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Background: Supraventricular dysrhythmias are common
during anesthesia, but have been incompletely investigated.
Mechanisms may involve altered automaticity of subsidiary
pacemakers and participation of vagal reflexes. The following
hypotheses were tested: (1) shifts from the sinoatrial (SA)
node to subsidiary pacemakers require intact vagal reflexes
and (2) halothane sensitizes the heart to epinephrine-induced
atrial pacemaker shifts.

Methods: Epicardial electrodes were implanted in eight dogs
on both atrial appendages, the right ventricle, along the sulcus
terminalis, and at the His bundle. Weekly testing awake (con-
trol), awake with atropine methylnitrate, with 1 and 2 ug epi-
nephrine - kg™ - min™" (3 min-infusions), and under 1.25 and
2 MAC halothane was performed. Electrograms were analyzed
for the site of earliest activation (SEA), which was scored 1-
6 depending on the distance from the SA node, and expressed
as the SEA value.

Results: In conscious dogs (control) and at 1.25 MAC halo-
thane, epinephrine increased the SEA values (shifted activa-
tion from SA node) and blood pressure, and decreased heart
rate; however, with atropine, SEA values were unaffected by
epinephrine, although blood pressure and heart rate were el-
evated. At 2 MAC, atropine did not affect the epinephrine-
induced increase in SEA values. Halothane increased SEA values
when combined with 1 ug epinephrine - kg™ - min™.
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Conclusions: Pacemaker shifts account for atrial dyschyth-
mias in the conscious state and during 1.25 MAC halothane
with epinephrine, and require vagal participation. Halothane
sensitizes the heart to epinephrine-induced atrial dysrhyth-
mias. Atropine and halothane facilitate His bundle beats during
exposure to epinephrine. (Key words: Animal: dog, anesthe-
tized; dog, conscious. Anesthetics, volatile: halothane. Heart:
arrhythmias; autonomic regulation; sinoatrial node; subsid-
iary atrial pacemakers. Parasympathetic nervous system: ace-
tylcholine. Sympathetic nervous system, catecholamines: epi-
nephrine.)

CARDIAC dysrhythmias may be detected in the majority
of patients undergoing anesthesia and surgery when
continuous monitoring is used.' Although some atrial
and ventricular dysrhythmias may have minimal impact
on cardiovascular function, others may cause significant
hemodynamic compromise through bradycardia or im-
pairment of diastolic ventricular filling. Adrenergic
drugs may be administered to patients under general
anesthesia,? and surgical stress or airway manipulation
can elevate endogenous epinephrine levels and in-
crease sympathetic activity.® Continuous infusions of
epinephrine have been used in vivo to demonstrate
interactions between epinephrine and anesthetics. Al-
though these infusions do not mimic increased sym-
pathetic nerve activity, they remain the most widely
used animal model for demonstrating anesthetic-cate-
cholamine interactions. The ability of an anesthetic to
lower the dose of epinephrine required to provoke
ventricular dysrhythmias is known as anesthetic-epi-
nephrine sensitization,=® but relatively little attention
has been given to resulting atrial dysrhythmias. Some
studies show that atrial rhythm disturbances precede
ventricular dysrhythmias during epinephrine exposure
(“‘arrhythmias of development’”).** Because of the high
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degree of autonomic innervation of the atrial myocar-
dium, autonomic reflexes are expected to play an im-
portant role in the formation or suppression of atrial
dysrhythmias.?

Therefore, we examined the potential of epinephrine,
alone and with muscarinic blockade, to provoke atrial
dysrhythmias in chronically instrumented dogs. At least
for halothane, in vitro data indicate that enhanced au-
tomaticity of subsidiary atrial pacemakers may be re-
sponsible for arrhythmias of development.® Polic et al.®
suggested that catecholamines alone augment the au-
tomaticity more in subsidiary atrial pacemakers than
in the sinoatrial (8A) node ¢ vitro, but that the addition
of halothane caused little additional effect. Halothane
alone was not sufficient to produce pacemaker shifts
in their study. Later, Boban et al.” found that the com-
bination of isoflurane with epinephrine produced a
significant increase in incidence and severity of pace-
maker shifts in a similar /n vitro model. They con-
cluded that isoftlurane and catecholamines acted syn-
ergistically to increase the dysrhythmic potential in
atrial tissue. Despite evidence from these studies, it is
not clear whether the atrial myocardium and its pace-
makers are sensitized to dysrhythmias in vivo. Halo-
thane, which sensitizes the ventricle to dysrhythmias,
may also act synergistically with catecholamines i#n vivo
to augment atrial dysrhythmias.

We tested the following hypotheses under in vivo
conditions: (1) epinephrine alone produces atrial
pacemaker shifts; (2) pacemaker shifts with epineph-
rine require an intact vagus; and (3) halothane will
further sensitize the atrial myocardium to epinephrine-
induced dysrhythmias, as evidenced by enhanced au-
tomaticity of subsidiary atrial pacemakers relative to
that of the SA node.

