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Anestbetics and Automaticity of Dominant and
Latent Pacemakers in Chronically

Instrumented Dogs

1. Effects of Enflurane and Isoflurane during Exposufe to
Epinepbrine with and without Muscarinic Blockade

Martin N. Vicenzi, M.D.,* Harvey J. Woehick, M.D., T Zeljko J. Bosnjak, Ph.D.,t John L. Atlee Ill, M.D.§

Background: Atrial dysrhythmias precede ventricular dys-
rhythmias during epinephrine-anesthetic sensitization, and
may be caused by an altered relationship between automaticity
of primary and subsidiary pacemakers. The following hy-
potheses were tested: (1) epinephrine-induced pacemaker
shifts with enflurane or isoflurane require intact vagal reflexes
and (2) these anesthetics sensitize the atrial myocardium to
epinephrine-induced dysrhythmias.

Methods: Eight dogs were instrumented for chronic electro-
physiologic investigation, including electrodes at the SA node,
atrial appendages, right ventricle, and His bundle, and along
the sulcus terminalis. After conscious-state testing, dogs were
anesthetized with isoflurane or enflurane and exposed to epi-
nephrine, with or without atropine methylnitrate. Eight-
channel ECG recordings were analyzed before and during epi-
nephrine infusions. Atrial pacemakers were assigned values
1-6 with increasing distance from the SA node, normalized
and expressed as the site of earliest activation value (SEA).

Results: Epinephrine increased SEA values during enflurane
or isoflurane anesthesia. Atropine enhanced this increase
during enflurane anesthesia, but abolished the increase during
isoflurane anesthesia. Enflurane increased SEA values only
when combined with atropine. Isoflurane did not increase SEA
values under any test conditions.

Conclusions: With enflurane, epinephrine-induced atrial
pacemaker shifts in chronically instrumented dogs are caused
by direct depression of SA node automaticity or a relative in-
crease of automaticity in subsidiary atrial pacemakers. With
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isoflurane, pacemaker shifts are caused by reflex-induced vagal
suppression of SA node automaticity and escape of latent
pacemakers. Enflurane sensitizes the atrial myocardium to
dysrhythmias when combined with muscarinic blockade; iso-
flurane does not sensitize the atrium. (Key words: Anesthetics:
enflurane; isoflurane. Animal: dog, anesthetized. Heart: au-
tonomic regulation; dysrhythmias; sinoatrial node; subsidiary
atrial pacemakers. Hormones: epinephrine. Neurotransmitter:
acetylcholine.)

ANESTHETIC-EPINEPHRINE interactions are well
known to result in ventricular dyschythmias. In studies
of anesthetic-catecholamine interactions, Atlee et al.
reported that atrial dysrhythmias preceded ventricular
dysrhythmias during ventricular sensitization with
halothane,! enflurane, and isoflurane.? A variety of
manifestations resulted, including wandering atrial
pacemaker, atrial ectopy, and atrioventricular block
with atrioventricular dissociation. Because cardiac
dysrhythmias can be identified in the majority of pa-
tients when continuous methods are used for detec-
tion,*> and because some patients may have hemody-
namic compromise from these dysrhythmias, the un-
derstanding and prevention of dysrhythmias in the
intraoperative setting remains clinically important. We
have previously demonstrated that enhanced vagal tone
caused by epinephrine-induced hypertension results
in shifts in the site of earliest activation from the si-
noatrial (SA) node to subsidiary atrial pacemakers, both
in the conscious dog and during halothane anesthesia.?
Halothane facilitated these atrial pacemaker shifts, thus
“sensitizing’ the atrial myocardium to supraventricular
dysrhythmias.* In current practice, enflurane or isoflu-
rane are used more frequently than halothane in adult
patients, and are considered to be less sensitizing to
the ventricular myocardium than halothane in humans®
or in animals.®” However, no in vivo studies have fo-
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conscious |+ AMN 3 mg/kg | 30 min | baseline | EPI- 1| 230 min | BPI-2 2 30 min

Fig. 1. Experimental protocol for testing

with isoflurane (ISO) or enflurane (ENF)

1.25 and 2 MAC, epinephrine 1 and 2 |125ISO/ENF| +AMN15 |30 min | baseline | EPI-1|230min | EPI-2 | 230 min

pg kg™ - min~* (EPI-1 and EPI-2, respec-
tively), with (+) and without (-) atro-

mg/kg

pine methylnitrate (AMN).

