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ABSTRACT

The responses of the atrioventricular node (AVN) to changes in ac-
tivation rate is complex. A variety of approaches have been used to ex-
plain the different responds of AVN, but none has been able tc describe
fully nodal behavior. Three rate-dependent nodal properties referred to
as recovery, facilitation, and fatigue contribute to rate-induced
changes in nodal conduction time. We developed a model incorporating a
quantitative description of these properties that was able to accurately
predict AV node conduction during steady state atrial pacing. This model
provides a mathematical framework through which interventions such as
changes in the autonomic tone may affect AV nodal conduction. This was
evaluated by studying effects of vagal stimulation (VS), isoproterenol
(IP), and beta blockade (BB) on AVN conduction. Experimental results and
mathematical modelling revealed that these interventions alter the ways
in which the AVN responds to changes in activation rate. Tuese changes
result in enhanced rate-dependent AVN conduction slowing with VS and BB,
and reduced rate-dependent slowing with IP.

The potential implications of the rate-dependent properties oif the
AVN were studied by evaluating whether the depressant effects of dil-
tiazem (D) on the AVN are enhanced during arrhythmias which increase AVl
activation rate. The relative magnitude of D's effects on the AVN during
tachycardia (atrial fibrillation, and circus movement tachycardia) were
significantly magnified compared to the effects at races comparable to
sinus rhythm in man. Rate-dependent calcium channel-blocking properties
of D were an intrinsic property, though their intensity was modulated by
autonomic tone. This thesis provides a link between basic theories of
rate dependent properties and physiologic and pharmacologic implica-

tions.
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RESUME

La réponse du noeud auriculo-ventriculaire lors de changements
de fréquence d'activation est complexe. Une variété d'appreoches
ont été utilisées pour expliquer les différentes réponses du noeud
AV, mais aucune a été& capable de décrire complétement le
comportement nodal. Trois propriétés, dépendantes en fréquence, du
noeud AV telles que récupération, facilitation et fatique
contribuent aux changements dans le temps de conduction du noeud.
Nous avons développé un modéle, incorporant une description
quantitative de «ces propriétés, étant capable de prédire
précisément 1la conduction du noeud AV durant la stimulat:on
auriculaire pendant 1'état constant. Ce modéle nous donne une
structure mathématique incluant les interventions pouvant affecter
la conduction du noeud AV comme les changements au niveau du tonus
autonomique. Ceci1 a été évalué en étudiant les effets de la
stimulation vagale (SV), isoprotérénol (IP) et bloqueur beta (BB)
sur la ccnduction du noeud AV. Les résultats expérimentaux et ceux
provenant du modéle mathématique ont révélés que ces interventions
altérent les fagons a laquelle le noeud AV répond lors de
changements de 1la fréquence d'activation. Ces changements
résultent en une intensification du ralentissement de la conduction
dépendante en fréquence avec SV et BB et réduit ce ralentissement
de la conduction dépendante en fréquence avec IP.

Les implications potentielles des propriétés dépendantes en
fréquence du noeud AV, ont été étudiées, en évaluant si les effets
dépressants de diltiazem (D) sur le noeud AV sont intensifiés
durant les arythmies, celles-ci augmentant la  fréguence
d'activation. L'amplitude relative des effets de diltiazem sur le
noeud AV durant une tachycardie (fibrillation auriculaire et
tachycardie de réentiée) était amplifée significativement en
comparaison a celle obtenue durant des fréquences comparables au
rythme sinusal chez 1'homne. Les propriétés dépendantes en
fréjquence des blogueurs des canaux calciques par diltiazem étaient
des propriétés intrinségues bien que leur intensité était modulé
par le tonus autonomique. Cette thése fournit un lien entre les
théories fondamentales des propriétés dépendantes en fréquence et
les implications physiologiques et pharmacologiques.
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reentrant tachycardias-Relationship to usec-dependent caloium o huannel
blocking properties" (Talajic et al, 1990) were more of o collaborative
effort 1t was Dr. Talajic’'s idea to test the frequency-dopendent of -
fects of diltiazem on the AV node during experimental tachyeardia,  in
the first gtudy [ vas responsible for parformng, “he o poamen o 0

analysing the data., Some of the caperiments wore conducted Ly Fing
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Dr. Nattel served as supervisor. In the second study 1 participated in
performing some of the experiments While not exclusively my own work,
these two papers are included in the body of the thesis because of itsg
place in the sequence of research 1 am presenting. Their inclusion will
show the relationship between the fiequency-dependent properties of the
AV node and drug efficacy in the treatment of tachycardias involving the
AV node

The paper entitled "Autonomic modulation of the frequency-dependent
actions of diltiazem on the atrioventricular node in anesthetized dogs"
(Naycbpour ot al, 1990) describes research in which the initial ideas,
design of studies, and analyses of data were almost all my own. For tiis
study, Dr. Nattel served in an supervisory capacity, and improved the
wiriting  Although, 1t was Dr. Talajic's initial idea to test the
frequency -dependent effects of diltiacem during atvial Dibvillation (see
manuseript discussed above), the importance of autonomic tone in
modulating the frequency-dependent drug effect was not tested He par-
ticipated in discussing the data and helping in analysing some of the

data Dr. Jing participated in performing some of the experiments.
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Chapter 1

INTRODUCTION
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1. ATRIOVENTRICULAR NODE

1.1- iunctional significance

Although the AV (atrioventricular) bundle was first described in
1893 by Wilheim His, Jr., a much more comprehensive report was given by
Sunao Tawara in 1906 (Tawara, 1906; cited in Meijler and Jansec, 1988) .
The name node was given to the initial portion of the AV conducting
system because of the peculiar network-like arrangement of the muscular
Iibers and not because of the macroscopic appcearance of d node- ke
wwelling or thickening. The AV node, with its junctional fibers, links
the atria to the ventricles. The strategic position of the AV node makes
this structure an important part of the specialized conduction system
An important function of the AV conduction system 1s the transmission ol
mipul s¢s from the atria to the ventricles. In addition, the cardiac im-
pulve is delayed 1n the central portion of the AV node This allows sut -
ficient time for atrial contraction to contribute to the filling of the
ventricles., One of the important functions of the AV node is to protect
the ventiicles from excessively rapid rhythms 1In addition the AV node

My act as a pacemaker for the ventricles when the sinus node pacemaker

faile

1. 2- locatron and organization

The AV node is situated in the lower posterior portion of the atrial
septum on the right side near the AV border. 1In the adult human it
measures 9 to 7 mm in length and 2 to 5 mm in width (James, 1901). The

AV node is positioned in a triangle bounded by the orifice of the coro-
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nary sinus, the orifice of the superior vena cava, the cortonary e

the orifice of the inferior vena cava and the small «optal cusp of th
tricuspid valve (Roberts, 1959). This triangle, oviginally desciihed by
Koch (Koch, 1909), is named the triangle of Koch 1t is clowe to the
coronary sinus, its upper border Dbeing, just bencath and o tew wyl-
limeters to the right of this vein. The lower border of the AV node o
en the right side of the root of the aorta and above the  ceptam
membranaceum, and is situated betwecen the limbus of the foswa ovalic and

the tricuspid valve.

1.3- Distribution_of cell types within the AV node

Most of our knowledge about the clectrophysiology, innervation, hi-. -
tology, and ultrastructure of conduction tissue has been obtained from
studies on animal species, particularly the rabbit., There are very fow
studies of AV node histology in huaan hearts., Most  stidies of  homan AY
node have been performed either in tissues obtained at poot mortem o
amination or in hearts obtained from rcciprents of cardvae tranephant -
James and Sher{ (1968) werc able to tdentify four diffcorent codl tynos
in the human AV node on the basis of light microscopie « amnations T
fitet cell type at the atrionodal mavgin resembles  orvdina sy corling
myocardium. Thete cells are linked via intercalated disls to the otha
cell types within the AV node, but never with cells located contoally an
the node These cells contain more myoftibrils than thouse  located
centrally and their sarcoplasmic reticulwn is fully devetopod “Thie type

of cells has not been reported in the rabbit AY nod
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The second cell type which is by far the most common in the human AV
node 1s called the transitional cell type. These cells are slender and
¢longated, and resemble working myocardial cells except that their in-
ternal  organization is somewhat simpler (James and Sherf{, 1968). These
cells provide a network which contacts all four cell types. The junc-
tions between these cells and either working or Purkinje cells are
provided by intercalated discs. These intercalated discs have a simple
structure compared to those of working myocardium. In these cells the
myofibrils aic¢ located in a pavallel fashion along Lhe long axis of the
celle, and as the number of myofibrils increases, so does the number of
mitochondria. These cells resemble transitional cells described in the
rabbit heart (Anderson et al, 1974). However, in the rabbit these cells
are subdivided into three distinct groups the posterior, midnodal, and
anterior group of transitional cells.

The third cell type is  that of "P" cells. They are rounded or
ovoid in shape, have a poorly developed sarcoplasmic reticeulum, and are
focated centrally in the AV node. One of the most <triling differeoces
between midnodal cells and those of the working myocardium oy transi-
tional cells 1s the lack of fully developed intercalated discs, either
amonyg these cells or between them and neighboring cells (James and
Sherf, 1968) This lack of intercalated disks may contribute to the slow
conduction which occurs in this region of the AV node. These cells con-
tain relatively few myofibrils and sarcomeres, and have little sar-
coplasmic reticulum. They correspond midnedal or "N" cells in the rabbit
heart (Anderson et al, 1974), which are small and not separated by much

connective tissue (Anderson et al, 1974).
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The fourth cell type in the human AV node occupres the dr tal por
tion of the node and resembles Purkinje cells, In thewe colis the
myofibrils are fewer in number than in working myocardium, but they are
sarcosome-rich 1like the transitional cells. This wmay esxplain the
pacemaker activity observed in this region. Thease colle corionpond ta
cells in the distal portion of the rabbit AV node, called ovor nodal
calls or "NH" cells (Anderson et al, 1974) I the vabbir AY node i
lower nodal cells are separated by connective tissue and 1t 1n cuny to

distinguish these cells from His bundle cells.

1 4- Structural-Electrophysiological correlation

Tn 1960 Paes de Carvalho and de Almeida divided the AY nodal o1y
into three zones based on electrophysiological properttes. Subnomently,
other authors confirmed the existence of these zones tn the AV nod
(Strackee et aul, 1971: Anderson ct al, 1974, Billette ¢t ol 14/6
These different zones are usually designated AN catyronodaly
(nodal), and NH (nodal-His) AN cells have  actiron poteatvab comlbyoan g
tions which gradually change from a typreal atiral aotron potont gl
(rapid upstroke, constant level of membrane potoential durving plaae 4
rapid repolarication) toward a more typical nodal aetion potontyad e
negative resting potential, slow diastolic depolarization, and lov
upstroke) (Hoffman and Cranefield, 1960, Mendez and Moo, 1466 Bille by
1987) "N" cells are located more centrally and have tvpreal nodal
tion potentials as described above The NH zone 1o distal to the "R
nyin

zone and 1is a4 transitional region between the zone  and the Hie

bundle. Therefore, their action potential configwrations praciually
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change from a typical "N" cell action potential to a typical action
potential from the His bundle (more negative membrane potential, long
action potential duration, phase 2 and 3 of action potential clearly
differentiated) (Hoffman and Cranefield, 1960).

Since the identification of these zones, several attempts have been
made to correlate these electrophysioclogically distinct zones with mor-
phological charvacceristics (Anderson et al, 1974, Billette et al, 1976,
Sherf, et al 1985, Anderson et al (1974) identified these =zones on the
basits of action potential differences and then injected cobalt chloride
through the microelectrodes from which action potentials had been re-
corded Subsequent histological identification of cobalt staining showed
a close correlation between different electrophysiclogical zones and
movphologircally distinct cells (Figure 1.1). In this study AN potentials

were recorded from transitional cells and NH potentials from lower nodal

cells in the distal AV node.

transitional ceils

midnodal :ells /
low nodal ceils Cs /O//; .
tibrous tissue / x//x/// -

O AN cails
O AN ceil with long diss.
8 N cails

¥ NH ceils

X “dead end ceils”

Figure 1.1. Diagram showing distribution of morphologically different
cell types in AV node.The positions of the 153 verified cobalt
spots are superimposed on this map. Each of the symbols represents
1 cobalt spot NH cells are confined to the anterior lower nodal
cells The N cells are adjacent to the midnodal cells, and all AN
cells are 1n transitional cells This Figure is» taken from a paper
bv Anderson ot al, Cive Res. Vol 135, 1974,
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Typiecal nodal potentials (N potentials) were tcecorded tirom the
central portion of the AV node Billette ot al (1% o) wtudred ool
length-dependent properties of AV mnodal activation and rtelated them to
subsequent morphological analysis, confirming the above 1oanlts
However, Billette's results showed that the proxitmal portion of the AV
node, known as the AN zone, appeared to occupyv a lavrect ate s an the
atrial portion of the AV node, and another tvpe of AY colle o o oo
“double-component AN cells") was 1dentified between W cella gl N
celils Subsequently, Billette (198/7) subdivided the procimal portion of
the AV node into AN cells, ANCO cells, and ANL oclle based on
clectrophysiological properties,

Based on these studies it can be concluded that the wmchitootare of
the AV node is designed to subserve i1ts spectal i~ed tvnction  The die
rribution of morphologically distinct cells from the proaimal  to the
distal portion of the node determines the conduction of atiral dmpul e
through the AV node. In the following scction the wipniticance of 1heo
different zones in determining AV nodal conduction dolay D be dre-

cussed,

/. _ELECTROPHYSIOLOGY OF THE AV NODE

2.1- Cellular electrophysiology

2 1.1- Action Potential Characteristics

The action potential characteristics of cells 10 the A7 node e
different from those of cells elsevhere in the spectalized candaet 1o
system (Hof fman  and Cranefield 1960) 1o cells of the wpecralbyzed con-

duction system the resting membrane potential (RMP) o, 00 [rom
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aprociately -65 mV in the AV node to approximately -95 mV in the
Purkinje system (Hoffman and Cranefield, 1960). Action potentials re-
corded from typical nodal cells ( N cells) have low amplitude and
cither a small overshoot or no overshoot at all (Hoffman and Cranefield,
1960 Mendez and Moe, 1966). The maximum rate of rise of membrance poten-

tial during phase 0 (V is slow (Hoffman and Crauncficld, 1960, Paes

max’
de tarvalho and Almeida, 1960; Mendez and Moc 1966) Phase 1
tepolarization is not clearly demarcated, and the duration of the action
potential i« somewhat longer than that of atrial cells but shorter than
tor Purliinge cells (Billette, 1987) AV nodal cells nearer tho i
bundle have a more negative resting membrane potential, and their action

potential durations are longer with greater V and amplitude (Hof{man

max
ot al 1959, Mendez and Moe 1966; Billette, 1987) Along with the
peometry and architecture of the AV node, these action potential

characteristics are critical in determining conduction through the AV

tnode

> ) ./- Mcembirane Currents in AV nodal cells

Althoupgh the voltage clamp technique has been available since 1952,
there are few studies using this technique to analy.se the membrane cw -
rent systems in the AV node. Some indirect information on fonic cur-
rents of the AV node has been obtained by analyzing action potential
chatacteristics and their response to phatmacologic agents (Zipes and
Mende: 1973 Wit and Cranefield 1974). These studies suggest that the
slov tnward current (I44) is responsible for phase zero of the AV nodal

action potential  Zipes and Mendes (1973) showed that 2 m¥ MnCl,
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supresses activity in nodal cells without alterine  activity an t
atrium or His bundle. On the other hand, tetrodotosin eliminmate s o
tivity in the His bundle and atvrium witlout importantly altering the
function of AV nodal cells These observations supeceated the concept
that calcium entry through so-called "slow channcls" 1o 1caponaibhle to
the activation of AV nodal tissue.

The major limitation to studying 1onic currente 1 the AV node oo
a multicellular preparation is the heterogeneity of the AV node £,
discussed earlier, the AV node consists of  diffevent ool tvpen vt
different electrical properties. The short space constant 1n the A naod
(Noma et al, 1980) adds another restriction, by limiting the <1 ¢ ol
preparations in which voltage control is possible The ntroduction ol
the patch clamp technique allows for the <tudy of jonie cmonts
the level of a single cell or single chamnel (MHamill ot al, 1981) A
few laboratories have been success{ful in using wholc ool voltape < lamp
with a patch electrode to study the membrane curvoents o the o7 nod

(Kokubun et al, 1982 and 1985, Nakavama et al, 1984, Malavama and

Irisawa, 1985)

2 1.2 1- Transient Inward Calcium Current, 1.

Noma et al (1980a) and later Kokubun ot al (198/) charactonriood

4

ionic currents in the AV node using small spcecimens of the bbbyt 407

yoy

node They found that the upstroke of the actian poroati ol e e 7Y
node iy dependent on the calcium slow 11ward current ovaitrve to b GG
and insensitive to tetrodotoxin (TTX) Tanipuchy ot b C1U% )

'

Nakayama et al (1984) characterized tho ronmc curront b e an
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using single pace-making cells from the AV node of rabbit hearts. The
slow inward current in single cells was comparable to that obtained in
small AV nodal cpecimens. The slow inward current can be recorded in
both sodium-free and calcium-free Tyrode solutions, and in both cases
the current is sensitive to D-600 and insensitive to TTX (Kokubun et
al, 1982). This implies that the slow inward current in AV nodal ceils
can be carried by calcium or sodium ions through the slow inward cur-
rent channels, although in the physiological situations ca*t is the main
charge carrier. There has been dispute as to whether the fast sodium
inward current (INa) can also contribute to phase zero of action poten-
tials in the AV node. Membrane hyperpolarization either in multicel-
lular preparations (Van Capelle and Janse, 1976; Kokubun et al, 1982) or
in single cells isolated from the AV node (Nakayama et al, 1984) can al-
low sodium inward current sensitive to tetrodotoxin (TTX) to be
elicited. Kokubun et al (1982) showed that the upstroke of the action
potential elicited from a  hyperpolarizing prepulse to -83 mV is
biphasic, and that the fast initial phase is sensitive to TTX. These
findings are comparable with other observations ( Ruiz-Ceretti, 1976;
Kokubun et al, 1985) suggesting a potential contribution of the fast

sodium inward current in the AV node.

2.1.2.2- Potassjum outward currents
2,1,2,2.1- Delayed rectifier gIK)
It is known that the termination of the action potential in Purkinje
fibers is in part due to activation of a delayed rectifier potassium
current (Nobel and Tsien, 1969). For many years, the characterization

of Iy was complicated by the potential for potassium fluctuations in the
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extracellular space of multicellular preparations. The 1ntroduction ol
single cell and single channel recording has diminished these problems,
Ty activates slowly upon depolarization and decavs pradually aften
repolarization to the holding potential, and has been identified 1o the
AV node ( Noma et al, 1980a; Kokubun et al, 1982, Tanipucht ot al,
1981). Kokubun et al (1982) found that the time course of the outward
current tail was biexponential, like the outward tarl cinaont 1n the 9a
node (DiFrancesco et al, 1979; Irisawa. 1978 and Brown, 1982y 1t hay
been suggested that the fast component plays an important vole in the

repolarization of the AV node (Kokubun et al, 1982

2.1 2 2.2-Transient outward current Ito

Another potential voltage gated potassium channel 1n the AV nade e
the transient outwurd current (Ito) which is also called the early ot
ward current. This current was demonstrated 1 the <hoop Partbange it
as early as 1964 (Deck and Trautwein, 1964), and has bheen o tenwavely
studied in various cardiac cells ( Porsveard and Hivaobo, 1920 Ponvan and
Gibbons, 1979; Coraboeuf and Carmelict, 1982, Joscephnon ot al, P9b4
Tseng and Holfman , 1989) Recently Nakayama and Trisua o 19%5) he
characterized 1., in quiescent cells of the AV node of the rabbi Pl
found that this outward current can be activated upon depolart ot ran
from hyperpolarized potentials, and then quickly decays  slrbhonpto 1 e

carried mainly by potassium ilons, the channel may alwo ho pormeable to

sodium (Nakayama and Irisawa, 1985). However, Kokubun <t al (1947, dud

not record T, in multicellular specimens at physiolopic potontiad:
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Therefore the exact contribution of this current to AV nodal physiolopgy

is not known,

2.1.2.3-The hyperpolarization activated current (If)

Hyperpolarization of the SA node induces a gradually increasing in-
ward current, This current has been referred to as hyperpolarization
activated current or If ( Brown et al, 1979; Noma et al, 1980,
Yanapgihaira and lIrisawa, 1980) Kokubun et al (1982) found 1y in  small
spectmens of the AV node, and later Nakayama et al (1984) demonstrated
1ty presence in cells isolated from the rabbit AV node. The propertics
of the curtent were similar to those of I in the SA node Since 1y is
inactivated at the normal resting potential of the AV node, the cxact

contribution of this current in the AV nodal physiology is not known

7. 1.3-Passive electrical properties of the AV node

In order to understand passive propervties 1t 14 useful to tihinl ot
the cardiac membrane  as an electrical analogue containing resiestors and
capacitors (Arnsdort, 1984) (Figure 1.2A) The resistance of the cardiac
membr ane to the flow of ions and charged species 14 provided by its
finite structure (the thin lipid bilayer). This structure is able to
wtore charpes of opposite sign on its o sides (capacitor) Thoe inter -
nal resistance of the cardiac fiber per unit length is vpeoand s the

mewhrane 1esistance over the same length, while the capacity of the

fiber poer unit length is ¢ These electrical constants can be measured

m’

by the analveing the changes in membrane potential produced by o squaic

S
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wave pulses of current. The decrement of the injected current that oc-
curs along the length of an cardiac fiber depends upon the values of ron

and r;, and the ratio between these factors determines the longitudinal

1

spread of current. The steady-state voltage falls exponentially with
distance from the point of current injection (Figure 1.2B), and can be
expressed mathematically as: v, = Voe-x/lambda

in which lambda is the space constant.
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Figure 1.2A: Equivalent electrical circuit for the passive
properties of a cardiac fiber. G : Capacity of fiber per unit
length; rnt Membrane resistance; ry: The internal resistance; £yt
external resistance.

Figure 1.2B: Electrotonic decay with distance in an infinitely long
cable-1like fiber. Ordinate: transmembrane potential; Abscissa.
distance in terms of the space constant.

In the AV node r; is much larger than in Purkinje fibers and
ventricular muscle, and T is smaller (De Mello, 1977; Nishimura et al,
1988) . Consequently, the space constant in the AV node is shorter than
in Purkinje fibers and ventricular muscle, tending to cause slow conduc-
tion. De Mello (1977) calculated the space constant of the AV node fiber

to be about 0.43 mm and Kokubun et al (1982) reported s value of 0 6% mm

(1/3-1/2 that of other myocardial fibers).
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3- MACROSCOPIC AV NODE ELECTROPHYSIOLOGY

3 1-The P-R interval

The P-R interval on the surface electrocardiogram (ECG) represent
the time taken for the impulse to pass from the atria to ventricles.
This interval represents the time required for the propagation of the

impulse through the atria, AV node, AV bundle, and bundle branches

(Figure 1.34).

ECG

'
HEE 1 v

—~cm oty
P
T

e

Figure 1.3+ An example of a simultaneocus ECG and His bundle electrogram
(HBE) showing P-R and A-H intervals.

Only a fraction of the normal P-R interval represents the passage of
evcitation through the AV node. The AV node conduction time can be more
closely estimated using an intracardiac electrogram (Scherlag et al,

1969, A bipolar catheter electrode is introduced into the right atrium

and positioned across the tricuspid valve. Thle resulting electrogram

includes a sharp deflection (H, Figure 1 3B) that represents His

bundle activacron The time taken from atrial depolarization (&) to the
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His electrogram (H) ( refered as the AH interval) rvepresenta AV conduce-
tion time.

Although the AH interval is the best available measwiement of the AV
node conduction time, the P-R interval still is a clintcally usetlul n
dex of AV conduction time. The intra-atrial conduction time (' A
interval), and infranodal conduction time (H-V interval) are normally 20
to 50 and 35 to 55 msec in the adult human heart 1ceapoctively (Rooa ol
Mandel, 1987) These intervals are not significantly affcected by the
dautonomic nervous system or by other physiological 1nterventions  The
P-R interval in the normal adult human heart is 120 to 200 maoece, and the
A-H interval 1s 50 to 120 msec (Ross and Mandel, 198/7) The A1l itnter -
val is highly dependent on heart rate and on the state of the autonowte

nervous sys tem,

3 2-The site of conduction delay

There 1< some disagreement vegarding the contiibution of  difterom
zones of  the AV node in determining the AV nodal coneluctron dedoe, o
et al (1968) showed that premature AV unodal stimalar jou coanoos o b b,
in the prosimal AV node Billette ¢t al (19/76) fonnd rhar oo delay an
conduction through AN cells accounts for a farge fraction of the o g
nodal delay during pacing at a slow rate In another <tudy Joamcen  CH0/0,
perfused ethylenediaminetetraacetic acid (EDTA) i1nto the aV node artory
of the dog to map the site of delay. He concluded that the «colble at tha
junction of the AV node and His bundle dre the wirto of delay v Y
conduction. The most complete study of the conrorlor ion of drffo o

zones to AV nodal conduction delay wae performcd docontiy e Bdlor
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(1987). He showed that 25% of the conduction delay upon premature
stimulation takes place in proximal cells of the node (AN, ANCO, ANL,
and N cells), and the majority of the AV nodal delay takes place hetween

the N and NH zones.

3 3- The cause of AV nodal conduction delay

Hof{man ¢t al (1959) estimated the speed of conduction in the AV
node to he 0,050 02 m/sec, much less than in the wventricles (0 4
m/sec), atria (0.8-1 m/sec), and Purkinje fibers (4 m/sec). Lewrs and
Master (1925) proposed that the slow conduction in the AV node is due to
a lonpger refractory period of the node compared to that of atrial or
Purkinje fibers. Krayer et al (1951) proposed a synaptic type of Lrans-
mission to explain AV nodal delay. Later Hoflman et al (14958), and
Hof fman and Cranefield (1959, 1960) performed studies on rabbit and dog
hearts and concluded that the AV delay is due to slow conduction
tather than to refractoriness of nod.l tissue or to delay due ta chemi-
cal transmission

In addition to slow conduction (uniform propagation at a lowv
velocity) as a basic mechanism for the conduction delay in the AV node,
Holtman also proposed that conduction is decremental (Hof fman ot
al 1959, Hof fman and Cranefield,1960; Hoffman et al, 1958). Decremental
conduction ocecurs when a normal action potential enters a region ol the
mvocardium in which changes in the properties of the fiber ahead of the
action potential diminish the efffciency of the action potential as a
stimulus  Changes in fiber diameter, threshold potential, and cable

properties can result in decremental conduction Another mechanism for

- ) o
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AV node conduction delay could involve the electrotonic spread ol an -
pulse across an inexcitable gap (Mendez and Moe, 1966, Billoettoe ot 1,
1976). Hoffman et al (1959) considered this possibility, but judped 1t
to be unlikely. The mapping studies done by Billette ¢t al (19760 and
Billette (1987) provided evidence that an inexcitable pap 14 located be
tween N cells and NH cells. With increasing premature «timulatien, ae
tion potentials in the N zone dissociate progressively 1nto tvo com
ponents, that are synchronous with action potentials 1ccorded pro tmal
and distal to the N zone respectively (Billette ot al, 1970 Plloie,
1987). The fact that no action potentials could be recovded during the
interval between these two components suggests that the pro.imal tw
pulse is unable to cross this area, but electiotonic cintoent wproad
brings distal excitable cells to threshold. The longer the duration ol

the stagnation the longer the delay, until block occure (Billette 1987

3.4- Refractory period of the AV node

The inability of a tissue to be re-escited rmmediato s o o
tion potential is called refractoriness, and the period duaring chick o
cirtability is reduced is called the refractory period A vt Shoun an
Figure 1 4, the effective refractory period (LREP), divang whiich wtomal
of any strength are unable to initiate a propagated w tian potont vl
followed by the relative refractory period (RRP), during hich onivy
stimuli greater than those which normally rvach thrceshold can canne o
propagated action potential. Refractory periods of tho AY condact pron
system can be determined by the atrial cectractimaibne techsigo AR

al, 1970, Denes et al, 19/74) With this technigue . o ataral o
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stimulus (4,) 1is applied at decreasing coupling intervals after a series
of sinus or atrial driven beats (A;) (Figure 1.54). In a plot of A,-H)
(conduction time of premature beat) vs A1°A2 (coupling interval) (Figure
1.5B), AV nodal RRP is the longest Aj-Aj producing prolongation of Ay-H,

relative to Al'Hl' and AVERP is the longest AI'AZ where A2 is not fol-

lowed by an HZ' In a plot of Hl'HZ (output interval) vs Al'AZ (input in-

terval) (Figure 1.5C), AV nodal FRP is the shortest attainable Hl-H2 in-

terval

+20F

membrane potential (mV)
'S
=)

-100 — FRP

S0 100 150 200 250 300 350 400

Eg_l‘i msec Hl Fig 1.5A 53467

Figure 1.4: Schematic drawing of the relationship betveen transmembrane
potential from a single cardiac fiber and excitability of that
fiber to stimulacion (modified from Hoffman and Cranefield, 1960)

Figure 1.5A. A diagram of the extrastimulus technique shows the last of
a series of 20 basic (A) and one premature beat at different cou-

pling intervals (2-7)
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Figurc 1 SB* Diagrammatic representation of A A,-Asll, curve showing ef-
foctive refractory period of the AV node.
Cigure 1 5C Diagrammacic represencation ot Ay, -ILIT, curve showing

fanetional retractror pertod of the AV node
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Billette (1987) used simultaneous intracellula: recording ot dit-

ferent zones in the AV node to demonstrate that the ERP and FRP woeie
related to the minimum intervals between successive upstiohes at the
node entrance (AN and ANCO cells) and outlet (NH cellw) reapoctively
The validity of the AVFRP as an index ol AV nodual rofractoriness hae
been debated. Ferrier and Dresel (1974), and Simson ot al (199 Showed
that the AVFRP and AVERP are inversely related, and suppentod that AVERE
is an indicator of nodal conduction Recently Billette and Metaye
(1989), Ly studing the rate-induced changes of AVIFRP and taliing 1utao
consideration the effects of facilitation and fatirouc an AVIRDE ooy
gested that AVFRP is related to nodal reflractorvincws AVERDP 14 Glaa o
useful measure of the maximum ventricular rate thoat can ocemr dun g
rapid atrial rhythms such as atrial {ibrillation (Ma. paley ot ol 1987,
Billette et al, 1974; Billette et al, 1975). The offective refractory
period on the other hand is a useful wmeasurement to cvaluate the olfocts
of antiarrhythmic drugs on the AV node. Moot  antiarrbvthmie divps Lap
press various supraventricular tachyarrhythmias by prolongat ton of AULEP

(eg. calcium channel blockers, and beta blockera

3 5- Concealed conduction

Lewiso and Master (1925) first noted that the o7 nodal canduaer 1o
time of propagated impulses during 2 1 response (oo atrial id o
ventricular rvesponse) is longer than during 1 1 condactron sith the - am
RR interval. Incomplete penetration of an atrial 1mpulec 1nto the A9
node may block or delay the passage of a  subscguont atrial rmpal

1"

This phenomenon was later termed "conccealed condae van™ Ly o doangendon |
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(1948) and defined as the effect of blocked impulses on the formation
and conduction of subsequent impulses. Hoffman et al (1961) showed
that concealed conduction can take place in any part of the conduction
system, Later, Moe et al (1964) characterized this phenomenon and
showed that concealment is regularly demonstrable after thoracic sym-
pathectomy and during vagal stimulation. Concealed conduction is deter-
mined by a "zone of concealment” (Moe et al, 1964) during which an im-
pulse can excite the atriumn and penetrate into the AV node, bhut blocks

somevhere within the node because of AV node refractoriness.

Sy 52 S5

! ! Top: A, AVN, H, and V, respec
A s ‘ tively, represent atrium,
AV node, His bundle, and
AVN ventricle V;, V4 are
ventricular responses to
H ' the driving stimuli of S;,
v Vé and S, respectively. S, is
the blocked premature

stimulus.

¥ Bottom: S3 is blocked within

A
\y the AV node. Shaded area
Lot represents the zone of

AvN £0C concealment "20C" which 1is
H 1 the interval between AVERP

D and AERP

v, \A
Figure 1.6

Since penetration into the AV node has occurred, the conceualed im-
pulse leaves the node partially refractory despite not having propagated
to the ventricles. The duration of the zone of concealment (20C) 1s
determined by the difference between atrial effective refractory period
(AERP) and AV node effective refractory period (AVERP) (Figure 1.6). The
ZOC can be increased by interventions that increase AV node refractori-

ness, such as vagal stimulation (Moe ec al, 1964) and calcrum
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channel blockers (Talajic et al, 1989) The timing of the bloc

beat in the Z0OC determines the conduction of a «ubscquent

hed atral

conduct od

beat (Moe et al, 1964). Concealed conduction within the AV node 14 one

of the major determinants of the ventricular 1ceoponse durine il

fibrillation (Langendorf, 1948; Langendorf ot al, 1Y6h, Moore,

4 FREQUENCY-DEPENDENT PROPERTIES OF AV NODE

90

Changes in driving rate have no sipnificant clfect on conduction i

the atrium, Purkinje fibers, and ventricular muscle  until

block occurs (Hoffman and Craneficld, 1960; Meirdeth ot
Talajic and Nattel, 1986). In fact, Ferricer and Droe:

demonstrated a period of supernormal conductivity 1n both

atrial septum and the ventricles prior to conduction blochk

node, however, as the rate increascs, the conduction e 1ne

til AV block occurs (Mobitz, 1924; lewis and Master, 19249

the 1nterval between two consccutive atiial tmpulbocon e Tong
tune required for  full recovery of AY nodal o crvabn ity tia
major changes 1 AV conduction time  As the rato incioan:
enter the AV node at relatively carlier points o the

period, thereby increasing the AV conduction time Dencs ot
reported a statistically sigmificant correldation hetvoon »
time (AH interval) and AV node effccetive r1efractorys poriad
man. They found that as the AVERP got lonpger as o roonalt of 1
ratce, the AV conduction time lengthencd  Rato dopeondent oo

conduction time and refractoriness constitute o of  the

propertics of the AV node in protecting the ventyo o, fron o

phaae
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rapid rhythms such as atrial fibrillation. Rate-dependent cvenduction
properties of the AV node determine the occurrence and/or manifestations

of supraventricular arrhythmias.

4,1-Patterns of response of the AV node to rate change

4 1 1- Response of AV node conduction time to single premature

arrial stimuli

Mobitz (1924) and shorcly thereafter Lewis and Master (1923)
reported that conduction time of single atrial extrastimuli was in-
versely and nonlinearly related to the elapsed time from the preceding
ventricular activation. They found that P-R interval increases with in-
creasing prematurity of the propagated atrial impulse. They related
this phenomenon to the phase of nodal recovery in which atrial impulses
penetrate the node. The curve relating the conduction time of the prema-

ture impulse (measured as P2RZ2, A2V2, or A2H2) to the coupling test in-

terval (R1P2, V1AZ, HIAZ, or AlAZ) is called the AV node recovery curve

or refractory curve (Figure 1.7).

120
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Figure 1.7: Dtagrammatic representation of AjH,, HiA, curve.
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Wit et al (1970) and Damato et al (1969) studicd the same 1elation
ship in man and found that the response of the AV node to single proema-
ture atrial impulses was similar to the one described for anmmmale  The
response of AV conducrtion time to single premature atrvial rmpulaca iy
f.equently used in clinical electrophysiology to studv nodal 1eliactonr

ness

4. 1. 2-Response_of AV conduction time to increased vate

4 1 2.1- Inecremental pacing (ramp chanpes in heart e

Loeb et al (1985} studied the beat-to-beat chanpes of AV conducton
during ramp changes in heart rate in autonomically decenty il od doype
They found that linearly increased heart rate rvesultoed inoan tmorcase 1
AV conduction time which was parallel to the rising phase of heart vate
The response of AV conduction time to Llincarly decicanad heart vate o
not symmetric, showing a hysteresis phenomenon (kipure 1 8)  atcoror,
they round that as the rate of change of hoart rtate tnorcasod  the o
of 1.1 conduction happencd ot a higher level of heart o vate by 1.
They concluded that changes in AV conduction arc depondent ot only oo
the number of atrial impulses per unit time but aico on thoe oate of

change of atrial impulses per unit Lime
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Figure 1.8. Effect of linear heart rate increment and linear heart rate
decrement on AV interval. Upper curve reflects heart rate plotted vs.
time and lower curve represents AV interval plotted vs time (taken from

Loeb et al, 1985)
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Figure 1.9' Relationship between the rate of changes of heart rate and
the loss of 1:1 conduction. Upper graph shows linear heart rate ramps of
200 beats/min above control rate. Lower graph shows associated AV inter-
vals (taken from Loeb et al, 1983)

4 1 2 72-Response to single-ster and multiple step increments in

heart rate

AV nodal response to a sudden or multiple step increases in heart
rate is generally characterized by progressive prolongation of AV node
conduction time for a variable numher of beats until a new steady state
value is achieved. This phenomenon has been called AV accommodation

(Loebh et al, 1987)Y Lewis and Master (1925) and Meredith et al (1968)
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examined the response of AV conduction time to murtiple-step increments

in heart rate and found that as the rate increased the AV conduction

time increased in a cumulative manner. The same kind of noddl respouse

was shown by Loeb et al (1987), and Billette et al (1986), they {ound

that the intrinsic response of the AV node to heart rates changes was
not only dependent on the absolute level of heart rate, but alvo on the
potential cumulative effects of earlier heart rate TFigure 1 10 shous

an example of this kind of nodal response.
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Figure 1.10: An example of multiple-step increments :n hcatt rate  Top
panel, heart rate (beat/min); bottom panel, AV interval ve time (tulon

from loeb et al, 1987)

These data indicate that stepwise increments in heart rate of 1denty-

cal magnitude are associated with different degrees of AV prolongation
This cumulative effect is more pronounced at a highcer heart rate The

response of AV conduction time to the single step change in heart vate
is different from the one which resulted from multi-step or stepwine
changes in heart rate in terms of the time course of the chanpes in &Y
conduction time. The response of AV node conduction to sudden changes

(single step) in heart rate commonly happens at the onnet of
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cupraventricular tachycardia when the heart rate abruptly changes from
the «inuy rhythm to a very fast heart rate.

Two kinde of approaches have been used to study the vresponsc of the
AV node to o sudden change in heart rate. In the fiist approach, the
heart rate is changed from a slow heart rate Lo a fast rate with a con-
atant  interstimulus interval. Loeb et al (1987) uwcd this approach  and
found that there was a time dependent prolongation in the AV conduction
time unti!l a new steady state was achieved. A very fast heart race
tesul ted 1o oa pradual conduction sloving followed by the loss ob 1]
conduct 1on.,  Loehmann et al (1984) studied the patterns of the human AV
nodal response to a sudden increase in atrial rate  Dbepending on the 1o-
torval between the last heat (S1) at the slow rate (S1S1) and the it
heat (S?) of the fast rate (S2S2), S1S2, three potential patterns of
nodal response were observed. These consisted of "creccendo® accommoda -
tion, which was characterized by a pradual incrcase 1n AV conduction
Cime until steady state was achieved, an "instantancous pattern”, in
which AV conduction time reached its steady state  within one beat, and
"doet eseendo”  accommodation, in which the responec of the AV node wae
(hatacterized by a sudden initial inciease in AV conduction time which
was  lonper  than the eventual steady state, andthen propressivcl,
decteased to attawmm the steady state value.

The sccond approach involves the response of AV conduction time to
sudden chanpes in rate vith a constant VA or HA interval Clinically
this kind of sudden change in heart rate occurs during reentrant
tachveardias associated with the Wolff-Parkinson-White syndrome (Durrer
et al, 1970, Gallagher et al, 1975). During such tachyeardias the bypass

pathway (VAY interval has little variation in conduction time (Gallapher
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et al, 1975, Narula, 1972). whereas the AV interval nitially oo o
to a maximum value and then oscillates over scveral beats uantil ot

reaches 4 new steady state.

4.1 3-Patterns of AV block

In addition to the different patterns of nodal rooponse to e daty
changes described above, the response of the AV node toa vers bt
heart rate may be manifested as  different deprecs of AV blodd

First-depree AV block is manifested clectrocardropraphicce e w o
prolongation of the P-R interval  The P-Rointervad consrtoof thiee o
ponents PA, intra-atrial conduction time, AL tntoreat . the AY pod ol
conduct ion time, and the HV interval, conduction Cim throngh the i
Purkinje system Although first-degree AY block can ho duc to dovrne
anywhere in the conducting system (Narula ct oal, Tvrbyo o b boen

shown that it tends to be due to slowing 1n tho AY node ofbaad o 10

Sccond-depiee AV block 1w charactorizod by the Db ol o !
not all, atrial impulses to traverse the AV node i o ton e ot
between atrial tmpulses and ventricular vesponsco b proator Phan o

If every other atrial wmpulsce is blockad, the roesalt oy obnovwet e
called 2:1 AV block (Katz and Pick, 19%6) In 4 3 & Liloch ooy Lo i r
P wave is not followed by a QRS complea n featime of wome caren ol
sccond-degree AV block is the Wenckebach Phenomenon, Fove b norne by o

curs during o fast atrial rate. The clectrocardiopaphine o et pean
of this phenomenon is a progressive prolongation of the P-P oantoreal /Y

conduction time) leading ultimately to o diopped et oo,

1899) .
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4 9-What are the properties of the AV node determining rate- induced

chranges in AV _nodal conduction?

In the previous section different patterns of AVCT to different
oUimulation protocols was described. Three factors have been identificd
which contribute to rate-induced changes in AVCT AV nodal recovery,

fatipue, and facilitation

h 7 1 -AV nodal recovery

The major determinant of the nodal respons to altcrations in pnput
Late comes from the slow recovery of AV node conduction after detiva-
tron, and i most simply demonstrated 1n the conduction of a wivple
premature beat (section 4 1.1, and Figure 1.7 in this section) Tvo |
kinde of approaches have been used to construct AV recovery curves
lowtls and Master (1925), Levy et al (1974), and Billcette (1976) analvaed
AV node recovery plotting conduction time of the test impulse (PR or AV
o1 A versus corresponding ventriculo-atiial (RP or Vo or dhie atiial
(HAY tntervals  On the other hand, Meredith ot al CFeO s or ot )
(1978, and  Ferrvier and Dresel (19740 used preceding, atvial {Apa, ine
tertvala as an indes of recovery time. There are data to support cithor
dapptroach Both approaches supgpest that as the heart rate mnercases the
at1ial impulse progressively encounters the steep portion of the AU

Lecovery cutve and as a result AV conduction increases until AV 1ol -

Lol 11ess 1w encounteted
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4.2 2-Fatigue

The cumulative effects of rapid AV nodal simalation rowalt oo
progressive lengthening of AV conduction time to o new ateady s tate,
process called fatigue by Lewis and Maater (1970 oy and ety
(1925), Meredith ot al (1968), and Ferrarer and byos ol cbr o
demonstrated this phenomenon by showing that the AW o conduction ome of
beats c¢licited after a pause increased as the basic eveloe lenvth ol
stimulation decreasced, implying that this effect could hoe dianor tod
from incomplete recovery Fatigue results 1n an uptard <hitt ol the Y
recovery curve constructed at the fast heatt yate compared to the one ot
the olow heart rate (Billette et al, 1988) Narula and Danee b0 o0 ol
Lehmann et al (1984) found that in response to suddon and coectarned n
creases in atrial rate there is a propresoive Tonpthontes of A condin
tion time to a new steady state  Jenhine and Belardine Hr ol o8y o o
1n tsolated puincea pip hearts that during custamed toar ot poong
after an initial prolonpation in AV conductron (e fhoer oro oy R TR
first beat at the new rate, thero 1o o Crme doponnden o o o
prolongation vhich takes 20-30 sccond to reach o e te el oy Ha
functional characteristics of rate-indaced fataipae oo oo oo
studied by Billette et al (1988) in the 1solated vabbit o~ pod e s

found that the onsct and dissipation of the fatipae tallos o 1o e

metric time course




4 2.3-Facilitation

lLewis and Master (1925) first noted that the second beat of a fast
train of stimulation, despite having the same RP 1ntevrval, had a flaster
conduction than the first beat, This property, termed facilitation, has
been studied in detail by Billette (1981) and Billette et al (1986,
1988, 1989). This property describes the facilitatory effect of closely
coupled atrial impulses on the conduction of a subsequent impulse, and
reaches its maximum value after one beat of the fast rate. In vitro data
(Billette, 1987) shows that premature AV nodal action potentials can
have a decreased duration, possibly providing a cellular basis for

facilitation.