Materials and Methods

Surgical Preparation and Materials

All surgical and experimental procedures conformed
to Institutional Animal Care Committee Guidelines.
Eight healthy mongrel dogs of either sex, weighing 18-
22 kg, were prepared for chronic electrophysiologic
investigation by implantation of epicardial electrodes
and an indwelling aortic catheter. A right thoracotomy
was performed in the fifth intercostal space under
anesthesia with 20 mg/kg thiopental and halothane.
Electrode pairs were sutured to the epicardial surfaces
of the right and left atrial appendages, and the right
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Fig. 1. Location of the electrode pairs sutured to the epicardial
surface of the heart. AO = aorta; IVC = inferior vena cava;
LAAP = left atrial appendage; PA = pulmonary artery; RAAP
= right atrial appendage; RV = right ventricle; SVC = superior
vena cava. The sulcus terminalis-patch electrode contains five
evenly spaced electrode pairs. Bipolar needles of the His bun-
dle electrode were advanced into the interventricular septum
from the aortic root. Electrode lead wires are not shown. Only
the RAAP electrode was used for pacing.

ventricular apex (fig. 1). A ““patch electrode” of five
linear, evenly spaced electrode pairs was sutured to
the right atrium with the most rostral pair located at
the junction of the right atrium and superior vena cava,
closest to the anatomic region of the sinoatrial (SA)
node. The most caudal pair was located near the junc-
tion of the right atrium and inferior vena cava.? This
procedure placed the electrode pairs along the sulcus
terminalis, in proximity to previously described sub-
sidiary atrial pacemakers.”!! A bipolar needle electrode
was advanced into the interventricular septum from
the aortic root'? to record the His bundle electrogram.
An indwelling cannula was placed into the inferior aorta
through a femoral artery after surgical exposure of the
artery at the inner side of the hind limb. All leads and
lines were tunneled subcutaneously, exiting between
the scapulae. Incisions were closed in anatomic fashion,
and dogs recovered for 2 weeks before testing. Standard
postoperative methods of analgesia and antibiotics were
used during the first week after surgery.
Electrograms, after amplification with custom-built
preamplifiers (gain 1,000), were filtered with a sepa-
rate, custom-built common mode rejection amplifier
(bandpass of 10-1,000 Hz), individually adjusted for
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signal strength (maximal gain 400), and instanta-
neously displayed on a programmable calculating os-
cilloscope (model NI3001; Norland, Fort Atkinson,
WI). Paper records were made on a digital eight-chan-
nel recorder (MT 9500; Astromed, West Warwick, RI)
with paper speeds of 200 mmy/s, providing a resolution
better than 3.0 ms. Lead II of the surface electrocar-
diogram (ECG) was amplified (78213 C; Hewlett
Packard, Mountain View, CA), displayed, and recorded
with seven other signals of interest (SA node, five sub-
sidiary atrial pacemaker, and His bundle electrograms).
Heart rate (HR) was continuously measured (peak de-
tector). Right atrial pacing was performed with a pro-
grammable cardiac stimulator (model SEC3102; Nihon
Kohden, Tokyo, Japan). Systolic (SBP) and diastolic
blood pressures were measured using a pressure trans-
ducer (Baxter Uniflow, McGaw Park, IL) and amplifier
(Hewlett-Packard, model HP 78205 D), with digital
readout recorded. All drugs were given in 0.9% saline.
Epinephrine infusions were administered with an in-

fusion pump (model 5006100; Harvard Apparatus,
Millis, MA).

Experimental Protocol

Surface ECG and HR were recorded before instru-
mentation, and the dogs were trained to stand quietly
in a sling. Two weeks after instrumentation, when P-
wave morphology, average HR, and cyclical variation
in HR had returned to preinstrumentation levels, the
animal was deemed suitable for testing. Dogs were ob-
served to verify the absence of spontaneous dysrhyth-
mias other than respiratory sinus dysrhythmia.

An overview of the experimental protocol is pre-
sented in figure 2. From the resting dog, two separate
eight-channel paper recordings lasting 15 s were ob-
tained. The paper speed was 200 mm/s. Recordings
included surface ECG (lead II), electrograms from the
His bundle, SA node region, four locations along the