20ISO/ENF | +AMN15 |30 min| baseline | EPI-1|230min | EPI-2

mg/kg

cused on their ability to promote atrial dysrhythmias.
Evidence from in vitro studies from our laboratory
shows that the atrial myocardium is sensitized to dys-
rhythmias by halothane® or isoflurane.” Atrial dysrhyth-
mias with epinephrine and enflurane or isoflurane in
vivo might be caused by enhanced automaticity in sub-
sidiary atrial pacemakers relative to the SA node. Such
an increase in automaticity could be explained by direct
enhancement of automaticity in latent pacemakers rel-
ative to the SA node (independent of the vagus), or
indirect enhancement (vagal suppression of the SA
node) with escape of latent pacemakers. The following
hypotheses were tested in a chronically instrumented
dog model: (1) epinephrine produces atrial pacemaker
shifts with enflurane or isoflurane anesthesia, (2) reflex-
enhanced vagal tone secondary to epinephrine-induced
hypertension with suppression of SA node automaticity
would be the predominant mechanism if muscarinic
blockade abolished these pacemaker shifts, and (3)
enflurane or isoflurane exacerbate atrial pacemaker
shifts observed with epinephrine alone in vivo, and,
therefore, “‘sensitize” the atrial myocardium to supra-
ventricular dysrhythmias.

Materials and Methods

The methodology is identical to that previously used
by Woehlck et al.* Briefly, with approval of our Insti-
tutional Animal Care Committee, eight mongrel dogs
(18-22 kg) were prepared for chronic electrophysi-
ologic investigation by implanting epicardial electrodes
and an indwelling aortic catheter. Through a right tho-
racotomy, electrode pairs were sutured to the atrial
appendages and the ventricular apex. Five electrode
pairs were sutured to the right atrium along the sulcus
terminalis (ST), extending from near the SA node to
the inferior vena cava.'® A bipolar needle electrode was
placed into the interventricular septum to record the
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His bundle electrogram.'' The catheter and all leads
were tunneled subcutaneously, exiting between the
scapulae. Electrical signals were preamplified and fil-
tered, and signal strength was individually adjusted.
Lead II of the surface ECG and electrograms of the SA
node, ST, left atrial appendage, and His bundle were
recorded on a chart recorder. Systolic blood pressure
(SBP) was continuously measured together with the
heart rate (HR). A stimulator was used for cardiac pac-
ing. Drugs were given in 0.9% saline solution, and epi-
nephrine was administered with an infusion pump.
At weekly intervals, after completing conscious-state
testing, anesthesia was induced via mask with inhala-
tion of enflurane or isoflurane in oxygen, followed by
tracheal intubation. End-tidal concentration of the an-
esthetics and Pco, were monitored by a mass spectrom-
eter, and depth of anesthesia was maintained at the
equivalent of 1.25 and 2 MAC.'? Ventilation was con-
trolled to keep end-tidal Pco, between 35 and 40
mmHg. Lactated Ringer’s solution provided fluid re-
quirements (3-5 ml-kg™' - h™"). After a 30-min equil-
ibration, eight-channel paper recordings were obtained
together with measurements of HR and SBP. As an in-
dicator of automaticity, sinus node recovery time
(SNRT) was determined by pacing the right atrial ap-
pendage (30 s at 200 and 250 beats/min, 2 msec pulse
duration, 20 mA). Sinus node recovery time was mea-
sured from the last pacing spike to the first spontaneous
atrial activity on the His bundle electrogram, after ces-
sation of pacing. Epinephrine was infused at 1
ug-kg™' »min~' for 3 min via a forelimb vein. Heart
rate, SBP, and site of activation were allowed to return
to baseline (>30 min) before infusing epinephrine at
2 ug-kg™' - min~'. Data were recorded for 5 s at 15-s
intervals during the second and third minute of the
infusions. Atropine methylnitrate (AMN, 3 mg/kg) was
administered for complete peripheral muscarinic
blockade before conscious-state testing, and 1.5 mg/
kg AMN was given 30 min before studies at 1.25 MAC,
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and again before studies at 2 MAC (fig. 1). Anesthetized
dogs were placed in the lateral decubitus position to
avoid venous pooling.

