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SUMMARY

1. Instantaneous levels of vagal cardiac inhibition reflect integrated responses of
vagal motonuclei to multiple sensory neural inputs. We studied how two of these
inputs, from trigeminal cutaneous receptors and carotid arterial baroreceptors
interact to influence human vagal cardiac outflow.

2. Nine healthy young men voluntarily maintained breathing rates and tidal
volumes within narrow limits. Carotid baroreceptors were stimulated with brief
periods of moderate neck suction. Volunteers were studied prone, breathing through
a snorkel, before and during face immersion in cold water, and before and after an
intravenous injection of a very low dose of atropine sulphate (which increases vagal
cardiac efferent activity in dogs).

3. Face immersion raised blood pressure slightly, increased heart period, and
augmented baroreflex bradycardia and respiratory sinus arrhythmia significantly.
Low-dose atropine together with face immersion further augmented blood pressure,
heart period, baroreflex responses and sinus arrhythmia.

4. These results suggest that one input to the central nervous system (from
trigeminal cutaneous receptors) which increases vagal cardiac outflow, augments
vagal responses to another input (from arterial baroreceptors). Since the initial
pathways ofthese two inputs are anatomically separate, it is likely that the influences
ofrespiration and low doses ofatropine on vagal motonuclei are exerted down-stream
from the termination of primary trigeminal and baroreceptor afferent fibres.

INTRODUCTION

Diving provokes bradycardia mediated by increased vagal cardiac motoneuronal
activity (Richet, 1899). This increased rate of firing reflects an algebraic response of
vagal nuclei to changing levels of several converging sensory inputs. Two of these
neural inputs, from arterial baroreceptors and trigeminal cutaneous receptors,
initially traverse different brain-stem pathways (Brodal, 1981). We considered that
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the existence of this anatomical disparity might be used to try to increase under-
standing of central regulation of human vagal cardiac motoneurone activity. We
selectively modified the afferent input from trigeminal receptors and arterial baro-
receptors to determine in what ways trigeminal input modifies vagal responses to
baroreceptor input; how responses to these two inputs are modified by a pharmaco-
logical intervention (intravenous low doses ofatropine) which augments vagal cardiac
motoneurone activity (Katona, Lipson & Dauchot, 1977; Garcia, Jordan & Spyer,
1978); and how they are modified by a third influence, spontaneous respiration.

METHODS

We stimulated arterial baroreceptors with neck suction applied to prone healthy young men,
before and during face immersion in cold water, and before and after low-dose atropine.

Subject8. We studied eleven healthy, normotensive men, ages 22-27 years, after they gave written
consent to participate in the research. Results from two subjects were excluded; one had frequent
premature atrial beats, and the other was found to have drunk alcoholic beverages excessively,
shortly before the study. In two other subjects, responses to neck suction could not be measured.
One developed sinus arrest with neck suction during face immersion, and the other developed
premature ventricular beats at the time neck suction was applied. Thus, we report complete studies
on seven volunteers and incomplete studies (comprising all interventions except neck suction) on
an additional two.

Measurements. We used ink-writing and FM tape recorders to transcribe the electrocardiogram,
beat-by-beat R-R interval, tidal volume (Respitrace Respiration Monitor), end-tidal carbon
dioxide concentration (mass spectrometer) and neck chamber pressure (strain gauge pressure
transducer). We measured water temperature with a thermometer and blood pressure with a
sphygmomanometer cuff. A digital computer measured responses to neck suction and made
frequency histograms of heart period on-line in real time, and a processing digital oscilloscope
(Norland 3001) measured respiratory and cardiac intervals, tidal volumes and end-tidal carbon
dioxide concentrations from FM tape play-back recordings.

