nitude ofl; activated was determined by holding the cells-d50 mV for erated using the model for different stimulus durations at

2 s and measuring at the end of the pulse. Rat myocytes have a larger threshold, and Fig. 1B is the simulated strength-duration
and require a lower stimulation energy for activation. curve. The absolute threshold of excitation differs from the
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FIGURE 9 Action potential model. A’ and B) Results of simulations using the unmodified Luo-Rudy model for cathodal and anodal stimulation,
respectively. Anodal stimulation results in hyperpolarization of the cell, which returns to normal resting potential at the termination of.tfiag@biar

at the top of the figures indicates the application of the stimulus pulse. For cathodal stimulation a 2-ms pulse was applied, and for anodal atihutetio

pulse was appliedd andD) Result of simulations using the modified Luo-Rudy model for cathodal and anodal stimulation, respectively. The response
of the modified model to cathodal stimulation is the same as that of the unmodified model. In response to anodal stimulation, the modified msdel exhibi
anode break stimulation. The stimulus pulse durations are the sameAanihB.

experimentally determined values in Fig. 6, presumablymagnitude ofl, observed toward the end of the current
because the model simulates the kinetics at 37°C, whereatamp pulse is because of activation of inwdgdwhich
the experiments were carried out room temperature. Thdrives the membrane potential to more depolarized levels,
current kinetics used in the model are considerably faster aeducing the driving force fol,,. For higher stimulus
37°C for I; because of the higlQ,, of 3 (Hart, 1983). strengths, anode break stimulation could be observed (not
Nevertheless, the overall agreement with the results is reshown) when enough was activated to drive the potential
markable (compare Figs. 6 and 11). to the threshold for activation of the sodium current. In Fig.
To gauge the relative importance gfand I, in the 12 b, with no |; present in the model, no anode break
process of anode break stimulation, simulations were perstimulation could be generated. With the time-dependent
formed with action potential models that 1) includedut  reduction ofl ., conductance during the stimulus pulse, the
no Ik, block, 2) had nd; but includedl, block, and 3) cell is hyperpolarized to a greater extent than in Figal2
included bothl; andl,; block. Fig. 12 shows the results of even though the stimulus strength remains the same. Nev-
current clamp simulations run for the same stimulusertheless, with nd; present in the model, there is no net
strength and duration for the three cases. In Figa,1®ith inward current to drive the transmembrane potential above
no I, block present in the model, anode break stimulationthe resting level, and hence no anode break stimulation can
is not observed at this stimulus strength, even though theccur. This was the case even with very strong hyperpolar-
deactivating I; does drive the transmembrane potentializations. In Fig. 12c, with both I; and ., block present,
above the resting leveinse). The slight decrease in the anode break stimulation is faithfully reproduced.
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that repriming of sodium channels does not suffice; the
details of the nonempirical leak current term are absolutely
crucial for obtaining an anode break response (Ranjan,
1997). Nevertheless, we investigated the role of the sodium
current in the cardiac action potential model. Fig. A3
shows the simulated responses to anodal stintofi)( the
changes in sodium current activatiom)(and inactivation

(h) gating variablesrfiddle, and the sodium current as a
function of time for the various permutations of the model
used in Fig. 12. The same stimulus strength and duration
were used in all three cases. In the Luo-Rudy model, almost
all of the sodium channels are available at rest, and thus
there is no significant increase in the sodium current after
the hyperpolarizing pulse. The sodium current plays a role
only insofar as its recruitment underlies the action potential
upstroke. One might argue that this is not a fair test of the
Hodgkin-Huxley idea, becaude, > 0.95 at rest. We thus
seth,, = 0.7 at the resting potential by shifting the curve

and reran the simulations. Fig. 18 shows that such a
change did not materially affect the conclusions. Even with
a shiftedh,, curve, there is no anode break response in the
absence of;. In further simulations, we determined how the
changes i, influenced the amount of current minimally
required to induce an anode break response. Surprisingly,
the model with a left-shiftedh., (as in Fig. 13B) required
more current injection to fire an action potential than did
that in Fig. 13A (56.8 pA/pF versus 56.1 pA/pF), consistent
with the fact that it is harder to reach threshold with a
left-shiftedh,, curve. Similar reasoning rationalizes why the
sodium current is smaller in Fig. E&c) than in Fig. 13A(c)

-300 . . . . . (note the difference ity axis scales).
0 10 20 30 40 50

Time (msec)