G.3-Underlying cellular mechanisms of the rate-dependent properties of

Microelectrode studies in isolated cardiac tissues have demonstrated
that the action potential durations and refractory periods of atrial
muscle, ventricular muscle, and His-Purkinje cells shorten as the cycle
tenpth decreases (Hoffman and Cranefield, 1960). In the AV node, since
the recovery of excitability exceeds beyond full repolarization, the
duration of the AV node action potential is not the most important
determinant of the rvefractory period. Therclore, as rate increases the
AVFRP tails to shorten (Denes et al., 19745 Capin et al. 14/ In car-
diac muscle colls and His-Purkinje fibers, clectrical excitability is
campletely restored wvhen repolarization is completed (Hof fman and

Cranet feld, 1960)  1In contrast, in the AV node excitability lags bevond
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full repolarization and the tissue can remain relatively peftactory 1oy
a significant period after the termination ot the actien potential
(Merideth et al, 1968)., This contributes importantiv by the 1 cequencs
dependence of AV conduction velocity and refractorineas Sinoe o
citability 1is one of the determinants of conduction velocity (Porand,
1977), changes 1n excitability would have a profound cirfeot on the von
duction velocity Merideth et al (1968) found that at hapher Jdyvang
tates, the pdp between complete tepolaricvation and vecovcr sy of o
citability increases further. This has a profound cffccet on AV conduce -
tion time and refractoriness.

As explained in section (3.3) the aditional conductron delay dining,
premature AV nedal stimulation may be due to cloctiotonic propasation i
the N-NH region The source current in the N repion 1o the stow caloram
mmward current, and the recovery of this cwrtent 1o one ol the dotos
ninants of the delay (Billette et al 1976, and 1987, Stov Tz ooy
tent 1.4 activates upon depolarization and thon rnectr rates donme t
actioa potential., Therefore, trme 1o reqgunicd aftor «wch e ror poton
tial for the recovery of calcium inward current from tnoectratton TE
atrial mmpulse arrives in the AV node at o time hon Che calo o g d
curre nt (151- has not fully recovered {rom inactivaison there g boes
mward current available, and as a result the conduction 1o oloucd e
rime  constant of the AV nodal recovery curve (60-80 poccoy CTadapne el
Nattel, 1986) is in the same range as the time constart of recaroyy ol
l-tvpe calcium currents in isolated canine coardie Pbinge oo bl
(Hirano et al, 1989) and for slov inward crorverr g ambtrecibalag
preparations (McDonald, 198?7) Tt 1o quite libel that ot e

dependent recovery of AV nodal conduction 1u relatod o the rooa o, o
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l-type calcium channels from their inactivation during the preceding ac-
tion potential. It has been shown that the recovery of calcium current
can he further delayed by calcium channel blockers (Uehara and Hume,
1984). In vivo studies have also shown that thesce drugs slov AV node
recovery by adding a component related to recovery of drup-associated

channels (Talajic and Nattel, 1986).

5-INNERVATION OF THE AV NODE

The atrioventricular nodal region is richly innervated by both wym-
pathetic and parasympathetic systems (Randall and Armour, 149/7)  While
aympathetic discharges tend to accelerate AV nodal conduction, pardsym-
pathetic discharges impede AV conduction (Hamlin and Smith, 1908, Ran-
dall and Armour, 1977; Levy, 1971). In the physiolopic situation the 1n-
teraction of these two effects is mnot algebraically additive (Levy,
19/1). While chanpes in autonomic tone directlvy alter AV nadal  condue -
tion, alterattion in sinus rate imduced by changes 1n witoromi ton aluo
dtfect nodal conduction. Thus, changes 1n AV nodal conduct ion can rosul:
from either direct effects or altered sinus 1ate this s discissed an

mote detail in section 6.2 4.

5. 1- Parasympathetic control of the AV node.

% 1 }-Vagal inmnervation of the AV node.

Eff erent vagal activity in the intact animal can occur as discrete
butsts in the cardiac evele (Jewett, 1964) It haw been snown that
continuous supramasimal trains of left vagus  stimulation prolong AV

conduct ion time after a latency of less than one scecond, vhile richt
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vagus stimulation has relatively lesser cffects (Cohen, 1917, Coben und
lLewis, 1913, Irisawa et al, 1971; Hapeman et al. 19 9 Howover, tHamlin
and Smith (1968) and Spear and Moore (1973) wtimulated both vipht nul
left vagi with submaximal stimulation and found no drfterence i AW con
duction slowing. In these studies constant stimulatton parameter o ovore
not used, and the influences of the chanpes in heart rate eval cd In
vagal stimulation were not taken into account In o mwore carclully con
trolled anatomical and functional atudv by Ardell aund Randall o950y g
wasg shown that in spite of anatomically distinet vapal pathwavs tor con-
trol of SA node and AV node, supramasimal stimulat ton of Telt and gt

vagi had parallel negative dromotropic effccts on AY node

5.1 2- Phase-dependent effects of vagal stimulation

Spontancous efferent vagal activity to the et b mani e tod b
briel bursts of 1wmpulses tnat are svonchrontesod with cach cardrae ool
(Jevett, 1964, Katona ¢t al, 19/0, Funrce, 90 [ P T P P A TT
timing of a «ingle vagal stimulus (Brouwn and Looloo, P95 oy it

bursts of 1mpulses (Levy et al, 1969) velative to thoe phaco ol the g
diae cvele s an important determinant of tho responc “thire phe nome ne,
penerally is refered to as "phasic offcctys of vapndl drochar g Hha
phasic eftects of vagal nerve stimulatron on the Seo node and heort
have been estensively studied by numerous fuvest ppator o ol o, o0 ]
1969, Dong and Reiyz, 1970, Levy et al, 19770 Spoa and Mlooge el
Levy et oal, 1978; Jalife and Moe, 1979 Spoar o0 Pl o co
al, 1984). A comron finding 1n tnese studiea 1o a0 a0

the vapal wtimualus was delivorod at progre o ol 1 Thne e
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cardiac cycle, the sinus cycle length (P-P interval) continued to in-
erease until a maximum prolongation of the P-P intcrval was obtained
when the vagal stimulation was placed near the end of the ¢inus cvele

In contrast, the situation in the AV node is more comples than the
SA node because of the concomitant effects of vagal <timulation on sinus
cyele Lenpth, which decreases the input rate 1o the AV node and tends to
1mmprove conduction (Levy et al 1970, Spear and Moore, 1973, HMartin,
19774, Martin, 1977L), and the direct depressant offect of vagal
wtimulation on the AV node. The detailed investipations of Mazgalev ot
al (1986ha and 1986b) overcome the difficulties posed by theod interace-
t1ons, and they showed that a brief postganglionic burst of «timuln
causes a transient membrane hyperpolarization lasting about 300 mecc
Therefore the membrane voltage level at the time of arrival ol the
attral beat in the central portion of the AV node mav vary depending on

the time of the vapal discharges which has  significant effcets on the

conduction ol the atrral mpulse

S.0 3-cedlular effects of cholinergic stimulation on the AV node

Crancireld et al (1999) found that the application of ACh <slowved
depolarivation, decreased action potential amplitude, and caused notch-
inp, 1tn the upstroke of the action potential at the atrial margin of the
AV node Thev did not record simultaneously from different zones ol
the AV node, and thought that the effects of ACh were limited to cclls
in the atrial margin of the node. Vincenzi and West (1963) and Woest
and Toda (1907) used field stimulation to show that the release of ACh
trom nertve endings abolished action potentiale trom the N region AN

actton potentials showed o decrease in duration, awplhitude and hyper-
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polarization, but they were not abolished U<ine <imilar  tochnigues,
Mazgalev et al (1986a, 1986b) found that postpanglionie vapal wtimula
tion hyperpolarized cells located 1t the N one AL g result, gt al
detivation results in either mno action potential in the L one v o
action potential with a slower rate of rise, smaller  amplitwle ard
duration, and depressed conduction (Maspalev et al 19860 an the othe

hand, changes in the AN, and NH regions of the node wore neplopihl,

5 1 4-Rate-dependent effects of vagal nervve stimulation on the AV node

Wallick et al (1982) noted significant interaction bhetveon candia
frequency and vagal effects on the AV conduction time  Thie implies that
the intrinsic rate-dependent properties of tho AV node can he anllucnicod
bv vagal stimulation

I.

5 1 .5- Cellular mechanisms underlying ACh-induced  condnction <loving 1o

the AV node

Since the phase zere of the action potential 1 the WY peede e b

pendent on the ca’? inward current ( Zipes and Mendes o 14750 Howas ot
19804), inhibition of Catt iuflus would be « poctod vty TS P
Nishimura et al (1988) found that Ach onlv «btehtly podaced T i
other hand, they found that ACh strongly nercaoscd the owtuard carront,
thus decreasing the net phase zero inwvard curront e Slaring, A nedal
conduction. Therefore, the e¢ffeets of Ath on - 7 vode conedie s van v o0

. M ) i L]
be considered in terms of ACh  effects on horte ¥ o Lot
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5.1.5.1-Effects of ACh _on potassium current

Burgen and Terroux (1953) found that ACh increased gK+. Shortly
thereafter this was confirmed in a radiotracer study in which the rate
of atrial uptake of 42g* yas found to be increased by ACh (Rayner and
Weatherall, 1959). Noma and Trautwein (1978) showed that the reversal
potential of the ACh-activated outward current in the rabbit $A node was
dependent on  extracellular potassium. Since the current-voltage rela-
tion of ACh-increased gK+ was similar to the one described for the I
(inward rectifier), it was suggested that ACh increases gK+ through ex-
isting inwardly rectifying potassium channels (Garnier et al, 1978).
However, the validity of this suggestion was questioned by Noma and
Trautwein (1978), who found that ACh-activated current exhibits time
dependence, in contrast to Iy, which depens only on voltage at
physiologic potentials. Subsequent <voltage clamp studies showed that
ACh increased gK+ (Shibata wnd Giles, 1984; Nishimura et al, 1988) in

preparations  where no Iy; could be found. The Ach-sensitive outward K'

current has been named IACh'

5.1 5.2-Effects _of ACh on passive electrical properties of AV node.

Although ACh-induced AV nodal conduction slowing appears to be due
predominately to effects of ACh on gK, the passive electrical properties
of the AV node should be taken into account to understand the mechanisms
responsible for the effects of ACh on AV node conduction. Nishimura et
al (1988) found that the passive electrical properties of AV node tissue

were changed as a result of the ACh activated Iy ACh current. By
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increasing the resting membrane conductance, ach roeduced the membiam
resistance As a result of decreases in the membiane tesistance Wb
shortened the space constant. The longitudinal rearotimee 1 the AW pods
is higher than in other cardiac tissue, wmplving that  fowor wap o

tions are present in the AV node (Defelie and Challice, 19090 Vordmanm,
1952)., This contributes to the slow conductiron thiouph the WY ok
which can be further slowed by ACh-increasced Lonprtadingl vesiatance Lnd
-decreased space constant These effects, dlong with the cftects ol Ak
on membrane currents, may explain the nepative diomotiopie actions of
ACh on the AV node.

r

5 1.5 3-FEffects of ACh_on calcium current

Another mechanism by which ACh depresses AV node condun tron e by

depregsing slow inward current IL,] In 1973 Piolope al ot ol vy ol

that ACh has the same effects on the action poton ool o thooe of e

b

gane«we (a Ca channel blocker) This suppestlon o boot oo irwod b

voltage clamp experiments in which ACh deprosood b bl blhroe il

strips (Giles and Noble, 19/76) and mammalian atiial trabeeuloac Clon 1l
ot al, 1976) However, this effect of ACh varvies pacatly o o bonetan
of species, cardiac cell type, and concentration of th Tonobae
al (1976) demonstrated that ACh reduced twitch tenaron b S0 1 p

cluded that the negative inotropic effcct of Acth wo  comptctoly due o

shortening of action potential duration, and conrcquent rodie von

calcium entry during the platcau However, at highoy concentia yone of

ACh (which reduced the twitch tension by /0-90+0 < o oo ooy X

ST R !

sipnificantly reduced and even completely aboliohoe
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1976, In a detailed study on the effects of ACh 1n the rabbit aV node
by Nishimura et al (1988) it was shown that ACh at low concentrations
reduced  I,; by only 11%. From these results it can be concluded that
fow concentrations of ACh slow conduction in the AV node by incredasing
ountward current and thereby reducing the net inward current At hipgher

concentrations of ACh, an additional direct cffect to inhibit the «low

taward current occurs,

9.1 6-Intracellular mechanisms underlving the effects of ACh on the

membrane currents of the AV node,

Althouph the time course of ACh-activated K' chamnels suggest
mult1-step process with intrinsic delays of 30-100 ms (H11l-Smith and
Mirves, 1978, Osterrieder et al, 1981), no sccond messenger system has
heen found to link muscarinie ACh receptor activation to the chanpd
Changes in cyelic nucleotide levels (eAMP and cGMPY  neither mimie the
cllcets of ACh on "K' off Tu ( Nawrath, 1977, and U'laming et o1 19gl,
ot modify the hvperpolarization of AV node cells by aCh (Iravccom ot
alo 1a8 Plfaffinger et al (1985) found that intiracellular guanosine
et iphosphate (GTP) was requived for muscarinic stimulation of  ACh
induced 1, a4 Furthermore, they showed that the 1nactivation ot
protein by pertussisg toxin (IAP) eliminated the ACh- induced Iy ach
fovothetts et al (1987) showed that the beta and pamma subunits of
Coproteins are anvolved an the ACh-induced-1, Ach: These data suppest
that muscarinic repulation of cardiac K' channels requires ot least

thiee components,  the muscarinic ACh receptors. pertussis toxin-

sensitive G proteins, and specific inward-rectifying K' chamnels
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(Soejima and Noma, 1984, Pfaffinger ¢t al, 1985 Dreitwreae amnd yabo,

1985; Kurachi et al, 1986; Kurachi ¢t al, 1980, , Losothetin ot al,

1987). In contrast to the effects ol ACh on potassium ctrrents,  oveln

AMP is  involved 1n the regulation of T ¢ by ACh (Mivre ot

1980; Reuter, 1983). Biegon ct al (1980) found that Ath dovre s ool Ul
formation of cAMP via an inhibitorv ¢ proterns Gpoor K Whethor th

je a result of an increase 1m c¢.GHMP is doubtiul teoently ot b, bhoon

h=1

proposed that the muscarinmece receptor-activated alpliav subunit of ¢

proteine  might interact with other membrane encymes o proteins to an

tapgonice the activation of adenylate cvelace by bot o adicncaiyn vooop
tors, decreasing net calcium current (Brotty react and 5 aba, 100
5.2-Sympathetic control of the AV nodc

5 2. 1-Kifects of sympathetic stamulaticon amd catecholamine:

In contrast to the nepative dromotiroprs  eft oo of o b s
stimulation on the AV node, stimulation of th v ot
nerves aecelorates AV node conduction o vhe gl vk
both heart rate and AV node conduction e modal tod b o e e
parasvmpathetic tone on a4 beat-to-beat basra Uarncyr o0l L,
Varner ct al, 1986bh). Although in resting conacrons doy Do
duction is predominately modulated by choanwes e oo o el r o

(S O T S SRR

tivity associated with the respiratory ool
chanpges in arterial blood pressurc result an sympaife e
alteration in AV nodc conduct ion Clarncr apd Looh Sl
197, ol dee I o I

ducted in both man (Lister ot ol

19871 have <houn that althonsh svmpathot oo o pondar o0 00
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rate, it daecreases AV nodal conduction time. This shows that the direct
effects of adrenergic stimulation on AV node conduction predominant over
the effect of changes in heart rate. While the AH interval 1is sig-
nificantly shortened by sympathetic stimulation, the HV interval is not

altered ( Priola, 1973; Spear and Moore, 1973),

Irisawa et al (1971) and Spear and Moore (1973) showed that in anes-
thetized dogs right stellate ganglion stimulation importantly shortens
the R-R interval and slightly shortens the AV interval. In contrast,
left stellate ganglion stimulation caused no obvious changes in the R-R
interval, whereas it significantly reduced AV interval.

One of the most striking differences between the effects of vagal
nerve stimulation and sympathetic stimulation on the AV node is the time
course of these effects. Spear and Moore (1973) found that that the
latency for the response to vagal stimulation was 0.165-0.230 second,

wvhereas for stellate stimulation, the latency for acceleration of con-

duction was 1-1.5 minutes.

5.2 2-Electrophvsiologic actions of beta-adrenergic stimulation on AV

nodal cellular electrophysiology.

The positive dromotropic effect of either norepinephrine released
from cardiac sympathetic nerves or ,f exogencusly administered
catecholamines is due to the interaction of these agents with postjunc-
tional beta-adrenoreceptors. The most significant effect of
catecholamines is to increase the rate of rise of phase zero depolariza-
tion and the action potential overshoot of AN and N cells without af-

fecting resting membrane potential. This results in an acceleration in
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conduction through the AV node (Hof fuan and Sinper, 1% v The meplitad
and rate of rise of the action potential of distal (NI coll  Lae not
affected by catecholamines, but their drastolic phase phiaeo o 4
celerates which implies that pacemaker current avesponaable for phoo
depolarization is increased (I'SE aund Davie, 1970

The recovery of AV nodal cell oxcitability hiew not boon deod 1
the presence of catecholamines, but n chirchen ventriele the 1ocorory ol
calciwm-dependent action potentiales from fnactivation 1o acocbor vod b
1soproterenol (Tsuji et al, 1985)  The e¢ffects of wlovw channel Ditoctog
such as verapamil, which prolong the olfcctive retiactorys porarod af
nodal cells. can be reversed by catecholamines oZipes and 1 chon

IR ]/1)

» 2 3-Cellular mechanitsms underlying the effoote of TP I

stimulation on the AV node

(_ll( _.*\j' freach

5 2 3 1-Adrencrgic receptors in ol

e cetfects of ecatecholamines arvce podiated by wenh a0 hog
adrenoreceptors  There are two main types of adionoroe oo dlptoy
beta, which have different pharmacological proportios CAbilgur 10 ey
These receptors have been further subdividod into adphay, lphes, heoy
and  beta, (Lands et al, 1967). The heart appoare 1o Contoan
predominantlv hetal receptors (Manalan et al, 1981, Stile, o Loy
vhercas vasculature containe predominantly beta, rcooptors (a0
al, 1982) Beta; receptors mediate the positive gnotvopne oo

dromotropic effects of catechoelamines on the hoars oo o o

tors mediate smooth-muscle relaxation Hezovor, tnrrecor s 0 v
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bocome ¢lear that betay receptors functionally contribute to cardiac 1n-
otropie and chronotropic effects of catecholaminces (Brown et al. 1986t
Arnold ¢t al, 1Y85; Strauss et al, 1986; Levine dud Leenen, 1989),

Pharmacolopic evidence suggests the presence of heta-adrenoceptors
i the AV node  Sympathetic effects on conduction can be blocked by
b ta-adrenoceptor blockers (Levy and Martin, 1979, Girudicelli and
Lhoate, 1987) In a recent study Saito et al (1988) characterised beta-
vlrenoceptor subtypes 1n the AV node of the rat heart by quantitatiee
atoradiopraphy and estimated that the proportion of betay- and beta,-
adhienoceptors in the AV node were about 56% and 44% respectively
Howcver 1t 1s not known whether both subtypes of the beta-adrenoceptor
mediate the diomotiopic effects of catecholamines 1n the AV node

Alphay-receptors can increase the force of contraction ot the
mvocardiim (Watanabe et al, 1982, Homey and Grahiam, 198, n}[)l\u.)-
eceptors are located on the presyndaptic nerve terminal membrane and in-
hibit the 1elease of norepinephrine from the terminal by oo nepative
32

fvedbacl, medhanism (Wat-mabe et al, 19t Homey atd Graham, 198 The

coastence of alpha- adrenoreceptors in the AV node has not wvet boen
“hovn It o recent study Talajic et al (1990) Jhowed that 1n anes-
thoty, ed dops phenvlephrine, an alplm]-adrmwrgi( agonist  had no of fect
ot AV conductron time

»

v 2 Modulation of calcium chamels by catecholamines

Beta-adienergic stimulation of the heart increases the slov inmvard

cuttent  od ) Mhis inciease | ) results 1n an lovatton of  the

ol “

platoau of the action potenital s woll as o postii o tnotiopne cllboedt
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(Reuter, 1983). Experiments conducted at the level of single cardiac
cells using unitary channel recording suggest that the increase in
amplitude of I ; by catecholamines occurs without any changes in the
kinetics (steady state activation or inactivation) (Hess et al, 1986)

Since the membrane resting potential in the AV node is more positive
than in the Purkinje cells and ventricular myocytes, it is likely that
the positive dromotropic effects of adrenergic neurotransmitters on the
AV node are mediated through L-type calcium channels, rather than T-type
channels which inactivate at more negative potentials (Hess et al,
1986). In fact, Tytgat et al (1988), and Hagiwara et al (1988) have
shown that the T-type calcium channel is insensitive to isoproterenol

Unitary channel recording has shown that beta-adrenergic stimulation in-
creases the probability of the L-channel open state, and a dramatic
decrease in the number of nulls (no detectable channel openings, in the
recorded sweeps (Hess et al, 1986). As a result of these changes the
amplitude of the whole cell calcium current will increase.

These effects are mediated by intracellular mediators such as cAMP,
and can be abolished following patch excision in which both receptor and
effector will be separated from intracellular mediators (Hess et al,
1986). Biochemical studies have demonstrated that activation of beta-
adrenergic receptors stimulates the membrane-bound enzyme adenylate
cyclase, an effect which is mediated by a stimulatory (G,) pguanine
nucleotide-binding regulatory protein (Rodbell, 1980). Increases in
adenylate cyclase activity catalyze the formation of cAMP from ATP
cAMP then binds to the regulatory subunit of protein kinase. The
released catalytic subunit of the enzyme (Cohen, 1982) then phosphory

lates the calcium channel. This may result in an increse in the probabi-
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l1ty that channels will be in the open state, or an increase in the num-
ber of calecium channels, either of which would increase  caleium conduce-

tance (Reuter and Scholz, 1977).

6. ROLE OF THE AV NODE IN CARDIAC ARRHYTHMIAS.

(_1-Role of AV node in atirial fibrillation and flutter.

Very rapid activation of the atria occurs in tvo kinds of atrial ar-
vhythmias  atrial fibrillation, in which the atria are actirvated 11-
vepularly at o a very rapid rate (400-600 impulses/miny, and atrial flat-
ter, in whieh the atrial rate is in the range of 300/min and the rhvtiun
1w regular  In both cases the ventricular response to the atrial rhythm
1 not 1| Instead, 2 1 AV conduction is commonly seen in untreated
atriral flatter, and the ventricular rhythm in «trial {ihillation 1.
wertal by prosady drregular The failure of the AV node to conduct Wl o
the atrial ampulses to the ventricles demonstra’ce the protoc1ve role
ol the AV node Two important properties of the AY node dervrmine the
ventricular response to atrial impulses during atrial fibrillation, the
AV node functional refractory period (AVFRP) and concealed AV nodal con-
duction resulting from imtranodal impulse block (Langendorf et ol 1965,
Hoore, 14906/, Naspalev et al, 1982; billette ot o, 1974, Billoote ¢t gl

197 y)

o 2-Atrjoventricular bypdass tract (Wolff-Parkinson-KWhite svadrome))

Preescrtation ts defined as the activation ot the ventriclos b

supraventticular fmpulse cavlrer than vould occar over the norwat o,
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conduction pathway (Gallagher et al, 1987). The most common {yvpe of
preexcitation is the Wolf-Parkinson-White (WVPWY ovndrome, in which an
accessory pathway (called a Kent bundle) connects the atiyiwm and the
ventricle, Therefore, an atrial impulse can activate the vontiriclo:
¢ither via the AV node or via the accessory pathuay Pationt cnth Wb
dare susceptible to several types of arrhvthmias., One of theao arhy th
mias, called atrio-ventricular reentrant tachycardia or orthodyomie
cus movement tachycardia (CMT), is due to 4 macro-reentrant crromit an
volving the normal AV node, His bundle, bundle branchos, ventironlog
muscle, the accessory pathway, and atria During orthodiomre o1 v
terograde conduction occurs over the normal AV conduct ion wvatom o tin
ventricle, and the impulse then passes retroprade over the ot bundl,
to the atria and back through the normal AV conduction wvatom to com
plete the circuit. Depending on the refractory porrod of the « 0 ende on

Fent bundle, an atrial impulse can crther vec the v node op bt

bundte Therefore, 1 this type of SYL the 7 noede o o
terograde o1 tetrograde pathvay and changes oo ST IR R TR
period and  conduction play an important rolc o rndac tron oy RINEE

tion of this tvpe of tachveardia

0 _3-Parovwvemal supraventricular tachyeardia (AY node o cnty oo

Parosvsial supraventricular tachyveardias o57"1ay e char o mop v
an atrtal rate of 150 to 250 beats/min  The wmon conwon tora of oo
tachveardias 1s AV nodal reentryv (Akhtar, 1480, R DU T R R A
that in some individuale tho AV node may b tra s von o P

‘

into tvo distinet pathwave  The bheta- or tan b 0 0 0 4y .
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tion but a relatively long refractory period The alpha- or slow pathway
has slow conduction but a short refractory period Normally, antcrograde
conduct ion occurs through the fast beta pathway and the impuluc reaches
the His bundle  Conduction through the slow alpha-pathway arrives at the
Hiso bundle when the tissue is refractory boevdausce ol prior dotivatlon
from the faster beta-pathway However, if an atrial premature
depolarization (APD) enters the AV node when the fast pathwav s
vefractory,the impulse will block in the fast pathway and anterogradly
conducts  through the slow pathway (alpha) to the llis bundle and
ventricles, 1f the conduction over the alpha-pathway is sulfircientlhs
olow, the inttially blocked beta-pathway will have time to recover As a
result, the rmpulse can retrogradly enter the f[ast pathway. This can
cause o ctrcuic in the AV node and a sustained parowyemal SVT can be cs-
tablished if the reentrant impulse continues to find recow red tissuce
dhead  Therefore, 1n this type of tachycardia the evistence of the tvo
functionally ditferent pathwaves and slow vonduerjon o the 7 nods
provide the substrates for the tachveardia Sinee thirs Tind of rhy the-
mia occeurs 1n the AV node, pharmacological agents vhich can depress
conduct ton through the AV node are evpected to be effective in the
treatment of the arrhvthmia  These include agentes «uch as propranclol
(heta-blockery, digoxin, and verapamil (calcium blocker) On the other
hand, agents such as 1soproterenol or atropine, wvhich enhance AV node

conditet ton, tactlitate the induction and perststence ot the tachveardra
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7.EFFECTS OF ANTTIARRHYTHMIC AGENTS ON AV NODAIL FUNCTION

7.1-Frequency-dependent effects of calcium channel blockers

Antiarrhythmic drugs have been shown to have important frequency-
dependent properties. This phenomenon was initially described in 1957 by
Johnson and Mckinnon who demonstrated that quinidine’s depressant ef-

fects on che V. of ventricular fibers in vitro were greater as the

x
driving rate increased. Heistracher (1971) confirmed the above study and
showed that there was a time-dependent decrease in V .. in quinidine-
treated fibers. These observations along with other in vitro studies
describing the frequency-dependent effects of antiarrythmic drugs
(mainly sodium channel blockers) have led to the development of dif-
ferent models describing the mechanisms of actions of antiarrhythmic
drugs on phase zero inward currents (Hondeghem and Katzung, 1977, Grant
et al, 1984; Hondeghem and Katzung, 1984; Starmer and Grants, 1983,
Starmer et al, 1984).

Most of the clinically used calcium channel blockers decrease the
maximum rate of depolarization of the AV nodal action potential (vmax)’
and slow the conduction of the impulse through the AV node Thoese ef-
fects are known to be due to an interaction of these agents with the
slow calcium channels and inhibition of calcium inward current
Frequency-dependent block has also been demonstrated for calcium channel
blockers. Verapamil was initially found to produce a greater increase in
rabbit atrioventricular nodal conduction time at faster atrial pacing

than at slower rates (Wit and Cranefield, 1974) Subsequently, it wa.

observed that verapamil and its methoxy derivative, D600, had a more
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depressant offect on contractility as driving rate was increased (Baver
«t al, 197%). Later, Ehara and Kaufmann (1978), and McDonald et al
(1980) directly demonstrated frequency-dependent block of the calceiun
current with verapamil and D600. Kanaya and Katzung (1984), Tung, and
Horad (19873), Lee and Tsien (1983), and Uchara and Hume (198))

demonstrated the same phenomenon for diltiazem

J 2-Clinical wmplications of frequency-dependent drup effect

According to the modulated receptor hypothesis of Hondeghom and Kat-
qang, (1977, and 1984) antiarrhythmic drugs preferentialy bind to their
receptors when the channels are in the ativated or inactivated steate,
and dissociate during diastole. Each antiarrhythmic drug has a charac-
(ertstic association and dissociation rate constant for cuach of the
(hree channel states As a result of the sclective atfinrty of drugs for
detivated o1 tnactivated states, the more froguentt the charnela o
uecd the more block accumulates. Conscqguentls, the amount ol bloudk
developed per activation and the rate of reco.ory from block during
diastole determines the net block. Based on this concept, Hondeghem and
Fateung (1984) proposed that antiarvrhythmic drugs would have more
protound of fects during tachycardia and  early evtrasystoles, and loss
et tect o1 no cffect at all during sinus rhythm. Thus, a drug vith
longer tecovery time has more depressant effects during tachycardia than
4 druy with shorter recovery time  This could provide a basis for
woledcting the appropriate drug and dose which has lTittle effcets at nor-

wal heart rtate and masvimun ef fect during tachycardra
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Considering the implications of the frequency-dependent drug effects
Talajic and Nattel (1986), and Ellenbogen et al (1985) evaluated the
rate-~-dependent effects of calcium channel blockers on AV nodal conduc-
tion and refractorines in dog and man, respectively. Ellenbogen et al
(1985) found that verapamil prolonged AV conduction time as the rate in-
creased. Though they did not evaluate this effect during arrhythmias,
they suggested that frequency-dependent drug effect may determine drug
efficacy in the termination of paroxysmal supraventricular tachycardia.
Talajic and Nattel (1986) found that the kinetics of action of calcium
channel blockers in their in vivo animal model parallelled their kinetic
effects in vitro (Uehara and Hume, 1985). However, the direct clinical
implications of this frequency-dependence, and its importance in the
treatment of arrhythmias has not been tested in either spontaneous or

experimentally induced arrhythmias.



STATEMENT OF PROBLEM

The introduction presented here suggests that the rate-dependent
propertics of the AV node can produce comples scyuences ol beat-to-heat
changes in conduction time and refractoriness. Although three important
factors (recovery time, fatigue, facilitation) have been recognicod to
cuplain the rate-dependent functions of the AV node (Lewirs and Master,
195, Mertdeth et al, 1968, Billette, 1981), their specific nvolvement
i diflcrent 1esponses have been difficult to establish. Recent obsciva-
Lione in in vitro rabbit AV node (Billette et al, 198/, 1988, and 198Y)
quppest  that the different nodal responses can largely be eaplained 1u
terms of interactions between the three main propertices.

An  rmportant step to further this understanding would bo  the
development of o model incorporating quantitative indices of AV node
tecovery, fatipue, and facilitation A first test of this model vould b
ite ability to predict changes 1 AV nodal conduction time during
attial pacing. I have developed such o modcl. which de prosonted
chapter 11 The assumptions of the model are 1) AV conduction time (Al
miterval) e an esponential function of the previous rccovery interval
A intervaly. 2) Facilitatory effects of closely coupled atrial im-
pulees result in leftward o»hift of the AV recovery cuwrve. 3 The cumula-
tive oftects of prolonged AV nodal stimulation (Fatigue) can be quan-
tificd by an exponential function. 4) An equation 1incorporating the
quantitative indices of AV recovery, facilitation, and fatiguc can ac-
cutdatelv predict the changes in AV conduction time as a rvesult of in-
credases inatirral rate.

wtonomic tone has an important modulating 1ntluence on AV nodal

conduct ton Howewver, prior studies have only cvaluated steadv-<tate ef -
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fects without consideration of possible changes in the intrinsic
frequency-dependent properties of AV nodal function. Chapters III, and
IV describe experiments in which the model developed in chapter 1T 1is
used to evaluate the effects of vagal stimulation, sympathetic stimula-
tion, and beta-blockade on each of the three rate-dependent properties
of the AV node. Our specific goals in these two studies are 1) to deter-
mine the interactions between the heart rate and autonomic tone on the
AV node and 2) to determine the extent to which the effects of autonomic
tone on AV nodal conduction are due to changes in individual functional
properties at any given heart rate.

The frequency-dependent properties of the AV node play an important
role in protecting the ventricle during atrial fibrillation and flutter
and determine the induction and termination of reentrant
supraventricular arrhythmias. Calcium channel blocking drugs are fre-
quently used to treat these arrhythmias, with their efficacy related to
their ability to block calcium channels responsible for impulse propaga-
tion in the AV node. Molecular models of antiarrhythmic drug actions as-
sume that the maximal depression of slow inward current occurs at faster
driving frequencies (Hondeghem and Katzung, 1984; Grant et al, 1984)
These models suggest that calcium antagonists could selectively depress
AV conduction during supraventricular tachycardias, with much less
depression during sinus rhythm. Chapter V and VI describe experiments
in which the potential implications of the rate dependent properties of
calcium channel blockers are directly tested during two experimental
models of supraventricular arrhythmias: 1) Atrial fibrillation, 2) Or-

thodromic circus movement tachycardia.
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Sympathetic and parasympathetic influences have opposite and
additive effeets on AV node conduction 'his might modulate Lhe
frequency-dependent effects of diltiazem on the AV node deseribed in
chapters V oand V1, Chapter V11 describes experiments which evaluate the
froquency-dependent ef fects of diltiazem duving atrral fibryllation an

the presence of different states of autonomic tonc
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ABSTRACT

A number of functional properties of the AV node have been described in
response to changes in input rate. Recent work has suggested that three of
these properties, referred tc as recovery, facilitation, and fatigue, operate
independently and can be isolated by selective pacing protocols. The purpose
of this study was to develop quantitative descriptors of these properties, ind
to determine whether the conduction changes predicted to occur from the
combination of these properties can account for rate-dependent changes in AV
nodal conduction  time. Selective pacing protocols were used in
autonomically-blocked, anesthetized opea chest dogs. The delay in AV nodal
conduction of single premature beats (recovery) was found to be an exponential
function of coupling inlerval with a time constant of 66+2 (M+SE) msec. A
single abbreviated (facilitation) ecycle shifted the AV recovery curve to
shorter coupling intervals, and successive cycles at the same rate caused no
further shift. Facilitation did not alter the time constant of recovery or
basal conductlon, but shifted the recovery curve to a degree that was
exponentially related to the facilitation cycle length. The induction of a
tachycardia with HA interval fixed so as to control the recovery and
facilitation wvariables resulted in a first-order onset of AV conduction
slowing (fatigue). The fatigue process had a time constant (in the range of
70 beats) that was independent of tachycardia rate, and had a magnitude that
was a decaying exponential function of HA interval. An equation incorporating
quantitative descriptors of recovery, facilitation, and fatigue accurately
predicted rate-dependent changes in AH interval. We conclude (1) that the AV

nodal properties of recovery, facilitation, and fatigue are amenable to
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quantitative characterization, and (2) that rate-dependent changes in AV nodal

conduction time can be well described in terms of these underlying properties.

Index Terms: Cardiac conduction - electrocardiogram - cardiac arrhythmias.
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CONDUCTION THROUGH THE ATRIOVENTRICULAR node responds in a complex fashion to
changes in activation rate. Abrupt increases in atrial rate result in an
increase in AV node conduction time, with at least two
kinetically-distinguishable components (18). One component of AV nodal
adaptation has a rapid time course, and is clearly demonstrable in the
conduction of a single premature beat (2,3,10,17,18,20,21,23,24,31,38,). This
rapid process has been attributed to incomplete AV node recovery, and has been
characterized mathematically by either an exponential (9-11,30,33,37,) or
hyperbolic function (9,32). The time constant of this process, in the range
of 50-100 msec (30,33,37), is similar to the time constant for recovery of
calcium channels from inactivation in vitro (12,19). It is presumed to result
from the incomplete recovery of calcium cbannels responsible for conduction
through critical portions of this tissue. A second component of AV nodal
conduction slowing in response to abrupt rate increase develops much more
slowly. This process was first noted by Lewis and Master, who coined the term
“fatipgue" to describe it (18).

There has been dispute as to whether the recovery interval for AV nodal
activation 1is Dbest represented by the time from the preceding atrial
activation, or A-A interval (10,31,32), or by the period from the preceding
ventricular (VA or PR) or His bundle (HA) interval (2,5,17,18,23). 1If an
index related to activation of the distal AV node (such as the VA or HA time)
is used, the second beat of a rapid train with a constant HA interval conducts
more rapidly than the first. This property, first identified by Lewis and

Master in 1925 (18), has been called *"facilitation”.




The recovery process has been defined quantitatively in many studies, as
discussed above. Billette and co-workers have shown that the processes of
facilitation and fatigue can be dissociated from recovery and chavacterized
independently using selective stimulation protocols (2,7,8). However, the
time dependence of fatigue and facilitation, and the determinants of their
magnitude, have not been quantified. Furthermore, while changes in AV node
conduction resulting from specific pacing protocols have been attributed to
recovery, facilitation and fatigue, it has not been demonstrated that the
changes in AV nodal conduction due to alterations in activation rate can be
quantitatively explained by these properties.

This study was designed to develop quantitative descriptors of the changes
in AV nodal conduction due to incomplete recovery, facilitation, and fatigue;
and then to determine whether the resulting mathematical description of AV
nodal conduction can account for the alterations in conduction resulting from
sustained increases in activation rate. A preliminary communication of these

results has appeared in abstract form (25).

METHODS

General Methods

Mongrel dogs of either sex were anesthetized with morphine (2 mp/kg) and
alpha-chloralose (100 mg/kg i.v.). Catheters were inserted into both femorrl
veins and arteries and were kept patent with heparinized saline solution
(0.9%). Dogs were ventilated via an endotracheal tube using a Harvard animal
respirator. Tidal volume and respiratory rate were adjusied after measurement
of arterial blood pgases to ensure adequate oxygenation (S.xO2 >90%) and

physiologic pH (7.35 to 7.45). A thoracotomy was performed through the fourth
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right intercostal space and the heart was suspended in a pericardial cradle.
Body temperature was monitored continuously using a thermistor within the
chest cavity and was maintained at 37-38°C by a homeothermic heating blanket.

Bipolar Teflon-coated stainless steel electrodes were inserted into the
lateral right atrium and high lateral right ventricle on either side of the
atrioventricular ring, and into the right atrial appendage. A bipolar plunge
electrode was inserted to record the His bundle electrogram (15). Atrial and
ventricular electrograms were recorded with the electrodes 1located in the
atrial appendage and lateral right ventricle. Square-wave pulses at twice
late diastolic threshold (4 msec duration) were applied via the lateral right
atrial electrode, with stimulus timing contrsolled by a programmable stimulator
(Digital Cardiovascular Instruments Inc., Berkeley, CA)}. Electrograms were
filtered at 30-500 Ez (Bloom Instruments Ltd., Flying Hills, P4), with the
amplified output led into a paper recorder and/or 4 sensing circuit of the
stimulator. .A Statham P23 ID transducer (Statham Medical Instruments, Los
Angeles, CA), electrophysiologic amplifiers and a Mingograf T-16 paper
recorder (Siemens-Elema Ltd., Toronto, Ont.) were used to recora blood
pressure, electrocardiographic leads 1I and aVR, atrial, His bundle and
ventricular electrograms, and stimulus artifacts. Recordings were obtained at
2 paper speed of 200 mm/sec, with a measurement accuracy of +£2.5 msec.

The sinus nod. was crushed (33) to allow for a wide range of pacing rates.
Nadolol was used to produce beta blockade, with 0.5 mg/kg i.v. as an initial
loading dose, followed by 0.25 mg/kg every two hours. This technique has been
shown t¢( produce continuous and stable blockade of cardiac beta adrenergic

raceptors (34). Vagal input was eliminated by ligating and cutting the

cervical vagal nerves.




Experimental Protocols

Measurement of electrophysiologic variables. Wenckebach cycle lenpgth
(WBCL) was measured by decreasing atrial cycle length by 10 msec every
10 beats uni.il second degree AV block occurred. The measurement of WHCL w.i,
repeated before and after each experimental protocol to ensure stability of AV
nodal function during electrophysiolopic study. The effective refractory
periods of the AV node (AVERP) and atrium (AERP) were measured with the
extrastimulus technique. The AVERP was defined as the longest airiol
(AlAz) interval failing to result in a propagated His bundle response.
The AERP was defined as the longest interstimulus (SlsZ) interval failing
to result in a propagated atrial response.

Atrioventricular conduction was assessed from the His bundle electrogram,
with the AH interval defined as the time from the first rapid deflection of
the atrial electrogram (in the His signal) to the first rapid deflection of
the His spike. The HV interval was defined as the time from bundle of His
depolarization to the onset of earliest ventricular activation in the His
signal or surface ECG leads. The HA interval was defined as the time from the
His spike to atrial activity in the His electrogram.

Quantitative assessment of functional rate-dependent properties of the AV
node. Stimulation protocols and analysis methods were developed to quantify
AV nodal functional properties. The three properties of AV nodal recovery,
facilitation, and fatigue were characterized as follows:

1. Recovery component. A constant basic (3181) cycle length was used,

and the effect of changes in recovery interval on AV nodal conduction was

determined. A premature or delayed stimulus (SZ) was introduced after eviry

15 basic stimuli, and a curve =welating AZHZ (conduction time of the test
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impulse) to H A,‘ (recovery time) was established (Fig. 1 protocol A). The
Hlli.z—AzH2 relationship was determined at two basic cycle lengths (one
cycle length was 50 msec above the WBCL, and the second was a standard cycle
length of 600 msec). Monoexponential curve-fitting techniques were used (see

below) to characterize AV node recovery.

2. Facilitation component. Premature atrial activation (Az) results in

a leftward shift of the AV node recovery curve (as defined above) for a
subsequent A impulse (2,18). This process has been termed "facilitation”
and reaches steady state after one cycle at a new rate (4). To study this
process, we paced the atrium at an Slsl cycle length of 1000 msec for at
least 5 minutes. A premature atrial impulse (SZ) was then introduced to
produce a "facilitation cycle” (Slsz) after every 15 basic stimuli. A
test impulse (83) was then appliea after each 82, and the AV node response
to 53 was monitored to generate an HZAB—ABHB recovery curve. The
latter curve was studied c¢ver a wide range of (AIAZ) facilitation cycle
lengths, with A_A_ varied from 800 msec to 20 msec greater than refractory
period of the AV  conduction system (Fig. 1 protocol B). Each

HZAB—A H recovery curve was fitted by a monoexponential model. As

facilitation cycle length (FCL) was shortened, the recovery curve of A3

shifted to the left.

3. Fatipue component. A slow process of AV conduction slowing,

independent of AV nodal recovery and facilitation, can be demonstrated after
abrupt increases in atrial rate (7,10,18). We wused a sensing and pacing
circuit to sense each veniricular activation and pace the lateral right atrium
with a selected VA interval. Prior to the onset of tachycardia, the atrium

was paced at a rate of 1 Hz to produce a stable baseline. Since the HV
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interval was measured and was not affected by atrial stimulation patterns,
this allowed us to initiate tachycardias with a constant HA interval, thereby
maintaining a constant recovery time during tachycardia (Fig. 1 protocol C)
Since facilitation reaches steady state within one cycle (4), the gradual
development of AH prolongation during such a tachycardia is due to neither
change in recovery nor facilitation, and results solely from the proce:s
termed "fatigue".