Experimental protocol. We studied eight of the nine subjects twice. All measurements were made
with subjects lying prone, breathing through a snorkel in a quiet, warm (about 22-25 0C) room.
At the beginning of an experimental session, subjects breathed at a rate of about 12/min according
to an auditory signal; the tidal volume each volunteer established during this period was used
throughout the remainder of the experiment. (During interventions, the investigators encouraged
subjects to breathe more or less deeply as necessary, according to on-line measurements of tidal
volume.)
Frequency histograms of heart period were developed over 10 min during each intervention from

measurements of the intervals between threshold crossings set on the upstroke ofthe R wave. Blood
pressures were measured three times during a period of about 3 min during the second experimental
session, and were averaged. (All other measurements were made during the first session.) All
measurements were made before and during face immersion and before and after intravenous
atropine sulphate, 0-725 ,g/kg. A recent study (Raczkowska, Eckberg & Ebert, 1983) established
that this dose significantly prolongs base-line heart period. Subjects' foreheads rested on a cushion
in a rectangular tray. For the face immersion portion ofthe protocol, ice water (maintained between
5 and 5-5 0C) was added to the tray to submerge volunteers' lower faces. Most subjects wore a nose
clip during immersion.

Arterial baroreceptor8 were stimulated with 30mmHg suction applied to a neck chamber
(Eckberg, Cavanaugh, Mark & Abboud, 1975) during held expiration, beginning exactly 5 s after
the end of expiratory air flow and continuing for 5 s. Twenty such stimuli were delivered and P-P
interval changes were plotted as functions of the interval between the onset of neck suction and
each successive P wave, as described earlier (Eckberg, 1977b). Results were averaged at 0-75 s
intervals.

Stati8tical analyses. Statistical comparisons were made with the paired t test and multivariate
analysis of variance with replication (Winer, 1962). Differences were considered significant when
P was less than or equal to 0 05.
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RESULTS

Baroreceptor responses. Responses of one volunteer to baroreceptor stimulation,
before and during face immersion, are depicted in Fig. 1. The baroreflex-mediated
prolongation of heart period (baroreflex bradyeardia) was augmented in this subject
during face immersion. Volunteers did not regulate their breathing rates and depths
during this portion of the experiment, and in this record, breathing interval and tidal
volume were slightly greater during face immersion than before. However, these small
changes are unlikely to have augmented respiratory sinus arrhythmia to the extent
observed (Eckberg, 1983), and therefore, this record suggests that respiratory sinus
arrhythmia also is augmented by face immersion.
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Fig. 1. Original record from one volunteer. 'Air' indicates control measurements made
before face immersion (in water 5-5-5 0C). Heart period fluctuations during breathing and
heart period prolongations with neck suction were greater during face immersion than
before. Volunteers did not regulate their breathing rates and tidal volumes during this
portion of the study. Experiment B2231.

Average responses of seven subjects to baroreceptor stimulation are shown in Fig.
2. Face immersion significantly increased baroreflex bradyeardia before (left panel)
and after (right panel) intravenous, low-dose atropine. The average control response
('air') after atropine was greater (P = 0052, single-tailed test) than that before
atropine. (In an earlier study conducted in eight supine young adults (Raczkowska
et al. 1983), augmentation of baroreflex responses after the same dose of atropine was
highly significant (P = 0007).) The average baroreflex response during immersion
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Fig. 2. Average heart period prolongations provoked by 30 mmHg neck suction applied
for 5 8, in seven volunteers. Each successive P-P interval prolongation was plotted as a
function of time from the onset of neck suction (time 0) until the P wave concluding each
cycle. Responses were averaged at 0 75 s intervals. Face immersion significantly enhanced
baroreceptor-cardiac reflex inhibition. The mean response during immersion after atropine,
0-725 jug/kg, was significantly (P less than 0001) greater than the three other mean
responses. Error bars encompass one s.E. of mean.
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Fig. 3. Frequency histograms of heart period from another volunteer during the four
interventions. Histograms were developed over 10 min periods. Experiment W2250. A,
control/air; B, control/immersion; C, atropine/air; D, atropine/immersion.