DISCUSSION

FIGURE 10 The role of different currents in the generation of anodal Anodal stimulation of the heart has been investigated for
stimulation. The modified Luo-Rudy model was used for those simulationsmany years. Recently anodal stimulation of cardiac tissue
in which the cell was clamped at170 mV for 10 ms (indicated by the . . ’ . . . .
vertical dotted lines (A) The transmembrane potentiaB)(The inward has be?n rat'qnaIIZEd on the basis of passwe Card_lac tIS'SUE
rectifier 1., current. Note the reduction in current with time during the Properties (Wikswo et al., 1995). In this study we investi-
voltage clamp pulse.Q) Hyperpolarization-activatet} current. The cur-  gated the role of active membrane properties during anodal
rentis activated by the hyperpolarizing pulse and is inward until the actionstimulation. If active mechanisms suffice to produce anodal

potential upstroke occurs, providing the current needed to drive the transétimulation isolated ventricular cells should manifest excit-
membrane potential to the threshold of activation for the sodium current. '

(D) Total current. The large inward current is the sodium current coincid-ab”'_ty In re_sponse to anOda_‘I StlmUIatlon_' Isolated Ce”, prep-
ing with the action potential upstroke. arations eliminate the passive network tissue properties that
have been postulated to underlie anodal excitation in mul-
ticellular preparations. Anodally induced action potentials
were routinely recorded in isolated cells (Fig. 1), verifying
that anodal stimulation can arise exclusively from active
cardiac tissue properties. To stimulate any excitable tissue,
The classical explanation of anode break stimulation, as net inward current is required to drive the transmembrane
proposed by Hodgkin and Huxley (1952; see also Plonseypotential to more depolarized levels. This net increase in the
and Barr, 1988), involves a mechanism entirely differentinward current could arise from an increase in inward cur-
from that proposed here. In the squid, sodium channels wenent or a decrease in outward current flowing through the
not fully reprimed at the resting potential. Hyperpolariza-membrane, or a combination of both. We propose that both
tion removed sodium current inactivation, and the largeromponents are active in bringing about anode break
sodium current upon release of the anodal pulse was postimulation.

tulated to bring the axon to threshold. In fact, our own A hyperpolarization-activated inward current has recently
implementation of the Hodgkin-Huxley equations revealsbeen recognized in mammalian ventricular cells (Yu et al.,

Role of sodium channels in anode
break stimulation
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FIGURE 11 Strength-duration curve determined using the modglTiie action potentials generated with the modified model at threshold for varying
stimulus durations.K) The stimulus strength-duration curve determined with the model.

1995; Cerbai et al., 1996). The presence of this current wasliciting an anode break response. Incorporation; ahto
verified in our canine, guinea pig, and rat ventricular cellsthe model provides the inward current needed to drive the
(Fig. 4, A-0Q), and its biophysical characteristics were de-membrane potential to threshold (Fig. D, inducing the
termined. In particular, we quantified the kinetics of deac-regenerative sodium current and hence the anode break
tivation at potentials relevant to anode break stimulationstimulation.
This current is activated at voltages (FigD3 well within Another current that is active at potentials below the
the range predicted in the tissue beneath a stimulatingesting membrane potential is the potassium current carried
electrode during anodal stimulation (Roth, 1995). The curby inwardly rectifyingl, channels. The ionic current car-
rent was also found to have rather slow activation andied by this channel is relatively large and is blocked at
deactivation properties, similar to the pacemaker curient negative potentials in a time-dependent fashion by the cat-
which has been well characterized in cardiac nodal cells antbns present in normal physiological solutions. If the un-
in Purkinje fibers (Yanagihara and Irisawa, 1980; Di- blocking at the termination of the hyperpolarizing stimulus
Francesco et al., 1986; van Ginneken and Giles, 1991). This time dependent as well, then the outward current carried
hyperpolarization-activated current was found to be carriedy this channel abovE, will be reduced until the channel
by both sodium and potassium ions (Table 1), as previouslys fully unblocked. This reduction in the outward current
reported (DiFrancesco, 1981; Yu et al., 1995). The reversatomponent would potentiate the effect of any inward cur-
potential for this current is between that of sodium andrent in depolarizing the membrane. The time-dependent
potassium ions, making it an inward current at potentialsunblocking ofl,, was verified experimentally and quanti-
near the action potential threshold. We propose that thified (Fig. 3). Simulations performed using the models with
inward current is indeed; and that it is recruited during and withoutl, block (Fig. 12) demonstrate that the thresh-
anodal stimulation, thus providing the increase in inwardold for stimulation is higher when there is rip, block.
current needed to drive the transmembrane potential to thidence, even though the hyperpolarization-induced blotk,of
threshold of the sodium current. Because the activation timeannot lead to anode break stimulation on its own, it assists in
constant forl; is large, longer hyperpolarizing pulses were the process by lowering the threshold for excitation.
expected to lower the stimulation threshold. This prediction Hodgkin and Huxley proposed a different explanation for
was experimentally verified, as shown in Fig. 6 and faith-anode break stimulation in squid axons (Hodgkin and Hux-
fully reproduced by the model (Fig. 11). ley, 1952). During hyperpolarization, inactivation of the
Fig. 10, which is based on simulations done using thesodium channel is removed (Plonsey and Barr, 1988); the
modified Luo-Rudy model (after the inclusion Gfandl,;  enhanced sodium current upon release of the hyperpolariz-
block/unblock), shows that the inward current needed tdng pulse results in an action potential. However, contem-
drive the transmembrane potential to threshold is provideghorary action potential models (Beeler and Reuter, 1977,
by hyperpolarization-activated current. In the unmodifiedLuo and Rudy, 1994), based on experimental results (Beeler
model, an anodal pulse results in hyperpolarization anénd Reuter, 1970; Colatsky, 1980), assume very little
time-independent activation df; current. Because the steady-state inactivation of the sodium current at the resting
transmembrane potential is beld# at the termination of potential (e.g., the Luo-Rudy model usks= 0.98 at a
the stimulus pulsel,, provides the inward current needed resting transmembrane potential-085 mV, wheren = 1.0
to drive the potential toward the resting level. As there is narepresents no inactivation afd= 0 represents complete
net inward current abovig,, the cell fails to depolarize any inactivation). Accordingly, the Luo-Rudy (1991) action po-
further and stays at the resting potential (Fid8)9without  tential model predicts that the cell will hyperpolarize during
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FIGURE 12 Result of simulations done with the models, witht{me-independent, andl;; (b) time-dependent, and nol;; and €) time-dependent