Each heart beat occurring during the recording period
was evaluated and assigned a score, corresponding to
the earliest identifiable atrial origin, as follows: Score

= SA node; score 2 = high rostral sulcus terminalis
(ST); score 3 = midrostral ST; score 4 = midcaudal ST;
score 5 = low caudal ST; and score 6 = remote atrial.
Some beats were of nonatrial origin (7.e., His bundle
or ventricular), and their incidence is presented as the
percentage of all beats per condition (table 1). The
fractions of beats from each atrial origin were multi-
plied by the corresponding scores (1-6). Products
were summed and divided by the percentage of all beats
of atrial origin. Thus, the resulting site of earliest ac-
tivation value (SEA value, range 1-6) was independent
of the number of nonatrial beats. Normal distribution
was confirmed for baseline of SEA values, SNRT, SBP,
and HR. The Kolmogorov-Smirnov test was used to
identify differences in the distribution of SEA values.
The incidence of nonatrial foci was compared by Fried-
man’s test. Other variables were compared by paired
Student’s £ test. Significance was identified at P < 0.05.
Data are expressed as mean + SEM.

Results

Effects of epinephrine and muscarinic blockade on
SEA values are presented in figure 2, and the same data
are arranged in a different way in figure 3 to present
effects of the anesthetics.

Effects of Epinephrine

Epinephrine increased SEA values during enflurane
anesthesia, but, during isoflurane anesthesia, epineph-
rine increased the SEA value only in the absence of
atropine (fig. 2). At 2 MAC enflurane with muscarinic
blockade, 1 pg epinephrine kg™ - min™"' caused the
greatest increase in SEA value (fig. 2). Epinephrine in-
creased the SBP under all test conditions (table 1). With
muscarinic blockade, epinephrine increased the HR,
but, in the absence of muscarinic blockade, epineph-
rine tended to decrease the HR during isoflurane anes-
thesia, and had little effect on HR during enflurane
anesthesia (table 1). No ventricular beats occurred
without exposure to epinephrine.

Effects of Anestbetics
Anesthetics Alone. Enflurane and isoflurane at 1.25
MAC both decreased the SEA value compared with con-
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trol (conscious state, no epinephrine or atropine; table
1), and abolished the respiratory variability in HR and
pacemaker origin present in the conscious state. Nei-
ther enflurane nor isofturane altered HR or SNRT com-
pared with control, but both anesthetics reduced SBP
compared with the conscious state (table 1).

Anesthetics and Muscarinic Blockade. With mus-
carinic blockade present, neither anesthetic affected
SEA values, although both agents reduced HR and SBP
and prolonged SNRT (table 1). With isoflurane and
muscarinic blockade, the HR decreased only at 2 MAC
(table 1).

Anesthetics and Epinephrine., With and With-
out Muscarinic Blockade. With 2 ug epineph-
rine - kg‘1 +min~! and intact vagal reflexes, 1.25 MAC
enflurane decreased the SEA value below the conscious
state value (fig. 3). However, when vagal reflexes were
blocked and epinephrine was infused, enflurane tended
to increase the SEA value (fig. 3). Isoflurane had no
effect on SEA values (fig. 3). With muscarinic blockade
and 1 ug epinephrine - kg™' - min~', the SEA value was
significantly less with isoflurane than with enflurane
(fig. 4). In the absence of muscarinic blockade, the
reduction in HR during exposure to epinephrine was
less with enflurane than with isoflurane (table 1).
However, with muscarinic blockade and exposure to
epinephrine, enflurane decreased the HR more than
isoflurane (table 1). Isoflurane tended to reduce the
HR during exposure to epinephrine (table 1). With
atropine and epinephrine, 2 MAC enflurane decreased
the SBP compared with the conscious state (table 1),
At 2 ug epinephrine kg™« min~! with atropine and
1.25 MAC, enflurane (table 1) caused the least depres-
sion of SBP, but, in general, isoflurane caused the least
depression of SBP response to epinephrine (table 1).