The onset of fatigue was studied over a wide vange of HA intervals. An
average of 12 HA irtervals were studied in each experiment. After tachycardia
was initiated at any HA interval, it was maintained for at least 5 minutes to
ensure that steady state conditions had been achieved. A recovery period of
at least 5 minutes was allowed for dissipation of fatigue prior to the next
test run. After the onset of tachycardia, the AH interval increased as a
first-order function of beat number. The time constant and magnitude of
fatigue at any HA interval were determined by exponential curve fitting.

The magnitude of fatigue was assessed independently in a different way.
The AV recovery curve wus first determined as described above at a slow rate.
We then increased the rate, and when steady state conditions were achicved,
introduced after every 15 beats a delayed stimulus (Sz) with a preceding
H1A2 interval equal to +the HA interval at the slow rate. This is
sufficient to completely dissipate the facilitation resulting from rapid
pacing, without altering the degree of fatigue (7). We then determined the
recovery curve of a beat cesulting from an 53 following each 32, measuring
the A_H_ interval as a function of the preceding HZA3 interval. This
recovery curve should reflect the effects of fatigue alone. These

measurements were made using the same HA values for the slow, intermediate,

and fast rate in each experiment (Fig. 1 protocol D).
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Data analysis. Results are reported as the mean <+ SE. Multiple
comparisons were made by two-way analysis of variance with Scheffé contrasts
(29). Comparisons between two groups of experimental data only were made with
Student's t-test. Two-tailed tests were used for all statistical comparisons
and a probability of 5% or less was taken to indicate statistical
significance. Exponential curve fitting was performed using W¥arquardt's
technique on an IBM AT compatible computer (Statistical Graphics, Rockville,
Md.). Twenty dogs were studied in all: recovery curves (protccol A, Figure 1)
were analyzed in all dogs; facilitation (Protocol B) was characlerized in 9
dogs; fatigue was studied using protocol C in 9 dogs and protocol D in 5 dogs;
and the steady state relationship between atrial rate and cycle length was
assessed in 9 dogs. Several dogs were studied using more than one protocol.
All animal care techniques followed the recommendations of the Canadian
Council on Animal Care, and research protocols were approved by the animal

care committee of the Montreal Heart Institute.

RESULTS

Stability of AV nodal function during electrophysiologic study. There
were no time~dependent changes in AV nodal function as indicated by Wenckebach
cycle length (WBCL) over the period of each experiment. WBCL was measured
approximately every 20 min, and did not change over time (Fig. 2).

Characterization of AV nodal functional properties

1. Recovery component. An example of one experiment relating AZHZ to

H A, interval at two basic cycle 1lengths 1is shown in Fig. 3. At a fast
rate, premature beats introduced late in the recovery cycle were conducted

more slowly for identical HlAZ intervals. This appeared as an upward




shift of the curves at intermeciate and long HIAZ intervals. However,
premature beats introduced progoessively earlier (shorter HIAZ intervals)
had faster conduction (shorter A2H2 intervals) than at the slower rate
This appeared as a leftward, and downward shift of the curves at short
H Az intervals. This pattern demonstrates the combined effects of
facilitation and fatigue on the AV node recovery curve al rapid rates. Fach
AV recovery curve was fitted by nonlinear curve-fitting techniques Lo un
equation of the form:
M= AH +A . exp (—HA/Trec) (Eq. 1)

Where AH = the AH interval at any given HA interval, Alim = AH interval
after an infinitely long recovery time, A is the difference between Lhe Al
interval for HA = 0 and AH@. and Trec = the recovery time constant
The mean correlation coefficient for the fits were 0.993 with a standard
deviation of 0.005. The average time constant was 66+2 msec and was

independent of basic cycle length.

2. Facilitation component. Single atrial premature beats (AZ) shifted

the recovery curve in response to a subsequent A3 complex to the left, in a
fashion that depended on the A1A2 interval (FCL). Fig. 4 (top) shows raw
data from a series of recovery curves obtained with varying facilitation

(AlAZ) cycle lengths. The best-fit exponential curves to the same dala

are also shown. Facilitation cycles shift the recovery curve of a subscequent

beat to the left, and the degree of shifl can be gquantified by determining the
HA interval for any given AH interval. We Jdetermined the HA inlerval
corresponding to an AH value of 125 msec for the recovery curve at each FCL,
This was designated the "HA *, and is indicated by the intersection
between the horizontal dashed line and the recovery curve at each FCL in

Fig. 4.
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Fig. 5 shows an analysis of the effect of FCL on A}lw, T , and

rec
HA125. Decreases in FCL resulted in progressive reductions in HAle. but
AH_ and Trec were mnot significantly changed. The effect of a

facilitation cycle can therefore be viewed as a parallel leftward shift in the

recovery curve. We therefore averaged the values of Al-lu and T for
rec

the recovery curves associated with each of the 10 FCL studied in each

experiment, and took the mean value as representative of the overall AHQ

and LI The data for each recovery curve was then refitted by

equation 1 keeping AH and Trec fixed at the overall mean values for
that experiment. Fig. 4 (bottom) shows a series of exponential curves fitted
to the raw data shown at the top of the figure according to this method. The
equatlions characterizing each of these curves were used to solve precisely for

the HA value for each set of data, using the following rearrangement of

eq. 1 for an AH interval of 125 msec:

HAj175 = =Tpee 1In (IZZ'AH“) (Eq. 2)

As shown in Figure 6, decreases in HAIZS resulting from facilitation were

well-fitted by the relationship

A = C . - Eq. 3
HAfac exp (-HA/T fac) (Eq. 3)

Where AHAfac = magnitude of facilitation-induced shift in the recovery

curve as indicated by changes in HA C = a constant reflecting the

125°

maximum magnitude of leftward shift; HA is the HA interval from the His
potential of the last basic complex to the atrial activation of the

facilitating impulse; and Tfac = a time constant. The correlation
coefficents for the nonlinear regressions to eq. 3 averaged 0.98+0,01, with a
mean T ac of 148+18 msec. Repeated facilitation cycles did not result in
a further shift of the recovery curve - the degree of left shift reached

steady state within one cycle (Fig. 7).
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Facilitation acts to attenuate the effects of recovery by shifting the
recovery curve to shorter HA values as shown in Figure 4. The coumbined
effects of recovery and facilitation at any steady state HA interval can
therefore be expressed by combining equations (1) and (3) to pive:

AH = AH@ + A . exp[-(HA + AHAfac)/Trec] (Eq. 1a)

3. Fatipue component. When the atrial rate is increased while maintaining
a constant HA interval, the AH interval gradually increases to reach a steady
state over several minutes, as shown in Fig. 8. Changes in AH interval from
the second beat to steady state of a tachycardia with a given HA time was
well-fitted (mean r=0.93%.01) by the relationship

AAHn = AAHSS [1 - exp (—n/'rfat)] (Eq. 4)

. th
Where AAHn = increase in AH interval for the n beat of tachycardia;

AAHSS = change in AH interval from baseline at steady state of the

tachycardia; Tfat = a time constant characterizing the onset of fatigue.
Mean values of AAHSS and Tfat are shown as a function of the HA
interval during tachycardia in Fig. 9. While 1 was not significantlly

fat

altered over the entire range of HA intervals, the magnitude of fatigue

(AAH ) increased as HA interval decreased (i.e. tachycardia rate
ss

increased). The relationship between AAHSS and HA interval was

well-approximated by a function of the form:

AAH = = AaH exp (-k.HA) + b (Eq. 5)
Ha max

Where  AAH = AAH at any HA interval; BAAH is a constant
HA ss max

(equivalent to predicted AAHSS for a tachycardia with HA = 0); and k and b
are constants. The values of AAHmax' k, and b were obtained by nonlincar

least-squares regression. The curve fitted to the mean data from all

experiments according to eq. 5 is shown in Fig. 9 (top).
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The magnitude of fatigue was also studied using the protocol illustrated at
the bottom of Fig. 1. Recovery curves were obtained at three rates of
stimulation, arbitrarily termed "fast", "slow", and "intermediate™. Figure 9
shows a recovery curve obtained at a slow rate (with a steady state HA of
740 msec), as well as the corresponding curve at a rapid rate
(HA = 200 msec). Solid lines show the best-fit curves to eq. 1 for each set
of points.

The curve at the rapid rate is shifted upwards by about 12 msec. To
determine whether the change in the recovery curve at a rapid rate is due
solely to a tonic increase in Al-lo in equation 1, (i.e. a parallel upward
shift), a constant value equal to the shift in AHQ was subtracted from
each point on the fast rate recovery curve. The resulting curve, shown by the
dashed 1line, lies close to the points on the slow rate recovery curve,
consistent with a parallel shift. Table 1 shows the results of nonlinear
curve-fitting of the recovery curves at each rate. Rapid rates increased the

A}{m and tended to increase the HAl while the recovery time conctant

25’
was unaltered. When the change in AHQ at faster rates was accounted for

(as shown in Fig. 9), HAIZS values decreased into the same range as values

at the slow rate.

Combined effects of recovery, facilitation, and fatigue on the AH interval
at different rates. Since the response of the AV node to changes in heart
rate is dependent on the three properties explained above, one can incorporate
quantitative indices of recovery, facilitation, and fatigue into a
mathematical model to predict AV nodal conduction as a function of HA
interval. The AV conduction time at each steady state rate represents the sum

of the contributions of basal conduction time, AV recovery, fatigue, and
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facilitation. These can be stated mathematically at any HA interval as
follows:
AHSS =AH_ + A . exp[-(HA + AHAfac)/Trec] 1 AAHmax . exp(-k . HA) + b (Eq. 6)
Where AH, = AHQ (from eq. 1) at a cycle length of 1000 msec, A and
Trec are defined by (recovery) equation 1, AHAfac is determined by
equation 3, and Ammax’ k and b are defined by equation 5. In order to
estimate the contribution of these processes to the rate-dependent chanpes in
AV conduction time, we used mean values obtained from the results of all
exneriments studying each process to get overall estimates of AH _, A,
Trec' AHAmax’ Teae! AAHmax’ k and b. The predicted changes in
AH interval resulting from theart-rate dependent changes in recovery,
facilitation, and fatigue are shown as a function of steady state HA interval
in Figure 11, At long HA intervals, the AH interval is only determined by
basal conduction time (AH ). The contribution of the three rate sensitive
properties (rocovery, facilitation, and fatigue) is almost negligible. As the
HA interval is decreased further, each of the rate-sensitive nodal propertics
become progressively more important in determining AV conduction time (AH
interval). Application of the recovery equation (1) alone would pgrossly
overestimate the changes in AH interval as steady state HA is reduced.
However, because facilitation appears and diminishes the consequences of
incomplete recovery, the changes predicted from the combined effects of
facilitation and incomplete recovery are much less, and slightly underestimate
the AH values at each steady silate HA interval. When the effects of fatipue

are included to produce an overall prediction based on all rate-dependent

properties (solid curve), there is good apgreement with experimental data.
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DISCUSSION

Lewis and Master (18) first described the functional AV nodal properties
now commonly termed recovery, facilitation and fatigue. 1In a more recent
series of studies, Billette has shown that the effects of each of these
properties can be 1isolated using specific pacing protocols (2,4,5,7,8). Ue
now report methods to quantify recovery, facilitation and fatigue, and show
that rate-related changes in AV nodal conduction time can be quantitatively
attributed to alterations in these three properties.

Comparison with previous studies of recovery, facilitation and fatigue.
The curvilinear nature of the recovery process was recognized by Mobitz (23)
and Lewis and Master (18). Mobitz used the recovery curve and the concept of
the RP-PR relationship to account for Wenckebach periodicity during Type 1 AV
block. Exponential functions have been the most commonly used mathematical
approximations of the recovery curve (9-11,30,33,37), with time constants of
recovery in the same range as reported in the present paper. Our observation
that the recovery time constant is not affected by changes in basic cycle
length is similar to the findings of ferrier and Dresel (10). Van der Iweel
et al (39) treated the canine atrioventricular node as a periodically
perturbed biological oscillator, and used an exponential function with a time
constant averaging about 70 msec to characterize the phase-latency curve
(analogous to the recovery curve). Other investigators thave applied
hyperbolic functions to f£it the recovery curve (9,32). Chorro et al (9)
showed that a direct fit of recovery data to an exponential function.was
assoc’aled with a lesser sum of squared residuals than either of two
hyperbolic functions or a linear relationship. On the other hand, the

difference was statistically significant only for the linear and one of the
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hyperbolic functions, and the exponential was particularly sensitive to error
introduced by logarithmic (linear) transformation. |

Lewis and Master (18) noted that the leftward shift in the recovery curve
resulting from premature cycles reached steady state in less than 6 beats
Billette (4) showed that this effect of premature activation, which he called
"facilitation"”, reaches steady state after one premature cycle. Prior to the
present study, no quantitative methods have been put forward to describe this
process. We have shown that facilitation results in a parallel leftward shift
of the recovery curve (i.e. Trec and AHm are unaltered). Furthermore,
the magnitude of leftward shift is well-approximated by an exponential
function of premature cycle length.

The term "fatigue" was coined by Lewis and Master, who obscrved that at
rates of over 200/min, AV nodal conduction was slowed by up to 10 msec in
dogs, even at coupling intervals long enough to allow for full recovery.
Ferrier and Dresel (10) showed that, in isolated dog hearts, decreases in
basic cycle length resulted in increased AH time of beats with a similar
recovery interval. They noted little change over cycle lengths from 800 to
500 msec, but about an 8 msec increase in basal conduction time as cycle
length was further decreased to 300 msec. Jenkins and Belardinelli (14)
studied AV nodal accomodation in isolated guinea pig hearts. They found Lhat
AV node conduction slowing in response to rapid atrial rates consisted of two
components: a large first-beat increase in conduction time (corresponding Lo
incomplete recovery), followed by a smaller, secondary phase (corresponding to
fatigue) which reached steady state within 20-35 sec. Billette et al (7)
studied the functional characteristics of rate-~induced fatigue in the isolated
rabbit AV node. The latter authors mnoted a mean of about 12 msec of

conduction slowing due to fatigue at rapid rates, with 50% and 90% of maximum
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slowing achieved in about 17 and 90 sec respectively. Our observations
confirm and extend these previous findings. We found that the fatigue process
was well-approximated by an exponential function (Figure 8), and that the time
constant of fatigue development (in number of beats) is independent of the HA
interval or cycle length of tachycardia (Figuve 9). The maximum magnitude of
fatigue occurring in our dogs was 15 msec, in line with the observations of
previous investigators. All of the changes in the AV recovery curve resulting
from fatigue could be attributed to an increase in AHQ, indicating that
fatigue can be considered to cause a parallel upward shift of the AV recovery
curve (Figure 10). Our results indicate that facilitation and fatigue can be
considered rather simply to represent a parallel leftward and a parallel
upward shift of the recovery curve respectively.

Comparison with previous models of AV nodal conduction. We predicted
steady state AH intervals by using a single equation (eq. 6) incorporating
terms representing basal conduction time, recovery, facilitation, and
fatigue. The parameters characterizing each functional wvariable were
determined in separate series' of experiments. When the mean parameters were
inserted into equation 6, the resulting predictions of rate-dependent changes
in AH interval agreed closely with independently obtained experimental data
(Figure 11).

Our model represents, to our knowledge, the first attempt to quantify a
complete system of rate-dependent AV nodal properties, and to use the
resulting mathematical formulation to predict rate-dependent changes in AV
node conduction time. The agreement between the predicticns of the model and
independently-obtained experimental data suggests that the mathematical
formulation accurately represents all rate-dependent AV nodal processes

functioning under the conditions of our experiments.
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Heethaar et al (11) used an empirical representation of the rate and
magnitide of AV conduction changes upon altering heart rate to predict Aav
conduction time of beats produced by random stimulation of the atria of
isolated rat hearts. Their model suggests that the time-dependent factors
governing AV nodal conduction during random atrial stimulation are analogou-
to those operating upon abrupt changes in atrial rate. They did not attempt
to relate quantitatively the mathematical properties of their model to any
speciflc underlying physiological functions.

Van der Tweel et al (39) showed that the AV nodal conduction of
extrasystolic and post-extrasystolic beats fall on the AV recovery curve,
which they considered to reflect a modulated biological oscillator. Results
are shown from single experiments. Their results for premature extrasystoles
are not surprising, since extrasystoles are used to generate the recovery
curve. The post-extrasystolic recovery intervals all fall on the flat portion
of the recovery -curve; agreement might not have been seen for
post-extrasystolic beats with shorter coupling intervals, because facilitation
would have shifted the recovery curve of the post-extrasystolic beals to the
left.

Shrier et al (30) showed that iteration of the AV nodal recovery curve
alone would predict Wenckebach periodicity during atrial pacing in man. Their
model generated quite different results in individual patients depending on
whether the recovery curve used was obtained at a fast or a slow rate. This
indicates the existence of important rate-dependent properties other than
recovery per se. In fact, we have used a model similar in approach to that of
Shrier et al, but incorporating terms to describe the role of facilitation and

fatigpue, and have achieved much better apreement with observed Wenckebach

behaviours (35).
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Underlying ionic mechanisms. The cellular and ionic mechanisms of AV
nodal recovery have been studied in detail., Paes de Carvalho and de Almeida
showed that AV nodal conduction delay tends to occur in midnodal cells (28).
Meredith et al (22) demonstrated time-dependent recovery of cellular
excitability fellowing full repolarization (underlying "post-repolarization
refractoriness”) in central nodal (N) cells of isolated rabbit hearts. They
related their intracellular findings to the AV node recovery -curve.
Subsequent detailed microelectrode studies of the AV node have suggested that
the conduction delay during premature AV nodal stimulation may be due to
electrotonic propagation in the N-NH region, and that both the recovery of
source current in the N region and the recovery of excitability in NH cells
are critical determinants of the delay (3,6). These properties are in turn
likely related to the recovery from inactivation of the slow inward calcium
current which underlies phase 0 depolarization and conduction in the AV node
(16,41). Consistent with this idea is the similarity between the recovery
time constant of AV nodal conduction (50-100 msec) and the reactivation
kinetics of L-type calcium currents in isolated canine cardiac Purkinje cells
(12) and of slow inward current in multicellular preparations (19).

The mechanisms wunderlying facilitation and fatigue are much less
well-understood. Billette (6) showed that premature activation results in
decreased action potential duration of distal nodal cells, which in turn
quantitatively accounts for rate-dependent shortening of the AV nodal
functional refractory period. Decreased action potential duration would
result in a longer diastolic recovery interval for the post-premature beat at
any given cycle length, producing a leftward shift in the post-premature

recovery curve. In support of this concept, the maximum decrease in action
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potential duration reported by Billette is in the same ranpge as the maximum
leftward shift of the recovery curve caused by facilitation in our experiments.

Meredith et al (22) showed that rapid pacing-induced fatipue increases the
intracellular current threshold of AV nodal cells, and that this change is
demonstrable even at long recovery intervals. They did not comment on any
concomitant changes in action potential characteristics. Jenkins and
Belardinelli (14) noted that an adenosine antagonist reduces AV nodal
accomodation during very rapid pacing (cycle length <170 msec) in isolated,
perfused guinea pig hearts. This suggests a potential role for adenosine
accumulation in the production of AV nodal fatigue, but more detailed studies
are necessary before the underlying mechanism(s) of AV nodal fatigue is(are)
fully understood.

Limitations of the present study. The recovery variable that we used for
analysis was the HA interval, as employed by Billette (2,4,5,7,8), and
analogous to the use of the RP interval by Lewis and Master (18) and Mobitz
(23). Other workers have challenged the rationale of using the HA recovery
variable, and suggested that the AA interval is a more correct index of AV
node recovery time. Simson et al (31) showed a changing AH-HA relationship
during 4:3 Wenckebach cycles, and argued against the use of the HA interval as
a recovery value on this basis. On the other hand, we have shcwn, using an
approach similar to that presented here, that changing deprees of facilitation
during Wenckebach cycles can account for the changing AH-HA relationship.
Furthermore, Levy et al (17) have shown that, for a given mean atrial cycle
length, quite different patterns of atrioventricular conduction can occur
depending on whether the ventriculoatrial time is fixed or allowed to vary

over consecutive cycles.
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The work described in this manuscript was designed to develop quantitative
descriptions of recovery, facilitation, and fatigue, and to determine whether
the resulting model, which uses HA interval as the recovery variable, can
account for rate-dependent changes in AV nodal conduction time. It was not
designed as a test of the comparative merits of the HA compared to the AA
interval as an index of AV node recovery time. This issue can only be
definitively resolved by detailed microelectrode experiments, and it may well
be that both AA and HA intervals contribute to the determination of AV nodal
properties under different conditions.

Several variables that can potentially alter AV node conduction were not
considered in the present model. The site,K of AV nodal input can affect
conduction through the mnode (1,13,20), and 1is mnot considered in our
formulation. Our results do not appear to have been affected, perhaps because
we stimulated consistently at the same right atrial site. Billette (7) has
shown that the site of atrial stimulation does not alter the expression of
time-dependent fatigue in the AV node. Changes in AV nodal input could alter
the conduction time in a way not accounted for by our model, and would most
likely occur as a result of ectopic atrial activations, or very premature
beats that block in the primary AV nodal input and obtain access via a
secondary input pathway.

Autonomic tone can vary AV nodal conduction, and its influence was
eliminated in this study by combined beta adrenergic receptor blockade and
vagal division. Alpha adrenergic stimuiation does not alter AV nodal
conduction (36). We prevented autonomic effects in order to avoid
complexities introduced by changes in autonomic balance resulting from rapid

pacing, premature stimulation, ete. Aulonomic influences can strongly affect
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rate-dependent AV nodal properties (26,27), but their potential role must be
studied under carefully-controlled conditions to avoid complex interacliouns.

Potential importance. The model developed in this paper represents, to
our knowledge, the first attempt to quantify a complete system of
rate-dependent AV nodal properties, and to then apply the resulting equations
to predict prospectively rate-dependent changes in AV nodal function. 1Its
success supgests that, at least at steady state during 1:1 atrial pacing,
rate-dependent changes in AV node conduction can be entirely explained on the
basis of AV nodal recovery, facilitation and fatigue.

The quantitative descriptors of specific properiies that we have developed
can be a useful tool to investigate the effects of interventions on individual
dynamic properties of the AV node. Using this approach, we have shown that
vagal stimulation slows AV nodal recovery, attenuates facilitation, and
increases fatigue (26). These discrete changes account for the important
rate-dependency of the negative dromotropic effects of the vagi on AV nedal
conduction (26,40). Conversely, sympathetic stimulation accelerates AV nodal
recovery and attenuates fatigue, while leaving facilitation unaltered (27)
Interventions which alter AV nodal properties have generally been considered
in a static sense, without evaluating the important changes they may produce
in the ways that the AV node responds to an altered input rate. Altered
dynamic AV nodal ©properties may be an important mechanism wheroeby
interventions alter nodal conduction. Lewis and Master (18) supggested Lhat
vagal stimulation may slow AV nodal recovery, and Ferrier and Dresel (10)
found that adrenergic stimulation with epinephrine reduces AV nodal fatigue,
Our model allows for such effects to be precisely quantified, and four the
relative importance of changes in recovery, facilitation, and fatipue produced

by an intervention to be determined.
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The approach presented here may potentially allow for detailed quantitative
study of rate-dependent AV nodal properties in man. 1In the dog, fatigue
contributed modestly to rate-dependent AV  nodal conduction slowing
(Figure 11). Incomplete recovery 1is the mos. important determinant of
conduction slowing, and its impact at any rate is attenuated by the presence
of facilitation. It must be remembered that the effect of facilitation is
mediated solely by a leftward shift (i.e. attenuation) of incomplete recovery-
facilitation does not accelerate baseline conduction per se. Changes in some
or all of these variables may be important in accounting for clinical
impairments of AV node conduction, an issue that can potentially addressed by
applying the methods developed in this manuscript. Changes in rate-dependent
properties, eg. via autonomic tone or other neurotransmitters, may be
important determinants of the occurrence and/oc termination of
tachyarrhythmias involving the AV node. Finally, the development of
interventions which selectively alter specific rate-dependent properties might

be a promising new approach in the treatment of supraventricular

tachyarrhythmias.
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Table 1. Quantitative Analysis of Rate-Induced Fatigue on AV Nodal Conduction
Time of Premature Beats

BCL HA AHy Trec HAj 95 HAj 25 cor*
(msec) (msec) (msec) (msec) (msec) ({msec)
Slow Rate 940+40 B66+42 54.8+7 476 104411 104+11
Intermediate Rate 440421 380+22 61.34£6%%  43%7 11843 1103
Fast Rate 318+15 234+22 66.4£7%%x 5046 116411 103413

Abbreviations: BCL = basic cycle length; HA = steady-state HA interval at the
basic cycle length; HAj,5 = HA interval corresponding to AH interval of
125 msec (see eq. 2 in text); AHo = AH interval at infinite recovery time
according to eq. 1; Tpee = recovery time constant from eq. 1,

*  HA125 corrected for the magnitude of fatigue, as shown in Fig. 9.

** p<0.001 compared to corresponding value at slow rate.
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FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.

Experimental protocols. Sequences A-D represent the various
stimulation protocols wused to characterize different functional
properties of the AV node. Protocol A shows the last beat at a
constant basic ecycle length, and one premature (All\z) test
cycle. Protocol B was used to characterize AV node facilitation.
A series of 15 beats at a cycle length of 1000 msec was followed by
a facilitation cycle (Al.ﬂ.z) and by a premature test cycle.
Protocol C was used to determine the time and rate dependence of
the development of fatigue. After .5 minutes of pacing at a cycle
length of 1000 msec, a tachycardia with a constant HA interval was
initiated, and changes in AH interval were observed. Tachycardias
were induced over a wide range of selected HA intervals.
Protocol D was used to determine the effects of fatigue on the
recovery curve, Thirty beats with a reduced HA interval were
followed by ; single facilitation-dissipating pause with an
H1A2 interval equal to the HA interval at the baseline cycle

length. The facilitation-dissipating pause was followed by a

premature test cycle to evaluate the recovery curve.
Wenckebach cycle lengths (WBCL) were measured about every 20
minutes over the course of each experiment. The constancy of WBCL

indicates the stability of the preparation.

Recovery curves at two basic cycle lengths in one experiment.




Figure 4.

Figure §.

Figure 6.

Recovery curves for activations preceded by a facilitation cycie
(Protocol B in Figure 1). As the A1A2 (facilitation cycle
length) decreases, the recovery curve of As shifts to
progressively shorter values of H2A3. Top: Examples of 5
recovery curves from one experiment, each fitted with a single
exponential relationship. Botiom: The same data are fitted with an
exponential curve, but AH.- and tau are fixed at mean values
obtained from all 10 curves in that experiment. The HA value at

which the AH interval was 125 msec (horizontal dashed line) or

MIZS' was used as an index for the degree of left shift caused

by facilitation.

Effects of A_A_ interval (facilitation «cycle 1length) on the

12
variables defining recovery curves, HAl 25 decreased with
decreasing A_A intervals, while AH and T were
12 © rec
unchanged. HA1 25 was an exponential function of AlAz

interval, as shown by the fitted solid curve. (*p<.05, **p<.01,

***p<, 001 vs HAIZS at the basic cycle length),

Shifts in HA interval as a result of facilitation, plotted against
the HIAZ interval of the facilitation cycle. AHA indicates
the decrease in l-lA125 from the wvalue at a cycle length of

1000 ms=c. The solid line shows the best monoexponential curve fit

to observed data.




Figure 7.

Figure 8.

Figure 9.
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Changes ir the AV recovery curve after 1-4 facilitation cycles.
One facilitation cycle shifted the AV recovery curve to the 1lelt,
relative to a curve at the same basic cycle length without an
intervening facilitation cycle (filled circles). Addit ional
facilitation cycles with the same cycle length produced no

additional changes in recovery.

Changes in the AH interval after the onset of alrial tachycardia
with a constant HA interval. Values are shown as changes in Al
interval from the second beat of tachycardia through steady state.
Since recovery effects are constant from beat 1 (constant HA), and
facilitation effects reach sieady state at beat 2, the changes in
AH interval (AAH) are due completely to AV nodal fatigue. Each
set of data was fitted by a simple exponential (solid lines) to
calculate the time constant and magnitude of fatigue. Arrow shows

the time constant of fatigue at each HA interval.

Top: Magnitude of changes in AH interval due to fatigue at steady
state as a function of HA interval and cycle length. Solid line
shows exponential curve fit to data. Where error bars are absent,
they fall within the range of the symbol. Bottom: Time constant
(tau) for the onset of fatigue (Tfat in eq. 4 of text). The

rate of tachycardia did not change the time constant of the

induction of fatigue.
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Figure 10.

Figure 11.
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Effects of rate-induced fatigue on the AV recovery curve, A
single facilitation-dissipating cycle was applied prior to the
test beat at the fast rate in order to study the selective effects
of fatigue on the recovery curve. Fatigue caused an upward shift
of the recovery curve (closed diamond). The solid lines are the
best fit to the data using eq. 1 of the text. The dashed line
shows the recovery curve obtained at the fast rate
(fatigue-affected recovery curve), when the magnitude of the
upward shift has been subtracted. The close agreement with

results at a slow rate suggests that fatigue produces a parallel

upward shift of the curve,

Mathematical modeling to identify the relative contribution of
each process (recovery, facllitation, and fatigue) to changes in
AH interval (AAH) over baseline (at BCL 1000 msec) occurring as
a result of increases in cardiac rate. As HA interval decreased
at the faster rates, both fatigue and recovery components tended
to increase AH interval, while facilitation attenuated the effect
of recovery, tending to improve conduction. The lines are the
predicted values using the mathematical model described in the
text. Overall predictions resulting from the combined effects of
recovery, facilitatlon, and fatigue (equation 6) are shown by the

solid line, while observed values (mean+SE) are shown by the open

circles.
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Vagal Modulation of the Rate-Dependent
Properties of the Atrioventricular Node

Mohsen Nayebpour, Mario Talajic, Christine Villemaire, and Stanley Nattel

-Vagal effects on atrioventricular (AV) nodal conduction are accentuated by increases in heart
rate. To establish the mechanism of these rate-dependent vegative dromotropic actions, we
studied the properties governing AV nodal adaptation to changes in heart rate in chloralose-
anesthetized dogs in the absence and presence of bilateral cervical vagal nerve stimulation (20
Hz, 0.2 msec). Stimulation protocols were applied to evaluate the contributions of changes in
AV nodal recovery, facilitation, and fatigue independently of each other. Vagal stimulation
slowed AV nodal recovery in a voitage-dependent way, increasing the time constant of recovery
(7:) from 830=7 to 19416 msec (mean=SEM, p<0.01) at the highest voltage studied. The
facilitating effect of a premature (A;) beat was manifested by a leftward shift of the recovery
curve (A,H; versus H,A,) of a subsequent A, beat. The magnitude of shift depended on the AA,
coupling interval and was reduced by vagal stimulation at all A,A, intervals (maximum shift:
control, 6312 msec; vagus, 24=11 msec; p<9.01). When recovery and facilitation were kept
constant, abrupt increases in AV nodal activation rate caused a slow (7=75 beats) increase in
AH interval (fatigue). Vagal stimulation increased the magnitude of this process (maximum:
control, 11=2 msec; vagus, 27+=3 msec; p<0.001), without altering its time course. At activation
rates comparable to sinus rhythm in humans, vagal stimulation at an intermediate voltage
increased the AH interval by 25 msec. As heart rate increased, vagally induced changes in
dynamic processes amplified AH prolongation up to fivefold at maximum rate. The role of vagal
changes in individual functionai properties depended on heart rate, but slowing of recovery was
the single most important factor, constituting over 50% of overall vagal action at rapid rates.
We conclude that vagal stimulation alters the ways in which the AV node responds to changes
in activation rate and that at rapid rates most of the negative dromotropic action of the vagus
is due to changes in the AV nodal response to tachycardia. Alterations in rate-dependent AV
nodal properties are 2 novel and potentially important mechanism through which interventions
may affect AV nodal conduction. (Circulation Research 1999;67:1152-1166)

he atrioventricular (AV) node is unique
among electrically conducting cardiac tissues

in its sensitivity to changes in heart rate.!

'l'he frequency-dependent properties of the AV node
lead to complex responses to changes in rate,2-12
which play an important part in protecting the ven-
tricle during atrial fibrillation and flutter! and may
have a role in the generation and maintenance of
reentrant sapraventricular arrhythmias.!3-15 Slow re-
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covery of AV nodal conduction after activation is
clearly demonstrableZ-i2 and must play a major role
in determining the response of the AV node to
alterations in input rate.

It is clear, however, that the responses of the AV
node to a change in cardiac frequency invoive pro-
cesses beyond simple time-dependent recovery after
AV nodal activation. Whereas the latter has a rapid
time course,!=1® full adaptation after an abrupt
change in atrial rate is much slower and requires up
to several minutes.}7.19-23 A simple AV recovery
model can cxplain in a gross way patterns of Wencke-
bach periodicity in dogsz‘ and humans,? but sigmfi-
cant discrepancies remain.?

A variety of approaches have been used to charac-
terize the rate-dependent properties of the AV node
The most detailed functional charactenzation has
been achieved by Billette and coworkers,?16.18.22.2627
Using the time from the His bundle spike to the next
atrial activanon (HA interval) as an index of AV
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nodal recovery time, they have analyzed AV nodal
function in terms of three distinct properties: recov-
ery, facilitation, and farigue. Each of these properties
can be analyzed independently using selective stim-
ulation protocols.!*=-6 AV node recovery is defined
by the relation between AV nodal conduction time
and the preceding HA interval and is most simply
studied by measuring the conduction time of extra-
systolic AV nodal activations in terms of their pre-
maturity (AH-HA relauon). The resulting recovery
curve closely approximates a simple exponen-
tial.7172523-30 Whea a premature beat is inserted
before the test beat, the AH-HA relation is shifted to
the left on the HA axis, resuiting in faster conduction
for a similar HA interval than if there had been no
preceding conditioning extrastimulus,3-18 This prop-
erty has been termed ““facilitation,” because it results
in improved AV nodal conduction.’82¢ Using pacing
protocois that maintain a constant level of facilitation
and recovery, Billette et al2 have demonstrated a
progressive slowing of AV nodal conduction over
several minutes after the onset of tachycardia, This
process is unlike recovery and facilitation, which act
on a beat-to-beat basis, and has becn named AV
nodal “fatigue.”#-Z The characterization of thess
processes has been performed predominantly in vi-
tro, and there is little quantitative information about
the resporse of these properties to interventions that
alter AV nodal conduction in vivo.

Vagal tone has an important modulating influence
on AV podal conduction. Increased vagal tome,
whether by direct stimuiation of vagal nerves¥-% or
through physiological refiexes, 3’0 digitalis, 4142 pres-
sor agents,*3+ or acetylcholinesterase inhibitors, 46
depresses AV nodal conduction and can be used to
treat a variety of supraventricular arrhythmias, in-
cluding reentrant tachycardias involving the AV
node, atrial fibrillation, and atrial furner.!47 Vagal
influences on AV nodal conduction are complex and
depend on the voltage intensity, frequency, duration,
and phase in the cardiac cycle of vagal nerve stimu-
lation,31-3648=-50 The role of heart rate in modulating
vagal actions has been iess widely appreciated. Wai-
lick et al** poted significant interactions between
cardiac frequency and vagal effects on the PR inter-
val. Their observations, along with our own prelimi-
nary findings of heart rate~dependent vagal prolon-
gation of AV nodal conduction and refractormess,
suggested that the rate-dependent properties of the
AV node can be influenced by vagal stimulation. We
therefore undertook the current study to analyze in
derail the ability of vagal activity to modulate the
functional properties of the AV node. Our specific
goals included 1) selectively establishing and charac-
terizing AV nodal recovery, facilitation, and fatigue
in an in vivo system; 2) developing mathematical
tools by which these properties can be quantified; 3)
evaluating the effects of vagal stimulation on each of
these propertics; and 4) determining the extent to
which vagal effects on AV nodal conduction are due

to changes in individual functional properties at any
givea heart rate.

Materials and Methods
General Methods

Mongrel dogs of either sex were anesthetized with
morphine (2 mg/kg) and a-<chloralose (100 mg/kg
iv.). Catheters were inserted into both femoral veins
and arteries and were kept patent with heparinized
saline solution (0.9%). Dogs were ventilated via an
endotracheal tube by using an animal respirator
(Harvard Apparatus, South Natck, Mass.). Tidal
volume and respiratory rate were adjusted after
measurement of arterial blood gases to easure ade-.
quate oxygenation (Sa0,=90%) and physiological pH
(7.35-7.45). A thoracotomy was performed through
the fourth right intercostal space, and the heart was
suspended in a pericardial cradle. Body temperature
was monitored continuously using a thermistor
within the chest cavity and was maintained at 37~
38° C by a homeothermic heating bianket.

Bipolar Teflon-coated stainless stee] electrodes
were inserted into the lateral right atrium and high
lateral right ventricle on either side of the AV ring
and into the right atrial appendage. A bipolar elec-
trode was inserted epicardially to record a His bundle
electrogram.?* The electrodes located in the atrial
appendage and lateral right ventricle were used to
record atrial and ventricular electrograms, respec-
tively. The lateral right atrial electrode was used to
apply 4-msec square-wave pulses at twice late dia-
stolic threshold, with stimulus timing controlled by a
programmable stimulator (Digital Cardiovascular In-
struments Inc., Berkeley, Calif.). Electrogram signals
were filtered at 30-500 Hz and amplified (Bloom
Instruments Ltd., Flying Hills, Pa.) with the output
subsequently led into a paper recorder and/or a
sensing circuit of the stimulator. A Statham P23 1D
transducer (Statham Medical Instruments, Los An-
geles, Calif.), electrophysiological amplifiers, and a
Mingograf T-16 paper recorder (Sicmens-Elema,
Lid., Toronto, Canada) were used to record blood
pressure; electrocardiographic leads 1I and aVR,
atrial, His bundle, and ventricular electrograms and
stimulus artifacts. Recordings were obtained at a
paper speed of 200 mmy/sec. resulting in a2 measure-
ment accuracy of =2.5 msec. In some experiments, a
Mingograf 80 recorder was used at a paper speed of
250 mmv/sec.

The sinus node was crushed using a previously
described technique!” to allow for a wide range of
pacing rates. S-Blockade was produced with 0.5
mg/kg of intravenous nadolol followed by 0.25 mg/kg
every 2 hours. In preliminary studies, this technique
produced continuous and stable blockade of cardiac
B-adrenergic receptors. The vagus nerves were iso-
lated in the neck, ligated, and divided. A stimulator
(mode! SD9F, Grass Instruments, lac., Quincy,
Mass.) was used to apply bilateral vagal stimulation
with a pulse duration of 0.2 msec and frequency of 20
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Hz. Voltages (designated V,, V., V;) were selected in
each experiment to produce 33%, 66%, and 100%
increases in Wenckebach cycle length (WBCL) rela-
tive to control. Mean voltages were V=1.9=04 V,
V,;=32=05 V, and V,=3.7+0.4 V. In some experi-
ments, 2 larger number of stimulation voltages were
used to assess the effects of more graded vagal
stimulation on AV nodal function.

Experimental Prorocols

WBCL was determined under control conditions
by decreasing atrial pacing cycle length by 10-msec
decrements every 10 beats untl second-degree AV
block occurred. This was repeated before and after
each experimental protocol to ensure stability of AV
nodal function during electrophysiological study,
both under control conditions and in the presence of
vagal stimulation. After each experimental protocol,
vagal stimulation was stopped, and WBCL was mea-
sured to ensure the stability of the preparation and
the reversibility of vagal effects. WBCL was mea-
surcd at least mine times over the course of each
experiment. The intermeasurement SD in each ex-
periment averaged 9.6=0.7 msec, or 4.2=:05% of the
mean WBCL. The maximum variation between any
two measurements of WBCL in an individual exper-
imeat was 30 msec.

The effective and functional refractory periods of
the AV node and atrial effective refractory period
were measured with the extrastimulus technique.
The effective refractory period of the AV node was
defined as the longest atrial (A,A;) interval failing
to result in a2 His bundle deflection. The functonal
refractory period of the AV node was defined as the
shortest H,H, output interval resulting from prema-
ture atrial stimulation. The atrial effective refrac-
tory period was defined as the longest interstimulus
(S:S;) interval failing to result in a propagated atrial
response.

AV nodal conducton was assessed from the His
bundle electrogram, with the AH interval defined as
the time from the peak after the most rapid deflection
in the atrial electrogram of the His bundle electrode to
the peak after the most rapid deflection of the His
bundle electrogram. The HV interval was defined as
the time from bundle of His depolarization (as defined
above) to the onset of earliest ventricuiar activation in
the His signal or surface electrocardiographic leads.
The HA interval was defined as the time from the
peak after the most rapid deflection in the His elec-
trogram to the corresponding peak in the next atrial
electrogram in the His recording.

Rate-Dependent Effects of Vagal Stimulation on
Atrioventricular Nodal Refractoriness

The effective refractory period of the AV node was
measured under steady-state conditions over a wide
range of basic cycle lengths (300-1,000 msec). A
steady state was achieved by pacing at a given rate for
2 minutes before measurement. After the above
measurements were completed under control condi-

tions, the experimental protocol was repeated at
different levels of vagal sumulation.

Quanuzanive Assessment of Functional
Rate-Dependent Properties of the
Atrioventmcular Node

Specific stimulation protocols and analysis tech-
niques were used to quanafy selected funcuonal AV
nodal properties before and after vagal stimulanon.
The three basic propernes of AV nmodal recovery,
facilitation, and fatigue were characterized as follows.

Effects of vagal stirmulanon on atnovensrcular nodal
recovery. A constant basic cycle length (5,3, interval)
was used, and the effect of changes in recavery
interval on AV nodal conduction was determumed. A
single premature or delayed stimulus (S,) was intro-
duced after every 15 basic stimuli, and a curve
relating A H; (AV nodal conduction time of the test
impulse) to the H,A, interval was established. The
H,A,-A;H; relation was determined at two basic
cycle lengths (at a cycle length 50 msec above the
WBCL and at a cycle length of 600 msec). A number
of investigators have found this relation to be expo-
nential.7252%-32 We therefore used monoexponental
curve-fitting techniques (see below) to charactenze
the AV nodal recovery curve before and after vagal
stimulation.

Vagal effects on facilitarion resulting from premanure
stimularion. Premature atrial activauon (A,) results in
a leftward shift of the AV nodal recovery curve (as
defined above) for a subsequent A, impulse.34-1% This
process has been termed facilitation and reaches
steady state after one cycle at a mew ratc.'s We
studied this process by pacing at a fixed §,S, cycle
length for at least 5 minutes. A prematurc atnal
impulise (S.) was then introduced to produce a se-
lected A, A, “facilitation cycle” after every 15 basic
stimuli. A test impulse (S;) was then applied after
each S;, and the AV node response to S, was
monitored to generate an H,A;-A,H,; recovery curve.
The latter curve was studied over a wide range of
AA,; facilitation cycle lengths (FCLs) with AA,
varied from 800 to 20 msec greater than the refrac-
tory period of the AV nodal conduction system.

Each H,A;-A,H, recovery curve was fitted by a
monoexponential model. As FCL was shortened, the
recovery curve of A, shifted gradually to the left in a
parallel fashion. The degree of leftward shift was
found to be an exponenual functuon of FCL. We
evaluated vagal effects on facilitauon by directly
comparing the degree of leftward shift of the A,
recovery curve at each FCL before and after vagal
stimulation, as well as by assessing the effects of vagal
stimulation on the relation between the leftward shift
and FCL.