I, andl;. The results of moded are shown in the first column with the transmembrane potential in roly,1in row 2, I; in row 3, andl,, in row 4.

All of the current clamp simulations in this figure are of the same stimulus strength. Mdiitthot elicit an anode break response at this stimulus strength.
I; was activated during the pulse and provided the inward current to drive the membrane potential above the resting potential (shimsetomthe
expanded scale), but was not enough to elicit an action potential. Results of bre@eshown in column 2. There is a reduction gf current during the
stimulus pulse, even though the driving force is increasing, simulating the block of the channel.d\lodleimn 3) exhibits an anode break response for
this stimulus strength.

anodal stimulation and that the transmembrane potentiaurve (Colatsky, 1980; Brown et al., 1981; Bodewei et al.,
will simply return monotonically to the resting level after 1982; Zilberter et al., 1982; Benndorf et al., 1985).
cessation of the stimulus. It is possible tlmtis actually In conclusion, active membrane properties play a signif-
more hyperpolarized in heart cells than assumed by Luoicant role in the process of anodal stimulation. The activa-
Rudy (Berman et al., 1989; Kimitsuki et al., 1990; Law- tion of I; provides the current necessary to drive the poten-
rence et al., 1991). Nevertheless, simulations done using tht&al to more depolarized levels, and the time-dependent
Luo-Rudy model with thé,, curve shifted such th&t= 0.7  block of I, aids the process by increasing membrane re-
at rest did not result in an anode break response (Fi@)13 sistance. Thus, our findings provide a cellularly based ra-
Moreover, the reported shift i, is largely based on tionale for anode break stimulation. Nevertheless, it must be
cell-attached patch experiments and has been proposed to emphasized that active membrane properties of the sort we
due to increased membrane fluidity and surface potentiahave investigated do not help to rationalize anode make
effects of the glass pipette on the underlying membraneesponses, i.e., stimulation that occurs during the hyperpo-
(Kimitsuki et al., 1990). Reports based on whole-cell preparization pulse itself. Bidomain theory remains the only
arations, using physiological internal ions, as in the presentiable explanation currently available for this phenomenon
study, do not report any significant leftward shift of the  (Roth, 1995; Wikswo et al., 1995).
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FIGURE 13 Results of simulations performed to test the role of sodium current in anode break excitation. In each panel, the top row shows theainensmembr
potential, the middle row shows the value of activatiof &nd inactivationlf) variables, and the bottom row shows the sodium current. All of the current
clamp simulations in this figure are of the same stimulus strength, with a 10-ms pulse applied at%imms. ForA, the kinetics for the sodium channel

were the same as in the Luo-Rudy model. Bathe sodium channéi,, curve was shifted such that only 70% of the channels are available at rest.
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