Dogs anesthetized with enflurane frequently exhib-
ited AV block and ventricular escape beats at the be-
ginning of epinephrine infusions, but mostly ventric-
ular ectopic beats or bigeminy at the end of the infu-
sions. During enflurane with atropine, all epinephrine-
induced ventricular beats were premature ectopic
beats. During epinephrine infusions, the atrial rate with
1.25 MAC isoflurane was often slowed to less than 40
beats/min, followed by ventricular escape beats with
minimal ventricular aberration (fig. 5). No such escape
beats were observed with isoflurane at 2 MAC or with
isoflurane and muscarinic blockade. No His bundle
beats occurred in the absence of epinephrine (table
1). With epinephrine, His bundle beats occurred more
frequently with isoflurane at 1.25 MAC (fig. 5) than

20z ludy 01 uo 3sanb Aq Jpd°£Z000-0002 1 £66 1-2¥S0000/080LZE/9LE L/9/6./4pd-Bl0IE/ABOjOISBYISOUE/WOD JIBYDIBA|IS ZESE//:dRY WO} papeojumog



1319

ATRIAL PACEMAKERS WITH ENFLURANE AND ISOFLURANE

Downloaded from http://asa2.silverchair.com/anesthesiology/article-pdf/79/6/1316/327080/0000542-199312000-00023.pdf by guest on 10 April 2024

“BISOYISBUR INOYNM UONIPUCD SLUES SNSIBAGO0 > d T
"NV INCUIM UORIPUOD SLIBS SNSISA GO0 > d
‘auuydauida INOYNM UOIIPUOD SLIES SNSIAA 00 > d .

*UONBAUSIUOD IB0BAIR WINWIURL = DY ‘S1efiujAylaw suidone = NINY ‘UOHeAOR 1S3ILe JO 9US = V35

-uompuo 1ad syesq (e jo abejusoied se passaidxe ale siesq [elleuoN uostiedwod Jo esodind JO} UMOUS BJe ,BE]S SMOIOSLOD SU} WO Bl "8 = U NIS F Uesw umoys ejed

1’0 1’9 .6 Tyl JLF vee ev2' 0+ 851 2
0 0 il FyL L F 16 veg0F G I
0 0 tle Fg8 s FaL €81°0 F GL€°L 0 169 ¥ 962 f.lg8c ¥ 6a8 NV UM
0 €0 gL ¥88 JLFLeg 20F 661 4
I 0 }.. F68 B F68L 250F 9i¢ I
0 0 € F90L s F48 €810 F G.€°L 0 9 F 602 SY T v29 auenos! OYIN 02
0 'L 18 Fvi1 .0l ¥ 052 6¥20F ELE’L 2
0 1’9 }ls FsvL tl.2gl 222 2920 FG.€°L L
0 0 v FLLL v F¢6 ¥9L0F G2t 0 /6 769 oy ¥ 959 NAY UHM
L 98 6 FyL «L1L F082 $5€°0 F G682 4
1584 1oL ¥.. F6. .8 F002 127’0 ¥ 16072 1
0 0 S F¥2lL 2z F¢6 $910F STt 0 F F €86 86 F €19 surINYoOS! OVYIN GZ' L
69 0 1.8 F92i 2l F18L 920F 61 4
20 0 .2 FLLL b Ty SE0F viC I
0 0 v o8 iy 7L €8L'0FestL 0 }1ss ¥ 868 +1vs ¥ 926 NNV UM
o d 0 SL F22l 2L F0ole €0F ¥LL Z
gL 0 € FS0L £ F98L 6E0F 9l¢ 1
0 o £ Fv0lL W F98 €810 FG.€°L 0 82 ¥ 602 8L ¥ 9.9 auBINjUd OVYIN 02
5’6 gl FlelL 761 «6 F .02 IE0F 851 z
€ 0 .01 F 98t <L F 161 1£°0 F968°L I
0 0 s F46 iy F98 8L0F LV 0 1oz ¥ 519 }.128 T 808 NNV UHMm
8L (854 «§ F20L «L1L FOV2 IE0F ¥2°L 4
67¢ 0 8 F60l «ZL ¥ 902 LE0F P61 I
0 0 G Focl gz F36 ¥9L'0F STt 0 G€ F 205 oF ¥ 0.5 sueINyuS DYIN SZ'L
Al 0 1.8 Feee VL F982 6720 F SLE°L 4
0 0 16 FoI2 L.e1L F 202 2020 F95¢e°L 8
0 0 12 F102 e FseL GeLl0F 9t'L 0 191 Fsov {91 ¥ 1o¥ NNV UM
6C 20 L FT6 .8 ¥622 8220 F616°L Z
0 L0 9 FvlLlL . Fl6L L6L0F82LL L
0 0 9 FE€LL 9 F&vlL CrANI [ 0 09 ¥ 6€9 67 F 629 sBoq snoosuo)
(%) sieeg (o) sieag (,-unu - syeaq) (BHww} (9-1 abuey) (,-uw- _B%-67) ,-uiw - syesq \-uiw - syeaq
Je[NOUIUBA 3|pung SIH ajey UeeH 2Inssald anfeA v3s auuydsuidg 052 002