sulcus terminalis, and the left atrial appendage. In ad-
dition, measurements of heart rate (HR) and blood
pressure were made. As an indicator of pacemaker au-
tomaticity, the response to overdrive suppression (sinus
node recovery time (SNRT)) was determined by pacing
the right atrial appendage at 200 and 250 beats/min
for 30 s. Pulse duration was 2 ms and current was 10
mA. Sinus node recovery time was measured on the His
bundle trace, from the last pacing spike to the first
spontaneous sinus origin beat after cessation of pacing.
Dogs were then given epinephrine infusions at 1
ug kg™ -min”! for 3 min via a forelimb vein. Data
were recorded for 5 s at 15-s intervals during the second
and third minute of the epinephrine infusion, for a
total of 45 s. The last 2 min were chosen because epi-
nephrine plasma concentrations have been shown to
reach a plateau during this time period.>'*" Sinus node
recovery time was not measured during exposure to
epinephrine, because pacing would have interfered
with the spontaneous development of pacemaker shifts.
Because different protocols of epinephrine infusions
affect the susceptibility to dysrhythmias,'? site of pace-
maker origin, HR, and blood pressure were allowed to
return to baseline before continuing with the protocol
(>30 min). Also, epinephrine plasma levels return to
baseline values within this period.!®> This was verified
by random sampling in some animals of the study. After
return to baseline (above), data acquisition during in-
fusion of 2 ug epinephrine - kg™' - min~"! was repeated.

Subsequently, anesthesia was induced by inhalation
of halothane in oxygen, followed by tracheal intuba-
tion. Halothane was monitored (Marquette Gas Ana-
lyzer, model 1700 and Advantage 2000) and main-
tained at concentrations equivalent to 1.25 or 2 MAC
end tidal.'*~'® Ventilation was controlled with a circle
system (Foregger F 500 anesthesia machine; Puritan-
Benett, Hauppauge, NY) to keep end-tidal Pco, between
35 and 40 mmHg. Esophageal temperature was mea-

conscious | £ AMN 3 mg/kg | 30 min | bascline | EPI - 1 | 230 min

EPI - 2 230 min

Fig. 2. Experimental protocol for testing

with epinephrine 1 (EPI-1) or 2
eg kg™ - min~? (EPI-2), in the conscious
state, and with halothane (HAL) 1.25 or

2.0 MAC. Testing was on two occasions

separated by at least 1 week with (+) and

without (—) atropine methylnitrate

1.25HAL £ AMN L5 |30 min | baseline | EPI- 1| 230min | EPI-2 | =30 min
mglkg

2.0 HAL £ AMN 1.5 |30 min | baseline | EPI- 1 | 230 min | EPI-2 (AMN).
mg/kg
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sured (YSI 43TE, Taylor thermometer; Yellow Springs,
Yellow Springs, OH) and maintained at 36~38.5° C by
radiant heating and heated humidifier (RCI, conchath-
erm III; Respiratory Care, Arlington Heights, IL). Lac-
tated Ringer’s solution maintained fluid requirements
(3-5 ml-kg™' - h™"). Testing in anesthetized dogs was
performed after a 30-min equilibration, and in the lat-
eral decubitus position to avoid venous pooling. Epi-
nephrine infusions and data acquisition during anes-
thesia were repeated according to the conscious-state
protocol.

Experiments with atropine methylnitrate (AMN) as a
peripheral muscarinic blocker were performed at least
1 week after experiments without muscarinic blockade.
Atropine methylnitrate was used because of its lack of
central nervous system toxicity and established dos-
age.'” Three milligrams AMN/kg was administered in-
travenously 30 min before obtaining conscious state
data. Atropine methylnitrate (1.5 mg/kg) was repeated
30 min before testing at 1.25 MAC, and again before
testing at 2 MAC.

Data Evaluation

Each heartbeat occurring during the 45-s recording
period was evaluated for the site of earliest myocardial
activation (SEA). Each beat was assigned a score cor-
responding to the earliest identifiable activation. The
site of earliest activation was determined from the bi-
polar electrograms obtained from electrodes sutured
to the heart (fig. 1) and received a higher score (1-6)
with increasing distance from the SA node, thus: score
1 = SA node (1st patch electrode); score 2 = high
rostral sulcus terminalis (2nd patch electrode); score
3 = midrostral sulcus terminalis (3rd patch electrode);
score 4 = midcaudal sulcus terminalis (4th patch elec-
trode); score 5 = low caudal sulcus terminalis (5th
patch electrode); and score 6 = remote atrial (left atrial
appendage electrode). The fraction (expressed as a
decimal) of beats from each origin (sites scored 1-6)
was multiplied by their corresponding score. Resulting
products were summed and then divided by the fraction
of beats of atrial origin. Thus, the resulting normalized
SEA value (range of possible values is 1-6) was inde-
pendent of HR and nonatrial beats. Sometimes, His
bundle or right ventricular electrograms preceded
those from any atrial site. Beats arising from those non-
atrial sites were counted separately. All mathematic and
statistical procedures were performed using a desktop
computer (Apple Macintosh SE/30, Cupertino, CA).
To prove normal distribution and consistency in values
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for SEA, SNRT, SBP, and HR, we performed the one
sample ¢ test and the normality test. To detect similar-
ities and possible differences in distribution of SEA val-
ues, including proof of individual consistency over
time, the Kolmogorov-Smirnov test was used.?® Data
for SNRT, SBP, and HR were compared by means of
paired Student’s # test. Significance was identified at P
=< 0.05. Data are shown as mean * SEM, except for HB
and ventricular ectopic beats, which are presented as
the percentage of all beats during the recording period.