Characterization of vagal effects on rate-induced
fangue in the arioventmcular node. A slow process of
AV nodal conduction slowing, which is independent
of AV nodal recovery and facilitation, can be dem-
onstrated after abrupt increases in atnal rate.!6= To
study the magnitude and rate of this process, we used
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a sensing and pacing circuit to sense each ventricular
activation and pace the right atrium with a given VA
interval. Because the HV interval was measured and
remained constant throughout each experiment, this
allowed us to initiate a tachycardia with a given HA
interval and to maintain the HA interval constant
throughout the tachycardia.

The onset of fatigue was studied over a wide range
of HA intervals under control conditions and then
during vagal stimulation. An average of 10 HA
intervals was studied under each condition. After
tachycardia was initiated at a given HA interval, it
was maintained for at least 5 minutes to ensure that
steady-state conditions had been achieved. A period
of recovery of at least 5 minutes was allowed for
dissipation of fatigue before the next test run. During
each tachycardia, the AH interval increased as a
first-order function of beat number. Exponential
curve fitting was used to determine the time constant
and magnitude of fatigue at any HA interval. Be-
cause the HA interval was constant throughout the
tachycardia, changes in recovery (as defined above)
should not alter the AH from the first beat of the
tachycardia through steady-state conditions. Bil-
letteis showed that facilitation reaches steady state
" by the second beat of a tachycardia with a constant
HA interval,’® and we verified that this was the case
under both control and vagal stimulation conditions
in our dogs. Therefore, the magnitude of AH interval
change from beat Z of the tachycardia to steady-state
conditions (as determined from the best-fit exponen-
tial curve) should be an accurate index of the fatgue
process that is independent of both recovery and
facilitation.

The magnitude of fatigue was also assessed in a
different way under control and vagal conditions. We
determined the AV nodal recovery curve as de-
sctibed above under steady-state conditions at a slow
rate. We then increased the rate, and when steady-
state conditions were achieved, introduced after ev-
ery 15 beats a pause (S') with a preceding HA'
interval equal to the HA interval at the slow rate. As
shown by Billette et al,2 this is sufficient to com-
pletely dissipate the facilitation resulting from rapid
pacing, without altering the degree of fatigue. We
then determined the recovery curve of a beat result-
ing from an S, by measuring the A;H, interval as a
function of the preceding H'A, interval. This recov-
ery curve should reflect the effects of fatigue alone.2
These measurements were made using the same HA
values for the siow and fast rates under both control
and vagal conditions in each experiment.

Data Analysis

Results are reported as the mean+=SEM. Multiple
comparisons between control and vagal stimulation
data were made by two-way analysis of variance with
Scheffe contrasts.®2 Comparisons betwesn only two
groups of experimental data were made with Stu-
dent’s ¢ test. Two-tailed tests were used for all stads-
tical comparisons, and a probability of 5% or less was

taken to indicate statistical significance. Exponential
curve fitring was performed using Marquardt’s tech-
rique on an IBM AT compatible computer.

To ascertain that the effects of vagal stimulation on
AV nodal function that we studied were due to
stimuiation of muscarinic cholinergic receptors, vagal
stimulation was applied before and after atropine in
three experiments. The voltages for bilateral vagal
stimulation with 0.2-msec square-wave pulses at 20
Hz required to produce 30-200% increases in WBCL
were determined. Atropine (1 mg i.v.) was giver, and
vagal stimulation was repeated at the previously
determined voltage leveis. In all experiments, vagal
stimulation after atropine had no effect on WBCL,
indicating that the effects of vagal stimulation on AV
nodal conduction were due to stimulation of musca-
rinic cholinergic receptors.

Five experiments were performed to determine °
vagal effects as a function of steady-state rate, and
five were performed to measure vagal effects on the
AV nodal recovery curve.. At least three levels of
vagal stimulation were studied in those experiments.
Because of the complexity of experiments used to
study facilitadon and fatigue, only one vagal stimu-
lation voltage (V;) was used in each experiment.
Facilitation was studied in eight dogs, and fatigue
was studied in 10 dogs, with fatigue kinetics studied
in eight of these and the fatigue-induced recovery
curve shift evaluated in five (three dogs underwent
both fatigue protocois). All animal care techniques
followed the recommendations of the Canadian
Council on Animal Care, and research protocols
were approved by the Animal Care Committee of the
Montreal Heart Insttute.

Resuits

General Effects of Vagal Stimulation

Vagal perve stimuladon increased WBCL, AV
conduction time, AV nodal effecrive refractory pe-
riod, and AV nodal functional refractory period in a
voltage-dependent manner (Table 1). The effect of
vagal stimulation to increase WBCL was the same
before and after each experimental protocol, indicat-
ing that the effects of vagal stimulation were constant
(Figure 1). After vagal stmulation was stopped,
WBCL rapidly rerurned to control values, indicating
that the effects of vagal stimulation were reversible
and that underlying AV nodal function did not
change over the course of each experiment.

Rate-Dependenz Effects of Vagal Stimulation on
Atrioventricular Nodal Refractoriness

Vagal stimulation increased the AV nodal effective
refractory period in a rate-dependent way (Figure 2)-
Under congol conditions, atrial refractoriness was
generally greater than AV nodal effective refractory
period. The values that we obtained for the nodal
effective refractory period are therefore an upper
limit for true AV nodal effective refractory period
under control conditions. These values decreased
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Tasie 1. Electrophysiological Vanables Before and After Vagal Stimuiation

WBCL (msec) Voltage AVFRP  AVERP  AERP BP
Prestudv Poststudy intensity (V) (msec) (msec) (msec) (rmum Hg)
Control 200=11 205=9 - 258=10 150=7 150=7 138=8/86=5
Vi 270=9° 265=10* 1.9=03 285=23 190=15 14024 13423/89=38
Vs 332=7° 335=9° 31=04 330=15¢ 260=11% 130=4 134=4/94 =3
Vs 435=6* 432=5" 3.7=03 407=28* 355=36° 132=8 1292692=3

Vaiues are mean=SEM. Prestudy vaiues are the vaiues measured at the beginnuing of each expenmental protocol,
and poststudy values are the values measured at the end of the expennmental protocol. Atnal refractoriness was lumnng
under coatrol conditons in all expenments; therefore, the value listed for effectve refractory penod of the
amoventricuiar node (AVERP) 1s an upper limt established by the atnal refraczory penod. WBCL, Wenckebach cycle
length: AVFRP, funcnional refractory penod of the amoventncular sode measured at a basic cvcie length of 500 msecs
AERP, amal effecuve refractory peniod; BP, artenal biood pressure; V), V,, V3, voltage to increase WBCL by 3395,

. 66%, and 100%, respectively, in cach expenument.
*p<0.001 compared with corresponding controi value.
1p<0.05 compared with corresponding controi vaiue.
$p<0.01 compared with corresponding control vaiue.

with decreasing cycle length. After vagal stimulation,
AY conducting system refractoriness was determined
by the refractory period of the AV node, and the AV
nodal effective refractory period showed signiicant
increases as pacing cycle length was reduced. Vagal
stimulation resulted in rate-dependent changes in
the steady-state AH interval, with vagally induced
increases in the AH interval becoming larger as
pacing cycle length decreased (Figure 2).

Characterization of Atrioventricular Nodal Functional
Properties and the Effects of Vagal Stimularion

An example of one experiment relating A,H, to
H,A, interval under control conditions and after
vagal stimulation is shown in Figure 3. Under control
conditions, A,H; was constant over a2 wide range of
recovery time (greater than 300 msec). With further
decreases in recovery time (H,A, interval), there was
a rapid increase in A,H, untl refractoriness was
encountered. In the presence of vagal stimulation,
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FIGURE L. Voltage-dependent effecss of vagal snmulanon on
Wenckebach cycle length (WBCL). WBCL was measured
during vagal sumulation before (B) and nght after (A) each
expenimental protocol. Vagal sumulaton increased WBCL in
a voltage-dependent fashion. After each period of vagal sum-
ulation, WBCL in the absence of vagal swmulanon (C)
requrned to conwol values. V1, V2, and V3, increasing voltage
intenswer as defined in the text. **p<0.01, ***p<0.00l,
compared with conwrol by paired t test.

the AV nodal recovery curve was shifted to the nght
and upward. The degree and magmitude of thus shift
depended on the voltage used to sumulate the vagal
nerves. Not only did vagal simulauon increase the
AH interval at long H, A, intervals, indicaung a tomc
effect, but it also siowed AV nodal recovery, as shown
by a decreased slope of the recovery curve. Each AV
nodal recovery curve was fitted by nonlinear curve
fitting to an equanon of the form

AH,=AH. +A - exp(~Ur,) M

where AH, is the AH interval at an HA in-=rval of ¢,
AH, is AH after an infinitely long recovery time, A 1s
the difference berween the AH nterval for HA=0
and AH.,, and 7, is the recovery ume constant. The
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FIGURE 2. Effective refractory penod of the atnoveninculur
node (AVERP) (top pancl) and steady-state AH wmuervel
(bottom panel) under control condinons and during voyal
snmulaaon at ty hugher voltages (V, Vi, V7
*p<0.05, **p<0.01, ***p<0.00l, compared with vagul rf-
fects at a cycle length (BCL) of 1,000 msec at the same voltuse

intersuy.
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290
e CONTROL (56)
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80 $ 4 + e + L
0 200 400 600 800 1000120014001600 8000

H1A2 (msec)

mean correlation coefficients for the fits were 0.993
with an SD of 0.005. Time constants were found to
be independent of basic cycie length, so results for
the standard cycle length of 600 msec were used for
all comparisons. As shown in Figure 3, vagal stim-
ulation produced a voltage-dependent increase in
the recovery time constant in this experiment. Fig-
ure 4 shows the average recovery time constants for
the standard voltages (V,, V,, V;) in all experiments
used to study recovery. Vagal stimulation signifi-
cantly increased the time course of recovery in a
voltage-dependent fashion.

Effects of Vagal Samularion on Atrioventricular
Noda! Facilitanon

Single atrial premature beats (A;) snifted the
recovery curve in response to a subsequent A, com-
plex to the left in a fashion that depended on the
A,A, interval (FCL). Figure 5 (top panei) shows raw
data from a series of recovery curves obtained with
varying facilitation (A,A;) cycle lengths. The best-fit
exponential curves to the same data are also shown.
Because these curves were shifted to the left in a
parallel fashion, the degree of shift can be quandfied
by determining the HA interval for any given AH
interval. We determined the HA interval correspond-

220 T
200+ I
180+
160+
1404
120+
100+
80+
60+
40+
204
0

TIME CONSTANT OF RECOVERY (maes)

CONTROL v1i vz v3

FIGURE 4. Changes in recovery nme constant resulting from
vagal sumulanon at progressively larger voltages (V1, V2, V3).
*p<0.05, **p<0.01, compared with control.

ing to an AH value of 125 msec for the recovery curve
at each FCL. This was designated the “HA,;;” and is
indicated by the intersection between the horizontal
dashed line and the recovery curve at each FCL in
Figure 5.

The data in the bottom panel of Figure 5 were
obtained during vagal stimulation in the same exper-

150+
9 \'\X\ \ CONTROL o a0
w123 & A1A2=500
E o AlAZ=400

* A1AZ=300

m 100> ® A1A2=200
=
< 75+

50 -

160
o VAGAL STIMULATIONe A1A2=800
o 140+ & A1A2=500
“ \%& * A1A22400
.| \ * A1A2=300
" “% = A1A2=220
% 1004 h
<

80

o 100 200 300 400 500

H2A3 msec

FIGURE 5. Recovery curves for acuvanons preceded by an
inserpolated beat (A;) over a range of A,A, coupling intervals.
As the A, A, interval decreases, the recovery curve of Ay shifts
to progressively shorter values of H;Ay In the expertment
shown, as well as all others, vagal snmulanon (bottom panet)
resulted in a smaller facilitation-induced shift in the recovery
curve than present under conwrol condinions (top panel). Each
recovery curve was fitted with a single exponennal relasion,
shown by the solid lines. The HA value at which the AH
interval was 125 msec (honzontal dashed line), or HA;35, was
used as an index for the degree of lefward shift caused by
premature stimulanon. Vagal stimulanon reduced the change
in HA, caused by facilitanon. In each epenment, complete
A,H A H, recovery curves were obtained at 10 A, A, imervals,
under both conrrol and vagal condinons. Only five curves are
shown for each in this figure for the sake of clanty.
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iment. Vagal stimulation reduced the amount of
leftward shift resulting from facilitation over a similar
range of AA, intervals. Changes in FCL produced
much less alteration in HA,.¢ in the preseace of vagal
stimulation than under control conditions. An illus-
trative example of the effect of vagal stimulation on
AV nodal facilitation is present=d in Figure 6.

To obtain a quaniitative estimate of HA,, at each
FCL in each experiment, we soived for t in Equation
1 at an AH, value of 125 with values of A, AH,, and
7, obtained from nonlinear curve fitting of each
recovery curve. Figure 7 shows the mean values of
HA,;s, 7 and AH, as a function of FCL under control
conditions (top panel) and in the presence of vagal
stimulation (bottom panel). An identical range of
values for FCL was studied under both conditions.
Under either condition, AH, and 7, were unchanged
by changing FCL, as shown by the hatched and open
bars, respectvely, confirming that facilitation caused
a parallel leftward shift of the recovery curve. Under
control conditions (top panel), HA,,y decreased sig-
nificantly as FCL decreased. In the presence of vagal
stimulation (bottom panel), 7 and AH, were in-
creased relative to control values but were not signif-
icantly changed by changes in FCL. HA;;s was
greater in the presence of vagal stimulation, re-
flecting the rightward shift of the recovery curves,
and showed much less change with changing FCL
than under control conditions.

To further quantify the leftward shift of recovery
curves caused by facilitation, we related changes in
HA ;s from those at a basic cycle length of 800 msec

(A HA) to the FCL and found it to be well fitted
{mean r=0.98=0.01) by the reiation

. HAp2s 1 TAY K3 Ay

2004+ CONTROL
Q
w
]
=

200f VAGAL STIMULATION
Q
b}
7
x

]

300 330 400 300 eco 800
A1A2 (FACILITATION CYCLE) maec

FIGURE 7. Defiming varubles for recovery curves preceded
by facilianon cycles of varying duranon. While AH. and the
recovery tune consiant (tau) were unchanged by facuuio.y,
indicanng parallel curve shift, HA 2y (the FLA value at which
the AH wnterval was 125 msec) decreased with decrrusuiz
faciitanon cycle length under control condinons *p- 010,
**n<0.01, ***p<0 001, compared with corresponding values
at AiA; of 800 msec. Top panel: Conmrol values Bortom
paucl: Vagal snmulanon increased all three varubles, and
premature sumulanon produced small decreases in HA 35 tn
the presence of vagal sumulanon.
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FIGURE 8. Changes in the amiovenmcular recovery curve
afier one to four facilitation (FAC) cycles. One facilization
cycle shified the atriovenmicular recovery curve to the lefi,
relanve to curve at the same basic cycle length without an
intervening facilitanon cycle (0). Addinonal facilitadion cycles

- at the same cycle length as the first produced no additinnal
changes in the recovery curve either under control condisions
(top panel) or in the presence of vagal stmulanon (bottom
panet).

A HAque= £ HAguy exp (-FCL/7c) @

where A HA,, is HAj at a given FCL minus HA ;5
at a basic cycle length of 800 msec, and 7, is a
characteristic time constant. The maximum facilita-
tion observed over a corresponding range of cycle
lengths decreased from 63=12 msec under conwrol
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115¢

conditions to 24=11 msec under vagal stimulation
(p<0.05). On the other hand, vagal stimulation dic
not significantly alter ,, which averaged 148=1¢
msec under control conditions and 207=22 msec ir
the presence of vagal stimulation.

Under both control conditions and vagal stimula.
tion, the leftiward shift of the recovery curve was
maximal after one premature cycle (Figure 8). No
further changes in the positdon of the AV nodal
recovery curve were seen when the recovery curve
was tested after two or more premature cycles.

Effect of Vagal Stimularion on Atrioveraricular
Nodal Fangue

When a tachycardia was initiated at a constant HA
interval, AV nodal conduction time slowly increased
over the next several minutes (Figure 9). The mag-
nitude of conduction slowing was greater for tachy-
cardias with shorter HA intervals, that is, faster rates.
Vagal stimulation enhanced the magnitude of con-
duction slowing produced by tachycardia at any given
HA interval (Figure 9, bottom panel). Under both
control and vagal conditions, the development of AV
nodal fatigue was well fitted by a monoexponential
relation (soiid curves in Figure 9) of the form

A AH,=A AH[1—exp(~2/7ar)] )]

where A AH, is the increase in AH caused by fatigue
at beat n of the tachycardia, A AH is the total increase
in AH arttributable to fatigue at steady state, and 7, is
the time constant for the onset of fatigue. To control
for recovery and facilitation, all changes in AH inter-
val during tachycardia are calculated in relation to the
AH of the second beat of the tachycardia. Both A AH
and 7, were calculated for tachycardias at each HA
interval studied in each experiment. The mean corre-

HA=12S
HA=150

HAm230 FIGURE 9. Changes in AH interval after the onset of

atrial tachycardia with a constant HA interval Values
are shown from beat 2 through steady state. Because
recovery effects are constant from beat 1 (constant HA)
and facilitation effects reach steady state at beat 2, the
changes in AH interval shown are due completely to
arioventricular nodal fangue. Each curve was fited by
HAm150 a simple exponential (solid lines).

8§ HA=230

100 200 300 400 S00 600 700
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FIGURE 10. Top panel: Change in AH interval caused by
fangue at steady state (delta AH) as a function of HA interval
*p<0.05, *°p<0.01, ***p<0.00l, for difference berween
vaga! stimulation (VAG STIM) and conzrol values at a given
HA inserval. Solid lines show exponential curve fits 1o data.
Where error bars are absent, they fall within the range of the
symbol Bottom panel: Time constant (tau) for onser of
fangue (7 in Equation 3 of text). Neither changes in HA
interval nor vagal samulanon aliered the time course of

faogue.

lation coefficient between the best-fit curves and ex-
perimental data was 0.93=0.01, an excellent correla-
tion considering the small magnitude of fatigue (less
than or equal to S msec) at long HA intervals.

Figure 10 shows mean data for A AH and 7y, as a
function of the HA interval of tachycardia, both
under control conditions and in the presence of vagal
stimulation. The time constant for the omset of
fatigue (bottom panel) was similar for tachycardias
over a wide range of HA intervals and was not
altered by vagal stimulation. The magnitude ot AH
increase (top panel) resulting from fatigue, on the
other hand, depended on the HA interval and was
significantly increased in the presence of vagal stim-
ulation. The magnirude of AH change caused by
fatigue at any steady-state HA interval (A AH,,)
could be expiessed as

A AHya=4 AHpy exp(-K-HA)+C  (4)

where A AH,, is A AH at HA of 0, and K and C are
constants obtained by nonlinear least-squares regres-
sion. The curves resulting from data obtained under
both control and vagal conditions are shown by the
solid lines in the top of Figure 10.

The ability of vagal stimulation to augment AV
nodaj fatigue was independently confirmed by meth-
ods illustrated in Figure 11. Under contol condi-
tions, an AV nodal recovery curve was obtained at a
long steady-state HA interval. Fatigue was then

induced by 5 minutes of pacing at a much shorter HA -
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" J O SLOW RATE (HAm740)
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FIGURE 11. Results from a sypical expenment showing the
effects of farigue on the amoventncular recavery curve. A
swngle fac:litanon-dissipanng cycle before the test bear was
applied at the fast rate 1o study the effects of fangue alone on
the recovery curve. Fangue caused a parallel upward shift of
the recovery curve (top panel), an effect greatly accentuated by
vagal (VAG) samulanion (bottom panel).

A2H2 (msaec)
]

interval. A single facilitation-dissipating cycle, with
an HA equal to the bascline long HA interval, was
then introduced after every 15 beats, and the recov-
ery curve of a subsequent test beat was evaluated. As
shown by Billette et al,® the parallel upward shift in
the resulting AV nodal recovery curve is an index of
fatigue independent of both recovery and facilitation.
The same protocol was repeated in each expennment
in the presence of vagal stimulation, with recovery
curves obtained at the same basic HA intervals as
under control conditions. The degree of shift in the
recovery curve was greater in each cuse in the
presence of vagal sttmulanon. A quantitative esti-
mate was obtained by fitung each recovery curve to
an equation of the form of Equation 1 (curve fits for
the data in Figure 11 are shown by the solid lines)
and subtracting AH. at the slow rate from AH, at the
fast rate. This index of fatigue-induced shift 1n the
recovery curve averaged 7=1 msec under control
condinons and 18=2 msec (p<0.01) in the presence
of vagal stimulation. These values agree weli with
changes in the AH interval measured by analyzing
kinetics of faugue (Figure 10) over a corresponding
range of HA intervals.

Abnalysis of the Heart Rate-Dependent Role of Vagal
Eﬂ’ecxs on Recovery, Faciiunon, and Fangue

Because vagal stimulauon alters a variety of rate-
dependent AV nodal propernes, the effects of vagal
stimulation should be a dynamic function of hecart
rate. The predicted increase in AH interval caused bv
vagal stimulation at any given HA interval can b=
broken down into four components: 1) a tonic com-
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ponent (A AH,), 2) an increase caused by the delay in
recovery (A AH,), 3) an increase caused by a
decreased magnitude of facilitation (A AHg,), and 4)
an increase caused by an augmentation of fatigue
(A AH,,,). These can be stated mathematically at any
HA interval as follows (where subscripts V and C
represent values under vagal and control conditions,

respectively):
A AH: = AH-C"AH. v

(from Equation 1, at a basic cycle length of 1 second
for each)

A AHpe=Avexp(-HA/nv) A cexp(-HA/x)

where 7, and ¢ are =, for vagal and control conditions
(from Equation 1)

A AH,.,*Avcxp[—(HA+A I‘IAmv)/Tv]-
Acexp[~(HA+A HAnc)/7c]=A AHrec

(from Equations 1 and 2)

A AHy=A AHp,vexp(-Ky - HA)+Cy—
A AHpyucerp(—Ke-HA)-Ce

(from Equation 4).

The accurate calculation of each of the determin-
ing constants governing all three processes (recovery,
facilitation, and fatigue) simultaneously under both
control and vagal conditions is too time consuining
for any single experiment. To estimate the contribu-
tion of these processes to the rate-dependent effects
of vagal stimulation, we used mean values obtained
from the results of all experiments used to study each
process to get overall estimates of AH., A, =,
A HApp oo A AHuw K and C under conwol
conditions and in the presence of vagal stimulation
(of intensity V). The predicted changes in AH
interval resulting from vagally induced changes in
recovery, fatigue, and facilitadon are shown as a
function of the steady-state HA interval in Figure 12,
At long HA intervals, vagal stimulation increases the
AH interval by about 25 msec, an effect that is not
altered by rate-dependent processes until an HA
interval of about 500 msec. As the HA interval is
decreased further, alterations in dynamic processes
increase considerably. At the shorrest HA interval
analyzed (120 msec), changes in dynamic processes
have resulted in an over fivefold amplificaion of
vagal effect. At short steady-state recovery intervais,
over half of the vagal action on the AV node is due to
slowing in recovery, with the remaining effect caused
by a decrease in facilitation, increase in fatigue, and
tonic increase in AH,, in approximately equal pro-
portions. The results of three individual experiments
in which the effects of vagal stimulation could be
examined over a wide range of HA intervals are
superimposed on the graph of changes predicted
from mean changes in dynamic processes. The resuits
of these individual experiments show qualitative
agreement with the predictions of the model.
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FIGURE 12. Bottom panel: Changes in AH interval resulting
Jrom vagal effects on recovery, facilitasion, and fatigue, based
on the mathemarical model described in the text. The sum of
all three effects was used to predict total change in AH inzerval
resulting from vagal stimulation at V, as a function of steady-
State HA interval and consrol cycle length. Each set of symbols
shows results from an individual eperiment, which are in
8ood agreernent with predictions of the model Top panel:
Because of the varying importance of vagal effects on each
time-dependent atrioventricular nodal function at different
Steady-state HA intervals, the toral vagal effect was composed
of a rate~dependent combination of changes in time-dependent
and time-independent actons.

Discussion

The current findings indicate that vagal stimulation
slows AV nodal conduction in both time-independent
and time-dependent ways. The latter result from
changes in intrinsic AV podal functional responses to
“altered activation rate. Depending on cardiac rate,
the frequency-dependent component can constitute
from 0% to 80% of the overall vagal effect on the AV
node and can amplify vagal effects at rapid rates
severalfold compared with effects at slow rates.

Comparison to Previous Analyses of Rate-Dependent
Atrioventricular Nodal Properties

Since the classic studies of Mobitz2 and Lewis and
Master,? many investigators have studied the changes in
AV nodal conduction of premature beats. Both hyper-
bolic113033 and nental”172528-% functions have
been used to fit the AV nodal recovery curve, with the
exponential mode] apparently providing a better fit.
We used an exponential model to fit AV nodal recovery
curves and obtained time constants of recovery similar
to those previously odserved.”-17-328-30

The maximum skift in the AV nodal recovery curve
caused by facilitation was somewhat greater, in our
experiments than in previous work."s This is probably
due to the much wider range of atrial rates that we
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were able to study in chloralose-anesthetized dogs
with crushed sinus nodes compared with dogs with
intact sinus nodes anesthetized with pentobarbital.1®
The maximum magnitude of fatigue in our dogs
averaged 11 msec (Figure 9), which was quite similar
to values of 11-12.5 msec in the isolated rabbit AV
node noted by Billette et al.= There are no previous
mathematical models of the rate dependence of
facilitation and fatgue with which to compare our
findings.

Little previous work has been done on the effects
of vagal stimulation on the accommodation of the
AV node to rate change. The AV nodal recovery
curves observed by Lewis and Master? after vagal
stimulation show a slightly slower recovery process,
noted but not quantified by the authors. Wallick and
coworkers* found that vagal effects interacted signif-
icantly with heart rate in determining AV conduction
changes, but underlying mechanisms were not ex-
plored. Narula and Runge?® observed an attenuation
of slow AV nodal accommodation by atropine, per-
haps related to the effects of vagal tone on AV nodal
fatigue that we noted. Jenkins and Belardinelli®
poted no change in the AV nodal accommodation to
rate of isolated guinea pig hearts after atropine
administration. This is pot necessarily in conflict
with our findings, because the rate of acetylcholine
release in isolated hearts without central nervous
input is likely to be quite low in the absence of
direct nerve stimulation.

Role of Vagal Alterations in Atrioventricular Nodal
Kinetic Properties

All three kinetic propertes of the AV node (re-
covery, facilitation, and fatigue) were altered by vagal
stimulation. Vagal stimulation slowed recovery (Fig-
ures 3 and 4), so that recovery was incomplete for a
longer period after AV nodal acrivation. At rates
associated with HA intervals greater than 500 msec,
changes in recovery had littic effect on conduction.
However, as the HA interval shortened, less com-
plete recovery became an increasingly important
factor, constituting over 50% of the overall vagal
effect at rapid rates (Figure 12). The extent of
facilitation was reduced by vagal stimulation, while
the magnitude of fatigue was enhanced. The former
effect reduced the leftward shift in the recovery
curve that results from short cycles and favors
conduction at rapid rates (Figures 5-7), while the
latter effect increases the slowly developing compo-
nent of AV nodal conduction impairment during
sustained tachycardia (Figure 9). Both of these
phenomena are most important at short HA inter-
vals (Figure 12). Changes in each kinctic property
contribute to the overail frequency-dependent ef-
fects of vagal stimulation, with the amount of

conduction siowing attributable to each depending .

on the steady-state HA interval (Figure 12).

Possible .‘VIGC}IGRISW Of l’hgﬂl Ejfg_‘cﬂ on Rgcg\ver}"
Facilitanion, and Fangue

Littie information 1s available regarding the under-
lying ionic mechanisms of the rate-sensitive proper-
ties of the AV node. The time constant of the AV
nodal recovery curve (60-80 msec) is 1n the same
range as the time constant of recoverv of L-tvpe
calcium currents in isolated camne cardrc Purhine
cells* and for slow inward current in muluceilaia
preparations.® It is quite likely that the tme Jdepen-
dent recovery of AV nodal conducton 1s reloted 1o the
recovery of L-type calaium channels from their inac-
tivation during the preceding acuon puotentnl
Whether other mechamsms, such as the time depen-
dent inacuvatdon of outward currents acuvated dunng
the preceding plateau, also contmbute 1s unknown.

The cellular processes govermng AV nodal facih-
tation and fatngue are largely unknown. Premature
stimuladion shorteas action potential duration in the
distal AV node’¢ and could cause a leftward shift
the subsequent AH-HA relanon by increasing the
diastolic recovery time preceding beats at any given
coupling interval. Adenosine accumulation has been
shown to contribute to AV nodal fangue in the
isolated guinea pig heart at rates in excess of -0
beats/min and in the presence of hypoxa.® The
contribution of adenosine to AV nodal faugue at
more physiological AV nodal acuvation rates appears
to be insignificant,® and no other clear determining
mechanisms have been identified.

The release of acetylcholine from vagal nerve
endings reduces the upstroke velocity, amplitude,
and duration of AV nodal action potenuals.s7-5
Acetylcholine at physiological concentrations de-
creases net slow inward current in atrial®4! and AV
nodals2 gssues by increasing an acetylchohine-depen-
dent cutward current rather than by directly reducing
slow inward current. This acetyicholine-dependent
potassium current shows time-dependent relaxation
after repolarizadon.s? Tlus could result in a tine-
dependent component of AV nodal recovery with a
different time course from that of calcium current
reactzvation and might explain the change in recovery
time constants we noted dunng vagal stimulation.
The abbreviation of AV nodal action potentials
caused by acetyicholines83? may attenuate the acuon
potenual shortening resulung from rate mcreases,
possibly accounung for the decreased facilnanon that
we saw in the presence of vagal sumulanon Reduced
atrial action potenual duration shortemng with rate
increases was noted in response to vagal sumulation
by Mubagwa and Carmebet.®? They attnibuted this
finding to a larger repolarizing current dunng rapid
stimulation, resultiag in a dimimshed influence from
a given quantity of acetylcholine-induced outward
current. Potential mechanmsms by which vagal stumn-
lation enhances fatigue remamn totally speculative
Because AV nodal faugue is demonstrabie in the
presence of atropine,® acetylcholine release cannt
be the sole mechanism underlying faugue. Vagul
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stimulation might cause a rate-dependent process
with a time course similar to fatigue or may simply
enhance the underlying fatigue mechanism. The un-
changed time constant of fatigue (Figure 10) in the
presence of vagal stirnulation favors the latter possi-
bility. The significance of other actions of vagal
stimulation, such as changes in the pattern of atnal
input, in altering the kinetic response of the AV
node remains to be determined.

Linuations of the Current Model

Rapid (200-Hz) field stimulation of vagal perve
endings results in hyperpolarization of the AV node,
but the response fades to a steady state over time.5¢
Similar time-related desensitization has been re-
ported during exposure to large concentrations of
acetylcholine.965 We measured WBCL just before
and just after each experimental protocol (Figure 1)
to ensure that vagal effects were constant during the
protocol. After each protocol, vagal stimulation was
discontinued, and WBCL was verified to assure that
underlying control conditions were constant. The
stability of vagal effects in our experiments may have
been due to a lack of desensitization because of our
stimulation frequency (20 Hz). Alternatively, because
desensitization is rapid and is followed by a new
steady-state effect,$3-45 we may have missed a brief
initial period of greater effect. In any case, vagal
actions were constant throughout each experimental
protocol, and desensitization, if present at all, did not
alter our results.

Under resting conditions, vagal discharge rate is
not constant but varies with the phase of respiration,
resulting in cyclical changes in AV nodal conduc-
tion.%.6? Spontaneous vagal actvity in vivo may occur
in repetitive bursts of activity,®® and the timing of a
single burst of vagal activity is an important determi-
nant of the resulting conduction changes.®® On the
other hand, continuous vagal firing at frequencies up
to 40 Hz has been recorded under physiological
conditions augmenting vagal output.®? We elected to
sumuiate the vagi conrinuously at a constant fre-
quency, varying stimulation intensity to produce a
desired effect. In this way, we achieved a constant
action over time and were able to study vagally
induced changes in the functional properties of the
AV node in a controlled fashion. It would be of
interest to study the effects of single and repetitive
bursts of vagal stimulation on discrete rate-depen-
dent aspects of AV nodal function.

We used the HA interval as an index of AV nodal
recovery time to characterize rate-depenaent prop-
erties of the AV node. Because mos: of the siowing in
AY nodai conduction during premature stimulation
occurs in the N-NH region, with little delay proximal
to the N zone and distal to the NH area, s this
approach has some underlying justification. Levy et
al* have also provided evidence for the necessity of
considering the interval from ventricular to atrial
activation in assessing AV nodal recovery. Many
investigators have analyzed changes in AV podal

conduction in terms of the preceding AA interval (or
cycle length). It is not within the scope of the
techniques that we used to address the relative merits
of these approaches. The changes in the recovery
curve that resuit from vagal stimulation are nor altered
by the recovery time index used, because transforma-
tion of AH versus HA curves to AH versus AA curves
simply requires the addition of a constant value (the
steady-state AH interval) to each HA value on the
borizontal axis. Similarly, the qualitative nature of
vagal effects on AV nodal fatigue are not aitered by
changing the index of recovery time. On the other
hand, AV nodal facilitation is a process that is demon-
strable only when the HA interval is used as the index
of recovery time. Billette and Métayer have shown
that this approach resoives a aumber of previously
confusing rate-dependent properties of the AV node’s
functional refractory period. Studies of the effects of
acetylcholine on action potential duration restrution
in the distal AV node would be valuabie in resolving
the nature and possible mechanisms of vagal effects on
AYV podal facilitation.

Significance of Findings .

Vagal input piays a major roie in modulating AV
nodal properties, and changes in vagal tone (whether
spontaneous or the result of treatment) are impor-
tant in the occurrence and termination of both
tachyarrhythmias and bradyarrhythmias. We have
shown that vagal actions are a dynamic function of
heart rate as a result of vagally induced alterations in
the functional properties of the AV node. The aug-
mentation by tachycardia of refractoriness changes
caused by vagal stimulation (Figure 2) could result in
enhanced antiarrhythmic actions of the vagus during
supraventricular tachyarrhythmias. This type of se-
lective action has previously been shown to underlie
beneficial responses to calcium antagonist drugs dur-
ing atrial fibrillaion™ and AV reentrant tachycar-
dias.™ Calcium antagonists produce rate-dependent
changes in AV nodal function by virtue of state-
dependent calcium channe] blockade,!” a mechanism
that does not apply to the effects of vagal stmulation.
Nonetheless, the potental clinical importance of
tachycardia-dependent AV nodal depressant proper-
ties applies equally to both.

The effects of interventions on the AV node are
generally evaluated in terms of steady-state changes
in a measure of AV nodal conduction—AH or PR
interval, or AV conduction time. Few studies have
considered the frequency-dependent actions of such
interventions, and such analysis has been generally
qualitative. We have shown that vagal stimulation
alters discrete rate-dependent functiopal properuies
of the AV node. Vagally induced changes in func-
tional propertics resulted in a fivefold magnification
of AV nodal conduction slowing at rapid rates (Fig-
ure 12). Changes in AV nodal recovery, facilitation,
and fatigue accounted for a total of 80% of overall
vagal conduction slowing at rates associated with an

HA interval of 150 msec.
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This novel approach to analyzing the effects of
interventions on the AV node, resting on many
recent advances in AV node physiology, provides the
basis for new insights into pharmacological control of
AV nodal function. Rate-dependent responses to
vagal augmentation may explain why doses of digi-
talis that produce modest changes in AV podal
function during sinus rhythm may significantly slow
the ventricular response to atrial fibrillation and
prevent reentrant tachycardias involving the AV
node. For example, Wu et al™ found that digitalis
prevented the induction of sustained AV node reen-
trant tachycardia in five patients, but echoes were
totally preveated in only one. In four of five patients,
either single echoes or short runs of tachycardia with
spontaneous termination were seen, consistent with

. changes in rate-dependent AV nodal responses. Ko-
sowsky and coworkers™ found that digitalis increased
the PR ioterval by a mean of 7% at heart rates of
60-80 beats/min but by 17% at heart rates of 120~
160 beats/min. Purinergic agonists such as adenosine
and ATP are being used increasingly to treat patients
with paroxysmal supraventricular tachycardias.’?s
Jenkins and Belardinelli® showed that the effects of

_endogenous adenosine on the AV pode are most
demonstrable at rapid activation rates. Increased
adenosine production in the face of oxygen supply
and demand mismatching clearly played a role in the
effects that they showed at rapid rates. However,
changes in AV nodal functional properties may also
contribute importantly, both to the frequency-depen-
dent actions of endogenous adenosine and to the
clinical response to exogenous purinergic agonists.
Further study of the manipulaton of rate-dependent
AV nodal properties could lead to important phar-
macological advances. Agents that purely altered
rate-dependent properties could have minimal ef-
fects during sinus rhythm and yet produce therapeu-
tically effective AV nodal depression during the rapid
actvadon of supraventricular tachyarrhythmias.

We have shown that changes in vagal input impor-
tantly modify the rate-dependent propertes of the
AV pode. While corresponding information is not
available regarding adrenergic effects, B-adrenergic
stimulation has been found to accelerate the recovery
from inactivation of calcium-dependent action poten-
tials.” Furthermore, adrepergic stimulation can re-
duce the effects of fatigue or the AV node.” These
findings imply that autonomic regulation of AV nodal
conduction is not a static function of the pattern of
autonomic input but is a dynamic property changing
with changes in cardiac rate and rhythm. The effects
of autonomic interventions must therefore be under-
stood in terms of changes in the way the AV node
adapts to altered activation rate. Furthermore, any
investigators using in vivo studies for evaluating
rate-dependent AV nodal properties must consider
the autonomic state during study and the potential
changes in properties that may result from autonomic
reflex responses to pacing, the stress of the interven-
tion, etc. Such considerations will be essential if

detailed analysis of the AV node’s functional prop-
erties is to be extended to humans.

This is the first study, to our knowledge, that
analyzes the effects of an intervenuon on the vanous
rate-dependent properties of the AV node. Using
specific pacing protocols, we have defined the
changes that occur in each of the discrete funcuonal
properties of the AV node as a result of vu
stimulation. Furthermore, we have shown that the
sum of vagally induced changes in these properues
accounts for the rate-dependent actions of the vagus
and that the role of changes in each property 1 a
dynamic function of heart rate. This method ot
analysis may prove to be very valuable in studying the
effects of other intervenuons on the AV node and in
tvaluating specific aspects of AV nodal funcuon m
patients with abnormal AV nodal properues causing
tachyarrhythmias or bradyarrhythmuas.
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Abstract

Recent work has shown that alterations in the dynamic AV nodal response to
changes in heart rate can significantly modify AV nodal function. The present
study was designed to evaluate the nature and potential importance of
sympathetic regulation of the rate-dependent properties of the AV node.
Selective stimulation protocols and mathematical formulations were used to
quantify independently AV nodal recovery, facilitation, and fatigue in 7
morphine-chloralose anesthetized dogs. Vagal effects were prevented by
bilateral vagal transection and intravenous atropine, and the sinus node was
crushed to allow for a broader rang: of pacing cycle lengths. Beta blockade
increased the recovery time constant (Tr) for the conduction of premature
test beats from 43+5 msec (control, MiSE) to 69+4 msec (p<.001), while
isoproterenol slightly decreased Tr to 35+2 msec (NS). 1In addition, beta
blockade significantly increased the amount of rate-dependent AV nodal fatigue
from 7+t1 msec (control) to 17+2 msec (p<.001) at the fastest rates tested.
Neither isoproterenol nor beta blockade altered AV nodal facilitation. A
mathematical model incorporating quantitative indices of AV nodal function
accounted accurately for tachycardia-dependent increases in AH interval, which
were enhanced by beta blockade and reduced by isoproterencl. Furthermore,
this model showed that beta adrenergic effects were importantly increased by
increasing heart rate, with the majority of the rate-dependent action being
due to changes in the time course of AV nodal recovery. We conclude that the
degree of beta adrenergic stimulation importantly alters the way in which the
AV node responds to changes in heart rate. The effects of sympathetic

stimulation on the AV nodal response to tachycardia are opposite to those of
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vagal stimulation, indicating that the dynamic properties of the AV node are

under mutual regulation by both limbs of the autonomic nervous system. This
constitutes a novel mechanism of regulation of AV nodal function which 1is

potentially of both physiologic and clinical significance.




AV nodal function determines the occurrence and consequences of a wide
variety of cardiac arrhythmias. The likelihood of intranodal AV block, AV
node reentrant tachycardia, and orthodromic tachycardia in association with an
accessory pathway, as well as the clinical consequences of atrial fibrillation
and flutter, are highly related to the conduction and refractoriness

1,2 e qs
properties of the AV node. The ability of the AV node to respond to an

atrial input with a propagated response is, in turn, related in a complex

fashion to the activation history of the AV norle.:«H'3

A variety of approaches have been used to study the processes underlying
the rate-dependent properties of the AV node. The conduction of a premature

impulse through the AV node is slowed increasingly as its coupling interval

-10,12-21 . . .
decreases.3 10, This phenomenon has been attributed to incomplete AV
nodal recovery, and has a time constant in the range of

8,12,18-21 . .
50-100 msec. On the other hand, an abrupt and sustained increase

in activation frequency results in a gradual slowing of AV nodal conduction

. 4,8,11,22-25 . s
requiring minutes to reach steady state. '’ This "fatigue™ process

is associated with a decrease in AV nodal excitability,zz and cannot be

explained solely on the basis of incomplete recovery of excitability after
22
activation. Single premature AV nodal activations (Az) shift the

 J b t b
recovery curve o a subsequen A3 eat (A:‘l\l3 vs V2A3 or A3H3 vs

4,16,18
H,A;) to the left on the recovery time axis. e This results in a

decrease in the time-dependent slowing of premature activations at any given
recovery interval, and has been called AV nodal "facilitation"™. Billette and
co-workers have shown that the properties of recovery, fatigue and

facilitation can be characterized independently using specific stimulation

13,18,24
protocols.
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The degree of sympathetic stimulation is known to be an important regulator

of AV nodal function. Beta adrenergic stimulation, whether via direct

activation of the sympathetic innervation of the heartzé_28 or by Lhe

8,29,30

exogenous administration of adrenergic agonists, °’ accelerates AV nodal

conduction., Baroreflex control of the heart results in enhanced sympathelic
input and accelerates AV conduction in situations that increase heart

31,32

rate The autonomic adjustments to upright posture facilitate Ll

induction of sustained AV node reentrant tachycardia,33 and pgroups of

patients have been identified who have known AV node reentrant tachycacrdia but

in whom programmed stimulation fails to induce the clinical tachycardia unless

intravenous isoproterenol 1is infused. 34-36 Beta blockade slows AV nodal
. 37 . . 38,3 . .
conduction, and can prevent the induction ? and clinical
39-41 . .
occurrence of sustained AV nodal reentry. The sympathetic nervous

system thus plays an important role in regulating AV nodal function and
determining the occurrence and manifestations of supraventricular arrhythmias.

The dependence of AV nodal function on heart rate and autonomic tone are
well-known, but the interactions between the two are poorly understood. We
have recently shown that changes in the AV node response to heart rate are an
important mechanism of vagal action.l‘2 There 1s evidence that changes in
sympathetic tone may also influence AV nodal accomodation to heart rale.
Wallick et al showed that heart rate influences the effect of sympathelic
nerve stimulation on AV nodal conduetion in dogs,28 and Prystowsky and Pupe
have provided evidence for a similar interaction between heart rate and
sympathetic effects in man."3 We have developed mathematical approaches to

) 4
the quantification of individual AV nodal propet‘txes,b and have shown that

these approaches can account for both rate-dependent changes in AV nodal
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conduction timelm and for the rate-dependent effects of the vagus nerve on
AV comil.u:t.i.on.l‘2 The present study was designed to assess the possibility
that sympathetic stimulation alters AV nodal conduction by changing the ways
in which the AV node adapts to heart rate. Specific goals were (1) to
evaluate whether beta-adrenergic stimulation or ©Dblockade alter basic
rate-dependent properties like AV nodal recovery, facilitation or fatigue and
(2) to determine the extent to which such changes account for

sympathetically-mediated alterations in AV nodal conduction as a function of

heart rate.