poojg 20IsAS

(swy) awil A19A0D3Y BpoN SNuUIS

JuvINPUY JO JUBINQGOS] PUE ‘OPELI0[ druryedsniy ‘Surrqdourdy 01 pa1eoy S1esg [ELIIEUON Pue ‘9Inssaid poolq ‘Ayppewoiny SpPoN [EHIBOWS T J[qEL

Anesthesiology, V 79, No 6, Dec 1993



1320

VICENZI ET AL.

4- Enflurane 1.25 MAC .- 20MAC
W SEA value
0 SEA value with AMN *
@
=
E
g
[
=
5
<
7

Hg Epinephrine-kg” Limin-!

Fig. 2. Bar graphs depict effects of epinephrine on the site of
earliest activation (SEA) value in enflurane or isoflurane anes-
thetized, chronically instrumented dogs and effects of mus-
carinic blockade by atropine methylnitrate (AMN). n = 8. Data
are mean * SEM. * Versus no epinephrine; 1 versus no AMN.

with enflurane. Because only a subset of dogs (n = 3
of 8) was susceptible to developing this dysrhythmia,
a statistically significant increase of His bundle beats
beyond the conscious state was not achieved.

Effects of Muscarinic Blockade

With 1 ug epinephrine kg™ * min™' and 2 MAC en-
flurane, muscarinic blockade increased the SEA value
(fig. 2). Muscarinic blockade prevented the increase
in SEA value observed with epinephrine and isoflurane
(fig. 2). Without epinephrine, muscarinic blockade
prolonged SNRT under both anesthetic agents and de-
creased HR and SBP under enflurane anesthesia. In con-
trast, during epinephrine infusions, muscarinic block-
ade generally increased HR and had variable effect on
SBP (table 1).

Discussion

The first aim of this study was to evaluate the mech-
anisms for epinephrine-induced atrial pacemaker shifts

Anesthesiology, V 79, No 6, Dec 1993

under isoflurane and enflurane anesthesia. The second
was to test these anesthetic agents for their ability to
potentiate epinephrine-induced atrial dysrhythmias.
Previously reported results for halothane anesthesia®
were derived from the same group of dogs, and the
order of halothane, enflurane, and isoflurane anesthesia
was randomized for each dog. Thereby, increased com-
parability of data makes it more likely to identify dif-
ferences in dysrhythmogenic potential of the three
agents.