Results

Conscious State

Values for SEA, SNRT, HR, and SBP in conscious dogs
without atropine or epinephrine (control) did not
change over the time period of study. Resting, con-
scious dogs without AMN or exposure to epinephrine
(control state) had respirocyclic beat-to-beat variability
in HR (respiratory sinus dysrhythmia) when breathing
slowly, whereas panting eliminated cycle length vari-
ability. During respiratory sinus dysrhythmia, the site
of earliest activation often changed between the first
and second patch electrode pair, resulting in an SEA

Conscious Dogs (n = 8)

B SEA value
O SEA value with AMN

47

SEA value
S
*

Ju—
3

0-

0 1 2

ug Epimephrine-kg‘1 min"!

Fig. 3. Bar graphs depict effects of epinephrine on the site of
earliest activation (SEA) values in conscious, chronically in-
strumented dogs with and without muscarinic blockade and
effects of muscarinic blockade by atropine methylnitrate
(AMN). Data are mean * SEM. * Versus no epinephrine; T versus
no AMN.
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Fig. 4. Pacemaker shift from the SA node (first beat) to the
high rostral subsidiary atrial pacemaker location (second
beat). Simultaneous recordings. (4) SA node electrogram. (B)
High rostral sulcus terminalis electrogram. Numbers on the
top and bottom indicate the activation intervals between A
and B. In addition to a shift in site of earliest activation, note
changes in polarity, amplitude, and morphology of the atrial
signals.

value of 1.34 * 0.125 (fig. 3). These pacemaker shifts
were accompanied by a remarkable variability in mor-
phology, polarity, and amplitude of atrial electrograms
from along the sulcus terminalis (figs. 4 and 5), indi-
cating the changes in site of earliest activation (SEA)
and conduction in the atrium. The administration of
AMN increased HR, abolished the variability in cycle
Iengths, shortened SNRT, and decreased SBP (table 1).
Atropine methylnitrate also decreased SEA values com-
pared with control (fig. 3). Finally, with AMN, the vari-
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ability in morphology, polarity, and amplitude of the
atrial electrograms was no longer present.

Exposure to epinephrine increased SBP, with or
without AMN. Dogs without AMN developed epineph-
rine-related reflex reductions in HR (table 1) and shifts
in pacemaker location further from the SA node, evi-
denced by the significantly increased SEA value at 2 ug
epinephrine - kg™ - min~' (figs. 3 and 6). Conversely,
2 ug epinephrine - kg™ - min™' with AMN increased HR
compared with the absence of epinephrine (table 1),
but left SEA values unchanged (fig. 3). Atropine
methylnitrate increased SBP with 1 pug epineph-
rine-kg™' - min~' and increased HR with both doses of
epinephrine (table 1). Finally, during exposure to epi-
nephrine, AMN lowered the SEA value compared with
the absence of AMN (fig. 3).

His bundle beats comprised less than 1% of total
beats, and usually occurred after the onset of atrial
pacemaker shifts and only without AMN. Furthermore,
premature ventricular beats comprised less than 3% of
total beats, and only with the highest level of epineph-
rine (table 1).

Halothane Anestbesia

Figure 7 shows the effect of epmephrme on
pacemaker shifts in anesthetized dogs. Generally,
epinephrine increased the SEA value during halo-
thane anesthesia. Muscarinic blockade prevented this
increase at 1.25 MAC halothane and 2 ug epineph-
rine - kg™ min~'. Figure 8 shows the effect of halo-
thane anesthesia on SEA values during exposure to epi-
nephrine. Halothane at 1.25 MAC reduced the respi-
ratory variability and the SEA value, and stabilized the
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Table 1. Sinoatrial Node Automaticity, Nonatrial Origin Beats, and Blood Pressure Related to

Epinephrine, Halothane, and Muscarinic Blockade

Sinus Node Recovery Time (ms)