Methods

General Methods

Mongrel dogs of either sex were anesthetized with morphine (2 mg/kg) and
a-chloralose (100 mg/kg i.v.). Catheters were inserted into both femoral
veins and arteries and were kept patent with heparinized saline solution
(0.9%). Dogs were ventilated via an endotracheal tube using a Harvard animal
respirator. Tidal volume and respiratory rate were adjusted after measurement
of arterial blood gases to ensure adequate oxygenation (SaO2 290%) and
physiologic pH (7.35 to 7.45). A thoracotomy was performed through the fourth
right intercostal space and the heart was suspended in a pericardial cradle.
Body temperature was monitored continuously wusing a thermistor within the
chest cavity and was maintained at 37-38°C by a homeothermic heating blanket.

Bipolar Teflon-coated stainless steel electrodes were inserted into the
lateral right atrium and high lateral right ventricle on either zide of the
atrioventricular ring, and into the right atrial appendage. A bipolar

electrode was inserted epicaraially to record a His bundle electrogram.




The electrodes located in the 2irial appendage and lateral right ventricle
were used to record atrial and ventricular electrograms respectively. The
lateral right atrial elect-.de was used to apply 4 msec square-wave pulses at
twice late diastolic threshold, with stimulus timing controlled by a
programmable stimulator (Digital Cardiovascular Instruments Inc., Berkeley,
CA). Electrogram signals were filtered at 30-500 Hz and amplified (Bloom
Instruments Ltd, Flying Hills, PA) with the amplified output subsequently led
into a paper recorder and/or a sensing circuit of the stimulator. A Statham
P23 1D transducer (Statham Medical Instruments, Los Angeles, CA),
electrophysiologic amplifiers and a Mingograf T-16 paper recorder
(Siemens-Elema, Ltd., Toronto, Ont.) were used to record blood pressure,
electrocardiographic leads II and aVR, atrial, His bundle and ventricular
electrograms, and stimulus artifacts. Recordings were obtained at a paper
speed of 200 mm/sec, resulting in a measurement accuracy of +2.5 msec.

The sinus node was crushed using a previously described t_echnique1 to
allow for a wide range of pacing rates. The vagus nerves were isolated in the
neck, ligated, aand divided. Atropine was given as an initial intravenous

bolus of 1 mg, followed by 0.5 mg every 2 hours. We have shown previously

. 46
that this produces sustained muscarinic receptor blockade.

Measurement of Electrophysiologic Variables

Wenckebach c¢ycle length (WBCL) was determined under control conditions by
decreasing atrial pacing cycle length by 10 msec decrements every 10 beats
until second degree AV block occurred. The effective refractory period of the
AV node (AVERP) and atrial effective refractory period (AERP) were measured

with the extrastimulus technique. The AVERP was defined as the lonpesi atrial
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(AIAZ) interval failing to result in a His bundle deflection. The AERP
was defined as the longest interstimulus (slsz) interval failing to result

in a propagated atrial response.

Atrioventricular conduction was assessed from the His bundle electrogram,
with the AH interval defined as the time from the peak following the most
rapid deflection in the atrial electrogram of the His bundle electrode to the
peak following the most rapid deflection of the His bundle electrogram. The
HV interval was defined as the time from bundle of His depolarization (as
defined above) to the onset of earliest ventricular activation in the His
signal. The HA interval was defined as the time from the peak following the
most rapid deflection in the His electrogram to the corresponding peak in the

next atrial electrogram in the His recording.

Quantitative Assessment of Functional Rate-dependent Properties of the AV
Node

Specific stimulation protocols and analysis techniques were wused to
quantify selected functional AV nodal properties before and after vagal
stimulation. The three basic properties of AV nodal recovery, facilitation,
and fatigue were characterized as previously described in de{:ai.]..l'2 A brief

summary follows:

1. AV_node recovery. The atrium was paced at a basic cycle length

(Slsl) of 500 msec and a single premature or delayed stimulus (Sz) was
introduced after every 15 basic stimuli, The relationship between A2H2
(AV nodal conduction time of the test impulse) to HlAz interval was

established, and the resulting data fitted to a single exponential relation.
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2. AV nodal facilitation. The atrium was paced at a constant basic cycle
length of 500 msec. A premature atrial impulse (Sz) was introduced to
produce a selected A1A2 "facilitation cycle" after every 15 hasic
stimuli. A test impulse (83) was then applied after each sz, and the AV
node response to 53 was monitored to generate an H2A3—A3H3 recovery
curve. The latter curve was studied at 7 wvalues of (A1A2) facilitation
cycle lengths (FCL) between 500 msec and 20 msec greater than the refractory

period of the AV conduction system.

Each H A_-AH recovery curve was fitted by a monoexponential model

23 33
and the H2A3 value at which the A3H3 interval 1is 125 msec (to be
referred to as the "HAIZS") was calculated for each curve. The HA125 is

an index of the position of the curve on the horizontal axis. Changes in

HAIZS reflect the magnitude of parallel leftward shift in the recovery curve

resulting from facilitation, and are well-fitted by an exponential function of
4

FCL. 2

3. AV nodal fatigue. A sensing and pacing circuit were used to sense each

ventricular activation and pace the right atrium with a given VA interval.
Since the HV interval remained constant throughout each experiment, this
allowed us to initiate a tachycardia with a given HA interval and Lo maintain
the HA interval constant throughout the tachycardia. Tachycardia was
initiated abruptly and maintained for five minutes, with the atrial cycle
length prior to tachycardia set at 500 msec by using an activation-inhibiled
demand pacemaker at a rate of 120/min. After five minutes of tachycardia, the
sense—pace circuit was closed, and five minutes at the baseline cycle lenglh
(500 msec) were allowed for recovery before initiating tachycardia with a

different HA interval. Fatigue was studied at a total of 7 HA inlervals in
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each experiment. The onset of fatigue is well-approximated by a

. . 42 . cias
monoexponential function of beat number, and nonlinear curve fitting was

used to characterize the appearance of fatigue for each tachycardia.

Experimental Protocol

AV nodal recovery, fatigue and facilitation were characterized under
control conditions as described above. Steady-state values for AH interval
were determined over a wide range of cycle lengths, with five minutes of
pacing at each cycle length used to ensure steady-state conditions. WBCL was
measured before and after each experimental protocol to confirm the stability
of each preparation. 1Isoproterenol was then infused via an infusion pump
(EDCO Scientific Inc., Model 848, Chapel Hill, NC) at a rate of 2-5 ug/min.
The rate of isoproterenol infusion was selected to produce a 20-30 msec
decrease in WBCL, and the infusion rate was then kept constant in a given
dog. Three dogs received an infusion of 2 ug/min, and four others an
infusion of 5 wug/min. Thirty minutes after the onset of isoproterencl
infusion, the measurements obtained under control conditions were repeated.
Isoproterenol was then discontinued, and 20 min allowed for a return to
baseline. When WBCL had returned to control values as determined by five
consecutive measurements, 0.5 mg/kg of nadolol was given. We have shown
previously that this results in sustained beta blockade for over two hours.

Twenty minutes later, all measurements were repeated.

Data Analysis

Results are reported as the meantSE. Comparisons between multiple groups

were made by two-way analysis of variance with Scheffé contrasts.
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Comparisons between two groups of experimental data only were made with
Student's t-test. TIwo-tailed tests were used for all statistical comparisons
and a probability of 5% or less was taken to indicate statistical
significance. Exponential curve fitting was performed wusing Marquardi's
technique on an IBM AT compatible computer. A total of seven dogs were

studied, with complete experimental protocols performed in all animals.

Results

General Effects of Beta Receptor Stimulation and Blockade

Beta receptor stimulation with 1isoproterenol accelerated AV nodal
conduction, and decreased atrial effective refractory period and WBCL (Table
1). Beta blockade had the opposite effects. AVERP was not measurable in most
experiments because it was less than AERP, ie. premature bzats early enough to
encounter AV nodal refractoriness could not be initiated in the atrium.
Isoproterenol reduced diastolic arterial pressure and tended to increase
systolic pressure, while beta blockade significantly reduced both systolic and
diastolic pressure. The stability of the preparation is indicated by the
consistent values of WBCL obtained at the beginning, midpoint, and end of each
experimental protocol (Fig. 1). A high baseline level of adrenergic
stimulation in this open-chest preparation 1is suggested by the generally

larger effect of beta blockade than of beta adrenergic stimulation.

Changes in AV Nodal Recovery
Typical AV recovery curves under control conditions, in the presence of
isoprolerenol, and after nadolol are shown in Figure 2. Isoprotercnol

decreased, and beta blockade increased, the AH intervals associated with




coupling intervals long enough to allow for complete recovery. Beta blockade
resulted in a slower time course of recovery (ie. longer time constant, as
shown by the arrow in Fig. 2), while isoproterenol slightly accelerated
recovery. The mean recovery time constant averaged 43+5 msec under control
conditions, compared to 69%4 msec (p<.00l1) after beta blockade and 35%2 msec

(p=NS) in the presence of isoproterenol.

AV Nodal Facilitation
A premature AV nodal activation resulted in leftward shift of the AV nodal
recovery curve for a subsequent beat, as shown by data from a typical
experiment in Figure 3. The magnitude of leftward shift for a given coupling
interval was similar under all 3 conditions. 1In order to analyze changes in
facilitation, each AV recovery curve was fitted to the equation
AH = AHQ + A exp(—HA/rrec) (eq. 1)

HA

Where AHHA = AH interval at a given HA interval, AH_ = AH interval after

full recovery (corresponding to an infinitely long recovery time), A and

T are constants. Since facilitation corresponds to a parallel leftward
rec

shift of the recovery curve, the magnitude of shift was quantified by

calculating the HA time associated with an AH interval of 125 msec for each

curve, or HA

125°
As shown in Figure 4, the HA1 25 decreased with decreased AIAZ
interval (FCL) under all 3 conditions. HAIZS values were greater in the

presence of beta blockade, indicating that lesser degrees of prematurity of
the test (A3) impulse were needed to attain an AH of 125 msec than under
control conditions. The opposite occurred in the presence of isoproterenol -

the test beat had to be more premature (ie. at a smaller HA interval) in order
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to prolong the AH to 125 msec. The slowing effect of beta blockade on
recovery is indicated by significantly greater recovery time constants
(Trec) compared to control, while isoproterenol changed recovery in the
opposite direction. 1Isoproterenol also accelerated basal AV nodal conduction,
as shown by AHQ. while beta blockade had the opposite effect. 1In contrast
to the reduction in HA125 resulting from decreased FCL under each

experimental condition, neither AHU nor Trec were significantly
affected by FCL. This confirms the parallel nature of recovery curve shifts
resulting from facilitation.

Decreases in leS produced by a premature beat at any FCL relative to
the value at the basic cycle length of 500 msee (AHA) are an index of Lhe
magnitude of facilitating effect at that FCL. As shown in Figure 5, this
index of the magnitude of facilitation was not significantly altered by beta
adrenergic stimulation or blockade. Changes in HA interval at any FCL can be
fitted to an equation of the form

AHA = Kexp(-FCL*B) (eq. 2)
where K is a constant equal to the (theoretical) change in HA interval at a
FCL of 0, and B is a rate constant. The mean values of K and B were unaltered
by beta adrenergic stimulation and blockade (Table 2), indicating that the
level of sympathetic tone did not alter AV nodal facilitation. Values of
HAIZS predicted by this analysis are shown by the dotted curves in Figure

4, The parallel nature of these curves indicate the lack of any changes in

facilitation as a result of varying beta adrenergic tone.

AV Nodal Fatigue
The initiation of a tachycardia with a constant HA interval results in AH

prolongation over the subsequent 200 beats. Since HA is constant, this
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gradual increase in AH interval cannot be due to changes in AV nodal
recovery. Facilitation reaches steady state within one cycle of
tachycardia.ls'u Therefore, further changes in AH interval are due to AV
nodal fatigue. Figure 6 shows the time course of changes in AH interval from
beat 2 of the tachycardia until a steady state has been achieved in a

representative experiment. For each tachycardia, changes in AH interval were

well-fitted by an exponential relation of the form

AAH = A - -n/T .
- Aﬂssll exp(-n fat)] (eq. 3)
th
where AAHn = change in AH interval due to fatigue for the n beat,
AAH = steady-state change in AH interval due to fatigue, and 1 fat =

-]

a time constant. The solid lines in Figure 6 show the best-fit curves to data
from 3 tachycardias under each condition. A total of 7 tachycardias were
studied in each experiment.

In the experiment illustrated in Figure 6, beta blockade increased the
magnitude of fatigue (AAHSS). This was a general finding in all
experiments, as shown by the mean data in Figure 7. The time constant for
fatigue onset (Tfat) did not appear to be affected by sympathetic tone,
averaging 65%7 beats under control conditions, 84:18 in the presence of
isoproterenol, and 47t4 beats after beta blockade (p=NS). The magnitude of AH
change due to fatigue at any steady-state HA interval (AAH HA) was found to
be an exponential function of HA, of the form

AAHHA = AAHmax exp(~-D*HA) + C (eq. 4)

where AAHmax' C, and D are constants obtained by nonlinear curve fitting.

The dashed lines in Figure 7 show fits to the mean data using equation 4 for

each condition.
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Role of Changes in Rate-dependent Properties

The basic AV recovery equation (eq. 1 above) describes the effect of
coupling interval on AV nodal conduction, but does not consider the role of
facilitation or fatigue. It fails, therefore, to account fully for AV node
conduction changes in response to circumstances in which the level of

9,12,48 . .
During sustained rate changes,

facilitation or fatigue is changing.
alterations in both facilitation and fatigue occur. To evaluate the role of
sympathetic modulation of AV nodal properties at different heart rates, it is
necessary to analyze the contribution of sympathetic changes in all 3
rate-dependent AV nodal properties.

We have previously shnwnaa that the contribution of facilitation and
fatigue can be incorporated into the basic AV nodal recovery equation 1.
Facilitation is incorporated by considering HA in equation 1 to be modulated
by the preceding cycle length (according to eq. 2), and AHQ is adjusted to
account for the effect of fatigue described by equation 4. Accordingly,

equation 1 can be rewritten as:

AH = - .
- P + A exp( Q/Trec) (eq. 5)

where P = AH + AAHHA, for AH, = AH_, at a cycle length

of 500 msec, and AAHHA is as defined in equation 4 above; and Q = HA + AHA, for
AHA as defined in equation 2 above.

Data in each experiment was used to calculate the counstants AH , A,
1 , K, B, AAH , C, and D as defined above. The mean constanis for
rec max
all experiments are shown in Table 2. These mean constants were substituted
into the corresponding equations to obtain estimates for any steady state HA

interval of the predicted effects of incomplete recovery alone (from eq. 1),

of recovery modified by facilitation (according to eq. 2), of fatigue alone




,

(eq. 4), and of all 3 processes functioning simultaneously (eq. 5). Values at
each cycle length were subtracted from those at a BCL of 500 msec, to provide
an estimate of rate-dependent slowing at any cycle length due to the influence
of each process.

The resulting curves for all experimental conditions are shown in
Figure 8. Isoproterenol decreases the effect of incomplete recovery, while
beta blockade enhances it, in addition to increasing the effect of fatigue.
These changes result in reduced rate-dependent conduction slowing in the
presence of isoproterenol, and increased rate-dependent conduction slowing in
the presence of beta blockade. Experimental data showing the magnitude of AH
prolongation at each basic cycle length (open boxes and error bars) agrees
well with the predictions of the above amalysis.

In order to further analyze the role of changes in rate-dependent
properties, we determined the magnitude of AV conduction change attributable
to sympathetically-mediated changes in recovery and fatigue. AH intervals in
the presence of isoproterenol were compared to those in the presence of beta
blockade, in order to contrast findings associated with a constant, enhanced
level of ©beta adrenergic stimulaiion with those in the absence of
beta-mediated effects. As shown in Figure 9, beta adrenergic stimulation
results in a decrease in AH interval, which becomes more marked as cycle
length (or HA interval) decreases. Predicted changes (from the approach
described above) are shown by the solid curve, and agree well with
experimental data. The mathematical analysis allows us to attribute the
observed AH reduction to changes in underlying AV nodal properties. At cycle
lengths >500 ms, all of the AH reduction caused by isoproterenol is

attributable to a time-independent (toniec) action. As cycle length 1is
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reduced, the acceleration of recovery produced by sympathetie stimulation
becomes important, and accounts for over half of the acceleration in
conduction resulting from sympathetic stimulation at rapid rates. While a
reduction of fatigue may also play a role at very rapid rates, it is
predominantly the change in AV nodal recovery that accounts for the

rate-dependent effects of sympathetic stimulation on AV node conduction.

Discussion

We have shown that the degree of beta adrenergic tone can impoctantly alter
the ways in which the AV node responds to changes in input pattern. The net
effect of sympathetic stimulation is to reduce the conduction slowing effect
of iacreases in heart rate, while beta blockade enhances the negative

dromotropic effect of supraventricular tachycardia.

Comparison With Previous Studies of Sympathetic Effects on the AV Node

. . . . . . 26-28
As reviewed in the Introduction, sympathetic nerve stimulation,
. 8,29,30 . . .
exogenous beta agonists, and baroreflex-mediated increases in
31,32
sympathetic tone™ ™’ all enhance AV node conduction by causing beta

adrenergic receptor activation. Ferrier and Dresel showed that basal AV nodal

conduction time at rapid rates is reduced by the infusion of epinephrine,

suggesting that adrenergic stimulation reduces the extent of AV nodal fatigue

. . 28
' associated with tachycardia. Wallick et al showed that the accelcration

of AV conduction caused by sympathetic nerve stimulation depends on the paced
atrial rate, and is magnified by tachycardia. The AH interval shortening

produced by isoproterenol infusion in man similarly depends on the atriasl

activation rate.
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While the above observations suggest an interaction between adrenergic tone
and rate-dependent AV nodal properties, the precise nature of this interaction
has not been determined. In an extensive series of studies, Billette and

,13,16,18,24,50 .
co--workers5 16,18,24,5 have shown that the properties of AV nodal

recovery, facilitation, and fatigue can be studied independently wusing
selective stimulation protocols. We have developed mathematical techniques to

] . 42,44,46,48 . )
quantify these properties, and in the present study have applied

these methods to analyse the effects of sympathetic stimulation and blockade.
Beta blockade substantially increased the amount of rate-dependent fatigue,
in agreement with the observations of Ferrier and Dt'ese]..8 In addition,
beta blockade slowed the recovery of AV nodal conduction focllowing preceding
activation. Beta receptor stimulation had the opposite effects, tending to
reduce the conduction slowing effects of rate increases. 1In general, the
changes produced by beta blockade were larger than those resultirg from beta
adrenergic stimulation, probably reflecting the high level of resting
sympathetic tone in this open-chest, anesthetized preparation. Neither beta

blockade nor isoproterenol appeared to affect AV nodal facilitation.

Autonomic Regulation of Rate-dependent AV Nodal Properties

In the present study, we have found that beta adrenergic stimulztion
attenuates rate-dependent AV nodal conduction changes. We have previously
reported that vagal stimulation accentuates rate-dependent conduction slowing
in the AV node.l‘z Figure 10 shows the amount of rate-dependent AH
prolongation (as a percent change from the AH value at a cycle length of
500 msec) as a function of pacing cycle length under 3 conditions: 1) control;

2) beta adrenergic stimulation with isoproterenol; and 3) enhanced vagal
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tone. Values in the presence of isoproterenol were derived from data
presented in the current manuscript. Results representing the effects of
enhanced vagal tone were obtained by analyzing data obtained in a previous
studyl‘z for which this specific analysis was not previously performed.
Control values correspond to an absence of autonomic effects in the presence
of nadolol and bilateral surgical vagotomy. Control data was available {rom
both the present study and the previous investigation of vagal stimnulation.
Since control data did not differ significantly between the studies, control
results from both studies were combined for presentation in Figure 9.

Rate-dependent AV nodal conduction slowing manifested as statistically
significant increases in AH interval as ceycle length shortened. Vagal
stimulation resulted in larger increases in AV nodal conduction time, and
these changes became statistically significant at longer basic cycle lengths
than under control conditions. Isoproterenol had the opposite effect, greally
attenuating the increases in AH interval as cycle length shortened. These
observations are similar to those presented in a schematic figure &ty
Prystowsky and Page.[‘3 and suggest that the rate-dependent behaviour of the
AV node is under reciprocal control of both limbs of the autonomic nervous
system.

Our results indicate that beta adrenergle tone modulates the rate-dependent
AV nodal properties of recovery and fatigue, without changing facilitalion.
As shown in Figure 8, inecereases in AH interval with decreaszs in cycle lenpth
are fully attributable to the participation of recovery, facilitation and
fatigue over a wide range of sympathetic tone. Vagal stimulation alters AV
nodal accommodation by increasing AV nodal fatigue and slowing recovery,

42
effects opposite to those of sympathetic stimulation. Vagal effects arc
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. 51 .
not due to simple antagonism of adrenergic actioms, because they occur in
the presence of continuous beta adrenergic receptor blockade under both

42 . ]
control and vagal stimulation conditioms. Furthermore, while neither

isoproterenol nor beta blockade altered facilitation in the present study,

42
vagal stimulation wmarkedly attenuates AV nodal facilitation.

Possible Ionic Mechanisms of Adrenergic Effects on AV Nodal Recovery and
Fatigue

The precise 1ionic mechanisms of AV nodal recovery and fatigue remain
unknown. It is likely that AV nodal recovery is related to the time required

42,46 ,48

for reactivation of L-type calcium channels. Beta adrenergic

stimulation accelerates the recovery of slow channel action potentials,s
and promotes reactivation of calcium current in single guinea-pig ventricular
myocytes.53 An acceleration of the vrecovery of calcium current from
inactivation is thus a probable explanation of the more rapid recovery of AV
nodal conduction wupon beta adrenergic stimulation. Acetylcholine slows
calcium current repriming,53 which may account for the retardation of AV

nodal recovery resulting from vagal stimulation.

AV nodal faligue may be related to ion accumulation or depletion, metabolic
dysfunction, or electrogenic transport mechanisms. Adenosine release may
contribute to AV nodal fatigue wunder certain circumstances.zs If
extracellular potassium accumulation plays a role in AV nodal fatigue, it is
possible that the ability of beta adrenergic stimulation to stimulate Na+,

+ 54 5r . . . :
K -ATP'ase activity™ '’ > accounts for its fatigue-attenuating properties.

Potential Limitations of our Findings

We studied three levels of adrenergic tone in our dogs: resting basal tone




in an open-chest, anesthetized preparation; a constantly-increased level of
beta adrenergic receptor stimulation resulting from continuous isoproterenol
infusion; and the absence of beta adrenergic stimulation resulting from beta
blockade with mnadolol. We have not examined the complex changes in
rate-dependent AV nodal properties that may occur with continuously chany iny

. 56,57 .
levels of sympathetic activity.” '’ While such studies would have bheen

interesting, they are beyond the scope of the present manuscript Dircet
membrane actions of beta blockers <can be a complicating factor in
electrophysiologic studies. Nadolol, however, is devoid of any dircect

58
membrane actions and all of its effects observed in this study can be
safely attributed to beta adrenergic receptor blockade.
. . . . 59-61

The site of AV nodal input can modify AV nodal conduction, and was
not considered in the analysis presented here. In the present study, the
initial site of atrial activation was kept constant by atrial activation, and
changes in AV nodal conduction were well-explained by our mathematical
treatment (Figure 9). If adrenergic stimulation altered the site of atrial

- . . 62
pacemaker activity, as can occur under some experimental conditions,

changes in AV nodal conduction not accounted for by our model could result.

We used the HA interval as an index of AV nodal recovery time. The
relative merits of the HA interval and the AA interval as indices of AV nodal
recovery period have been disputed, and resolution of this issue is beyond the
capability of the methods used in this study. Levy el al have shown that
changes in HA interval can importantly affect AV nodal conduction al a

6 .
constant cycle length, and Billette has reported that consideration of the

HA interval can explain previously poorly-understood properties of AV nodal

63 . . .
functional refractoriness. Using the HA interval as a recovery index, we
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have developed a relatively straightforward mathematical analysis which can be
ugsed to quantify individual AV nodal properties and to study their response to

interventions. Furthermore, this analysis accounts well for steady-state AV

nodal conduction at different rates,a6 for complex Wenckebach-type

48 42
behaviours, and for the effects of wvagal and csympathetic stimulation

(presenl study) on rate-dependent AV nodal conduction.

Potential Significance

Autonomic influences are well-known to regulate AV nodal conduction. Our
findings indicate that modulation of the AV nodal response to rate change
constitutes an important mechanism of such influences. This mechanism would
serve an important physiological functicn, by tending to maintain 1:1 AV nodal
conduction in the presence of physiologiec tachycardias resulting from
heightened sympathetic and reduced parasympathetic tone.

Changes in rate-dependent AV nodal properties may contribute importantly to
the effects of beta adrenergic receptor stimulation and blockade on cardiac
arrhythmias, The acceleration of AV nodal recovery that results from
sympathetic stimulation at least partially accounts for its ability to

33,35,36
abbreviate AV nodal refractoriness.” '~ In combination with a reduction

in AV nodal fatigue resulting from tachycardia, accelerated recovery from
preceding activation may explain the facilitating effect of sympathetic

activation on the induction and spontaneous occurrence of AV node

33,35,36 . ;
reentry. Converse actions may account for the prevention of AV

38,39 .y
nodal reentry by beta blockers. The ability of beta blockade to

increase AV nodal fatigue may account for the ability of beta blockade to

convert  sustained AV  node reentrant tachycardias to non-sustained

) 38
arrhythmias.
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Conclusions

We have shown that the degree of beta adrenergic receptor activation
modulates discrete rate-dependent properties of the AV node. These actions
decrease AV nodal conduction slowing by tachycardia when sympathetic tone is
high, and increase the negative dromotropic effects of tachycardia in the
presence of beta adrenergic receptor blockade. The accomodation properties ol
the AV node are under reciprocal control of both limbs of the autcnoemic
nervous system, and constitute a Theretofore little-recognized aspect of
autonomic regulation of AV nodal function. Further work needs to be done Lo
clarify the underlying mechanisms of dynamic AV wodal properties, and of

autonomic effects on them.
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Table 1. Effects of Isoproterenol and Beta Adrenergic Receptor Blockade.

WBCL (ms) AERP (ms) AH (ms) Blood pressure (mmHp)
Control 167+8.8 13246 575 1367 / B89x5
Isoproterenol 146 £10%% 12245 4743% 142410 / 6945*
B-blocked 242£15%%% 161+£10%* G2 +6%*% 103£7*x%x/  73+6%
Abbreviations: WBCL = Wenckebach cycle length; AERP = atrial effective

refractory period; AH = AH interval.
All measurements other than WBCL were obtained at a basic cycle length of

500 msec.
* pc.05; ** pc.0l; *** p<,001 compared to control.
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Table 2. Mean Values of Constants Characterizing AV Nodal Recovery,
Facilitation and Fatigue in 7 Dogs.

Control Isoproterenol B-blocked Units

AHgt 5415 45£4% 85£7%k% msec

A 1.5£.3 1.0+.3 0.6£.1 sec
Trec 43+5 35+2 6 914 X%% msec

K 317+59 425+£114 395+128 msec

B 0.009+. 002 0.010+.002 0.009%.003 msec~1
AAHq o« 12+1 1844 24 £2%% msec

c -1+1 O+l -2%1 msec

D 0.008+.002 0.014+.003 0.006+,001 msec~1

4+ Abbreviations are defined in equations 1,2,4 and 5 of the text. AHu,
A and Tpee were obtained by fitting recovery data at a cycle length of
500 msec to equation 1 for each experiment, and averaging the values obtained
in all 7 experiments. K and B were obtained by fitting facilitation data in
each experiment to equation 2. AAHmax, C and D were obtained by fitting
fatigue data from each experiment to equation 4, as shown for the mean data in

Figure 7.
* p<.05, ** pc.01l, *** p<.00l1 compared to corresponding control value.
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Figure 3.
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Figure Legends

Wenckebach cycle length (WBCL) at the beginning (1), wmiddle (2),
and end (3) of electrophysiologic study protocols under control,
isoproterenol (IS0) and f-blocked conditions. C= wvalue atter
discontinuation of isoproterenol and prior to nado lol
administration. (Results are mean+SE).

AV recovery curves from a representative experiment, with the best
exponential curve fits, shown by the solid 1lines, and time
constants indicated by arrows.

Recovery curves for a test atrial beat (A3) preceded by a variety

12

experiment. As the AIAZ decreased, the AV nodal recovery curve

of A_A (facilitation) cycle lengths in  a representative

of the Aa beat shifted progressively to the left. The solid

lines are best-fit exponentials to the raw data shown.
Values of the HA interval corresponding to an AH value of 125 msec

(HAIZS), the AH interval after full recovery (Aﬂm), and

recovery time constant (Trec) as a function of AlAz

(facilitation) cycle length (FCL). Results were obtained by

fitting recovery data (of the type shown in Figure 3), for an A3

test beat to the equation AHn = AH_ + A exp(-HA/TrPc), al
each FCL. HAlZS was obtained by using the best-{it values of
AH, A, and 1 for each curve to solve for the HA
© rec

corresponding to an AH of 125 msec. * p<.05, ** p<.0l, *** p<.00]

compared to control at the same FCL.
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Figure 7.

Figure 8.
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Changes in HA].ZS from value at 500 msec (AHA) as a function of

facilitation cycle length (FCL). Values are meansSE for all 7 dogs
under each condition. Differences in AHA between conditions were
not statistically significant at any FCL.

Changes in AH interval (AAH) as a function of beat number after
the onset of tachycardia in a representative experiment. Solid
lines show best-fit exponential curves. The time course of AH
prolongation was similar under all 3 conditions, but its magnitude
for a given HA interval was greatest in the presence of betla
blockade, least in the presence of isoproterenol, and intermediate
under control conditions.

Magnitude of fatigue (AAH at stieady state) for tachycardias with
HA intervals shown. Results (meantSE) were obtained from curve
fits to the type of data presented in Figure 6. Dashed curves
represent best-fit exponentials to mean data. *% p<c.01l, *** p<.001
compared to control values.

Predicted rate-dependent changes in AH interval due to incomplete
recovery, recovery modified by facilitation, and fatigue as a
function of ©basic cycle length (BCL). Mean characterizing
constants determined experimentally (Table 2) were substituted into
equations 1, 2, and 4 respectively (see text) to obtain predictions
shown. Chanpges due to recovery and facililation were added to
those resulting from fatigue to obtain the tolal predicted
rate~-dependent AH prolongation (solid lines). The latier are in

close agreement with experimentally-observed values (meanzSE).
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Top: Reductions in AH interval resulting from beta adrenergic
stimulation. Values in the presence of isoproterenol were compared
to values in the absence of beta adrenergic stimulation (beta
blockade). The mathematical model presented in the text was used
to estimate the reduction in AH interval due to beta-mediated
acceleration of recovery and attenuation of fatigue Ffor any
steady-state HA interval. These were added to the time-independent
(tonic) change in AH interval resulting from isoproterenol, in
order to predict the total AH interval reductions produced by beta
adrenergic stimulation. The latter are in close agreement with
experimental observations. Bottom: Proportion of total
B-adrenergic effect on AH interval due to tonic actions and
changes in recovery and fatigue, at each HA interval.

Rate-dependent increases in AH interval as a function of basic
cycle length in the presence of isoproterenol, vagal stimulation,
and control conditions (beta blockade and bilateral vagal
transection). Vagal results were obtained by a new analysis of
data obtained in a previous study.42 * p<c.05, *%x <, 01,
**% pc.001 compared to AH value under the same conditions at a

cycle length of 500 msec (statistics performed using raw AH

interval data).
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Frequency-Dependent Effects of Diltiazem on
the Atrioventricular Node During
Experimental Atrial Fibrillation

Mario Talajic, MD, Mohsen Nayebpour, PharmD,
Wuhua Jing, MD, and Stanley Nattel, MD

Calcium channel blockers depress atrioventricular (AV) nodal properties in vivo in a frequency-
dependent manner, suggesting that selective drug action during supraventricular arrhythmias
may result from use-dependent properties. The present study was designed to examine whether
or not the rate-dependent actions of diltiazem account for its therapeutic effects during atrial
fibrillation. The determinants of the ventricular response to atrial fibrillation (concealed AV
nodal conduction and AV node functional refractory period, AVFRP) were evaluated at
multiple cycie lengths (with extrastimulus techniques) and during electrically induced atrial
fibrillation (with indirect indexes from RR interval histograms) in anesthetized dogs. In the
presence of diltiazem, AVFRP increased progressively relative to control as rate accelerated. At
cycle lengths comparabie to sinus rhythm in humans, AVFRP increased 10%, 1795, and 32%
after doses 1, 2, and 3 of diltiazem, respectively. Drug-induced increases in AVFRP were
greater at basic cycle lengths just above the Wenckebach point (17%, 489, and 81%0) and were
maximal during atrial fibrillation (39%, 86%, and 154% increases for doses 1, 2, and 3,
respectively). Diltiazem also increased the AV conduction system effective refractory period in
a frequency-dependent manner without affecting the atrial effective refractory period, thereby
increasing the potential zone of concealment into the AV node. Frequency-dependent increases
in the zone of concealment were produced by diltiazem and were associated with marked
increases in the standard deviation of RR interval histograms during atrial fibrillation (257%,
526%, and 923% increases after doses 1. 2, and 3, respectively). The combination of
rate-dependent increases in AVFRP and zone of concealment resulted in 2 marked amplification
of diltiazem’s effects during atrial fibrillation, with mean RR interval increases (887, 200%%,
and 3005 after doses 1, 2, and 3, respectively) that were 8-10 fold greater than increases in
AVFRP at cycle lengths comparable to sinus rhythm in humans. We conclude that diltiazem’s
frequency-dependent effects lead to highly selective depression of AV nodal function during
atnal fibrillation. (Circulation 1989;80:380-389)

effects of calcium channei biockers are
dependent on underlying heart rate.i-3 Prior
in vitro studies have shown that maximal depres-
sion of slow inward current occurs at faster driving
frequencies and with activations ending shorter

E lectrophysiologic and negative inotropic
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diastolic intervals.4-8 We have recently shown that
verapamil, diltiazem, and nifedipine slow atrioven-
tricular (AV) nodal conduction and prolong AV
nodal refractoriness in vivo in a frequency-
dependent manner and that the time course of
recovery of AV conduction slowing is specific to
the drug studied.? On the basis of these observa-
tions, we hypothesized that these agents would
have more profound effects on AV nodal properies
during supraventricular tachyarrhythmias than dur-
ing sinus rhythm. This would lead to desirable
selectivity in their action during the very arrhyth-
mias for which they are used. However, this hypoth-
esis has not been directly tested in either spontane-
ous or experimentally induced arrhythmias.
Atrial fibrillation is an example of a supraventric-
ular arthythmia for which use-dependent drug effects
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may be particularly important in determining
efficacy, because atrial impulses at rates of 400-
600/min result in a high input rate to the AV node.10
Verapamil and diltiazem have been effective in
controlling the wventricular rate during this
arrhythmia.!1-15 The determinants of the ventnicular
response during atrial fibrillation include the func-
tional refractory period of the AV node (AVFRP)
and concealed AV nodal conduction resulting from
intranodal impulse block.16-20 Preferential salutary
effects of calcium channel blockers during atrial
£brillation could be produced by rawe-dependent
changes in either AVFRP or the degree of con-
cealed conduction in the AV node.

The purpose of this study was to examine the
effects of diltiazem on the ventricular response
during experimental atrial fibrillation and to relate
these effects to rate-related changes in functional
refractoriness and concealed AV nodal conduction
to determine the clinical relevance of frequency-
dependent drug actions.

Methods
General

Mongrel dogs of either sex were anesthetized
with morphine (2 mg/kg s.c.) and \x-chloralose (100
mg/kg i.v.). Catheters were inserted into both fem-
oral veins and arteries and were kept patent with
heparinized saline (0.9%). Dogs were ventilated
through an endotracheal tube with a Harvard ani-
mal respirator (South Natuck, Massachusetts). Tidal
volume and respiratory rate were adjusted after
measurement of arterial blood gases to ensure ade-
quate oxygenation (Sao, 290%) and physiologic pH
(7.3510 7.45). A thoracotomy was performed through
the fourth right inrercostal space. After suspension
of the heart in a pericardial cradle, two bipolar
Teflon-coated stainiess steel electrodss were inserted
into the right atrial appendage frr recording and
stimulation. Body temperature was monitored con-
tinuously with-a-thermistar within the chest cavity
and was maintained at 37-38° C by a homeothermic
heating blanket. A Statham P23 ID transducer
(Cleveland, Ohio), electrophysiologic amplifiers, and
a paper recorder (Siemens Mingograf 80, Sweden )
were used to record blood pressure, electrocardio-
graphic leads IT and aVy, a right atrial electrogram,
and stimulus artifacts. Stimulation was applied with
4-msec square-wave impulses at twice late diastolic
threshold. The sinus node was crushed to allow for
a wide range of pacing rates.

All dogs were autonomically blocked to measure
direct drug effects without contamination by auto-
nomic reflex changes. Vagal effects were prevented
by surgical division of the cervical vagi followed by
intravenous administration of 1 mg atropine. B-
Blockade was produced by administranton of 0.5
mg/kg atenolol. Repeated doses of atropine (0.5
mg) and atenolol (0.25 mg/kg) were administered

hourly. This regimen has previously produced sus-
tained autonomic blockade.’-*1

Experimental Protocol

Expenments were conducted to assess 1) the
frequency-dependent effects of diltiazem on AV
nodal refractoriness duning atnal pacing and mduced
atnal fibrillation (eight dogs) and 2) the frequency-
dependent effects of diltlazem on concealed AV
nodal conduction (four additional dogs).

Atnovenrncular nodal refractonness (atnal pac-
ing and arnal fibnllanion). Wenckebach cvcle length
was determined under control condinons by decreas-
ing atrial pacing cvcle length by 10 msec decre-
ments until second-degree AV block occurred This
was repeated before and after each expenmental
protocol to ensure stabiiity of AV nodal function
during electrophysiologic study under control con-
ditions and during each drug infusion. The func-
tional refractory penod of the AV conduction sys-
tem (AVFRP) was determined by introducing single
premature stuauli (S.) after 20 basic (S,) sumul.
The resulting V,V. interval was measured, and a
curve relating V,V. to the §,S. interval was estab-
lished. The AVFRP was defined as the shortest
V,V; resulting from premature atnial stimulanon.
This process was repeated at multiple basic cycle
lengths (S,S,) ranging from 300 to 1,000 msec. The
effective refractory penod of the AV conduction
svstem (AVERP) was defined as the longest A\A,
failing to result in a propazated venincular response
and was determined at the same cycle lengths. The
atrial effective refraciuy period (AERP) was also
determined at a pacing cycle length of 600 msec.

After determination of the AERP, AVERP, and
AVFRP, atnal fibrillation was inguced by continu-
ous atnal sumulation at 10-50 Hz.'".2 In each
expenment, atnal pacing cycle length was adjusted
unril the resultcat ventnicular response was consis-
tently irregular. Pacing-induced atnal fibrillauon
was confirmed in each case by observing irreguiar
atrial activiry in the electrocardiographic and intra-
cardiac recordings and by the persistence of spon-
taneous atnal fibnilation lasung between several
seconds and several minutes after the interruption
of pacing. Two munutes after inducnon of atral
fibnllation, a continuous electrocardiographic record-
ing lasting 5-10 minutes was obtained. Because AV
nodal conduction slowing in the prescnce of dil-
tiazem requires time to reach steady state durug
pacing at any given rate,’ all determinations of
refractoriness duning steady-state pacing or atnal
fibrillanon were preceded by pacing for 2 minutes.

After control measurements were completed,
incremental doses of diluazem were infused intra-
venously, and the experimental protocol wuas
repeated. The dosing regimens used were devel-
oped in previously published experiments® and were
designed to resuit in steady-state concentralions
spanmng the range of concentrations observed after
therapeutic doses of diitiazem 1n humans. The tlec-
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TasLE !. Diltiazem Doses, Resuiting Plasma Concentrations. and Electrophysiologic Effects

Dose
Loading Mantenance Plasma concentrauon (ng/mg) Wenckebach CL (msec) AVERP AERP*
(g/ke) (ug/kg/min) Before After Before After (msec) (msec)
Dose 1
Control —_ - - -— 224=33 214+33 189=16 157=6
Drug 200 3.0 30=16 28=14 268=40t 279=52¢ 278=76 153=21
Dose 2
Control - - -— — 211=27 210=28 187%27 155=27
Drug 400 7.0 63=8 70=14 404=67t 419=941 306=85% 158=26
Dose 3
Control -— - -— -— 200=31 194=23 198=39 175=29
Drug 800 15.0 210=51 207=68 514=127¢ 494=111¢ 385=104¢ 175=17

Resuits are shown for five expenments after dose 1, eight after dose 2, and five after dose 3. The loading dose was given over 10
mnutes, after which the maintenance dose was begun. Electrophyvsiologic study was begun 10 minutes after the end of the loading dose.
Results of piasma concentration determination and Wenckebach cycle length before and after electrophysiologic protocol are shown.

AVERP, AERP, effective refractory penods of the atrioventricular conduction system and atnium, respectively (measured at a cycie

length of 600 msec).

*Results for AERP were obtained 1 3, 6, and 4 expenments after doses 1, 2, and 3, respecuvely.

tp<0.05, tp<0.01 vs. contrcl.

trophysiologic study was repeated 10 minutes after
compietion of each loading dose. Before and after
each experimental protocol, blood samples were
obrained during the maintenance drug infusion, for
subsequent measurement of plasma diltiazem con-
centratiuns. The loading and maintenance doses
used and the resulting plasma concentrations are
listed in Table 1.

Concealed arnoventmcular nodal conduction. Con-
cealed conduction was assessed in four animals by
modifications of previously described methods.=-2¢
The right atrial appendage was paced at a constant
basic cycle length. Single premature atrial stumuli
(S.) were introduced after 20 basic sumuli (S,S,).
The resulting S.V, interval was measured and used
as an index of AV nodal conduction ume. This was
plotted against S,S. and is referred to as the AV
node recovery curve. The atrial and AV conduction
syvstem effective refractory periods were also deter-
mined at the same basic cycle length during the
determination of the AV node recovery carve. This
was performed under control conditions and after
diltiazem admunistration. The protocol was then
repeated after interpolating a nonconducted atrial
impulse (S’) berween the last beat of the basic drive
(S1) and the test stimulus (S,). Coupling intervals
were chosen so that S’ resulted in atrial activation
but was blocked in the AV node (i.e., S,S’ exceeded
the atrial effective refractory period but was less
than the AVERP). AVERP was determined through-
out a range of S,S’ intervals, with S,S' incrensed by
10-msec increments (from 30 msec beyond AERP
to 10 msec below the AVERP of S,). In this way,
the zone between the AERF and AVERP was
scanned with the interpolated atrial stimulus during
repeated determinations of AVERP. An §’ that fails
to penetrate into the AV node should have no
measurable effect on the node, whereas an S’ that
penetrates nodal tissue without exiting (i.e., is con-
ccaled) will make it more difficult for a subsequent

S, to propagate, thereby increasing AVERP.2Z A
10-msec or greater increase in the AVERP of §,
after introduction of the interpolated nonconducted
atria] impulse (S’) was taken to indicate concealed
conduction of S’ into the AV node. The zone of
concealment was defined as the range of S,S’ inter-
vals causing concealment.>=> Zone of concealment
was measured at basic cvcle lengths ranging from
500 to 1,000 msec. During the control state, AVERP
uncommonly exceeded AERP by more than 30
msec, indicaung lack of a potential zone of con-
cealed AV conduction by the definition established.
Because of the complexiry and prolonged duration
of the protocol to evaluate AV nodal concealment,
all measurements were performed after infusion of a
single dose (dose 2) of diltiazem (Table 1).