Atlee et al. found that, compared with halothane
anesthesia,' enflurane and isoflurane? required more
epinephrine to produce atrial ectopy, with isoflurane
requiring the largest amount. Furthermore, Atlee et
al."? reported that roughly similar doses of epineph-
rine were required to produce the onset of wandering
atrial pacemaker, regardless of the inhalational agent.
Enhancement of wandering atrial pacemaker or atrial
ectopy by the anesthetics (Z.e., atrial sensitization)

4n Epinephrine, 1 ug-kg'l-min'l . 2 ug~kg‘1-min'1

M SEA value
[0 SEA value
3] with AMN 3]
g
E
2
<
[84]
7)
1+
2.0 0
MAC Enflurane
4- 4-
3+ 3
8
=
>
<
44 ]
175)

20 0

MAC Isoflurane

Fig. 3. Bar graphs depict effects of enflurane (top) or isoflurane
anesthesia (bottom) on the site of earliest activation (SEA) val-
ues in chronically instrumented dogs and effects of muscarinic
blockade by atropine methylnitrate (AMN). n = 8. Data are
mean * SEM. # Versus no enflurane/isoflurane; 1 versus no
AMN.
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Epinephrine with muscarinic blockade

. 1 pgkg L min! 4_2ug-kg'l-min'1
O 1.25MAC
8 2MAC
3 T 3
7] 4 | +
52- I t 1 2 T t oo
7] T 1 T 1
| ‘T§ | l
0 | 2 L] L - G L) L T -
HAL IS0 ENF HAL? 15O ENF

Fig. 4. Comparison of the site of earliest activation (SEA) values
during anesthesia with halothane* (HAL, previously published
data), isoflurane (ISO), and enflurane (ENF) in chronically in-
strumented dogs with muscarinic blockade, exposed to 1 and
2 pg epinephrine-kg™ min™. n = 8. Data are mean + SEM.
+ Versus halothane; T versus halothane and enflurane.

could not be investigated in those studies, because
of the lack of conscious-state data for comparison.
Furthermore, none of these studies quantified the se-
verity of atrial pacemaker shifts or the incidence of
His bundle beats.

In the current study, epinephrine produced hyper-
tension and bradycardia in isoflurane-anesthetized dogs,
indicating a functioning baroreceptor reflex arc. As in
the conscious state or with halothane,? this was accom-
panied by shifts from the SA node to increasingly remote
pacemaker locations. Atropine prevented bradycardia
and pacemaker shifts despite epinephrine-induced hy-
pertension. This indicates that, as in the conscious state
or with halothane,? atrial pacemaker shifts during iso-
flurane anesthesia can be attributed to epinephrine-in-

duced hypertension and baroreflex-mediated suppres-
sion of SA node automaticity. We also conclude that,
under isoflurane anesthesia and muscarinic blockade,
no direct (nonvagally mediated) enhancement of au-
tomaticity in subsidiary atrial pacemakers relative to
the SA node occurred, although epinephrine enhanced
the spontaneous automaticity of the SA node. Vagal in-
nervatjon is greater in the SA node region than in lo-
cations of subsidiary atrial pacemakers.'®'¥ This implies
that vagal activity may preferentially inhibit the SA
node, allowing subsidiary pacemakers to escape and
become dominant. Compared with the conscious state,
isoflurane did not facilitate epinephrine-induced atrial
pacemaker shifts under any test conditions. Thus, iso-
flurane did not sensitize the myocardium to epineph-
rine-induced atrial dyschythmias in vivo.

Current findings for isoflurane differ considerably
from #n vitro results. Boban et al.® recently investigated
effects of isoflurane and epinephrine (and norepineph-
rine) on the isolated, canine right atrium. They dem-
onstrated that, without isoflurane, only 5 ug epineph-
rine/1 (as well as norepinephrine) resulted in signifi-
cant pacemaker shifts, but the addition of isoflurane
potentiated pacemaker shifts with 2 and 5 ug epineph-
rine/l (and norepinephrine). Furthermore, epineph-
rine increased the atrial rate, although subsidiary pace-
maker activation preceded that of the SA node.® It was
concluded that enhanced automaticity in subsidiary
atrial pacemakers could account for atrial dysrhythmias
during isoflurane-epinephrine interaction.® Plasma
levels during infusions of 1 and 2 ug epineph-
rine - kg™' - min~" #n vivo (50-100 ug/l free fraction,
confirmed in current experiments by random sampling)

Fig. 5. Ventricular escape beat (I) at 1.25

MAC isoflurane and 2 ug epineph-

rine-kg™' - min™ as opposed to His bun-

dle (H) beats (II) and polymorphic ven-

tricular ectopic beats (III). Note that the

signal of the H on panelIin Bis missing.