Systolic Blood

200 250 Epinephrine Pressure Heart Rate His Bundle Ventricutar
beats - min™! beats - min™* (ug - kg™ min~") (mmHg) (beats - min™") Beats (%) Beats (%)
Conscious dogs 629 + 49 639 + 60 0 145+ 6 113+ 6 0 0
1 191+ 7* 114+ 6 0.7 0
2 225+ 8* 94+ 7 0.2 2.9
With AMN 401 + 161 405 + 1671 0 125 = 3¢t 201 = 7% 0 0
1 207 £ 13% 210+ 9t 0 0
2 236 + 14~ 232 + 8"t 0 0.2
1.25 MAC halothane 500 + 45% 517 + 45% 0 100 + 4% 117+ 6 0 0
1 162 + 6"t 87 + 7% 0 3.4
2 193 = 8*% 77+ 7 1.3 7.5
With AMN 640 + 2014 594 + 32¢ 0 89 + 6% 99+ 61¢ 0 0
1 172 = 11" 138 + 9*f¢ 16 0
2 173 = 9"t 160 = 21"+t 13.2%t¢ 25.2
2.0 MAC halothane 508 + 38 596 + 36 0 86 + 5% 113+ 6 0 0
1 154 + 7% 102+ 8 0 0.7
2 165+ 9*¢ 85+ 11*§ 25.5%f 24
With AMN 791 + 6214 610 = 73% 0 80 + 6% 91+ 41t 0 0
. 1 149 = 9*F 115+ 5*% 8.5 0.6
2 146 £ 15%% 145 = 18"t 22.2"% 8.2

Data shown mean + SEM; n = 8. His Bundle and ventricular beats are expressed as percentage of all beats per condition.

AMN = atropine methylnitrate; MAC = minimum alveolar concentration.
* P < 0.05 versus same condition without epinephrine.

1 P < 0.05 versus same condition without AMN.

1 P < 0.05 versus same condition without halothane.

§ n = 7, excluding a dog with ventricular tachycardia.

pacemaker location to the SA node. In contrast, stable
shifts to the high rostral subsidiary pacemaker were
present at 2 MAC. Furthermore, halothane tended
to increase the SEA value when epinephrine was
present.

Detailed data and comparisons for heart rate, sinus
node recovery time, and systolic blood pressure
during halothane anesthesia are presented in table
1. As in the control state, epinephrine decreased
HR; however, with AMN, epinephrine increased HR.
Surprisingly, AMN administered to dogs without
epinephrine exposure reduced HR and prolonged
SNRT compared with the corresponding test con-
dition without AMN. As in the conscious state, AMN
tended to elevate the HR during exposure to epi-
nephrine. Generally, halothane reduced SBP and
blunted the hypertension caused by epinephrine.
In dogs without AMN or epinephrine, halothane
abolished respiratory variability in HR. At 1.25 MAC,
halothane shortened SNRT compared with control.
With AMN, but without epinephrine, halothane re-
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duced HR and prolonged SNRT compared with the
conscious state. In the presence of 1 ug epineph-
rine+kg™'+min~', 1.25 MAC of halothane reduced
HR compared with the conscious state.

When the earliest electrical activity was observed
on the His bundle electrogram (His bundle signal
precedes all other signals), normal QRS morphology
without visible or with inverted (retrograde) P-
waves was present in the surface ECG (fig. 9). With
the onset of His bundle beats, there was progressive
shortening of the P-R interval, until P waves merged
with the QRS complex. Table 1 shows the incidence
of His bundle beats under each test condition. In-
creasing depth of anesthesia and increasing dose of
epinephrine both increased the incidence of His
bundle beats. Furthermore, His bundle beats tended
to occur at the end of epinephrine infusions. Ven-
tricular ectopic beats increased with increasing
epinephrine dosage (table 1). Once ventricular ec-
topic beats were frequent, the site of earliest atrial
pacemaker activity (dissociated from ventricular
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Fig. 6. Pacemaker shift from the SA node (first beat) to the
midcaudal subsidiary atrial pacemaker region (second beat;
simultaneous recordings). (4) Surface electrocardiogram (lead
II). (B) His bundle electrogram. (C) SA node electrogram. (D)
High rostral. (E) Midrostral. (F) Midcaudal sulcus terminalis
electrogram. In 4, P1 and P2 are atrial depolarizations, and
QRS and T are ventricular depolarizations and repolarizations,
respectively. A = atrial; H = His bundle; T = repolarization; V
= ventricular. Note change in P wave morphology of beat 2

(slightly flattened) compared with beat 1 (more rounded con-
tour).

activity) commonly shifted back to the SA node
electrode (fig. 10).

Discussion

Using chronically instrumented, intact dogs, we
tested whether epinephrine caused atrial pacemaker

Anesthesiology, V 79, No 6, Dec 1993

1.25 MAC Halothane
M SEA value
3 SEA value with AMN

2.0 MAC Halothane

SEA value

Hg Epinephrine-kg'l-min'1
Fig. 7. Bar graphs depict effects of epinephrine on the site of
earliest activation (SEA) values in halothane anesthetized,
chronically instrumented dogs with and without muscarinic
blockade and effects of muscarinic blockade by atropine

methylnitrate (AMN). Data are mean + SEM. * Versus no epi-
nephrine; 1 versus no AMN.

shifts (atrial dysrhythmias) in the conscious state or
during halothane anesthesia. Second, we determined
the influence of the baroreflex on the genesis of atrial
dysrhythmias by testing with and without muscarinic
blockade. Finally, whether halothane sensitized the
atria to epinephrine was tested by comparing the in-
cidence and severity of atrial pacemaker shifts in the
conscious state with those during halothane anesthesia.