Data Analysis

Electrophysiologic recordings during refracrory
period determinations were made at 250 mm/sec,
and conunuous recordings during atrial fibrillation
were made at 50 mm/sec. All measurements were
made with a digitizing tablet couplied to an IBM
compatible microcomputer by commercially avail-
able software (Sigmascan, Jandel Scientific, Corte
Madera, Caiifornia). During determination of
AVERP under control conditions, refractoriness of
atrial tissue was sometimes limiting,% and thus, the
value obtained for AVERP was an upper limit only.
After infusion of diltiazem, AVERP always exceeded
AERP.

Consecutive RR intervals during induced atrial
fibrillation were measured, and RR interval histo-
grams were constructed.!® A minimum of 500 ven-
tricular complexes were analyzed during each period
of atrial fibrillatior. The mean, minimum, and stan-
dard dewviation of RR intervals were calculated for
each histogram. The minimum RR interval during
atrial fibrilation was used as an index of the func-
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tional refractory period of the AV node during atrial
fibrillation.10.19.26

Group data are presented as the mean=SD. Mul-
tiple comparisons between control and experimen-
tal group means were made by two-way analysis of
vanance with Scheffé’s test or by the unpaired z test
with Bonferroni’s correction.?” Two-tailed tests were
used for all statistical comparisons, and a probabil-
ity of 5% or less was considered as significant.

The range of cycle lengths that could be studied
was limited by the Wenckebach cycle length and
spontaneous automaticity, which determined the
shortest and longest pacing cycle length, respec-
tively, under any expenmental condition. Because
the range of cycle lengths studied varied berwesn
experiments, we analyzed resuits in terms of the
longest and shortest cycle length in each experi-
ment during ecach drug infusion. Results in the
presence of diltiazem were compared with resuits
under control conditions at the same cycle length
within each experiment. Effects of a given infusion
at the longest cycle in each experiment were then
grouped for staustical analysis as were effects at the
shortest cycle length.

Plasma diitiazem concentration was measured by
reverse-phase high-performance liquid chromatog-
raphy (HPLC). Plasma samples (0.5 ml) were
extracted with 0.1 mi 1N hydrochloric acid, into 2.5
ml dichloromethane to which 15 ul internal stan-
dard solution (16 ug/ml L-8040, kindly supplied by
Ayerst Laboratones, Montreal, Canada) had been
added. After it had been thoroughly mixed, the
solution was dried under nitrogen gas and reconsti-
tuted with 45 ul mobile phase (95% methanol in
water, with 0.3 mi/l giactal acetic acid and 2 g/1
octanesulfonic acid). The resulting solution was
injected onto a 5-4 ODS column (Chromatography
Sciences, Montreal, Canada). Diitiazem was
detected by a Waters ultraviolet absorbance meter
at a wave length of 237 nm. The retention times for
diltiazem and internal standard were 6 and 7.5
minutes, respectively, at a flow rate of 2.5 ml/min.
All samples were assayed in dupiicate, and a thres-
point standard curve was obtained in control plasma
for each assay run.

Results

Plasma Concentrations of Diltiazem and
Resulnng Electrophysiologic Effects

Administration of incremental doses of diltiazem
resulted in stable plasma concentrations ranging from
28%1410210=51 ng/ml (Table 1). Wenckebach cycle
length and AVERP were prolonged in a concentration-
dependent manner after drug infusion (Table 1). No
changes in AERP were observed. Drug effects, as
reflected by Wenckebach cycle length, were stable
during each experimental protocol, with less than
10% variation during each drug infusion.

LjTects of Diltiazem on the Ventricular Response
Dunng Experimental Atnal Fibnllation

Rapid atrial stimulation induced atrial fibailation
that was continuous during stimulation and lasted

s
o

L3 Pacing
@R Post-Pacing

1]
o

Frequency (X of tetal PR Infervals)
s

100 200 oo 400 S0
RR Intervala (masc)

FIGURE |. RR werval lustograms dunng arrial fibnils-
non induced by connnuous electnical stimulanon (hatched
bars) and dunng subsequent spontancous fibriilanon
(closed bars) in a representanve experimen: Freguency
of measured RR intervals dunng awnal pibnilanon
(expressed as a percentage of total number of compiees)
is plotted for 20-msec ranges of RR ntervals. In horh
cases, unmmodal distmbunions that were shewed to the
nght were observed. Mean RR, minermum RR, and stan-
dard devianion of RR complexes were similar (212, 139,
and 49 msec dunng continuous pacing; 245, 139, and 90
msec dunng postpacing atnal fibnillanon),

for a variable length of time after cessation of
pacing in all expenments. Atnial fibnllation per-
sisted spontaneously for more than 5 minutes after
pacing n three expennments. The charactensucs of
the ventncular response to atnal fibnllation were
similar in these studies during continuous electncal
sumulation compared with values dunng subse-
quent spontaneous fibrillation as indicated by mean
RR interval (211=31 during sumulation and 22138
msec after), minimum RR interval (132=27 and
147=38 msec), and standard deviation of RR inter-
vais (40=8 and 48=40 msec). A representative
example of RR interval histograms of atrial fibnlla-
tion dunng and after contnuous pacing 1s shown in
Figure 1.

After the infusion of diluazem, the RR nrerval
histogram recorded dunng atnal fibnillauon was
shifted to the night with an increase i the minmum
RR interval (index for AVFRP dunng atnal fibnlla-
tion) and the mean ventricular response (mean RR
interval) (Figure 2). The mean ventnicular response
was substanually slowed by the drug (Table 2). The
shape of the RR nterval histogram was also altered
by the administration of diltiazem. In all cases, the
range of RR intervals increased markedly so that
the mean RR interval was prolonged to a greater
extent than the mimumum RR interval recorded
(Figure 2). This “splaying out’ of the RR interval
histogram corresponded to a concentration-
dependent increase in the standard deviation of
histograms after drug admmistrauon (Table 2).

Effects of Diltazem on Atnoveniricular
Funcnional Refractory Period

Figuie 3 illustrates a representatve expeniment in
which the relation berween AVFRP and atnal rate

1
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FIGURE 2. Plot of distnbunion of RR intervals recorded
dunng expenmental atnal fibrnllanon before and after
infusion of diltiazem tn a represenranve experiment (doses
1 and 2; dose 3 not given). Frequency of measured RR
intervals dunng arnal fibnilanon (expressed as a percent-
age of the total number of complexes) is plonted for
20-msec ranges of RR intervals. Administration of dilt-
iazem resulted in a shift of the RR interval lstogram to
the nght as well as a chartge in the shape of the
histogram. A dose-dependent increase in the standard
devianon of RR intervals (33, 111, and 357 msec, for
control, dose 1, and dose 2, respecnively) was associated
with a progressive splaving out to the nghr of the RR
interval histograms. As a result, the mean RR interval
prolonged more than did the rmunumum RR interval durning
awmnal fibnilanon imean RR interval of 270, 524, and 919
msec; munumum RR wrterval of 209, 337, and 496 msec,
for control, dose 1, and dose 2, respecrively).

was examined before and after drug infusion. The
minimum RR interval during pacing-induced atrial
fibnllation under control and drug conditions is also
shown. Under control conditions, AVFRP decreased
consistently at shorter cycle lengths, and the short-
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800 1 - ® Dose 2
——

H " s 9
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FIGURE 3. Plot of atrioventricular funcnonal refractory
pennd (AVFRP) measured directly during arrial pacing
(rigit of the dashed line) or indirectly as minunum RR
inzerval durntng induced arnal fibnilanon (AF) in a repre-
sentanve expenment (doses 1 and 2; dose 3 not given in
this expenment). Under control condinons, AVFRP
decreased as cycle length decreased, and the mimmum
AVFRP was recorded dunng arrial fibnllanon. After
dilnazem administranon, small increases in AVFRP were
noted at long cycle lengths. As the basic cycle length
decreased, changes in AVFRP relanve to conrrol result-
ing from diltiazem increased. Maximal increases in
AVFRP were produced dunng induced amal fibrillanon.

est AVFRP (minimum RR interval) was observed
during atrial fibrillation in all experiments. After the
infusion of diltiazem, AVFRP was increased at all
cvcle lengths. In contrast to control observations,
AVFRP did not decrease {e.g., dose 1, Figure 3) or
increased (dose 2, Figure 3) as pacing cvcle length
decreased. Drug responses were evaluated at long
cvcie lengths (mean rates of 60-70 beats/min) and at
short cycle lengths (mean rates of 111-160 beats/
min) for all experiments. Table 2 summarizss the
changes in AVFRP observed during atrial pacing at

Effects of Dilttazem on Expenmental Atrial Fibnilation and Atrioventricular Refractory Pertod Duning Atnal Pacing

A

TABLE 2.
Atrnial fibnilanon AVFRP (msec)
Mean RR SD AF (Min RR) S-BCL L-BCL

Dose 1

Control 293=58 46=19 26=47 265=39 333266

Drug s3g=232  B8%)  qgplia3 (BT%) ggergy  (39%) 313=65 (17%)  3g8.g3 (10%)
Dose 2

Control 203262 51=19 208=45 274233 B=47 -

Drug 8822447 (00%)  wyppz312  (526%)  ee3gragzz (B6%)  eesgggegy  (48%) g7z (17%)
Dose 3

Control 275=72 7222 187=50 270=31 313=18

Drug  **1.082207 (300%) weegysasq  OB%) eeeggimrs (154%)  eeggiagq  B1%)  4u=72  (29)

Results shown are for four expeniments after dose 1, eight expenments after dose 2, and five experiments after dose 3. Matching
control data (obtained at sdentical cycle lengths in the case of AVFRP at 5-BCL and L-BCL) are displayed with posttreatment values.
Percent change over control are shown in pareniheses. Cycle lengths at which AVFRP at S-BCL. was obtained averaged 375x50,
46352, and 540=114 msec, for doses 1, 2, and 3, respectively. Corresponding cycle lengths at which AVFRP at L-BCL was obtained
averaged 8§25=126, 863 =160, and 1,000=0 msec. Mean=SD of raw data is expressed 1n msec,

Mean RR. mean RR interval duning electncally induced atnal fibnillation; SD, standard deviation of RR intervals from the mean value
duning atnal fibnllanon; AVFRP, funcuional refractory penod of the atnioventncular conduction system, measured indirectly dunng
atnal hbnllauon (AF) as the mimmum RR interval (Min RR) observed. aunng pacing at the shortest basic cycle length obtainable
(S-BCL) and during pacing at the longest basic cycle length possible (L-BCL).

*p<0.05, **p<0.01, ***p<0.001 vs. control values.
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FIGURE 4. Hustogram of mean percent change in atnio-
venmcular functional refractory period (AVFRP, open or
hatched bars), and mean ventrnicular response rate dunng
anal fibnllanon (mean RR, solid bars) for doses 1, 2, and
3 of dilnazem. Changes in AVFRP were measured directly
at the longes: basic cycle length avadable (L-BCL),
shonest basic cycle length available (S-BCL), and indi-
rectly (as munimurn RR interval) dunng arnal fibnllaron
(AF). Mazrched conrrol cvcle lengths were used to calcu-
late the percent change for measurements at L-BCL and
S-BCL. Dose-dependent increases in AVFRP (under all
pacing condinons} and mean ventncular response dunng
AF were noted. Drug-induced changes in AVFRP
increased progressively as acrivation rate was increased
from L-BCL to S-BCL to arral fibnllation. Increases in
mean RR interval dunng atmal fibnilation were, in turn,
larger than the corresponding increases wnn AVFRP.
Results shown are from four expenments after dose 1,
eight expenments afcer dose 2, and five experiments after
dose 3 of dilnazem. *p<0.05; **p<0.0l; ***p<0.00! drug
vs. control.

the shortest and longest pacing cvcle lengths avail-
able and the changes in mummum RR interval
during atnal fibrillation. After dose 1 of diltiazem. a
mean increase of 10% in AVFRP over control was
observed at the longest cyvcle length studied, whereas
a 39% increase in mmimum RR interval (index for
AVFRP) was noted during expenmental atnal fibril-
lation. Similar rate-dependent increases in AVFRP
were observed after doses 2 and 3. Although the
longest absolute values of AVFRP after drug admun-
istration were noted during pacing at the shortest
pacing cycle length, larger percent increases in
minimum RR interval during atnal fibrillation were
observed at all doses (Table 2, Figure 4).

The relation between diltiazem’s effects on mean
ventricular response and AVFRP are displayed in
Figure 4. The increase in mean ventricular response
produced by diltiazem dunng atrial fibrillation was
much larger than the drug’s effect on AVFRP at
long cycle lengths, and the former effect averaged
8.9, 10.9, and 9.4 times larger than the latter effect
for doses 1, 2, and 3, respecuvely. Freguency-
dependent increases in AVFRP accounted for
approximately one half of the 10-fold increase in
drug effect observed during atnal fibnillauon (3.9~
4.8 fold increases in AVFRP). The remainder of
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FIGURE 5. Plor of representanive experiment dispiuying
arnal (AERP) and arnoventncular (AVERP) effecnve
refractory perods as a funcuon of cvcle lenvih betore
and after three doses of diltiazem. .AERP was not cnunge
by the adrumistiration of diniazem, whereas duse-
dependent increases in AVERP were obsered  Drug-
induced increases in AVERP depended on atnal sumula-
non rate, and larger changes were observed at shorer

cvcle lengths.

drug effect on mean ventncular response dunng
atnial fibnilatuon was accounted for by an mcrease
in concealed AV nodal conduction as reflected by
an increase in the standard deviation of RR nterval
histograms (Table 2).

Effects of Dilnazem on Concealed
Amovernmcular Nodal Conducrion

The potenual zone of concealment, during which
nonconducted atrial impulses can penetrate the AV
node and cause subsequent rapulse delay or block,
is defined by the difference berween AERP and
AVERP at anv given cycle length. Figure 5 illus-
trates a representative experimat in wnich AERP
and AVERP were determmed at multiple cycle
lengths before and after infusion of diluazem. Belore
drug admnistrauon, tais potenual zone was smuall
(<30 msec) at all cycle lengths tested After diltia-
zem, frequency-dependent increases in AVERP,
without changes in AERP were noted. Thus, the
potentual zone of concealment was increased by
diltiazem n a frequency-dependent fashion because
of mcreases in AVERP. A representative experi-
ment in which this zoae was scanned with interpo-
lated atrial sumuli 1s suown n Figure 6. Under
control conditions at a cycle length of 500 msec, AV
conduction tume of test sumuli was exponentally
related to the test stimulus couphing interval (5,5
After drug infusion, the relation between AV con-
duction ttme and 5,S; was shifted upward and to the
nght. Introduction of concealed atnal extrasumuh
(S’) caused a further parallel honzontal shift of the
AV nodal recovery curve. Earlier concealed atriad
extrasumuli shifted the recovery curve to a lesser
extent than did later concealed atrl extrastimui.

In all four expeniments, concealment was docu-
mented to occur n the presence of diltazem (dose
2) at all $,S" intervals greater than the AERP and

-



Thesis Page 5-7

386 Circulation Vol 80, No 2, August 1989

300+
® Contrel

& Diilozem (5,S' =0)
® Diiflazem (S1S* earty)

0 4
25 av * Ditazsm (5:S* mid)
. PO ¢ Diifiazem (515" iate)
L Y Y .
2004 -. R ¢
L ]

Y3000 o 0
150

AV Conduction Time (maec)

100
70 1000 1250 1500

%182 (msac)

FIGURE 6. Plot of amoventmcular conduction time as a
Sfunction of arnal coupiing interval (S,S,) in the absence
and presence of concealed amal extrasumuli in a typical
experniment. Under conrrol condinons with a basic cycle
length of 300 msec, AV conducnion ame was exponen-
nally related to S,S» After dilnazem administranon, in
the absence of an inrerpolated atnal extrasumulus
(S5’ =0), the curve was shifted upward and to the nght.
Interpolanon of nonconducred atnal samuli (S') between
the last beat of the basic train (S;) and the test sumulus
(Sy) resulted in a further shift of the curve to the right
{r.e., concealed conducnion). Concealed atmal stmuli
with a coupiing wnterval 30 msec greater than amnal
effecnive refractory penod (5,5’ early) displaced the curve
to a lesser extent than did concealed ammal extrasnmuli at
a coupling incerval 10 msec shorter than armoventricular
effecnve refracrory penod ($,S' late) or amal extrasnm-
ult with an tnzermediate coupiing interval (S,S' mud).

° 2350 s00

less than the AVERP. However, the length of the
zone dunng which atrial impulses were concealed
depended on underlying heart rate. and larger zones
were observed at shorter cycle lengths (Figure 7).

Discussion

Understanding of antiarrhythmic drug acrion has
improved with the appreciation that cardiac fre-
quency 1s an important modulator of drug action
and that important differences in frequency-
dependent propernes exast withun a specific class of
drugs. These concepis have been incorporated into
recent models of anuarrhythmic drug action.28.¥
Although frequency-dependent effects on cardiac
conduction and refractoriness in vivo have been
documented. therr imporzance in determining anti-
arrhythmic efficacy has not been adequately
addressed.

We have previously demonstrated that calcium
channel blockers have important frequency-
dependent effects on AV nodal conduction and
refractonness.® Because atrial fibrillation results in
a very fast input rate into the AV node, rapid AV
nodal activation in the presence of calcium channel
blockers should result 1n increased block of inward
calcium current and a slower ventricular response
rate. This would lead to enhancement of anuarrhyth-
mic drug effects by the very tachyarrhythmias for
which these drugs are used and would lead to
desirable selecuvity of drug action. We found that
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FIGURE 7. Histogram of zone of concealment as a
Juncnion of cycle length in the presence of dilnazem. At
each cycle length, zone of concealment was directly
measured by determunng the range of intervals dunng
wiich an amal samulus interpolated berween the last
bear of the basic drive (S)) and a test snmulus (S)) caused
the armoventnicular nodal effecnive refractory penod (deter-
mined with S.) to increase by a minimum of 10 msec.
Larger zones of concealment were observed at shorter
cycle lengths. *p<0.05, ***p<0.001, relanve to values
obtained at basic cycle lengrh of 1,000 msec. Values
shown represent mean data for four expenments.

diltiazem’s actions during atrial fibrillation were
disproportional to its effects at cvcle lengths com-
parable to resting sinus rhythm. Progressive ampli-
fication by increases in atral rate led to maxamal
effects during atrial fibrillatrion.

Although several models have been proposed to
account for the ventricular response to atrial
fibrillation,16-20.22.30-40 our results can be under-
stood by the classic mechanisms proposed by
Langendorf'* and extended by others,17-20.22-36 ]t 15
assumed that rapid, irreguiar atnal impulses pene-
trate the AV node with variable strength from
multiple directions. The resulting ventricuiar
response is determined by two facrors: 1) the func-
tional refractory pernod of the AV node, 93830 which
constrains the maxumum exit rate from the AV
node, and 2) the role of concealed AV nodal
responses.!617.22 Qur results suggest that the bene-
ficial effects of diltiazem during atrial fibrillation are
secondary to increases in both the AVFRP and the
impairment in AV nodal conduction resulting from
concealed AV nodal responses. Moreover, these
effects on AV nodal properties were markedly depen-
dent on stimulation rate, implying that frequency-
dependent drug-receptor interactions may be respon-
sible for maximizing drug effects during
tachyarrhythmias.

We found that the percentage by which diltiazem
increased AVEFRP became progressively larger as
atrial rate increased and that the largest percent
increases were observed during arrial fibrillanion.
The rate dependence of AVFRP in the presence of
diltiazem was the opposite of that described in the
absence of drug*!-# (as confirmed by our control

- ;u&.




Thesis Page 5-8

Talanc er al Frequency-Dependent Diltiazem Effects in Atnal Fibnllation khy)

observations). The AVFRP is not a pure index of
AV nodal refractoriness. It is directly related to the
coupling interval at which the slope of the AV
recovery curve (AH plotted against A\A;) equals
unity.* Thus, increases in the AVERP, which shift
the AV recovery curve to longer atrial coupling
intervals, lead to increases in the AVFRP. In addi-
tion, AVFRP is inversely related to the conduction
time of A; and directly related to the conduction
time of A, during extrasumulus testing.*3* None-
theless, AVFRP remains a useful measure clinically
and conceprually because it equals the minimum
coupling interval at which impulses can exit from
the AV noade, ind as such, AVFRP constrains the
maximum ventricular rate that can occur during
rapid atrial rhythms. In addition, Billertess showed
that the functional refractory period is determined
by the action potential duration of cells within the
distal portion of the AV node.

We used the minimum RR interval observed
during atrial fibrillation as an index of the AVFRP
during this arrhythmia. Although the minimum RR
interval is not a direct measure of the functional
refractory period, it is directly proportional to the
AVFRP measured by the extrastimulus technique,!®
and it correlates with the mean ventricular response
during experimental atrial fibrillation.*® Because the
percentage by which diltiazem increased AVFRP
rose progressively during accelerations in atrial pac-
ing associated with 1:1 AV conciuction, we would
expect that at least comparable increases would be
observed during atnal fibnllauon, when AV nodal
activations are more frequent. The increases in mn-
imum RR interval observed during atnaj fibnllation
are consistent with this interpretanon.

Diltiazem-induced increases in the mmimum RR
interval during atrial fibrillanon accounted for
approximately one half of the observed slowing of
the mean ventricular response during atnal fibnila-
tion. Several observations suggested that rate-
related increases in concealed AV nodal conduction
were at least as important to diluazem’s beneficial
effects. All atrial activauons failing to conduct to
the ventnicles in the presence of the drug caused AV
nodal delay of subsequent atrial impulses. Zone of
concealment was therefore determmuned at any cycle
length by the difference between the AERP and
AVERP. Because diltiazem increased the AVERP
in a rate-dependent fashion, without altering atnal
refractoriness, it caused a rate-related increase in
the difference between AERP and AVERP, and
consequently zone of concealment.

The width of the RR interval histograms during
atrial fibrillation increased consistently after the
administration of diltiazem, implying increases in
the quantity of AV node concealment duning atrial
fibrillation. Similar changes in the RR interval his-
togram during atrial fibrillation have been observed
during oral diltiazem therapy n patients with chronic
atrial fibnillation.4 Increases i the amount of con-
cealed conduction, suggested by the observed

changes in the RR mterval histograms, could be due
to a change in the atnal input frequency mnto the AV
node (so that more umpulses are likely to fall dunng
zone of concealment), or to an increase m zone of
concealment itself. Thiesen and coworkers!* suu-
gested that diltiazem alters the mput nio the AV
node during atrial fibnilatton. However, diluasem
did not alter atnal refractoriness in our dogs. and n
previous studies, we showed that atrial conduction
1s also unaffected by diltiazem.’ Because the piop-
erues of atrial fibnllation are determined by atial
conduction velocity and refractoriness and because
dilttazem affects neither of these vanables v auto-
nomically blocked dogs. it is unhkety that the atril
input pattern during atnal fibnllation was altered by
diltiazem in our dogs. These considerations. cou-
pled with direct observatuons of zone of conceal-
ment during atrial pacing, are consistent with the
hypothesis that the increases in AV nodal conceal-
ment produced by diltilazem dunng atnaf fibrillation
result from an increase in the concealment zone due
to rate-dependent increases in AVERP.
Frequency-dependent increases mn AV nodal
refractoriness and concealment led to dramauc ampli-
fication of diltiazem’s effects dunng atnal fibrlla-
tion. The amplificauon of drug effect by tachycardia
is likely related to the preferennal binding of dhltia-
zem to AV nodal calcium channels that occurs
during depolanzation and 1s followed by drug unbuind-
ing after repolarizanon.?? At slower rates (e.g., 11
sinus rhythm) diastolic time 1s longer, allowing
more drug unbinding and less AV nodal depression.
However, dunng atnal fibnilation, frequent AV
nodal acuvation limits the recovery tume available
berween impulses, leading to an accumulation of
diltiazem binding and enhanced drug efiects. This
activation increases the AVFRP, increasing the
minmum output interval that the AV node can
support, and this also increases the AVERP, increas-
ing the number of unpulses that block in the AV
node and that leave 1t 1n a state of mcreased
refractoriness (concealed conduction).

Potennial Limitanions

Our model of atnal fibnllaton was designed to
simulate the chaouc, rapid input into the AV node
that occurs durning atrial fibrillanon n humans. It
was not intended to simulate the areas of slowed
atrial conductuion and increased heterogeneinty of
atnal refractoriness that may be responsible for
spontaneous imitiation and maintenance of the
arrhythmia. Reservatons about the applhicability of
observations concerning electrically induced atriil
fibrillation to the spontaneous arrhythmia have been
made.*¢ In addition, we did not obtain autocorrelo-
grams during atnal fibnuation, therefore, peniods, of
regulanzation of RR intervals may have occurred
without recogmtion. However, the structure of R¥?
interval histograms recorded in our cxpenments
were ummodal and skewed to the nght as previ-
ously reported in spontancous atrial fibrillation
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humans.14.32.3436.38 In addiuon, the characteristics
of atnal fibnllation dunng continuous stimulation
were similar to those of atrial fibrillation that per-
sisted after pacing in those experiments in which
the arrhythmia persisted long enough to allow analy-
sis. Furthermore, the changes in RR interval histo-
grams that we observed after the administration of
diltiazem were very similar to those reported after
oral therapy in humans. 447

Intravenous diltiazem does not affect intra-atrial
conduction time or the HV interval.? We have also
shown that changes in the AV conduction time that
occur in response to premature stimulation in this
model occur exclusively as a result of changes in
the AH interval, while HV times remain constant.?
Moreover, during experimental and spontaneous
atrial fibrillation, 7.4 all impulses activating the His
bundle lead to ventricular activation, justifying the
use of ventricular activation as an exit marker of the
AV node. Thus, aithough His bundle electrograms
were not used in these experiments, this does not
present a major problem in interpreting the resuits.

These experiments were performed in autonomi-
cally blocked dogs to eliminate variability in AV
conduction resulting from autonomic reflex
responses to the vasodilating efrects of diltiazem
and to varying pacing protocols. In autonomically
intact animals, we have made preliminary observa-
tions that suggest that autonomic ceflexes blunt the
magnitude of the effect observed at any concentra-
tion of dilhazem but that the rate dependence of
drug actions are unaffected.+®

Conclusion

In conclusion, diltiazem exerts its beneficial effects
during atrial fibnilation by increasing AVFRP and
the tendency of atnal impulses to manifest con-
cealed conduction 1n the AV node. Both of these
effects are amplified by increases in atrial rate. As a
result of these frequency-dependent drug interac-
uons, diltiazem selecuvely depresses AV nodal
function dunng atrial fibrillation, and results in
much smaller effects at rates corresponding 10 sinus
rhythm in humans. This explains why doses of
diltiazem :n humans that have very minor effects on
AV conduction during sinus rhythm can produce
important and clinically useful reductions in the
ventricular response rate during atnal fibrillation.
These observations are consistent with the expected
climcal consequences of recent models of antiar-
rhythmic drug action.8-29
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Antiarrhythmic Actions of Diltiazem During
Experimental Atrioventricular
Reentrant Tachycardias

Importance of Use-Dependent
Calcium Channel-Blocking Properties

Mario Talajic, MD. Demetrios Papadatos, BSc, Christine Villemaire, BSc,
Mohsen Navebpour, PharmD. and Stanlev Nattel, MD

The purpose of this study was to determine if the known frequency-dependent effects of
diltiazem on inward calciura current result in selective actions during supraventricular
tachycardia. These effects were evaluated by use of an experimental model of orthodromic
atrioventricular reentrant tachycardia (AVRT). AVRT was induced in 15 dogs over a wide range
of retrograde conduction times before ana after two doses of diltiazem. Diltiazem produced a
tachycardia-related suppression of atrioventricular nodal conduction resulting in greater
efficacy for faster than for slower AVRTSs. The degree of slowing for tachycardias that remained
inducible after diltiazem administration was greater for AVRTs with a rapid 1mtial rate (dose
1, 29%; duse 2, 405¢) than for slower AVRTs (dose 1. 11%. p<0.01: dose 2, 18%. p<0(.001).
Rate-dependent AVRT slowing occurred because of a time-dependent phase of AH nterval
prolongation after the onset of tachycardia. which was observed only after diltiazem admunis-
tration. To further clarifv the mechanism of diltiazem's selecuive act'nns against faster
tachycardias. its effects on the minimum pathway for reentry, or wavelength, were examined in
four dogs. The ratio of refractorv period to revolution time (RP/RT), n index of wavelength,
was measured for each AVRT before and after diltiazem admunistration. Diltiazem increased
the positive slope of the relation berween RP/RT and the AVRT rate threefold compared with
control (p<0.03). This rate-dependent effect prevented AVRT when RP/RT became greater
than unity, In conclusion. rate-dependent atrioventricular node depression by diltiazem resuits
in greater tachycardia slowing and higher rates of termination during atnoventricular
reentrant tachvcardias with faster initial rates and shorter retrograde conduction intervais.

(Circulation 1990:81:334~342)

ecent understanding of anuarrhythmic drug
R action has improved with the appreciation
that increases in cardiac frequency enhance

the effects of antiarrhythmic agents. This property,

known as frequency dependence, has been well
characterized in vitro for most sodium and calcium
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channel blockers.i=3 The n vivo consequences of
frequency dependence, parucularly relating to anu-
arrhvthmic or proarrhvthmic drug properues, are
less well defined.? We have previously shown that
diluazem alters atrioventricular (AV) nodal prop-
erties in vivo tn a frequency-dependent manner and
have suggested that this mught result in scicetive
effects duning supraventricular arrnythmias * In o
subsequent study, we found that rapid AV nodl
input, which occurs during atrial hbnllation amah-
fies diliazem's effects on both AV nodal funcnonal
refractory period and concealed AV nodal
conduction * Much greater slowng of the mean
ventricular response during atnal fiibriflation occurs
than would be expected based on effects during
sinus rhythm

Diluazem 1s also effective for paroxvsmal supraven-
tricular tachycardia.-!2 Because reentry that incor-



i

porates the AV node is the presumed mechanism for
most paroxysmal supraventricular tachycardia.s3.14
changes in the balance between AV node refractori-
ness and AV nodai conduction are criucal in deter-
mining whether a tachycardia can be sustained. One
approach to the analysis of reentrant rhythms. which
considers relative changes in conduction and refrac-
tonness. ts the examinauon of drug-induced changes
in tachycardia wavelengih.13-1° The wavelength of a
reentrant tachycardia (A) Is the distance traveled by
the reentrant impulise during one refractory period.
If the length of the potenual reentrant circuit is
shorter than A, the excizauon wavefront will enter
refractory tissue and become extinguished.13-17

The purpose of tlus study was to determune if the
known frequency-dependent efects of diittazem on
inward calcium current result i selecuve actions dunng
paroxysmal supraventricular tachycardia. These effects
were evaluated by use of an experimental model of
orthodromic AV reentrant tachvcardia (AVRT) in
which the propernes of the rewograde limb of the
reencrant circwit could be controlled expenmeatally. -2
The consequences of frequency-dependent calcium
channel blockade were exarnined by studwving the effects
of dutiazem on dynamic and steady-state AVRT prop-
erues and by indirectly evaluanng the rate-dependent
effects of diltiazem on tachycardia wavelength. A pre-
liminary communication of these results has been pre-
sented wn abstract form.=

Methods

Fifteen mongre! dogs were anestheuzed with 2
mg- kg s.c. morpnine and 100 mg kg i.v. a-chloralose.
Fernoral artenial and venous catheters were inserted
and were kept patent with heparnized saline solu-
tion. Dogs were venulated by means of an endotra-
cheal rube with an ammal respirator (Harvard Appa-
ratus. South Nauck. Massachuserts). Respiratory
parameters were adjusted to ensure adequate oxy-
genation (S40.290%) and pnysiologic pH (7.35~
7.45). A thoracotomy was performed through the
fourth nght wnrercostal space. and the heart was
suspended 1 a pernicardial cradle. Bipolar Terlon-
coated stamless steel electrodes were inserted into
the lateral nght atntum and high lateral right ventn.-
cle on exther side of the atrioventncular ning and into
the nghrt atnal appendage. A bipolar electrode was
inserted epicardially to record a His bundle electro-
gram by previously described techmiques.* The elec-
trodes located 1n the atnial appendage and lateral
nght veniricle were used to record atrial and ventric-
slar electrograms, respectively. All stimuiation was
applied with 4-msec square-wave impulses at twice
late-diastolic threshold. Body temperature was mon-
itored by a thermustor within the chest cavity and was
maintained at 37-38° C by a homeothermic heating
blanket. A Statham P23 ID transducer (Cleveland,
Ohio), electrophyswlogic amplifiers, and a paper
recorder (model T16, Siemens Mingograf, Sweden)
were used to record blood pressare, electrocardio-
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FIGURE 1. Schemaric drawing of expenmental arnoventric-
ular reentrant tachycardia. A sensing and pacing curcwit was
used to detect local ventmcular acnivanon at the ngnt veneric-
ular bipolar efectrode and to pace the night arnurmn by means of
the lateral nght atnal electrode after a preselected delay (VA
interval). A sustained reenmant tacfrycardia (indicared bv the
arrow) resuited by using the ammovenmcular node as the anrer-
ograde lumb and the pacemaker circuut as the rerrograde limb.

graphic leads ’I and aVR. atnal, His bundle and
ventnicular electrograms. and stimulus artfacts.

All dogs were autonomically blocked to measure
direct drug etfects and to avoid the reflex autonomuc
changes associated with tachycardia or dilhnazem
administrauon. Vagal effects were prevented by sur-
gical division of the cervical vagi followed by intrave-
nous admumistration of 1 mg atropme. B-blockade
was produced by admimstration o 0.5 mg/kg nad-
olol. Repeated doses of 0.5 mg atropine and 0.25
mg. kg nadolol were administered every 2 hours. Pilot
stuaies showed that this re;imen produced sustained
autonoruc blockade.

Expenmental Prorocol

Wenckebach cycle length was determined under
control condiuons by decreasing atrial pacing cycle
length by 10-msec decrements unul second-degree
AV block occurred. This procedure was repeated
before and after each experimental protocol to ensure
the stability of AV nodal function dunng the electro-
physiologic study. _

AVRT was induced experimentally by modifica-
tions of previously described methods.*0-2 A sensing
and pacing circwt was used to detect ventricular
activation at the right ventricular bipolar electrode
and to pace the right atrium by means of the laterai
right atnal electrode after a preselected delay (VA
interval). This reentrant atrial impulse was con-
ducted to the ventricles by means of the normal
atnoventricular conducting system and was again
detected by the lateral right ventricular electrode. As
a result, a sustained reentrant tachycardia using the
AV node as the anterograde limb and the pacemaker
arcuit as the retrograde limb was jranated and
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maintained for each selected VA interval (Figure 1).
This tachycardia has a fixed retrograde conduction
time and mimics the charactenstes of orthodromic
AVRT mediated by an accessory pathway in humans.
Tachycardia was mnduced ar » selected VA interval by
engaging the pacing circuir, was maintamed for 2
mnutes. and was then terminated by turning off the
arrcuit. This procedure was followed by a 1-minute
rest period. The protocol was repeated with a variety
of VA intervais between 10 and 300 msec. An
average of eignt AVRTs were induced in each dog;
each VA was studied before and after dilnazem
admimstration. The VA interval in this study was the
time berween the peak of the nght venincular elec-
trogram recorded at a site adjacent to the AV ning
and the onset of the awnal snmulus artifact. Corre-
sponding VA intervals measured from the eariiest
recorded ventncular activauon to the earliest atnal
activation (as calculated clinically) are 40-50 msec
longer. Thus, the range of VA intervals tested 1n the
current study span the range of intervals observed
clinically.*s-3s

After control measurements were compieted, incre-
mental doses of diltiazem hydrochionde (prepared
from pure crystalline powder and physiologic saline)
were infused intravenousiy. The experimental proto-
col was repeated 10 minutes after the compienon of
each loading dose. The dosing regimens were devel-
oped in prior studies*s and consisted of a loading
infusion (0.2 mg/kg i.v. for dose 1 and 0.4 mg-kg for
dose 2) admimstered over 10 minutes. followed by a
connnuous mamtenance infusion (0.003 mg/kg/mn
for dose 1 and 0.007 mg kg mun for dose I). The doses
selected were intended to produce steady-state con-
centratons spanning the range observed duning oral
diltiazem therapy in man.%-1! Because of the durauon
of the experimental protocol needed. only one dose of
dilnazem (dose 1) was evaiuared in experiments assess-
ing tachycardia waveiength. Blood samples were
obtamned just before and after each experumental
protocol for subsequent measurament of piasma dil-
tiazem concentranon bv high-performance liawd
chromarography.’ After the expenmental protocol had
been completed. dogs were killed with lethal doses of
pentobarbital. The experimental protoco] was reviewed
and approved by the hospital ammal care commutiee
and internal review board. and all experiments were
conducted accorc ‘ng to the guidelines of the Canadian
Council on amm.] care.

Daca Analvsis

Diltiazem effects on dvnamic and steady-state char-
acteristics of AVRT were evaluated in 11 dogs (five
after both doses of diltiazem, three after dose 1 only,
and three after dose 2 only). An additional four dogs
were nsed for analysis of drug-induced changes mn
tachycardia wavelength.

All electrogram and elecrrocardiographic record-
ings were obtained at 200 mmysce. The His buadle
electrogram was stable throughout the duration of
mne ot 15 experiments. [n each of these mne exper-

iments. the AH interval was measured from the onset
of the atrial electrogram i the His recording to the
upstroke of the His bundle potenual Because ali
changes in AV conuactuon ume occurnng duning
oremarure stimulation or durnng tacnveardid were
found to occur in the AH nrerval slone, wath HV
intervals rematmung cpnstant. AV mtervals were vaedd
i the remarming experiments as an tndey o1 A\ noae
conduction time. Results obtamned 'n evpeniments
which AH mrerval was analyzed did not ditter from
those obtained n expenments in wrich AV e ol
was used. All measurements were made with 4
diginzing tablet and commercial software (Janael
Scienufic. Corte Made:ra, California) coupled to an
IBM-AT-compauble microcomputer Measutenicnt
accuracy was =2.5 msec.

AVRTs were classified as sustuned if they por-
sisted for 2 minutes. at which ume steady-siate values
of AH (AF,,) and cvcie length (CL,,) were measured
Dvnamic changes were evaluated by plowng AH
interval as a funcnion of beat number after the onset
of tachycaidia for each VA mterval Changes n AH
wmeerval (AAH) after tachycardia onser were fiited to
a monoexponenual function of beat number tbn) by
use of Margquardt's technique (Stargravhucs Stausu-
cal Graphics, Rockville, Marviand) The ume con-
stant of change in AH igterval (=) was determined for
each firted curve by use of the resulting equanon:
AAH=AAH_, - exp(-bws), where AAH_,, 15 max-
mum change wm AH ntenal

Waveiength (A) Anaivsis

A of a resntrant circuit 1s equal to the product of
average conduction velociry (CV) and the longeut
refractory penod of the crcuit (RP)7™:

A=CV-RP (1)

Mean conduction velocity 1s mven by the length of
the reeatrant arcurt (L) diviaed by the revolunon
tume of the tachycardia (RT).

Cv=LRT {Z)

Duning sustained tachycaraia. the RT eaquals the
tachvearaia cvcle length After subsututing Equation
2 1m0 Equation | and rearrang:ng terms:

AL=RP/RT (3

The relation between the mummum path jenvth to
sustamn reentry (4) and the actual anatomic path
length (L) can therefore be expressed as the rann
RP/RT. Tachveardia can only be sustuned if the path
length is greater than the wavelength. that s, af A/L e
less than one. RP was determuned for cach sustancd
AVRT in four dogs by measurmng the effectve RE of
the AV conducung system (by the extrasurmius
techmque)® at a cycle length equal to CL., dunn
AVRT. RT was determined by measunng CL, dur-
ing AVRT. The RP/RT rauo was caleulated and
plotted as a funcuon of tachycardia 1ate hefore and
afier adminstration of diltazem, The relanon betweer
RP'RT and tachveardis rate was fitted by linear
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FiGURE 2. Plot of conmol steadv-siate cyele length (CL,,) and
AH wnterval (AH,) as a funcnon of rerograde conducnion nme
(VA interval). The mean of 11 control expenments are shown,
Multuple amovenmcular reentrant tachveardias were induced in
each expenmenr by varving VA interval Reducnons in VA
interval led 1o decreases in mean CL, and increases in AH,,.

least--quares regressionss for each set of conrtrol or
drug dara in each experiment. AV reentry in patients
with accessory pathways invoives impuise conduction
through five distinct cardiac tissues with differing
conduction velocities and refractory periods.® During
the present experiments. tachvcardia termination was
always due 10 atnal or AV nodal refractoriness. There-
fore, the RP of the proximal AV conduction system
(atrium or AV node) was limiting in the ability to
sustain tachycardia and was used in A calculations.

Stansncal Methods

Results are reported as mean=SD. Comparisons
berween control and drug data were made by the
paired Srudent’s ¢ test with the Bonferroni correction
when indicated.>® Comparisons betwesn multiple
expenumental groups were made by the umpaired

Student’s : test with the Bonferroni correction. Two- *

tailed tests were used for all comparisons. and p<0.05
was taken to indicate statistical significance.

Resuits
Propernes of AVRT Under Control Conditions

Under control conditions, AVRTs at shorter VA
intervals (corresponding to retrograde pathways with
faster retrograde conducrion times) were faster, as
shown in Figure 2. The relation berween VA interval
and CL,, was not linear because of increases in AH,,
at shorter VA intervals, which partially offset the
decreases in retrograde conduction time (Figure 2).
No changes 'n intra-atrial or intraventricular conduc-
tion time occurrcd during AVRT. Atrial refractori-
ness prevented tachycardia induction at shorter VA
intervals under control conditions (mean, 3426
msec). Delaved termination of tachycardia was not
observed under control conditions; if the pacing
circuit was able to capture the atrium, sustained
tachycardia always resulted.

Pharmacologic Acnions of Diltiazem

Diltiazem administration resulted in concentration-
dependent ncreases in Wenckebach cycle length

Tasie 1. Steady-State Characteristics of Atrioventricuiar Reen-
trant Tachycardia Before and After Diltiazem Admimistranoa

Dose 1 Dose 2

Plasma concentrauon 52229 141=8§

(ng/mi)
Wenckebach cycle

fength (msec)

Control 226=21 219=16

Drug 347=65" 425=28*
CL.,

Siow AVRT (beats/min)

Control 442=22 439=22 o

Drug s0sazt 1P g1gam. (189
Fast AVRT (beats/min)

Control 201=53 334259 o

Drug s7s=me PR yegrgye (O
AH,

Slow AVRT (beats/nun)

Conrrol 87=15 91=18

70

Drug =z % e 079
, Fast AVRT (beatsrmun)

Conrrol 111226 -~ 103=16 .

Drug 200200 BN ggy 5. (128%N

The properues of atnmoventricuiar reenrrant tachycardias
(AVRTs) remaining sustained after dilnazem admunistration are
shown. The AVRT's occurnng at the shortest retrograde conduc-
tion tme that resulted in sustained tachyeardia unaer voth control
and drug condinons were defined as fast AVRTs: AVRTs at the
longest retrograde conduction ume srudied under both control and
drug conastions were defined as slow AVRTs. The mean rate of
siow and fast AVRT unger control conaiions was 136=9 and

211=35 beaw:mmn for dose | data and 157=" and 184=30 beats/
mun for dose 2 data. Results are reponted as mean=3D for
matched controi and drug data with percent change 1 parenthe-
ses. Results of plasma concentrauon and Weackeoacn cycle length
represent averages of vaiues obtatned before and aiter the exper-

imentai protocol.

Cl. and AH, steagy-state cyvcie length and AH mnterval,
respectvely, of AVRT.

*p<0.001. tp<0.01 for drug vs. controi.

$p<0.001, §p<0.01. [p<0.05 for percent change occurmng
duning fast AVRT compared with percent change dunng siow
AVRT.

(Table 1). Drug effects were stable over the course of
each infusion, with less than 10% variation between
values of Wenckebach cycle length measured before
and after each experimental protocol.