The QRS morphology on panel I in 4 is

only slightly altered. 4 is a tracing from

the surface electrocardiogram (lead II),

B from the His bundle electrodes, and C

from the SA node electrodes. Simulta-

neous recordings; paper speed = 200

mm/s.
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exceed those used {n vitro (2 and 5 ug/l perfusate) by
a factor of 5-20. This is evidence that the in vitro
canine right atrial preparation is more sensitive to epi-
nephrine-isoflurane atrial dysrhythmias than the intact
animal, possibly because of the lack of neurohumoral
regulatory mechanisms in vitro.

Results under enflurane anesthesia appeared to be
similar to those with isoflurane. Dogs anesthetized with
1.25 MAC enflurane developed epinephrine-induced
hypertension, increase in pacemaker shifts, and a baro-
receptor-mediated decrease in HR. In the presence of
atropine, epinephrine caused equal hypertension, but
resulted in a HR increase. We conclude, again, that
vagal influences were blocked. However, the pace-
maker shifts occurred independently from muscarinic
transmission because, unlike with isoflurane or in the
conscious state and with halothane,? atropine did not
prevent them. This indicates that, during enflurane
anesthesia, changes in vagal tone are not the predom-
inant mechanism for epinephrine-induced atrial pace-
maker shifts. Furthermore, these results invite the
speculation that enflurane directly enhances subsidiary
atrial pacemaker automaticity relative to SA nodal au-
tomaticity, rather than decreasing vagal tone, and,
therefore, enhancing the automaticity of atrial pace-
makers. As evidenced by changes in SNRT, enflurane
caused the greatest direct (nonvagally mediated)
depression of SA node automaticity. Preferential
suppression of SA nodal automaticity is consistent with
the marked prolongation of SNRT produced by enflur-
ane with muscarinic blockade, but we cannot exclude
that enflurane causes an absolute increase in subsidiary
atrial pacemaker automaticity. Enflurane at 2 MAC re-
duced the SBP response to epinephrine; thus; it reduced
the baroreflex-stimulus, which, in turn, can explain
the lesser reduction of HR. However, enflurane also
appeared to directly attenuate the baroreceptor reflex
response, possibly with actions at various sites.'>!%
Muscarinic blockade would be expected to have little
effect on HR under these conditions. In contrast to re-
sults from conscious dogs and halothane® or isoflurane
anesthesia, pacemaker shifts with 2 MAC enflurane and
1 ug epinephrine - kg™ - min~" were exacerbated by the
addition of muscarinic blockade. This condition re-
sulted also in the lowest HR and greatest SNRT of any
test conditions with atropine. Direct depression of SA