Conscious State

Atrial dysrhythmias may be explained by shifts to re-
mote (subsidiary and latent) atrial pacemaker sites,
which have different electrophysiologic properties than

_Epinephrine, 1 pg-kg™!-min"1

. 2 pg-kg™!-min!
B SEA value i

4

[0 SEA value with AMN

SEA value

1.25 2.0

MAC Halothane

Fig. 8. Bar graphs depict effects of halothane anesthesia on
the site of earliest activation (SEA) values in chronically in-
strumented dogs, with and without muscarinic blockade and
effects of muscarinic blockade by atropine methylnitrate

(AMN). Data are mean + SEM. # Versus no halothane; 1 versus
no AMN.
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100 ms

Fig. 9. Accelerated AV junctional rhythm (simultaneous re-
cordings). (4) Surface electrocardiogram (lead II). (B) His
bundle electrogram. (C) SA node electrogram. Note the His
bundle (H) preceding the atrial (A) and ventricular (V) signal

in B. Inverted (retrograde) P waves appear in the ST segment
in A.

the SA node.?'** Gomes and Winters®® suggested that
the human SA node contained dominant and subsidiary
foci, and that the subsidiary sites are escape pacemakers
with longer cycle lengths. Polic et al.® and, later, Boban
et al.” concluded that, in an isolated canine right atrial
preparation, epinephrine augmented the automaticity
of subsidiary atrial pacemakers more than that of the
SA node. They found no pacemaker shifts without cat-
echolamine stimulation. In the current study, pace-
maker shifts during respiratory sinus dysrhythmia ex-
emplify the concept of a ‘‘physiologic” pacemaker
complex, confined to the rostral portions of the sulcus
terminalis, including the SA node as described by Boi-
neau et al. in the anesthetized dog.>*?” Consistent with
that concept, we did not observe pacemaker shifts to
the caudal sulcus terminalis or more remote sites of
atrial pacemakers in the control state. Even when the
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site of earliest activation was the SA node clectrode,
the morphology, polarity, and amplitude of the elec-
trograms often changed, reflecting the widespread
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Fig. 10. Polymorphic ventricular ectopic beats (PVC 1, PVC 2;
1.25 MAC halothane, 2 pg epinephrine- kg™ - min™; simulta-
neous recordings). (4) Surface electrocardiogram. (B) His
bundle electrogram. (C) SA node electrogram. (D) High rostral.
(E) Midrostral. (F) Midcaudal. (G) Low caudal subsidiary atrial
pacemaker electrogram. The signal on the SA node electrode
(CO) precedes that of the low caudal sulcus terminalis (G) by
20 ms (bottom).
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pacemaker activity within the anatomic region of the
SA node.?**® Several mechanisms could yield an ex-
planation for this observation. Competing pacemaker
foci are possibly located rostral to or adjacent to the
SA node electrode pair. Alternatively, pacemakers
within the SA node region itself may be competing for
dominance in the conscious state, because of differ-
ences in spontaneous automaticity and differences in
vagal innervation and suppressibility. It is known that
vagal innervation in the atria declines progressively
from the SA node region to more remote locations along
the sulcus terminalis and throughout the atrial muscle,
making the SA node region potentially the most vagally
inhibited pacemaker.’*' Furthermore, clinical reports
indicate that distinct cases of SA node dysfunction are
related to altered parasympathetic tone*>-34 and not to
an organically diseased pacemaker. In our experiments,
infused epinephrine caused arterial hypertension,
which presumably activated the baroreceptor reflex.
This caused HR to decline through enhanced vagal ef-
ferent tone.*>*° In addition to the observed bradycardia,
the site of earliest activation shifted to caudal sites along
the sulcus terminalis, as reflected by increased SEA val-
ues, and also consistent with less potent inhibitory ac-
tions with increasing distance from the SA node.
Furthermore, our results support the concept that
muscarinic blockade enhances SA node automaticity,
as evidenced by increased HR and shortened SNRT, thus
enabling overdrive suppression of subsidiary atrial and
ventricular pacemakers.?”** Conversely, high vagal
tone impairs this ability. The absence of variability in
SA node and atrial electrograms with muscarinic block-
ade allows one to speculate that, even in a small area
of physiologically activated pacemakers, not all cells
have equal vagal inhibition. Stimulation with epineph-
rine in dogs with muscarinic blockade caused an ad-
ditional increase in HR, instead of the dose-related de-
crease in HR observed without muscarinic blockade.
No significant changes in SEA values occurred with
muscarinic blockade, although the SBP was at least as
high as without muscarinic blockade. Based on these
observations, we suggest that a direct, nonmuscarinic
receptor-mediated effect of SBP, such as myocardial
stretch, is unlikely to be the predominant factor in shifts
to subsidiary atrial pacemakers.?!'?2 Purthermore, it is
unlikely that an “intrinsic”’ potential of epinephrine
to enhance automaticity of subsidiary atrial pacemakers
relative to the SA node is the mechanism for pacemaker
shifts with epinephrine in the conscious dog. However,
Polic et al.® and Boban et al.” concluded that, in iso-
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lated canine hearts, epinephrine caused atrial dys-
rhythmias by enhancing automaticity of subsidiary atrial
pacemakers relative to the SA node.