Effects of Diltiazern on the Steady-State
Charactenstics of AVRT

Diltiazem slowed AVRT. AVRTs that were faster
under control conditions were slowed to a greater
extent than AVRTs with an initially slow rate. Figure
3 shows tachycardia CL, (top panel) and AH, (bot-
tom panel) as a function of VA interval before and
after diltiazem administration, in a typical_ﬁmen'
ment. Diltiazem increased the cycle length of AVRT
in a dose-dependent manner, with all changes In
cycle length caused by AH interval prolongation.
Drug-induced increases in AH, and CL,, were greater
for faster tachycardias. that is. those induced with
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FIGURE 3. Plots of dilnazern-induced changes in steadv-
sate cvcle length (CLy,) and AH wnterval (AH,,) as a funcnon
of rerrograde conducnon ame (VA) in a represenanve exper-
iment. Sustained arriovenmncular reemtrant tachycardia was
suppressed by dose 1 of diltiazern at VA inrervals less than 20
msec and bv dose 2 at VA intervals less than 100 msec.
Diliazemn caused dose-dependent increases in AH, and CL,
during amovenmcular reentrant tachycardias thar remamed
inducible after drug adminisrranon and that were more prom-
inent ar shorter VA niervals.

shorter VA intervals. In this experiment. the cycle
length of an AVRT at a VA interval of 300 msec
(control AVKT rate. 134 beatsimin) increased 85
msec after dose 2 of diltiazem. whereas at a VA
interval of 100 msec (control AVRT rare. 222 beats/
min) the corresponding cycie length increase was 141
msec.

Mean CL, and AH, measured during sustained
AVRT are displaved in Table 1. Only resuits of
AVRTs that remained sustained after diltiazem
administration are shown. Results obramned for the
slowest control AVRT in each experiment have beer
grouped together (slow AVRT. mean 136 and 1357
beats/min for doses 1 and 2. respectively), as have the
results for the fastest control AVRT (fast AVRT,
mean 211 and 184 beats/min for doses 1 and 2,
respectively). Overall, diltiazem's tachycardia siow-
ing effect was about twice as grear for fast AVRTs
compared with slow AVRTs.

Dvnamic Changes in AV Conduction During AVRT

To examine potential mechanisms of selective drug
action during AVRT, beat-to-beat changes in AH
interval before and after diltiazem admunistration
were examined as shown in Figure 4. Under control
conditions (top panel), the AH interval increased to
a maximum with the first beat of tachycardia. Oscil-
lations of AH interval occurred during the ininal first
through third beats of AVRT at shorter VA intervals
as previously described,® but little change in AH
interval was noted thereafter. After diltiazem admun-
istration (bottom panel), a new phase ot AV conduc-

225, CONTROL
175+
04580 S0rty 10
oA o 40
- 125 —— 100
H ‘ 200
E 5
°
z . DILNAZEM
- [} 100
E 20 e
e o.". i
<
2004 200
/"
| Sengl 300
150
0 10 20 10 40 S0 60

Beat Number

FIGURE 4. Plots showing dvnarmuc changes in AH wterval
after the onser of armovenmcular reentran: tacincardia berore
and after dilnazem in a representantve expenment. The rerro-
grade conducnon nme (VA werval) of each AVRT 15 indi-
cated at the nght of each curve. Under conrrol condinons (top
panel), the AH interval tncreased to @ maamurn wuh the first
beat of tachvcardia ar aill VA miervals tested. Oscillanons of
AH mterval were noted dunng the irunal firse throuch third
beats of armovenmcular reenrant tachycardia at shoner VA
intervals. but lutle change in AH interval was noted thereafter.
After dilnazerm adminisrranon (bottom panel), a new nme-
dependent phase of AV conducnon slowing appeared after the
onset of amovenmmcuiar reemrant tachveardia. This phase
followed a monoexponennal ame cowrse. The rme consranis
for ammoventricular reensrant rachycardias with VA wnwervals of
200 and 100 msec are indicated by arrows and equal 20 and
17 beats. respecnvelv. This nme-aependent phase after taciry-
cardia onset led 10 delaved tacivcardia termnanion (*) at
shon VA wntervals (80 msec n thes expenment).

tion slowing with an exponeatial time course appeared
after the onset of tachycardia.

To quanufy the maguirude of this phase, the
difference between AH, and the AH mierval of beart
3 (AH,) was calculated for each sustained tachycar-
dia in each expennment. AH; was chosen as a refer-
ence to avoid the confounding influence of AH
oscillations occurring at the onsetr of tachycardia.
Mean data for all expenments are shown n Figure 5
Prominent rate- and dose-dependentincreases in the
magnitude of time-dependent conduction slowmg
were recorded after diluazem admunistration in con-
trast to their absence under controi conditions. The
addinonal AV conduction slowing eccurrmng after
tachycardia onset in the presence of diltiazem resuited
in tachycardia termination at shorter VA mtervals
(e.g., see results at VA=80 msec, bottom pancl,
Figure 4).

The ume constants for the onset of AH prolontu-
tion are indicated by arrows in Figure 4. The cerre-
lation voefficients for the nonlinear monoexponential
curve fits of this data averaged 0 96=0) 02 tor 12 sets
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FIGURE 5. Plot of magruude of ame-dependent phase of
atnovenmceular conduction slowing after tachveardia onset
(defined as the difference berween steady-state AH interval
and the AH nierval of beat 3 of tachveardia. AH ~4H;).
Magmiude is piotted as a funcnon of rerrograde conducnon
ame (VA interval, bontom aus) and mean conmrol amoven-
tricular reentrant tachveardia rae obrawned at thar VA imerval
(top axis). Nonsigmificant increases in AH = AH, were observed
under conrol condions. After diltiazem, dose-dependent
increases in AH,-AH; were observed. which wncreased ar
shorter V4 wntervals. *p<0.05 and **p<0.01 for drug vs.
control. tp<0.05 and Tp <0.01 for drug value vs. drugvalue
obrained at V4 interval of 300 msec.

of dara obtained during dose 1 and 0.98==0.01 for 17
sets of dose 2 data. The time constant of the time-
dependent AV conduction siowing was conceatrarion
dependent and averaged 29=8 beats aftar dose 1 of
diltiazem and 17=4 bears after dose 2 (p<0.05 vs.
time constant of dose 1).

EFects of Diiriazem on Wavelengti of AVRT
Dinazem prevented reenwanr tachycardias by caus-
ing frequency-dependent increases in A during AVRT
in each experiment. Figure 6 shows results obtained
in a representative expenment before and after dose
1 of diltazem. Under both conditions, RP/RT
increased as tachycardia rate increased. However.
diiniazem strongly increased the slope of this relation.
resulting in larger values of RP/RT for tachycardias
of equal rate. The slope of the RP/RT versus AVRT
rate relauon averaged 0.0027=0.0015 under control
conditions and 0.0068=0.0017 after diltiazem ther-
apy (p<0.05). Correlation coefficients averaged
0.97=0.02 for control data and 0.99=0.01 for drug
data. According to the theory developed above, RP/
RT should equal /L, and when this ratio exceeds
unity, the tachycardia should not sustain itself. This
was, in fact, seen; no tachycardias could be sustained
for cycle lengths at which predicted RP/RT was

greater than 1.
Efficacy of Diltiazem Against AVRT

As a result of rate-dependent increases in A of
AVRT, diltiazem prevented AVRT, with faster con-

1.0+ ® CONTROL
4 DRUG

RP/RT
e
>

o 100 200 360 480
Frequency (beats/min)

FIGURE 6. Plot of ratio of reractory pertod (RP) to revolu-
tion nume (RT) before and afrer dose 1 of diltiazern as a
funcnion of amovenmcular reenmant tachycardia rate in a
represenzative eperiment. Each pownt represents RP/RT mea-
sured dunng a single amoventmcular reentrant tachyeardia,
and the solid lines represent besi-fit lines by least-squares
regression of the RP/RT-utnoventmcular reentrant tachveardia
rate reianon. Based on theorercal considerarions presenied in
the texx. changes in RP/RT should be propornoned to changes
to tachvcardia wavelength. In this eperument, the slope of the
regression line was five wnes as stesp in the presence of
diliczem, indicanng much grearer hearr rate dependence of
RP/RT than under conmrol conditions.

trol rates more oftea than slower AVRTs (Figure 7).
Dose-dependent increases in efficacy were observed
during faster AVRTs, such that the drug was uni-
formiy efertive at VA intervals equal to or less than
20 msec after dose 1 (mean control rate, 250 bears/
min) and VA intervals equal to or less than 80 msec

~
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FIGURE 7. Plot of efficacy of diltiazem for atnovenmicular
reentrans wchycardia as a funcuon of rewrograde conducaon
time (VA interval, bottom axs) and mean control amoven-
tricular reentrant tachvcardia rate (top axis). The efficacy of
diluazem was strongly dependent on both dose and conrol
atnoventncular reentrant tachvcardia properties (i.e., rate &
determuned by VA wnerval). Unform efficacy was observed at
VA intervals of less thun 20 msec after dose 1 and at VA
imervals of less than 80 msec after dose 2.
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after dose 2 (mean control rate, 224 beats/min).
Diitiazem was ineffective for very slow AVRTs,

Discussion

The present study was designed to evaluate the
importance of frequency-dependent properties of
diltiazem in determining drug efficacy against AVRT.
These experiments have demonstrated that diltiazem
causes greater slowing of faster AVRT as a result of
a time-dependent phase of AH interval prolongation,
observed only after diltiazem administration. Further-
more, diltiazem-induced increases in AV nodal refrac-
toriness prevailed over AV nodal conduction slowing
and led to rate-dependent increases in A. These
increases in A caused selective termination of faster
tachvcardias.

Classically, antiarrhythmic drugs are characterized
by therr effects on cardiac conduction and refracto-
riness. The analysis of A allows for quantufication of
the balance between changes in conduction velocity
and refractoriness as they affect the ablity to sustain
reentry. It is possible that at certain heart rates or
drug concentrations, diltiazem-induced changes in
refractoriness may not be sufficiently large to coun-
teract drug-induced conduction slowing and could
perpetuate AVRT, albeit at a slower rate.?? In such a
case, decreases in A would be expected. These were
not observed in the current study, perhaps because
conduction through the AV node constitutes only a
part of the overail revolution time during AVRT, the
remaining portions of which are unaltered by calcium
channe! blockade. The concept of A analysis has
recently been used to explain the occurrence of
reenrrant atrial rhythms in isolated preparations
and in intact animals.!8-1 Rensma and coworkers!?
concluded that A analysis was a more reliable index
in predicting the response of reentrant arriythmias
to drug therapy than either CV or RP alone.
Furthermore, Feld and colleaguess!22 have demon-
strated that successful therapy for experimental
atrial flutter occurs more frequently with agents
that increase atnial refractoriness with minmal
effects on atrial conduction. conditions associated
with an increased A

Mechanism of Effects

The mechanism of selective drug effects on rapid
AVRT is likely to be twofold. First, under controi
conditions. tachycardias with shorter retrograde con-
duction intervals were faster and had longer AH
intervals indicating that the reentering wavefront
penetrated the AV node anterogradely during its
relative RP. Agents that increase AV nodal retrac-
toriness (such as diltiazem) would be expected to
suppress such tachycardias more easily, since the AV
node is already partially refractory before therapy.
Second, the rate-dependent binding of diltiazem to
calcium channels is enhanced during faster tachycar-
dias. Evidence for this was found by studying the
time-dependent changes in AH interval after tachy-
cardia onset (Figures 4 and 5). The magnitude of this

process was dose dependent. whereas its time course
was similar to that reported for the onset of diltiazem-
induced block of slow mnward current in vitro33-3» and
of diltiazem-induced AV conduction slowing 1in vivo4
The time constant of change in AH mterval was
smaller at a larger dose., as expected from priot
studies of anuarrhvthmic drug binding.373% The
enhancement of calcium channel blockade by tachy-
cardia is related to preferential binding of diltiazem
to calcium channels during depolanzation. followed
by drug unbinding after repolanzanon (diastole) -}
During sinus rhythm, the number of depolarizations
during a given interval is less and diastolic time 1
greater than dunng tachvcardia: these conditions
ailow less drug binding and less AV nodai depres-
sion. During faster tachvcardias. that is. those with
shorter retrograde conduction times, frequent AV
nodal activation increases binding and hmuts the
recovery time between activations: these conditions
lead to an accumulaton of receptor-bound diltiazem
and enhanced drug effects.

- Potennial Limitanons

We evaluated the rauo of A to L (using the RP/RT
ratio) before and after diltiazem: thus, A was not
measured directly. However, the activation sequence
(and presumably L) was constant in each experiment,
so that changes in RP/RT occurnng after diltiazem
administration or changes in tachycardia rate were 2
result of changes in A alone. Autonomucally biocked
animals were used to address the direct mechamisms
of drug action. Because of this. some caution 15
warranted before appiving our results to clinical
tachvcardias in which autonomic responses to tachv-
cardias occur.’ However, Ellenbogen et al*® have
shown that verapamil causes frequency-dependent
increases in AH interval in autonomucally intact
patients. Furthermore. we*! have shown that the
frequency dependence of the effects of dilnazem s
unchanged 1n dogs with intact autonomic tone.

Climical Conseguences

Our results suggest that frequency-dependent
effects of calcium channe! blockers should cause
selective effects during spontancous AVRTs m
humans. This selectivity of action would allow for 4
low risk of adverse effects during sinus rhythm for «
drug dose that effectvely prevents (or terminates)
tachycardia. Despite having potent antiarrhythmic
effects, diltiazem 1s generally well tolerated and
rarely causes resting AV conduction disturbances
Roy et al'®reported that intravenous diltrazem causce
small increases in AH interval during sinus rhythm
but much larger increases duning supraventricular
tachycardia induced n the same pauents.

The current study suggests that imtial tachycardid
characteristics may be mportant in determining
whether diltiazem s an effective therapy. Vcrup‘”i“lv
another rate-dependent calcium channel blocker,* 15
more efficacious 1n children with fastexr AVRTs and
shorter VA intervals than in those with slower
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AVRTs.%? In addition, verapamil is considerably more
efficacious than propranclol despite causing compa-
rable AV nodal conduction slowing during sinus
rhythm.4? Because the different efficacy of the agents
are not due to differences 1n AV conduction siowing
during sinus rhyvthm, verapamil’s rate-dependent
effects during tachycardia may account for its supe-
ricrity over propranolol.

The model of resntrant supraventricular tachycar-
dia that we used simulated reentry involving an
accessory bypass tract as the retrograde limb.
Although one cannot extrapolate directly from our
observations to supraventricular tachvcardias due to
reentry confined to the AV node. it is quite possible
that the rate-dependent effects of calcium antago-
pists would play a similar role in preventing or
terminating AV node reentry.
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ABSTRACT

Calcium antagontsts have rate-dependent effects on atnoventric-
ular node refractoriness In autonomicaily blocked dogs Auto-
nomic reflexes can attenuate dittazem s actions and could aiter
their frequency-dependence. We evaluated the effects of four
steady-state drug concentrations in each of seven dogs with
intact autonomic tone, six with muscannic blockade (atropine)
and etght with combined muscarnnic and beta adrenergic block-
ade. Diltlazem depressed atrioventncular nodal function less in
autonomically intact dogs than in the other two groups. The
concentration-response reiationship for increases in Wencke-
bach cycle iength (compared to intact dogs) was twice as steep
among dogs with muscarinic blockade (P < 001) and three imes
as steep with combined blockade (P < .001). For an equal dose
of diltiazem, the slope of drug-induced refrac.ory perod prolon-
gation vs pacing cycle length was similar (=0 20 = 0 11%/msec.
mean =+ S.0 ) in ntact dogs compared to atropimized dogs (~0 21

+ 0 10°/msec) and dogs with combined blockade (-024 =
0 14%/msec) Amrification of dillazem s actions by the rapic
atnal rate durs 7 atnal fibnliation was asscciated with increases
in mean RR interval which were 8 3 times as large as changes
in refractory penoc produced by the drug at slow heart rates
We conclude: 1) autonomic reflexes reduce ditiazem's effect for
any given plasma concentration, 2) changes in vagal tone can
play an important role in the autonomic response to ditiazem,
and 3) despite altening the magnitude of ditazem s effects.
autonomic mechanisms do not prevent frequency-dependent
drug action Preserved rate-dependent actions despite intact
autonomic reflexes would allow for selective suppression of
atrioventricular nodal functior by ditazem during supraventric-
ular tachyarrhythmias in humans, as shown previously in the
presence of autonomic blockaade in expenmental arumals

Calcium antagonists produce a rate-dependent blockade of
calctium inward current (Ehara et al., 1978, McDonald et al,
1980; Lee and Tsien. 1983. Tung and Morad. 1983; Kanava and
Katzung, 1984). AV node conduction slowing produced by
calcrum channel blockers 1n anesthetized, autonomically
blocked dogs 1s interval-dependent, with a ime dependency of
drug action that parallels the kinetics of slow channel blockade
in vitro (Talajyic and Nattel. 1986) The rate-dependent etfects
of verapamil and diltiazem on AV node refractoriness (Talajic
and Nattel, 1986) suggest that these agems should have selec-
tive depressant actions on AV nodal conduction during supra-
ventricular tachvarrhythmias, with much less effect during
sinus rhythm. We have shown that, 1n autonomically blocked
dogs, diltiazem decreases the ventricular response rate during

Received for publication September 28, 1989
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atriai fibrillat.on by 8 to 10 times as much as 1t 1ncreases AV
node refractory period during sinus rhythm (Talape et al,
1989).

Thus type of trequency-dependent drug action could explain
how doses of diltiazem that do not greatly alter AV conduction
duning sinus rhythm (Shenasa et af, 1987) can imporantls
slow the ventricular response rate during atrial fibrllation
(Thesen et al. 1985) or prevent the induction of paroxy anal
supraventrnicular tachycardia (Shenasa »t al, 1987, Yeh vt al
1983) One problem in extrapolating from previon, annnal
observations (Talape and Nattel, 1986, Talajpe et af 1987,
1990) to chinical situations 1s the potential modularing mle of
autonomuc reflexes All ot the availlable caluum antagont, are
peripheral vasodilators, and cause reflex sympathetic  toation
which tends to offset their direct dctiong (Serruys et al, 1900
Dodek ard Ruedy, 1983, Stngh et al, 1983) Although supra
ventricular tachvarrhythmias incrense the rate-dependent o
fects of calaum antagonists on the AV node, they coud b0

ABBREVIATIONS: AV, atnoventricular, WBCL, Wenckebach cycle length; AVERP  atrioventricular systern eHective refractary penod AVFHP A

node functional refractory perod. AERP, atnal effective refractory period AVCT, atrioventricular conduction time, SBCL. shortedt atrial eyria

ienrpth

with 1 1 AV nodal conduction at a gven ditiazem dose in each dog, LBCL. longest atrial cycle fength wath 11 AV nodal conduction ab 4 Gisen

ailtiazem dose In each dog
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result in nereased sympathetic activation which would increase
calcurn wurrents (Brown and Yatani, 1986), and could blunt or
eluninate the rate-dependent enhancement of drug action.
The p.esent experunents were designed to evaluate the ways
in which intact autonomic tore modifies the actions of dilti-
azera on the AV node, during regular paced atrial rhythms and
in the presence ot electnically induced atnal fibrillaton We
sturhied the role of the autonomic nervous system by determin-
ing the response to diltiazem 1n dogs with beta adrenergic and
muscarine receptor blockade, and comparing this response to
results 1n autonorically inract dogs In addiion, the specific
importance of vagal retlexes was evaluated by comparing the
response of intace dogs to that of dogs treated with 1.v. atropine
to block muscarinic cholinergic receptors. Our results induicate
an imporant role for rate-dependent diltiazem actions on the
AV node in the presence of intact autonomic reflex mecha-

Nisms

Nayebpour et ai

Methods

General methods. Mongrel dogs of either sex were anesthetized
with morphine (2 mgskg sc ) and a-chloralose (100 mg/kg1v) Cath-
eters were nserted 1nto both femoral veins and arternies and were kept
patent with heparinized saline solution (09%) Dogs were ventilated
v an endotracheal tube using a Harvard amimal respirator. Tidal
volume and respiratory rate were adjusted after measurement of arteriai
blood gases to ensure adequate oxygenation (artenal oxvgen saturation
2 90¥2) and phvsiologic pH (7 35 to 745). Blood gas measurements
were repeated intermuctentlv during the expertment to ensure that they
remained in the phvswlogic range A thoracotomv was performed
through the 4th nghe intercostal space Two hipolar Teflon-coated
stainless--teel electraodes were inserted into the right arrial appenaage
for recrirding and sumulation, Body temperature was maintained at
37-18°'C bv a homeothermic heating blanket. A Statham P23 ID
tranwducer, electrophysiologic amplifiers and a paper recorder iSiemens
Mingograf 80) were used to record blood pressure, electrocardiographic
leads [I and aVR, a nght atnial electrogram, and sumulus arufacts.
Stimulauon was applied using 4-msec square-wave impulses at twice
late diastolic current threshold The sinus noae was crusned to allow
for a wrde range ot pacing rates.

Measurement of electrophysiologic wvariables. WBCL was
measured by decreasing atrial pacing cvele length by 10-msec decre-
ments every J0 sec until second degree AV block occurred. The etfective
and tunctional retractorv periods (AVERP and AVFRP. respectively)
ot the AV conducting svstem and the AERP were measured using the
extrastimuius technigue and standard definitions (Talanc et af: 1989),
AVCT was defined as the interval trom the onset of atnal activation
in the atral electrogram unul the onset of ventncular activation on
the surtace ECG Atnal fibrillation was produced bv marntained atrial
stimulation at 10 to 20 Hz The presence of atnal fibnllation was
wdentified by grossiy 1rregular atrial actuvity, as recorded by the atnal
electrode and a simrlarlv irregular ventricular response. In addition,
the presence ot atrial fibnllation was confirmed by a period ot sponta-
necus atral fibntlation, lasting trom several seconds to manutes, which
persisted atter electrical stimulation was stopped We have shown
previously that the properties of electnically induced atrial fibnllation
are very sumilar in terms of the AVFRP, mean RRand S D of the RR
(as determined tfrom RR response histograms) to those of spontaneous
fibrillation in a given ammal (Talapc et af, 1989)

Pacing-nduced atnial fibrillation was maintasned tor at least 5 min
w each experument RR wtervals dunng atrial tibnllation were meas-
ured 10 order to analvze the ventricular response, using approximately
500 RR intervals tor each studv period RR intervals were measured
umng a commercially avmlable digitizing pad and sottware (Sigmascan,
Jandet Scenutic, Corte Madera, CA)antertaced with an IBM compat-
ble macrocomputer RR intersal analveis was begun 2 man atter the

Vol. 253

onset ot atnal fibnllation, because of the time required to achieve
steadv-state rate-dependent effects of diltiazem (Talajic and Nattel.
19861

Assessment of autonomic influences. The modulation of dilta-
azem's effects hy autonomic tane was studied by comparing the drug's
actions in three groups of dogs: 1) seven dogs with intact autonomic
nervous systems (referred to in this manuscrnpt as “intact dogs™); 2)
six dogs with muscannic cholinergic blockade (“vagally blocked™); and
3) etght dogs with combined beta adrenergic and muscarinic blockade
{(*autonomicaily blocked™. Muscarnic blockade was achieved by ad-
ministenng an mtial dose of 1 mg of atropine 1.v, followed by 0 5 mg
ot atropine hourly Beta blockade was produced with 05 mg/kg of
arenolol 1 v, followed by 0.25 mg/kg each hour These techniques have
been shown to produce continuous and stable blockade of cardiac
muscarinic (Talapnc and Navtel. 1986) and beta adrenergic (Nartel et
al., 1989a) receptors. 4/pha adrenergic blockade was not used because
preliminary studies showed that neither stimulation of cardiac alpha-1
adrenergic receptors (with phenylephrine) nor their biockade (with
prazosin} aiter AERP. AVCT, AVERP, AVFRP or WBCL (Villemaire
et al, 1989)

Experimental protocol. Under control conditions. AERP, AVCT,
AVERP and AVFRP were measured over a range of atnal basic cycle
lengths from just above the WBCL to just below the automatic cvcle
length At least 2 min were allowed to pass ofter changing the pacing
cvcle length before making anv measurements. WBCL was determined.
and atnal fibnilation was then induced. Electrocardiographic record-
ings were obtained at 250 mm/sec to deterrnine AVFRP, and at 50
mm/sec during atnal fibnilation.

Diltiazem was infused according to the protocol shown 1n table 1.
Ten minutes after the end of each loading dose, the measurements
made under control conditions were repeated. WBCL was measured
before and after each electrophysiologic study, to ascertain the stability
of drug effects over the studv interval. Data are presented for doses
that produced measurable drug effects without excessive toxicity, 1 e .
doses 3 and 4 for intact dogs 2 to 4 for vagallv blocked dogs and 110 3
for autonomicallv hlocked dogs.

Data analysis. Frequency histograms were constructed for the
ventnicular response to atnal fibnillation duning each study penod. The
mummum RR interval dunng acnal fibnllation was obtained. as an
index of AVFRP during atnal fibriilation (Bullette et al, 1974) The
S$D of RR intervals was calculated. as a rerlection of the amount of
conceaied conduction 1nto the AV node during atnal fibrillation (Bil-
lette et al. 1975). Plasma diltiazem concentrauons were measured
betore and after each studv using previously described high-perform-
ance liqud chromatogravhv methods (Talayic and Nattel. 1986, Talapc
etal. 1989)

Repeated measures were compared to the same control value using
analvsis of vanance wath Scheffe contrasts {Sachs, 1984) All measure-
ments were made under the same conditions of autonomic tone in any
given dog, : e . values 1n the presence of diltiazem in autonomically or
vagally blocked dogs were compared to prediltiazem control values after
the establishment of autonomic or vagal blockade in the same ammal.
Comparisons between only two groups of data were made by Student’s
ttest (Sachs, 1984) Compansons among all three groups of dogs were
made by unpaired ¢ test with a Bonferront correction (Sachs, 1984).
The significance of differences hetwzen the slopes of regression lines
was determined by linear least-squares regression followed by a ¢ test
between the regressions (Goldstein, 1964). Group data are presented 1n
this manuscript as the mean = S.D. A P value of less than 05 was
taken to indicate statistical significance.

Results

Relationship between diltiazem dose, plasma concen-
tration and electrophysiological effects. Vagal blockade
decreased WBCL and AVERP, reflecting abbreviated AV nodal
retractoriness, Combined beta adrenergic and muscarinuc block-
ade had the oppostte etfect. Because of intergroup varmability
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before blockade, the control vaiues of the various groups of
dogs postblockade did not necezsarily differ from each other as
expected based on the effects of vagal and beta blockade (table
1). The infusion regimens produced stable plasma concentra-
tions and electrophysiological effects (as measured by WBCL)
during each drug infusion. Diltiazem increased indices of AV
node function {(WBCL and AVERP) in a dose-dependent fash-
ion, without altering AERP. The effects of diliazem were
qualitatvely similar in all groups of dogs, but occurred at
smaller doses in vagally blocked dogs than in autonomically
intact dogs. and at smaller doses still 1n autonomically blocked
dogs. This difference was not due to changes in diltiazem
pharmacokinetics resuiting from alt2red autonomic tone, ‘se-
cause the plasma concentrations produced by a given dose
regimen were sumular in all three groups of dogs.

Figure 1 shows a concentration-response analysis for the
effects of diltiazem on WBCL in the three groups of dogs.
Within each group, there 1s a highly significant correlation
between effects on WBCL and plasma drug concentration. The
slopes of the concentration-response relationships are, how-
ever, quite different. Among vagally blocked dogs. the slope
(0.40) is about twice the slope of intact dogs (0.22, P < 001)
The slope among autonomically blocked dogs (0.62) 1s about 3
times the slope of intact dogs, and 1s signuficantly steeper than
the silope of vagaily blocked or intact dogs (P < .01, P < .001,
respectively). This indicates that diltiazem increases WBCL
about twice as much 1n vagally blocked dogs, and 3 times as
much in autonomically blocked dogs. compared to intact am-
mals with the same plasma concentration.

Rate-dependent drug effects on AV refractoriness.
Changes in AV refractoriness produced by diltiazem depended
on the rate of AV nodal activation. Figure 2 shows the relation-
ship between diltiazem-induced increases in AVERP and
steady-state cycle length durning 1:1 atnal pacing Each value
represents the change produced by diltiazem relative to drug-
free control values in the same dog at the same cycle length. In
all three groups of dogs, increases in heart rate produced
substantial and statistically significant increases in drug effect.

TABLE1

ANS and Diltiazem Actions 355

The magnitude of the effect of a given dose depended on
background autonomic tone, with a given dose producing the
largest etfect in autonomicallv blocked dogs, the smallest ettect
in intact dogs and an intermediste etfect in vagally blocked
dogs. Nonetheless. the pattern of cvele-length dependence was
stmular in all three groups ot dogs. with substantially greaer
drug action as cycle length decreased In each experiment, the
change in AVERP produced bv diltiazem was ~tronglhy deter
muned by cycle length The slope ot the relationship between
AVERP changes and cycle length was similar tor 1 ynen
diltiazem dose for all three groups ot dogs (table 2} This
indicates that the frequency dependence ot this ettect ot dilts
azem was not altered substantiallv by ditferent patterns ot
background autonemic tone, despite large changes in the overll
magnitude of etfect.

In order to analyze turther the role uf rate-dependent changes
in AV node refractoriness dunng atrial fibnllation, we studied
the effects of diltiazem on AVFRP The tunctional retractory
period determunes, and s indicated hy, the mimmum output
interval from the AV nodal system As such, it 1s important in
governing the ventricular response to atnal tibnllation, and 18
related to refractory properties in the distal AV node (Billotte,
1987). During 1:1 atrial pacing, the rate-dependent pattern ot
diitiazem-induced changes in AVFRP was sumilar to that ot
AVERP The range of cycie lengths that could be studied was
different for different doses of diltiazem, as a result of drug-
induced increases 1n Wenckehach cycle length. We theretore
compared drug etfects on AVFRP at the shortest cyele length
attainable during each dose (SBCLi with effects on AVFRP at
the longest cycle length (LBCL) possible for that dose Al-
though SBCL and LBCL differed between animals and among
different doses in the same ammal, changes were alwavs ex-
pressed relative to control at the same cycle length Further-
more, comparisons were always made between paired values for
LBCL and SBCL at the -ame dose 1n the same dog, and were
therefore valid despite interdose and interammal vanabbhity
As shown 1n figure 3, diltiazem increased AVFRD substanually
more at short pacing cycle lengths than at long cycle lengths

Diitiazem dose regimens, plasma concentrations and resuiting electrophysiologicai effects

Ali vaiues are shown as the mean = SD Loading and mamntenance doses were 02 mg/kg, 0 003 mg/kg min~' (Dose 1), 04 mg/kg, 0 007 mg/kg min™* (Dose 2) 0 8
mg/kg, 0015 mgrkg min™' (Dose 3), and 0 10 mg/kg. 0 020 mg/kg min™’ (Dose 4) Al loaaing doses were given over 10 mn and were immadiately followed by the
mamntenance infusion Electrophysiological study was begun 10 min iater 'n intact and vagally blocked dogs no significant etfects occurred dunng Doses | and 2 and
Dose 1, respectively, so complete electropnysiological stugies were not pertormed dunng these infusions

Oiuazem Conc WBCL (msec!
AVERP AERP er
Prestudy Poststugy Prestuay Poststuay L
mg/mi msec msec msec mm Hg
Autanomuically intact dogs (m = 7)
Control 161 = 13 160 + 12 160 = 12 100+8 151 £ 17/87 £ 10
Dose 3 198 + 55 169 = 47 293 = 75 293 £ 70 248 = 84 102 £ 13 152 « 35/87 + 13
Dose 4 459 =73 514 = 119 427 %= 38**° 415 = 40°*° 280 = 47" 113+ 15 138 = 17/79 = 11
Vagally blocked dogs (7 = 6)
Control 172 = 16 172 =16 171 £ 25 128 x 15 158 + 19/103 + 24
Dose 2 117 +£38 86 + 19 282 = 37 300 £ 35°* 260 = 92 135+ 10 154 £ 20/104 = 15
Dose 3 263 £ 45 187 + 30 418 x 51°*° 407 £ 40°°* 338 £ 90°* 140 £ 13 143 + 26/86 =+ 18
Dose 4 606 + 108 526 = 102 560 + 98°**° 5§58 £ 97°°* 483 + 98°°" 145+ 8 148 £ 25/71 + 12
Autonomically blocked dogs (1 = 8)

Controt 214 = 33 214 £ 32 187 £ 27 165 = 27 141 £ 27/83 £ 22
Dose 1 3016 28 £ 15 268 = 39" 279 £51°° 278+ 76 183 « 21 155 = 8/80 £
Dose 2 77 +26 70+ 14 404 = 67" 419 + 93 306 + 85" 158 £ 24 140 £ 14/88 £ 13
Dose 3 195 = 86 210 = 51 514 = 127" 494 £ 1117 384 = 116°* 175 = 27 167 £28/90 =26

*P< 05 P« 01 **"P< 001 compared to corresponaing control value
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Fig. 1. Concentration (CONC)-response curves for diltiazem-induced
increases in WBCL. The slope of the relationship was significantly steeper
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among vagqally blocked dogs (P < 01)orintact dogs (P < 001), indicating
that bera adrenergic receptor stimulation also contnbutes importantly to
the refiex attenuatron of ditiazem’s actions in sympathetically intact
dogs
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Fig. 2. Rate-dependent changes in the AVERP produced by ditiazem
Values are shown as a percentage of change compared to the predrug
control vaiue at the same cycle length *P < 05, ""P < 01, "™ P <
001 compared to the effect of dittazem at the longest cycle length
available for a given drug dose in a given set of dogs BCL, basic cycle
length

The shortest RR 1nterval during atrial fibrillation indicates the
shortest output cycle tromn the AV node during that arrhythmaa,
and 15 an index of AVFRP during atnal fibrillation (Billette et
al, 1974). Diltiazem produced large increases in the shortest
RR interval during atnal fibrillation 1n all three groups of dogs.
The magmitude by which AVFRP during atnal fibnilation
increased was greater than the changes in AVFRP duning fixed-
rate atrial pacing at short and long cycle lengths (fig. 3).
Rate-dependent effects on AV conduction. Diltiazem
increased AVCT in a rate-dependent fashion (fig. 4). Rate-
dependence ot action was seen 1n all three groups of dogs. Data
over the same cycle length range (500-800 msec) was available
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for doses with similar effects 1n all groups. dose 2 in autonom-
ically blocked dogs, dose 3 for vagally blocked dogs and dose 4
for intact animals. The slopes of the regression lines relating
changes in AVCT to basic cycle length over this range in each
experiment averaged —0.08 £ 0 03%/msec for intact dogs, —0.12
+ 0 06%/mec for vagally blocked dogs and ~0.07 = 0 02%/msec
for autonomically blocked dogs. There were no significant
differences 1n slopes among groups.

Changes in the ventricular response to atrial fibrilla-
tion produced by diltiazem. Diltiazem produced dose-related
increases in the mean RR interval during atnal fibrillation 1n
all groups of dogs (table 3). These increases in mean RR interval
were 8.3 times as large (range 4-14.7 times) as increases 1n
functional refractory period at long pacing cycle lengths. The
mean value of long cycle lengths ranged from 650 + 129 to 867
~ 52 msec, making them comparable to the mean resting sinus
cycle length 1n humans.

Changes in the mean RR interval were substantially larger
for a given dose among autonomicaily blocked dogs than among
autonomically intact or vagally blocked dogs. Tte potenual
mechamsm of this difference can be appreciated by examining
RR interval histograms during atnal fibnllation, as illustrated
by the results from one amumal in each group as shown in figure
5. With increasing doses of diltiazem. the shortest RR interval
during atnial fibrillation (the left-sided limit of each histogram)
increased in all three groups of dogs, although larger doses were
needed to achieve the same effect on the shortest RR among
vagally blocked dogs compared to autonomically blocked ani-
mals, and larger doses still among intact ammals. In addiuon,
there was a “splaving out” of RR intervals in the presence of
diitiazem 1n all dogs. The overall form of the histogram was
splayed out more among autonomically blocked dogs than
among mntact or vagally blocked dogs, even at doses that pro-
duced a comparable increase in the shortest RR interval. This
splaving out of the RR interval histogram indicates an increase
in the number of atnal impulses consecutively concealed in the
AV node (Moe and Abidskow, 1964), and can be described
quantitatively by the S.D. of the RR interval distmbuuon
(Billette et al, 1975). As indicated in table 3, the S.D. of RR
intervals was increased more by a given dose of diltiazem among
autonomucally blocked dogs than among intact or vagally
blocked dogs. The percentage increase 1n S.D. was signuficantly
larger for dose 2 among autonomically blocked dogs than among
vagally blocked dogs (P < .05, unpared ¢ test) and for dose 3
for autonomically blocked than both intact and vagally blocked
dogs (P < .05 for each, unpaired t test with Bonferroni correc-
tion). There were no statistically significant differences be-
tween autonomically intact and vagally blocked dogs in the
response of RR interval S.D.s.

Discussion

The spectfic goals of this study were to determine: 1) whether
autonomic reflex activity blunts or eliminates the rate-depend-
ent effects of diltiazem; 2) the potential role of changes in vagal
tone in the autonomic reflex response to diltiazem; and 3) the
ways 1n which the frequency-dependent effects of diltiazem on
the AV node are modulated by the presence of background
autonomic reflexes. In addressing these issues, we have ob-
tained information that allows for a deeper understanding of
the electrophysiological and antiarrhythmic effects of this
widely used drug.
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TABLE 2
Relationship between drug-induced changes in AVERP and cycie length
Slope (~s/msecr® Comretaton Coerhaant
Intact Vaga block Blocked intact Vaqal block Bl ;ﬁ: -
Dose 1 011+003 083 r 003

2 012002 013+006 093 +£005 092 =004

3 020+011 021+010 024014 031 +004 094 =004 094 £ 005

4 022+009 0.30+013 096 =005 096 =02

determined from data n each expenment There were no sigmificant differences in siope ndicating the rate-dependence of druq action) between groups of dogs Aty
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Fig. 3. Changes in the AVFRP period at the longest cycle length \FRP-
LBCL) and at the shortest ¢ycle length (FRP-SBCL) available durnng each
drug dose n each dog Each value indicates the percentage of change
compared to controi AVFRP at the same absolute cycle iength in each
dog The increase in AVFRP at LBCL and 5BCL were compared !0
changes in the shortest RR interval dunng atnal fibnilation  an ndirect
index of AVFRP dunng the larter arrhythmia. *P < 05, P < 01, *"P
< 001 compared to drug-induced increase n AVFRP at long cycle
lengths

Rate-dependent effects of diltinzem in autonomically
intact animals. We have shown previously that diltiazem has
rate-dependent effects on AV nodal refractoriness (Talajic and
Nattel. 1986), and that these rate-dependent effects result in
selective anuiarrhythmic actions during atrnal fibrillation {Ta-
lajic et al., 1989) and AV re-entrant tachycardias (Talajc et af,
1990). Those studies were performed using dogs with beta
adrenergic and vagal blockade, to mimmize any complicating
effect of autonomic reflex changes. Ellenbogen et al (19853)
showed that verapamil produced rate-dependent changesin AH
interval in patients not on beta blockers, but did not report
changes in AV refractoriness. In the current study we found
that, whereas autonomic reflexes decrease the magnitude of
diltiazem's effects on the AV node for any given plasma con-
centration (fig. 1), diltiazem’s actions continue to depend
strongly on the frequency of AV ncdal activation. The pattern
of frequency-dependent drug action 1s stmilar for a given mag-
nitude of drug effect whether dogs are autonomically intact,
vagally blocked or exposed to combined beta adrenergie and
muscarinic cholinergic receptor blockade (figs. 2 and 4. table
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Fig. 4 Rate-dependent changes in AVCT resuiting from diitiazem Values
are shown as a percentage of change compdred 1o the predrug controt
value at the same cycle length *P < 05, "*P < 01, **"P « 0O
compared to the effect of diltazem at the longest cycle lengtn avdiludle
for a given drug dose in a given set of dogs

2). If the reflex response to calcium antagonists results from
penipheral vasodilation and changes in the baroreflex mecha-
mism, as suggested previcusly {Qesterle and Schroeder, 19482),
changes 1n heart rate might not greatly alter the retlex response
to diltiazem because peripheral vasodating action 15 not di
rectly dependent on heart rate

Preserved rate-dependent actions in the presence of intic
autonomic tone allows for selective depression of supraventry
ular tachyarrhythmias For e cample, dose 3 of diltiazem i
creased AVERP bv 1 £ 38% at a hearr rate of 100/min and hy
31+ 40 at a heart rate of 150/mn (P << 001} 1n 1nract doys
whereas WBCL was increased by inaverage of 837 Theretore,
this dose of diltiazem, which produced plasma concentration,
very stmilar to those result:ng from chrome po therapy o
humans (Roth et al, 1986}, had no measurable effect on AV
nodal conduction at rates comparable te sinus rhythm bt
caused marked interference with AV conduction durmng rachy
cardia. The potential role of selective rate-dependent incron e,
in AV node refractoriness by diluasem has been shown noan
amimal model of AV re-entrant tachyecardia (Talape ef al 14359

The rapid atr al nput dunng atral fibnllanen woold be
expected to maximuze diltiazem s depressant effect on the AV
node As shown in figure 3, dose 3 mcreaned the shorreat R
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Changes in atrial fibrilation produced by diitiazem in dogs with varying background autonomic tone
The mean AR intervai shortest RAR intervalana S D of RR intervais (S O RR) were obtained by constructing AR interval histograms dunng each expenmental condition

All gata are presented as the mean = S0
Mean AR Shortest AR SO AR
Yo % %
Autonomically intact (n = 7)
Control 225 = 27 (- 138 =18 (=) 43+ 6 =)
Dose 3 534 = 198" (133 £ 61)t 287 £101* (106 + 46) 157 £ 93 (216 = 170)
Dose 4 751 %= 219" {242 £ 102) 415 = 108"~ (204 + 83) 213 £ 49 (363 = 104)
Vagally biocked (n = 6)
Control 230 = 23 (= 163 = 14 =) 337 -)
Dose 2 456 = 44°"" (97 £ 12) 302 =31 (79 = 22) 77 £17 (155 = 11)
Dose 3 622 = 95 (169 = 26) 374 =58 (128 % 25) 100 £ 46" (186 % 70)
Dose 4 038 = 291 (351 £ 100) 476 + 38 {193 = 29) 222 £ 104" (580 % 354)
Autonomically bleched (n = 8)
Control 293 = 62 (=) 208 =45 (=) 51+19 (=
Dose 1 558 «= 232 (88 = 67) 298 + 81 (39 = 34) 178 + 143 (257 = 145)
Dose 2 882 = 447" (200 + 128) 387 £ 123 (86 = 46) 302 £ 212* (525 = 402)
Dose 3 1058 = 207" (300 = 109) 461 = 75" (154 = 47) 425 = 56°*° (923 = 379)
P < 05 **P< 01 " P< 001 compared ton control t values shown Ifs brackels are percentage increases relative to the corresponaing drug-free control vatue
33 T
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nr — DOSE 2
; 71 ,\ \\
o /
= 0 L N~ o
-z- 38 T T I3 T L S v S T 1
- Fig. 5. RR interval histograms for the
x 28 4+ ventncular response to atnal fibrllation
o VAGALLY BLOCKED CONTROL fram one representatve dog m eacn
ol 211 — - DOSE 2 group (20 msec bins for AR, 500 RR
(o] N intervals/histogram). Resulits are shown
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interval (n measure of AVFRP) during atrial fibnillation bv 106
+ 16 in autonomically intact dogs, an etfect almost 12 times
as large as its etfect on AVFRP at cycle lengths comparable to
sinus rhvthm tin humans (9 % 11%, P < 001). Rate-dependent
increases in retractoriness explain the observation that doses
ot dittiazem whach do not umportantly alter AV conduction
during sinus rhvehm can produce climeally significant reduc-
tions in the ventricnlar response rate during atnal fibnllation
(Thewsen et al 1933, Steinberg ot al, 1987)

Role of chanyges in vagzal tone in response to diltiazem,

All available calcium antagonists are known to be peripheral
vasodilators and to cause reflex sympathetic activation (Serruys
et al., 1983; Dodek and Ruedy, 1983; Singh et al., 1983). Sym-
pathetic activation blunts the direct cardiac actions of calcium
antagomsts In some instances, reflex responses can quantita-
tively exceed the direct actions of calcium antagonists, increas-
ing heart rate and/or cardiac output (Serruys et al.. 1983, Bass
and Friedemann, 1971, Vincenaz ¢t al., 1976; Stone et al,, 1980).
Whereas increases in sympathetic tone are an important part
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of the haroreflex response to vasodilation, reductions in para-
sympathetic tone are also potennially significant.