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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node automaticity by enflurane could be responsible
for these effects.'”!® As with 1.25 MAC, enhanced
normal automaticity of subsidiary pacemakers rela-
tive to the SA node, or even an absolute increase in
automaticity of subsidiary atrial pacemakers by en-
flurane, could account for our findings. Sensitization
of atrial myocardium by enflurane without atropine
was not verified in the current study, because pace-
maker shifts during exposure to epinephrine were
not facilitated by enflurane. In contrast, 1.25 MAC
enflurane decreased pacemaker shifts at 2 ug epi-
nephrine, which could be interpreted as desensiti-
zation or protection. However, when combined with
muscarinic blockade, enflurane did increase epi-
nephrine-induced pacemaker shifts. These results
indicate a synergistic effect of muscarinic blockade
and enflurane to sensitize atrial myocardium.
Johnston et al.> suggested that isoflurane and enflurane
sensitize the human heart less to epinephrine-induced
ventricular dysrhythmias than halothane. Joas and
Stevens® and Sumikawa et al.” found equivalent tenden-
cies for these agents to produce ventricular dysrhythmias
in dogs. The authors have previously demonstrated that
enhanced vagal tone caused by epinephrine-induced
hypertension is the predominant mechanism for pace-
maker shifts from the SA node to latent pacemakers in
conscious dogs and during halothane anesthesia.? Com-
paring the current findings with previously reported re-
sults from halothane anesthesia,® we notice that, with
muscarinic blockade and 1 ug epinephrine kg™ - min™?,
the SEA value was significantly less with isoflurane than
with enflurane or halothane* (fig. 4). The SEA value with
atropine and 2 pg epinephrine - kg™ +min~! was less
with 2 MAC isoflurane or enflurane than with 2 MAC
halothane® (fig. 4). We conclude that differences be-
tween halothane, enflurane, and isoflurane in sensiti-
zation of atrial myocardium exist, but are only significant
in the absence of vagal influences on the heart. Under
the latter condition, isoflurane appears to exert the least,
enflurane an intermediate, and halothane the greatest
atrial sensitization. Furthermore, in the presence of
atropine, enflurane generally caused the greatest pro-
longation of SNRT and the lowest HR during exposure
to epinephrine. Thus, enflurane caused the greatest di-
rect, nonvagally mediated depression of SA node auto-
maticity of all three agents. Enflurane and isoflurane de-
pressed SBP during exposure to epinephrine less than
halothane. Assuming that a greater increase in SBP is
followed by greater baroreceptor-mediated suppression
of SA node automaticity, one would expect more severe
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atrial pacemaker shifts with enflurane or isoflurane than
with halothane, adding further evidence that halothane
exacerbates pacemaker shifts more than the other agents,
because of a greater potential for sensitization. Consis-
tent with our knowledge of ventricular sensitization,
and in contrast to halothane* for which observed ven-
tricular beats were overwhelmingly premature ectopic
beats (abnormal automaticity), enflurane presented both
ventricular escape (altered normal automaticity) and
premature ectopic beats. With isoflurane, only ventric-
ular escape, but no premature ectopic beats, were ob-
served, probably because of isoflurane’s lesser potential
to sensitize the ventricles. As expected, ventricular es-
cape occurred only with epinephrine-induced increase
in SBP, and was completely abolished by atropine, re-
gardless of the anesthetic, because it represents the ul-
timate response of sinoatrial pacemakers to increased
vagal tone; 7.e., sinoatrial standstill. Beats during which
P-waves dissociated from the QRS complex, but a His
bundle signal preceded the QRS complex, were scored
as His bundle beats. Although they occurred only in sta-
tistically insignificant numbers and in a subset of dogs,
it is apparent that the overall incidence is somewhat less
with enflurane than with isoflurane, which, in turn, is
less than with halothane anesthesia.

In summary, the authors conclude the following.
First, in chronically instrumented dogs anesthetized
with enflurane or isoflurane, exposure to epinephrine
causes shifts in site of earliest activation away from the
SA node to latent pacemakers. Second, unlike in the
conscious state,? or during isoflurane or halothane
anesthesia, vagal suppression of SA node automaticity
in response to increased blood pressure with epineph-
rine does not appear to be the predominant mechanism
for atrial pacemaker shifts during enflurane anesthesia.
Instead, direct, selective depression of SA node auto-
maticity and enhanced automaticity of subsidiary atrial
pacemakers by enflurane are suggested as the mecha-
nism. Third, enflurane sensitizes the atrial myocardium
only with muscarinic blockade, whereas isoflurane does
not sensitize to atrial dysrhythmias under any test con-
dition. And, fourth, in contrast to halothane,? ventric-
ular escape beats frequently emerge with isoflurane
and epinephrine. With enflurane and epinephrine,
both ventricular ectopic beats and ventricular escape
beats occur.

The authors thank Dr. R. Hoffman, for his valuable advice in data
analysis, and J. Krolikowski, for his technical assistance.
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