Joas and Stevens®® performed conscious state testing
for epinephrine-induced, ventricular dysrhythmias in
dogs, but did not describe atrial dysrhythmias. During
testing for ventricular sensitization in anesthetized
dogs, Atlee et al.** observed that supraventricular dys-
rhythmias occurred at lower epinephrine doses, there-
fore preceding ventricular dysrhythmias during the
course of sensitization. Because ventricular dysrhyth-
mias became apparent at the highest epinephrine dose
(2 ng-kg™' - min~'), our experiments confirm that su-
praventricular dysrhythmias precede ventricular dys-
rhythmias in anesthetized, as well as conscious, dogs.?*

Brunsting et al. and Schuil et al.*°~*? described the
phenomenon of excess tachycardia, during which the
HR resulting after pure muscarinic blockade is ap-
proximately 30-50 beats/min greater than the HR after
vagotomy or muscarinic blockade preceded by gangli-
onic blockade. The heart rate resulting from the ad-
ministration of atropine methylnitrate in the current
study is consistent with the phenomenon of excess
tachycardia. Although histamine H, blockers are shown
to play an important role, the receptors and mediators
for excess tachycardia are not yet clearly identified,
and the influence on atrial dysrhythmias, if any, is un-
known.*** Because atropine without ganglionic
blockade more closely resembles clinical situations,
we omitted ganglionic blockade. Furthermore, block-
ade of muscarinic transmission alone served the pur-
pose of identifying the predominant mechanism for
atrial dysrhythmias in the current study.

The shape of the P-wave on lead II of the surface ECG
did not change as long as the site of earliest activation
projected to the SA node or high rostral sulcus termin-
alis electrodes. We suggest that only major atrial pace-
maker shifts are recognized on the surface ECG. When
the pacemaker shifted to more distal sites along the
sulcus terminalis, slightly altered P-waves resulted (fig.
6). These P-waves were usually flattened. Also detected,
however, were peaked, double-peaked, widened, bi-
phasic, and negative P-waves, consistent with reports
from observations in humans.! We suggest this as an
explanation for the clinically observed phenomenon
of “wandering atrial pacemaker.”’*®

Halothane Anestbesia
Bosnjak and Kampine® suggested that SA node au-
tomaticity is both directly and indirectly decreased by
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halothane. In this study, without atropine, halothane
had no effect on SA node automaticity; however, with
muscarinic blockade, direct depression of SA node au-
tomaticity caused by halothane was evidenced by de-
creased HR and increased SNRT. The failure of halo-
thane to reduce HR in intact hearts may be caused by
suppression of vagal tone.”1

As expected, muscarinic blockade enhanced auto-
maticity of the SA node in the conscious state by sup-
pressing the effect of high resting vagal tone.*® In con-
trast, under halothane anesthesia, muscarinic blockade
unexpectedly reduced SA node automaticity.*® Seagard
et al.” and Schmeling et al.Y concur that halothane by
itself reduces parasympathetic activity. If vagal tone
was low during halothane anesthesia, the reduction of
SA node automaticity in our study could represent di-
rect depression of SA node automaticity by AMN. Be-
cause high doses of atropine have been shown to reduce
ganglionic transmission,*® and quaternary ammonium
atropine derivatives have even greater ganglionic
blocking properties than atropine,®® the depressant ef-
fect of AMN on SA node automaticity may be indirect
(i.e., related to ganglionic blockade). Consistent with
ganglionic blockade as opposed to direct depression,
the HR response to epinephrine was not impaired in
dogs with AMN. We suggest that a final decision on the
mechanisms for these complex and opposing effects of
AMN on the HR and the relation to excess tachycardia
is beyond the scope of this paper. Yet, it seems im-
portant to clarify, in future investigations, if and how
atropine compounds act synergistically with volatile
anesthetics to depress SA node automaticity.