The expected response to the vasodilating action of a calctum
antagonist is an increase (from basal conditions) 1n svmpathetic
tone and a decrease 1n vagal tone. These alterations counteract
the effects of diltiazem on AV node conduction The most
direct way of assessing the modification of diltiazem’s actions
by changes in autonomic tone would be to measure noradren-
aline and acetylcholine release from cardiac nerve endings 1n
the presence of diltiazem, and apply interventions that would
recurn noradrenaline and acetvlcholine release to base-line
levels. Figure 6 illustrates the above points, and shows how we
understand our results In the clinical situation (or the intact
dog), diltiazem increases WBCL (from C to D at the nght of
figure 6). If base-line vagal tone were maintained (1 e, a reduc-
tion in vagal acuvity in response to diltiazem prevented),
WBCL would increase to the level indicated by (A) 1n figure 6
If, in addition, sympathetic tone was maintained at basal levels
(i.e., not increased in response to diltiazem), WBCL would
increase further to level (B) 1n figure 6.

This experiment s technically unfeasible. We therefore eval-
uated the role of background autonomic tone indirectly, by
studying dogs with vagal or sympathetic effects blocked under
both control and drug conditions, and companing the results to
autonomically intact dogs. This approach assumes that the
effects of diltiazem in an atropinized dog (in whom changes 1n
the rate of acetylcholine release do not alter cardiac electro-
physiology) are similar to the effects that would be seen if vagal
tone could be maintained constant at the basal level during
diltiazem infusion. Such an assumption 1s reasonable, but its
validity is unproven. The response to two dose levels of dilti-
azem 1n our dogs is illustrated at the left of figure 6 Auten-
omically intact dogs show a dose-related increase in WBCL
Inasmuch as vagal tone 1s reduced by diitiazem, the final WBCL
1s sumular after the drug in both intact dogs (with little vagal
effect because of low vagal discharge rates after drug) and

4 Baseline
symp. and
vagal tone (B) ...
T Baselne
D= — vagal tone (A) -«
D= = D —
g AB
AB
3 All VB
AllvB
c - - C - ] - c -
Low dose Higher dose Chinical case

Fig. 6. Diagramatic representation of ditiazem action on WBCL in dogs
at two dose levels (low dose and higher dose) Each vertical bar repre-
sents the change in WBCL from predrug controt (C) to postdrug (D)
values 1n autonomicallv intact (Al), vagally blocked (VB) and autonomically
blocked (AB) dogs Shown at the right (chinical case) are the presumed
changes in humans Ditiazem ncreases WBCL from C to D, an effect
resulting from the ntrinsic action of the drug, as well as the action of
reduced vagal and increased sympathetic (Symp) tone in response to the
drug If vagal tone were increased to predrug values WBCL would
increase to the level shown by (A) If,in additicn, sympathetic tone were
reduced to predrug values the level designated (B) would resuit
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vagally blocked dogs However, the predrug WBUL s shorter
in vaga.lv blocked dogs Consequent!y, the change trom base
line to drug values is larger in vagally bloched dogs Apong
autonomucally blocked dogs. base-line WBCL - shghtly 1n
creased. and values atter diltiazem are increased turtherhedc wae
of the lack ot positive dromotropie ettects trom noradrenadine
released in response to calcrumn channel blochade We studied
the etfects of diltiazem n separate groups ot dogs with the
autonomics intact, blocked or vagaily blocked The base-line
(preatropine) value of WBCL was greater among vapally
blocked dogs than the control value 1n the intact groun This
accou~ts tor the fact that control WBCL (postatropinel amonr
vagally slocked dogs is not shorter than tor intact ammal.
Because of the larger preatropine WBCL 1 vagally blocked
dogs. the postdiltiazem values are larger in this group than
among control antmals.

Ihechanisms of autonomic interactions with diltiazem
Beta adrenergic receptor stimulation results in increased cal
cium entry via cyclic AMP-dependent mechanisms (Brown and
Yatani, 1986). This tac:litates AV nodal conduction (Spear and
Moore, 1973, Levy and Zieske, 1969), which 1s dependent on
phase 0 calcium current in AV node cells (Zipes and Fis her
1974). Muscarinic cholinergic stimulation, 1n turn, suppress-es
AV node conduction (Spear and Moore, 1973, Levy and Zieske
1969). Increases 1n vagal tone can alter AV nodal conduction
in two ways* 1) by inhibiting ner phase 0 inward current v an
enhanced acetylcholine-dependent outward current (Nishi-
mura et al, 1988} and/or 2) by accentuated antagorism ot
sympathetic effects (Takahashi and Zipes, 1933)

Interpretation of changes dunng atnal fibnllation s more
complex than during 1 1 atnial pacing Changes in arnal tnput
rate can modifyv the ventricular recponse, complicating analvsis
The evaluation of AV nodat retractorv penod and concealed
cor.duction 1s imited by the use of indirect indices

The svmpathetic component of the retlex respon.e appeared
to be more umporrant than vapal mechanisins dunng atrial
fibrillation, The larger increases caused hy diltiszem in mean
RR nterval during atrial fibnillauon in auronemuc ally blocked
dogs appeared to be due to an increase 1n concealed conduction,
as reflected in a splaving out 1n RR 1interval histograms (fiy 4)
and changes in the SD ot RR intervals (table 3) Qualnanivelv
similar changes have been observed after sympathectomyv i
the absence of calctum antagonists tMoe and Abildskow, 116:4)
By increasing the difference between atrial and AV nodu
etfective refractory period, diltiazem causes a rate-deprndent
increase in the zone of concealment, therehy augmenuny con
cealed conduction during atral fibnllation (Talanc et al, 1940
The present study shows that sympathetic influences are ca
pable of decreasing this effect af diltiazem in the presence of
atnial fibnllacton The lack of a difference between vacally
blocked and intact dogs suggests that crianges i v agid tne re
less important than sympathetic activation dunmny gl fihmd
lation.

Limitations of the models used. The model of a1
fibrillation that we used 1s artificial, and its relationship 10
spontaneous atrial fibnllation has been questioned (Strackee
et al, 1971) We have shown previously that the ventri TIT
response to electrically induced atrial fibrllation is suml 1 1o
that for spontaneous atrial tibrllanion n dogs (Tatape ot al,
1989) The relative amount of sympathetic activation and par
asvmpathetic withdrawal assocrated with diluazem adminyrra
tion 1n humans will depend on the speatic chmcal sitnation
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and may not be the same as in our dog model. Because we
showed that frequency-dependent actions occurred over a wide
range of autonomic tone, such actions should occur during
human arrhythmias as well.

A His bundle electrode was not used to document the site of
conduction slowing and AV block in these experiments. In
previous studies, we have shown that all of the AV conduction
slowing and refractory period prolongation caused by calcium
antagonists 1s due to changes in AV node function (Talajic and
Nattel, 1986). Under control conditions, our measurements of
AVERP sometimes reflect an upper hmit to AV node refrac-

" toriness, because the atrial refractory period exceeded that of

the AV nude 1n several experiments.
Changes in the ventricular response to atnal fibrillation can

result from changes in AV node function or in atnal input
pattern. Diltiazern does not alter atnal refractoriness. as shown
1n tlus and previous work (Talajic et al., 1989), or does it affect
atriai conduction {(Talapc and Nattel, 1986). On the other hand,
both limbs of the autonomic nervous system can alter the
properties of atrial tissue (D1Palma and Mascatello, 1951).
Atnal input into the AV node cannot be measured directly in
vwo, and we cannot exclude the possibility that changes in
atnial input mediated some of the effects of altered autonomic
tone during atnial fibnilation. These considerations do not
apply to the rate-dependent changes in AVERP and AVFRP
observed dunng 1:1 conduction, or to alterations in WBCL.

Regulanzation of ventricular response is sometimes observed
atter verapamil administration in humans (Schamroth, 1980),
although in some series’ 1t 1s relatively infrequent (Schwartz et
al, 1982). We did not observe this type of response to diltiazem,
perhaps because of species differences (dog vs. humans) or
cufferences hetween drugs (verapamil vs. diltiazem).

We did not attempt to quantify precisely the kinetics of drug
etfects on conduction upon sudden changes in heart rate, asin
previous studies of autonomically blocked dogs (Talajic and
Nattel, 1986), because of the complexities of kinetic analysis in
the presence of dynamically changing autonomic tone produced
by tachycardia. Although such studies would have been inter-
esting, they are bevond the scope of the present manuscript.

Potential significance. This 1s the first study to evaluate
quanutatively the interactions between diltiazem and the auto-
nomic nervous system. and to consider rate-dependent prop-
erties of potential clinical relevance in the presence of varying
autonomuc tone, We have shown that intact autonomuc reflexes
shift the concentration-response curve of diltiazem so that
higher concentrations are needed for the same effect on AV
nodal conduction. This implies that beta blockade should in-
crease the effect of dilthazem in humans for a given plasma
concentration In a recent multicenter trial (The Multicenter
Diltiazem Posuntarction Trial Research Group, 1988), the oc-
currence of AV block among patients treated with diltiazem 1n
the coronary care unit was concentration-related (Nattel et al,
1989b) If beta blockade increases diltiazem’s effect at any given
plasma concentration, AV block should be more likely when a
beta blocker and diltiazem are administered together than when
the lattsr .5 mven alone. In a series of 110 consecutive patients
treatedd wath diltiazem, Hossack (1982) noted AV block in 1 of
99 patents not taking beta blockers and 1n 3 of 11 patients on
concomitant beta blocker therapy (P < .01, Fisher's exact test).
A significant inaidence of serious bradyarrhythmias has also
been observed atter concurrent 1 v of diltiazem and propranolol
(Qesterle et al, 1986)
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The potentiation of the effects of diltiazem by beta blockade
suggests that the combination of a beta blocker and diltiazem
might prove to be useful in treating resistant cases of rapid
atnal fibrillation or re-entrant tachyarrhythmias involving the
AV node. Heart rate vanation related to parasympathetic tone
is reduced in humans by verapamil administration (Schwartz,
1989), a response consistent with a reduction in background
vagal tone after calcium channel blockade. The role of vagal
tone in the response to diltiazem may need to be considered
when evaluating the effects of the drug in patients with altered
vagal control, such as those taking digitalis. acetvicholinester-
ase inhibitors (e.g., physostigmine in myasthenia gravis), and
agents with anticholinergic properties.

Diltiazem, like other calcium antagonists, binds to calcium
channels preferentially when they are in the activated or inac-
tivated state, and unbinds durnng the diastolic period (Hon-
deghem and Katzung, 1984). Increases in AV nodal activation
rate reduce the diastolic time available for drug unbinding, and
should therefore magmfy diltiazem’s actions. This has been
shown to occur 1n the absence of autonomic reflex responses
(Tala)ic and Nattel, 1986), but the current manuscript is the
first to document this phenomenon over a range of background
autonomic tone. We have shown previously that the rate-
dependent actions of diltiazem can contribute importantly to
beneficial effects during experimental atrial fibrillation (Talajic
etal, 1989) and AV re-entrant tachycardia (Talajic et al, 1990)
in autonomucally blocked dogs. The present expeniments dem-
onstrate similar phenomena in autonomically intact ammals.
indicating further their potential relevance for understanding
the antiarrhythmic actions of diltiazem in patents with intact
autonomic function.
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The research conducted for this thesis is presented as a compilation
of articles, and discussion of the results is well covered n the n
dividual discussion sections of each paper. Therefore, in order (o avoid
redundancy, this general conclusion will focus mainly on the sip-
nificance of the model developed in this study, and sugpestions lor tu
ture research and on the cellular mechanisms of the tate-dependent
properties of the AV node.

Significance of the model and its potential application_ to

studying AV node physiology

This study demonstrates that a mathematical model haved on rate-
and time-dependent AV nodal propertics can accurately prediot AV nod |
hbehavior over a wide range of heart rates. Several mathcematircal podels
of AV nodal conduction have heen described (Hecthar ot al, 1973 Van daa
Tweel, 1986, Honerkam, 1983; Shrier et al, 198/) However, nonce ol tin
models can explain the variety of nodal responscs to heart rate changos
Fach model has been developed bascd on specific auoumptions cawl condi
trons and cannot be used to erplain other nodal Lol oo el ran
there are sceveral theoretical models and computer oarmulat von, ol
nodal behavior that do not involve cuperimental confrimation

To our knowledge, this i¢ the first wmodcl of AV nodal conduct ron
which is able to predict the changes in nodal conduction ovcr a srdi
range of pacing rates. To develop this model wo devc baped qooantar ot
indices of the three rate sensitive propertics of tho o7 node A0 piodald
recovery, fatigue, and facilitation Among these proportien ol e

recovery has been most widely used to ciplain nodal bheobiaviare Clobae o
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1924, Decherd and Ruskin, 1946). Recently, Shrier et al (1987) used AV
nodal recovery characteristics to predict conduction patterns observed
during sccond degrec AV block in man. However, it is well known that the
AV node recovery curve is dependent on heart rate (Lewis and Master ,
1925, Ferrier and Dressel, 1974) and the model developed by Shrier et al
(198/) wvaried depending on the heart rate at which the AV recovery curve
was constructed In fact their model was able to predict experimental
tesults only when the recovery curve was constructed at a very rapid
rate  In addition, the development of fatigue obsevved during prolonged
vapid heart rate changes the degree of block, which suggests that this
property should he taken into consideration to explain the nodal
response during second degree AV block. This property was not considered
in Shrier’'s model and their model was not able to explain the changes 1n
the depree of AV block observed during prelong rapid pacing

Recently, in our laboratory, these three properties were used to
develop a unified model of AV node conduction to predict dynamic
changes  in Wenckebach periodicity (Talajic et al, 1990). This modcl was
able to predict different patterus of AV block obecorved following,
abrupt chanpes noatrial rate There is evidenco fiom ony mode 1 hat
tactlitation plays an amportant role 1n the model and improves the ac-

ctiacy of the model (Figure 2-10)

So far this model has been successfully used to predict the changes
in AV conduction observed during constant atrial pacing and nodal be-
havior ohserved during second degrec AV block. Billetre and colleagues
using isolated rabbit hearts in an in vitro system have shown that the

mmteract ions between these three properties explain the rate-induced
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changes in functional refractory period (Billette .amd Motaver., lugay

Yet there are other type of nodal responses occuriing in tesponse to
ramp changes in activation rate (Loeb et al, 1985, multiple stoep
changes in atrial rate (Loeb et al, 198/), and ventiicul.a Tesponaes to
atrial fibrillation which have not been studicd using the modoel
developed in this study It would be nteresting to aswews the abilite
of the model to explain these responses. It would al<o be of 1nteaeat (o
apply this analysis apptroach and tools to clintcal  ituaitons o owa Lo
understand nodal behavior under diffoerent situations, and to <o whethe

these properties can be similarly quantified tn man

Underlying mechanisms

1- AV node Recovery

1.1- AA or HA

One of the major problems in the characterization of AV nodal e
tion Ls its apparent dependence on the interval chooon ar the moarano o
recovery time, which has an Important impact on the intcoprota ton ol
the nodal response Two kinds of approaches can bo v od o conetrn
AV recovery curve, AA-AN or HA-AH relationshp Lo o Tt iy,
firet proposed the use of an 1nden of the time bhotowoon the o 1t ol 1
impulse from the node and the subscquent nodal input, the PIPointor o
as an indicater of the nodal recovery time lLevy et ol (1974 cupdo oo od
on the use of the RP-PR (VA-AV) relationship and <hoved tha of oo,
the VA interval during tachycardia prevents AV nodal block o b e 1

!

same tate of tachycardia with constant An roouliced on Vonrbebade bilod

floveover, Billette and Matayer (1984%) using tho same ol o ronchp
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(HA-AH) found the origins of rate-induced variations of functional
refractory period in rabbit AV node. lHowever other investigators
(Ferrier and Dresel, 1974 ; Simson et al, 1978; Simson et al, 1981) have
challenged the rationale of using the HA time as a recovery index, and
argucd for the AA interval as a hetter indicator of the recovery time

This issue can only be addressed by direct microelectrode studies of the
isolated AV node, and cannot bhe resolved by the type of approach

presented in this thesis

1.2- The mechanism of AV nodal recovery

In order to discus underlying mechanisms of AV nodal recovery
several factors should be taken into consideration 1- AV nodal cells
remain partially refractory up to two hundred milliseconds after
repolarization (Meredith et al, 1968), resulting in decremental conduc-
tton within the N region (Paes de Carvalho and de Almeida, 1960; Hoffman
et el, 1959) 2- An electrically silent period occurs between activation
of N and NH cells and increases in duration as N cells hecome activated
more prematurely (Billette et al, 1976; Billette, 1987) This period,
possibly due to slow activation across an electrotonically-coupled gap,
dccounts for most of the additional delday 1n the AY conduction during
mereased rates, Thervefore, both the recovery of source current in the N
region (calciuwm current), and the recovery of excitability in NH cells
are determinants of the delay (Billette et al, 1976; Billette, 1987). So
far, there dare no data on the recovery of the slow inward current from
inactivation n the AV node. One way to test this is voltage clamp ex-

periments pertormed on the small specimens of the AV node (Kokubun et




86

al, 1982; Noma et al, 1980; Nishimura, 1988) o1 in stngle, oo ovmatieally
dissociated AV node cells (Nakayama et al, 1984). A two-pulac potocal
where two depolarizing steps can be separated by a recovery voltape «toep
of variable duration can be used to determine the time constant ol
recovery of slow inward current in the AV node. Sitnce the voltape de
pendence of ipactivation and activation ol T-type calcrum current 1o at
more negative potential than the L-type calcium current, it is quite
likely that the recovery of <low inward curient n the AV pode 1o die ‘o
recovery of L-type current The time constant of recoverv of | L
ventricular muscle has been reported to be 20 mace 10 cow (Reuter
Schole, 1977bh), 50 msec in sheep (Reuter,1973), 5% in pry, (Gettes and
Reuter, 1974), and 125 in cat (Trautwein ct al., 1975  In <heep Purl g
fibers it hLas been found to be 670 msec (Gibbons and Fo.card, 1909 aud
in guinea pig atrial muscle 571 msec (Schulz, 19/8) Reently, Hivano ot
al (1989) found that recovery from inactivation ol L-type cmitent 1
canine cardiac Purkinje cells was voltape dependent  and beprne ot ol
age positive to those where rcecovery of T-type cwriont aconrs CThe bl
time of recovery of L-type current was found to bc in the ranpc of 100
msec  This remains to be assessed in AV node (ol ool tag e b
to the AV node cell resting potential  We have foand that the tim con
stant of the AV nodal recovevy curve is in the 1oanpe of 60 80 1 o
Therefore, 1t is possible to compare tho time con ant of roco o, of
L-type current vith the above recovery time conatan

Potassium current, with ite slow kinctico may contrala T
pacemaker depolarization (Carmelict and VYereeck, 197 ) Recont!ly I lua
et al (198Y) cuplained postrepolarization refractor:inens and Uornolobcl

periodicity In single puinca pig ventricular myooyt I tone, of
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voltapge dependence and slow kinetics of potassium outward currents This
makes 1, current a possible candidate for the mechanism of rate-
dependent conduction slowing in the AV node and AV nodal recovery curve
Since accumulation or depletion of potassium in the extracellular
space mdakes it difficult to study the kinetics of I current in multi-
ccllular preparation, the contribution of Ix current to AV nodal

recovery should be studied in single cells of the AV node

1 3- Slow recovery of excitability

Not only does the recovery of source current in the N region of the
AV node determine AV node recovery, but the recovery of cxcitabiiity in
the NH regior is also important in this regard. Previous studies using
the Purkinje fiber-sucrose gap model (Jalife, 1983) showed that progres-
wive prolongation and eventual failure of proximal to distal activation
during the Wenckebach phenomenon can be explained 1n terms of delayed
vecovery of excitability of the distal element during diastole (NH cells
in the case of AV node) One way to test this is curnrent injection ex-
periments performed on small specimens of the AV node or single cells of
AV node. Using, this technique, a stimulus response curve can be gencra-
ted  Delmar et al (1989) studied the above velationship in the <ingle
purnea prg oventricular mvoeytes ond found that the recovery ol cell ex-
citability during diastole was a slow process that outlasted the action
potential. They reliated this to postrepolarization refractoriness, as

proeviously demonstrated in the AV node (Meredith et al, 1968).
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1.4- Effects of autonomic manipulations on the AV node recovery

We found that autonomic nervous system significantly modulates the
recovery of the AV node (chapter 3 and 4; Figure 3 3 & 4 2y Vapal
stimulation delays recovery, whereas sympathetic stimulation acceleratoen
it. Tijima et al (1985) found that the Inactivation time comrwe of 1o
in isolated single atrial cells of the puinea-pipg was not affectod hy
107 molar ACh However they found that ACh inctoaned 11 curvents which
had a progressive deactivation (relaxation) with a time constunt of 1]
P16 msec  This later observation was also 1eported by Nidhimua ot ol
(1988) who found that ACh-dependent potassium current shows  time
dependent relaxation after repolarization Tn addition Shimonr ot ol
(1987) found that ACh slows calcium current rvepriming in oinpbo puine
plg ventricular myocyte. Either of the above c¢ffccts, or o combination
of them, could account for the retardation of the AV nodal tecovery oh-
served in our study (chapter 3) However, nonce of  these posaible
mechanisms has been studied in AV nodal cells One way to test thewe oo
voltage clamp experiments peirformed in f-olated <ainple noddd ool o
study the selective effects of ACh on recovary ot Lo uen ol ’V
current

Nishimura ct al (1988) found that ACh <ipnifirc mt by chanpen the poe
sive electrical properties of the AY node  Thie han  profound of oot an
the excitability of nodal cells. This should be taken into concidiration
to explain the changes in AV nodal recovery. dAnal gore of the oth indnes d

changes In cable properties of AV node and theyr offecto on nodal o

citability would be of interest in this regard,
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The e¢ffects of sympathetic stimulation on nodal recovery 1s also
poor Iy understood. It has been shown that the 1nercase in amplitude of
l¢,, by catecholamines occurs without any changes in activation or inac-
tivation kinetics, the current reversal, or ion selectivity of the chan-
nel (Reuter and Scholz, 1977a) On the other hand, beta adrencrgice
otimulation has shown to accelerate the recovery of slow channel action
potentiale (Tsuji et al, 1985), and to promote reactivation of calcium
current 1n single guinea pig ventricular myocytes (Shimoni et al 198/)
Therefore, it is possible that an acceleration of the recovery of cal-
crum current from 1nactivation contributes to the more rapid recovery of
AV nodal conduction observed with beta adrenergic stimulation in our ex-
petiments (chapter 4)  Voltage-clamp experiments can be conductcd in a
small specimen of the AV node or in isolated single AV nodal cells to

determine the effects of isoproterenol on the recovery of slov inward

curment from tnactivatton

Z2-Fatigue

Meredith et al (1968) found that steady-state 1ate-induced changes
tn nodal conduction time (fatigue) were associated with an increasced
diaatolic escitability threshold. They looked at the time course with
which conduction velocity changes after a change in rate of stimulation.
hey observed an inttial change of conductinn velocitvy in the [irst
beat, followed by a slower, more gradual change  The nitial chanpe 1.
prohbably due to incomplete recovery, but this cannot account foir the
slower changes (fatigue) developed over many beats  They did not wve-

temat teally study concomitant changes in action potential charvacteris-
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tics. This would provide useful information in understandine the procees
of fatigue. Beat to beat recording of nodal activation time topethen

with the transmembrane potential (V action potential amplitude, ace-

max’
tion potential duration (APD), and take-off potentials) from nodal cetly

during rate-induced fatigue would reveal the following information

1-The site(s) of fatigue development  One of the oy ot ton,
regarding fatigue 16 the site(s) of 1te development 1 0 pooablbc
fatigue occurs in the proximal portion (AN cells), central portion (N
cells), distal portion (NH) of AV unode, or between N oand ML cclle One
vav to determine this i¢ the simul tancous recording of o1l wtivion
time and total nodal activation time (AH interval) in one propan ot ron
during rate-induced fatipgue The fatiguc-induced chanpes 1 total nod ol
activation time (AH Interval) can be compared wvith the fatipne 1ndueed
changes in activation time of the cell types (AN, N, and M)  in add)
tion, Billette (1987) found that an clectrically <ilent period (pap) o
curs between activation of N and NH cells and 1ts dirstion e oo
rate increascs [t s possible that development of 0o, o oo o
bueat by beat 1nereases in the dwration of the p o b 0 he g

nitude of fatipue (delta Al can e comparcd to the oot aede of oty

tnduced prolongation of the pap

2-To relate the rate-induced fatiguc to the change s o waon poton
tial characteristics, the magnitude and time conroo of oy, o L

compared with the magnitude and time conrec of voate pndaccd obia g o

actlon potential duration, Vi oo actlon potont tal anp i Hred

off pntential
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Although the above electrophysiological studies characterize the
process of fatigue in the AV node and can give us useful data to under-
stand this phenomenon, the underlying physicochemical mechanism remains
nnknown. Possible mechanisms are:

2.1-Intracellular accumulation of Caz+

The rate of rise of action potential of AV node i« very «lov, sup-
pesting that 1y o is small or lacking in the nodal cell. Calctum current
1o the major time-dependent inward current in AV node cells  The calcium
channels are highly selective to calcium ions (Ruters and Scholz, 19/7,
lLee and Tsien, 1984) . The relative permeability sequence of cardiac cal-
cium channel for divalent ions is Ca''t>Srt*>Ba''. However, when the en-
(racellular ¢a't concentration 1s very low (<0.1nM), monovalent ions can
pass  through the calcium channel. The permeability sequence for
monovalent fons is Li'>Na'>Kk'>ce! At mnormal calcium concentration,
these monovalent ions are less permeant through calcium channels than
dare divalent cations  Therefore, it ig possible that Jduring ropotitive
action potentials at the fast rate there is an accumubation of caloime
o the antracel lular space which causes fatipue to be doveloped  This
can be meastred v ocaletum sensitive microelectrodes, colcium sensitive
dves,  or the bioluminescent protein aequorin method (Kihara et al,
JO89Y  The time course and magnitude of calcium acenmulation can be then
compared with the time course and magnitude of fatigue reported 1n our
espettments  The mechanism by which intracellular accumulation of cal-

Gl causes fatigue could be related to the increased intercellular
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coupling resistance caused by an increase calcium  Thie 1o divcusoed

more detail in the next section.

2.2-Increased intercellular coupling resistance caused by increasod

intracellular Ca2+.

The sequence of excitation of the varitous tepions ot the he o an
volves the propagation of action potentials thouph lecty oo cotp o
cells . This provided by a specialized structure knovn as the pap June
tion. Conduction velocity 1s directly related to jJunctional onduet e
and both the upstroke velecity and amplitude of the ac tion potontial
(Jack et al, 1983). A number of factors have shown to affect the e
tional conductance and increase intercelluar reoistance Acuto wyoc ai
dial ischemia results in a slowing of conduction that bocomes mor
pronounced when the stimulation frequency is incrcased (Il-Shervif ot ol

[
1G979) It 1s kunown that Vma\: (Gettes, 1986) and conduction velocrty e

decreased, and internal longitudinal resistance Cri e ancicancd
(Gettes ot o1, 1985, Kleber ot al, 1987) in acvite veohiomia iy aneat o
al (1989) found that these changes 1n acutc Tochicmr o e Ui e arad o
the heart rate inereases  They also found that the bore fre vl i Toes o
verapamil (a calcium channel blocker) during tochiomia, o 1o poat
to the prevention of rate-dependent cellular uncoupling  pocoibly by
bloeking calcium entry into the cell and couscquentiy tceductne Jon

prtudinal resistance (i) It is possible that the cam oituatior 0 an
1schemia occurs during fatigue development 1n the AY node, and pntyac |

Ialar accumulation of Ca 1 AV nedal celle Cattuca a1l rcane b 1t

cellular coupling resistance  To test thio one car mweasriie 30t fiad
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longrtudinal resistance (rj) by the voltage ratio method (Buchanan et
al, 1986; Hiramatsu et al, 1989) in superfused rabhit AV node This
method allows one to measure the time course and magnitude of rate-
during fatigue development in one preparation

induced increase 1n r

2.3-Accumulation of adenosine

The release of endogenous  adenosine has been previously implicated
in the origin of fatigue observed in 1solated guinea pig hearts (Jenkins
and Belardinelli, 1988). However, the selective effects of rate-induced
falipue were not considered in their study and the adenosine outpul was
measured from the entire heart perfusate. Moreover, the rabbit heart
which was shown to have less adenosine receptors and to respond less to
adenosine administration (Froldi and Belardinelli, 1990), shows similar
rate-induced selective fatigue (approximately 11 msec) to that in anes-
theticzed dops (chapter 2, Fig. 2.9). Therefore, adenosine may not be an
casent ial factor in the development of fatigue. Studies can be desipgned
to determine the role of adenosine on independently and selectively
determined rate-induced fatigue ef feets primarily 1o the vabbit heart
and, for comparison purposes, in the guinea pig which has more adenosine
teceptors than the rabbit. Pharmacological toole such as: exogenous
adenosine and dipyridamole (an adenosine uptake blocker) can be used to
determine the effects of elevated adenosine on fatigue, and BV-AL43] (an

Gdenosine antagonist) can be used to block the effects of adenosine,
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2.4-Changes in resting membrane potential due to extracellular accumula

tion of potassium

It is well documented that resting membrane potential (RMI'Y boecome
depolarized at high rates of stimulation (Hoffman and suackling, 19y,
Kline and Morad, 1978). The changes in RMP upon stimilat ion depends on
both rate and duration of pacing During lony periods of pacine o
fast rate (1-5 minute), after an initial depolary atron thor | !
progressive membrane repolarization which exceeds the RMP bhoefore vacing,
cven though stimulation continues (Glitsch, 1973, Vaoralle, 19/00 0 Thye
phenomenon is known as overdrive suppression, The mechaniosm by whioh
this occuis has been related to changes 1n the evtracellular pot o i
concentration. Extracellular concentration of K' 11 cordiac (rooue oo
about 4 mM, and can be increased as much as L mmol/titve 1o a winele
tion potential. This can bhe increased further during o trarn ol action
potentials (Kline and Morad, 1978). Kline and Morvad (1978) weaaned
rate-induced changes in the clefts of [rog ventvicul o waacle Ly ¥
scensitive microelectrodey and found that the tron cowr o of e an
crease of the extracellular K' concentiation duvine ol jot teel o
stimulation vas similar to the time course of membroanc dopolarr o tan
In a similar study of rabbit atrium, Hunze (1977 fTonnda that ooy g
lonper periods of fast stimulation there was an fnitial pot cooian
cumulation wvhich followed by a decline of the K' coneent rot o, Ao
even undershot the baseline valuce. These observatiron mndicatad thoe
initial membrane depolarization is due to kY dccumadlation cond the Tato

. ; . | . .
repolarization is due to a decay of K concentration, The amcchaniwu by

. . . . i
which repolarization occurs has been attributed to the V' cumm] o 1on-
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stimulated Na*-k* pump (Vassalle, 1970; Glitsch, 1973). When the rate of
stimulation increases K¥ will be accumulated within the cleft, and Na*
will be accumulated intracellularly. This will increase the activity of
the Na*-Kk* pump which exports three Nat* ions and imports two KY ions at
the expense of hydrolysis of adenosine triphosphate (ATP). The resulting
extrusion of net positive charge generates outward current (the pump is
electrogenic), which repolarizes the RMP (Thomas, 1972; Glitsch, 1982).
It has been shown that rate-induced changes in RMP are abolished by pro-
cedurac known to inhibit the Na‘*-k* pump-e.g. metabolic inhibitors, low
temperatures, cardiac glycosids, and Li* substitution for Na‘t in the
bathing solution (Vassalle, 1970; Glitsch, 1973; Kodama et al, 1977).

In the case of rate-induced fatigue in the AV node, it is possible
that activation of Na'-k* pump hyperpolarizes the RMP. This may reduce
excitability in the AV node, and cause fatigue. The first attempt should
be to measure rate-induced changes in the extracellular concentration of
k¥ in the AV node using Kt-sensitive microelectrodes to obtain the
relationship between the changes in x* concentration, RMP, excitability,
and conduction velocity. These can be compared to the rate-induced
changes in AH interval (fatigue) in the same preparation. The second at-

tempt should be to block the Nat-K*t pump to determine if fatigue is al-

tered.
J-FACILITATION

The cellular processes governing AV nodal facilitation are largely
unknown. As explained in the first chapter, this property describes the

facilitatory effect of closely coupled atrial impulses an the conduction
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of a subsequent beat. Billette (1987) showed that premature W nodal

tion potentials can have a decreased duration, posaiblv providing o ool

lular basis for facilitation. This can be explained by the theortical
illustration in Fig. 8.1., in which a schematic diawving of i oatr . ol
clectrogram, the action potential of an AVN cell, and a Hio ol cliogr
is shown. The upper tracing represents the atrial clectrop am Ay
last basic beat and Ay, is a premature beat introduced at propressively
shorter AjA, intervals. In panel A, as the APA nterval decroaae:

diastolic recovery time (RT) decreases and activation Uim ol ol tln
AV node cell with reference to the atiial electropram o tnen Canad I
pancl C. curve 1 shows the relationship hetooor oo trvatior  tme e
recovery time. In panel B, a single atrial nmpulae cith o short coupling
interval, A].»\', is introduced before the test tmpulae A, A o 1ol ol
the decreased action potential duration of A’ «ubiich provide o o T
diastolic recovery time, RT), an Ag at the same coupling anterval o o
pancl A (ApAy=A'Ay) has a shorter activation time  Thic 1o by by

leftward shift of the recovery curve (curve 2 in pancl )

This can be tested by recording transmcmbrance potentiale 1 om nody |
cells during periodic premature stimulation to corio bt digeot b !
conduction with concomitant changes in detivation ol saryon, nod ol oo d |-
and chanpes in action potential duration  Tf o oo oo py ‘ aH
tal portron of the AV node provides o lonpet tcoor g tame (00 e o o,
studv the relationshap betuceen the promatoar it - podocod oy o 0 il

and the deprece of facilitation in the same prepora’ ion




W

A ‘,q, )
T :
} S |
|
. | g
&
=
1 Q
! ATt AT, 0
| ©
3 N
Hy H ‘ Ha 2 \\‘“-- ——na
+ bt ———
]
H .
lh fafl Recovery Time (mse)

B

A

-——— e e et S

»
3

x
3
e

N

8§ 1-Theoretical illustration of facilitation (see ctext for

Figure

explanation.)

We found that vagal stimulation decreased facilitation while sym-
pathetic stimulation did not change the degree of facilitation (chapter

y and 4). Vagal stimulation or ACh administration are known ro shorten

the APD (Hoffman and Cranefield, 1960; Mazgalev er al, 1986, West and

lodo, 1967) The ACh-1nduced APD shorvteuning attenudtes the action poten-

tial shortening resulting from prematurity (Mubagwa and Carmeliet,

1989y . This could possibly account for the decreased facilitation ob -

served in our studv (chapter 3) This can be tested using the enperimen-
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tal protocol expleined above before and after vapal stimulation or ACh
administration The effects of catecholamines on the cardiae action
potential are complex, and depend on species and concentiation  Low con
centrations (nanomolar) of morepinephrine proloung the action potential,
whereas higher concentrations (micromolar) causcs avtian potential
shortening (Bennett and Begenisich, 1987) The unalteirod taciliytatron by
1soproterenol that we observed in our study mipht be due to o Tacl ol
effcect on APD by 1soproterenol. A detarled microcloctiode wtudy o
need to be done to investigate the effects of isoprotercnol on o\ nodal

action potential duration and facilitation

Clinical relevance of frequency-dependent drug act ion

A desirable goal of antiarrhythmic drug therapy 1o o tenminate o
suppress tachycardia without alfecting impulse mmitiration o propapation
at physiologic heart rates (Hondeghem and Katzung, 198%, Grant ot al,
1984)  Association of a drug with the fonic chanie Iocemns prodominant b,
during, the upstroke and platean phase of the werren potenty i
dissol Tatton occurs prodomimant by daring, dratols Bl ofe b oned 0
sung,, 1984, Grant et al, 1Y84) ¥hen the drup bs hoand to gt peroptan
site in the channel, that channel can no longer condacs e o0
driving rate of a preparation is increased, the diactalic antor ral b
comes shortened, and there is less time for tho drag, to diaaney o faon
the channels and to recover from block, The fastor the oot vate, the

'

ercater the steady-state channel blockade, and thon thoe prator depros

L
ston in \ and conduction velocit:

!
man
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The most common type of supraventricular arrhythmia involving the AV
noude is reentrant AV tachycardia. In order to initiate the arrhythmia,,
dat cdarly extrasystole is necessary. If an early estrasystole iy viewed
an a very rapid single beat tachyarrhythmia, a drupg that rapidly binds
to the receptor during phase zero of action potential, and dissociates
entirely during diastole would be a drug of choice. However. in the case
of sustained tachycardia, a drug which has a lonper time constant of
tecovery would be desitrable A drug that increasces the magnitude of
fatipue, even though 1t fails to prevent sustained AV nodal reentrant
tachycardia, would have a therapeutic effect by reducing the rate of a
tachyeardia, Since the importance of facilitation in induction and ter-
mination of tachycardia is not known, more studies are needed to
evaluate the role of facilitation and effects of antiarrhvthmic drugs on

this property and arrhythmia.
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Statement of Original Contributions.

lhe research presented in this thesis contributes to Lnovledpe 1o thio
arcas of study concerning the frequency-dependent propertics of the AV
node, modulation of the frequency-dependent propertice by autonomie
nervous system, and implications of frequency-dependence Tor arthythaas

and antiarrhythmic drugs.

t-The experiments veported here contiibute to estubbishine 0 e wmodd ]
of the frequency-dependent properties of the AV node that mrelhit he e
to study the response of the AV node to the chanpges o vate, aied to
cvaluate the effects of interventions on AV nodal fundt ron, I

original contribution to the characterization and quantiircation ot tin

components of the model are listed bhelow

1-1. The degree of facilitation-induced leftuard shift of the AY
recovery curve was found (o be an o enponential  toanction ol
facilitation cycle lenpgth (FCL)

1-2 Facilitation has no cffect on the im0 g o Tk
recovery and Al

-]

1-3. The facilitation-induced teftvad Shilt or P e
curve can he quantified in terms of changes tn HA intoroal for any
given All interval

-4  The development of AV nodal fatipgue ras fonnd to hoo o owonoe
penential function of beat nuber

1-5. The time constant for the onsct of Tatipn Las foned 1o Lo oo

dependent of HA interval
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1-6 The magnitude of AH changes caused by fatipue at any steady-
otate HA interval was found to be a monoexponential function of HA
interval

1-/. A mathematical equation incorporating quantitative indices of
nodal recovery, facilitation, and fatipue accurately predicts the

changes 1n Al interval at any steady-state heart rate

A detarled study of the autonvmic modulation of the froquency-

dependent propesties of the AV node was prescented  This study revealed

thet

?-1. Nepative dromotropic ection of vagal nerve stimulation on the

AV node was found to be frequency-dependent.

2-2 Underlying mechanisms of this rate-dependent effect vere found

to be related to the effects of vagal stimulation on the three

rate-sensitive propertics of the AV node as follow:

2.0-1. Vapal stimulation slowed AV node recovery in a voltage de-

pendent  way

‘

2-2-2.0 The magnitude of facilitation was reducad by vapal <timla-

tion

YL2-3 The magnitude of rate-induced fatipue 1ncercased by vigal
stimilation, without altering i1ts time coulse

»o2-4 Mathematical prediction of vagal effects on AV conduction
revealed that over 50% of overall vagal action at rapid rates 1s
due to sloving of recovery.

- 3. The depree of beta-adrenergic stimulation and blockade sig-
niticantly alters the rate-dependent propertics of the AV node.

fhese studies revealed that
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$ 3

2-3-1. Beta-blockade increased the recovery time constant  whi s
beta-adrenergic stimulation by isoprotercnol decieased 1t

2-3-2. Beta-blockade significantly increased the amount of 1ate
dependent AV nodal fatigue, while isoproterenol decrcaned ot

2-3-3. Neither isoproterenol nor beta-blockade altered AV node
facilitation.

2-3-4, A mathematical model bascd on the above informat 1on
curately predicted enhanced vrate-dependent conduction Slowing with
beta-blockade, and reduced rate-dependont wloving with

isoprotercnol

5. Theoretical considerations and previous obuervations wupocat th it

“T_ depressant effects of calcium channel blockers on the AV node fanctione
should be amplified by tachyarrhythmias  This thouio precents the
relevance of these concepts to the antiarvhvthmie cffroaey of <ol rom
channel blockers  The original contribution to thoone cancopts 0o o
follow

3-1 Results from these studics rtevealed that the vate dopendont
tion of diltiasem account for 1ts theyape e bbeo e
atrial fibrillation and atrioventricular roontrant el andy
Hechanioms of these ef fects are listod bt

-1-1  Both of the determimants of the vintiicular 1vvapon o o
atrial fibrillation (AV node functional rofvactory porrad, and
concealed AV nodal conduction) incrcasced ao the 1t o borat o

= in the prescence of diltiazem

- 3-1-2. The effects of diltiacem werc oupnifican 1y anplofbree gy

atrial fabrillation




8-23

3-1-3. Diltiazem produced a tachycardia-related suppression of AV
nodal conduction during atrioventricular reentrant tachycardia,
$-1-4  The selective depressant effects of diltiazem during AV
reentrant tachycardia was found to be related to diltia.em's ef -

fect on the minimum pathway for reentry, or wavelength,

3-72 This thesis provides evidence that in spite of alteration in
the magnitude of diltiazem's cffect by the autonomic tonc,
frequency-dependent diltiazem effects remarned waltered and ac-
count for ite beneficial erfect during tachvcardia HModulation of
diltia-em's offect by autonomic tone are listod bolow

3-2-1. Autonomic reflexes reduced diltiazem's c¢ffect for any pgiven
plasma concentration

3-2-2. The autonomic modulation pf the diltiazem's effect was found

&~

sy

to be related to both sympathetic enhancement and parasympathctic

withdrawal.
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APPENDIX

AA interval
ACh
AERP
AF
APD
AVCT
AVERP
AVFRP
AVN
AVRT
BCL
CAMP
cGMP
CMT
m
ECG
EDTA
FAC
FAT
FCL
GTP
HA interval
HBE

LIST OF ABBREVIATIONS

Preceding atrial activation

Acetylcholine

Atrial Effective Refractory Period

Atrial Fibrillation

Action potential duration

Atrioventricular conduction time
Atrioventricular effective refractory period
Atrioventricular functional refractory period
Atrioventricular Node

Atrioventricular Reentrant Tachycardia

Basic Cycle Length

Cyclic adenosine 3’,5’-monophosphate

Cyclic guanosine 5’-monophosphate

Circus movement tachycardia

Capacity of the fiber per unit length
Electrocardiog -am

Ethylenediaminetetraacetic

Facilitation

Fatigue

Facilitation Cycle Length

Guanosine 5’-triphosphate

Preceding His bundle interval

His bundle electrogram

The hyperpolarization activated current
Acetylcholine stimulated potassium outward
current

Delayed rectifier potassium current

Sodium inward current

Slow inward calcium current

Transient outward current

Recovery

The internal resistance of the cardiac fiber
The membrane resistance

Resting membrane potential

Relative refractory period

Supraventricular tachycardia

Tetrodotoxin

The maximum rate of rise of membrane potential
during phase zero of action potential
Wenckebach Cycle Length
Wolff-Parkinson-White