Seagard er al.*” and others®'~** reported that halo-
thane attenuates baroreceptor reflex response. How-
ever, in our study, there was evidence that the baro-
receptor reflex remained mostly intact at 1.25 MAC
halothane, because an equivalent increase in SBP pro-
duced an equal or greater reduction in HR. In contrast,
with 2 MAC halothane, the overall response was atten-
uated. With muscarinic blockade, epinephrine in-
creased SBP and HR at both MAC values, from which
we conclude that the baroreceptor reflex response was
blocked. With epinephrine and muscarinic blockade,
SBP and HR decreased with increasing halothane, con-
sistent with expected direct myocardial depression by
halothane.*® The difference in HR between dogs with

1 Schmeling WT, Bosnjak ZJ, Kampine JP: Anesthesia and the au-
tonomic nervous system. Seminars in Anesthesia IX 4:223-231, 1990.
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and without atropine diminished with halothane. Re-
duced baroreceptor reflex activity and impaired re-
sponsiveness to epinephrine with increased halothane
could account for these differences.

During halothane anesthesia, epinephrine caused
shifts to subsidiary atrial pacemakers. When musca-
rinic blockade interrupted the baroreceptor reflex,
epinephrine did not induce pacemaker shifts at 1.25
MAC halothane. This supports the premise that epi-
nephrine-induced atrial pacemaker shifts require in-
tact muscarinic transmission. Halothane at 2 MAC
appeared to attenuate the baroreceptor reflex, be-
cause hypertension was accompanied by little or no
decrease in HR, and, in addition, it depressed SA node
automaticity.*®

Earliest myocardial activation from the His bundle
region (His bundle activity preceded all other activity;
fig. 9) often had the morphologic characteristics of ac-
celerated AV junctional rhythm (nonparoxysmal AV
junctional tachycardia) on the surface ECG.! It had a
gradual onset and termination and 2 QRS complex of
supraventricular origin, and was accompanied by AV
dissociation or retrograde P-waves.' A subset of dogs
appeared to have increased susceptibility to accelerated
AV junctional rhythm. Although this dysrhythmia is
common in anesthetized patients and is caused by ac-
celerated automatic discharge at or near the His bun-
dle," treatment modalities are poorly defined, and not
universally successful. ‘The combination of AMN and
epinephrine provoked accelerated AV junctional
thythm during halothane anesthesia in this study. A
likely explanation is that atropine facilitates epineph-
rine-induced increase in AV node automaticity (mus-
carinic blockade) more than an increase in SA node
automaticity (muscarinic blockade + direct depression
or ganglionic blockade), with the anesthetic being the
prerequisite for atropine’s depressant property. Accel-
erated AV junctional rhythm was common only with
the highest level of epinephrine, and tended to occur
after pacemaker shifts to the more remote subsidiary
atrial sites, indicating that subsidiary atrial and AV
junctional pacemakers have similar physiologic re-
quirements for emergence.**' In contrast, with ven-
tricular ectopy or tachycardia, the atria and ventricles
were dissociated with the atrial pacemaker reverting
back to the SA node region (fig. 10). This rostral shift
of the atrial pacemaker with the onset of ventricular
ectopy is an unexpected result, to the best of our
knowledge not yet described by others, and indicates
subtle interactions of the ventricle and the atrium.
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Anesthetic-catecholamine sensitization is defined as
the reduction in the dose of catecholamines required
to produce ventricular dysrhythmias in the anesthe-
tized, compared with the conscious, state. Our exper-
iments support the concept of atrial sensitization as a
more severe spectrum of atrial pacemaker shifts in the
anesthetized, compared with the conscious, state dur-
ing exposure to similar infusion levels of epinephrine.
That halothane increased SEA values during epineph-
rine infusions provides evidence for atrial sensitization.
Muscarinic blockade did not appear to enhance or re-
duce sensitization, because there were only small dif-
ferences in SEA values with atropine, compared with
the corresponding values without atropine.

In summary, we conclude, for chronically instru-
mented dogs, the following. First, the SA node is more
suppressed by enhanced vagal tone than subsidiary
atrial pacemakers. Second, subsidiary atrial pacemakers
may assume control of the heart when not overdriven
by the SA node. Third, during exposure to epinephrine,
subsidiary atrial pacemakers become the site of earliest
activation before His bundle and ventricular ectopic
pacemakers. Four, atrial pacemaker shifts in response
to epinephrine are predominantly mediated by en-
hanced vagal tone as a resuit of baroreceptor stimula-
tion. However, direct enhancement of automaticity in
subsidiary atrial pacemakers relative to the SA node by
epinephrine at higher doses than tested here cannot be
excluded. Fifth, halothane sensitizes the heart to epi-
nephrine-induced atrial dysrhythmias. The process of
atrial sensitization appears to be an effect of halothane-
epinephrine interaction, and is not influenced by mus-
carinic blockade. Sixth, accelerated AV junctional
rhythm is facilitated by halothane, muscarinic block-
ade, and higher infused doses of epinephrine. And, sev-
enth, if results can be extrapolated to man, complex
interactions between the vagus and catecholamines may
explain wandering atrial pacemaker, commonly ob-
served in healthy adults and trained athletes.*’

The authors thank Dr. R. Hoffman, for his valuable advice in sta-
tistical methods, and J. Krolikowski, for his technical assistance.
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