7 .,---A.IUMVIV.W.Vlftl-



FACE IMMERSION AND VAGAL CARDIAC INHIBITION

after atropine was significantly greater than the control response after atropine
(P < 0 001) and the control and immersion responses before atropine (P < 0 001).
Face immersion increased average (± S.E. of mean) systolic and diastolic pressures

insignificantly prior to atropine (from 122 + 3 to 128 + 3 mmHg, P = 0-08, and from
76+ 2 to 79 +±1 mmHg, P = 0-12) and significantly after atropine (from 123+ 2 to
130+ 2 mmHg, P = 0-004 and from 77+2 to 83+2 mmHg, P = 0-004).

Respiratory sinus arrhythmia. Fig. 3 depicts frequency histograms for another
volunteer during the four interventions. Face immersion (panel B) shifted the
frequency histogram to the right (slowed the heart rate) and widened the range of
intervals. Low-dose atropine without face immersion (panel C) provoked similar
changes, and the combination of low-dose atropine and face immersion (panel D)
provoked the largest rightward shift of the frequency histograms and dispersion of
heart periods.
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Fig. 4. Mean heart period and standard deviations of heart period (an index of the level
of vagal cardiac outflow) in nine volunteers. P values were derived from paired t
comparisons before and during face immersion.

Average mean heart periods and standard deviations of heart period in all nine
subjects during the four interventions are shown in Fig. 4. Low-dose atropine
significantly (P < 0 004) increased mean heart period before and during face immersion
(left panel). Low-dose atropine also produced an upward shift of standard deviation
ofheart period, which we used as an index ofthe level ofcardiac vagal efferent activity
(Katona & Jih, 1975; Eckberg, 1983); however, this change was significant before
(P = 0 05) but not during immersion (P = 0-08). The increases of mean heart period
and standard deviation of heart period provoked by face immersion were comparable
(P > 0 40) before and after atropine. Immersion provoked little change ofthe average
minimum, and tended to prolong the average maximum heart period during a breath.
Respiratory frequency, tidal volume and end-tidal carbon dioxide concentrations
were comparable (P > 0 05) during all interventions.

DISCUSSION

In this study, we modified two inputs to the central nervous system (from
trigeminal cutaneous receptors and carotid arterial baroreceptors), measured one
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output (vagally mediated changes of heart period) and drew inferences regarding
central vagal cardiac control mechanisms. The principal new findings are that
trigeminal cutaneous receptor stimulation significantly increases vagal, baroreflex
bradycardia and respiratory sinus arrhythmia, and that low-dose atropine similarly
enhances vagal cardiac inhibition produced by trigeminal cutaneous receptor and
baroreceptor stimulation.

Diving bradycardia. In mammals, diving bradyeardia results from stimulation of
receptors of the face and nares, innervated by the trigeminal nerve (Dykes, 1974;
Drummond & Jones, 1979; Khurana, Watabiki, Hebel, Toro & Nelson, 1980). In
contrast, in dabbling ducks, the relatively slow onset of bradyeardia in forced dives
is due to chemoreceptor stimulation (Jones & Purves, 1970). Cessation of ventilation
(Lin, Matsuura & Whittow, 1972; Bamford & Jones, 1976; Angell-James, Elsner &
Daly, 1981) and altered labyrinthine or cervical proprioceptor activity (Paton, 1913)
may also contribute to diving bradyeardia in both birds and mammals. In the present
study, only face immersion contributed to bradyeardia because ventilation, breathing
rate, tidal volume, and body position were comparable before and during face
immersion.
The contribution of arterial baroreceptors to diving or to 'simulated diving'

bradycardia is controversial. Andersen & Blix (1974) found that diving raises blood
pressure, and they concluded that diving bradycardia results from increased levels
of afferent baroreceptor traffic. Although this mechanism may contribute to diving
bradyeardia, it is not a sufficient explanation, since chronic baroreceptor denervation
has no significant effect on diving bradyeardia (Jones, 1973; Lillo & Jones, 1982).
It has been unclear whether diving decreases or increases baroreflex responses. Recent
inferential evidence suggests that diving reduces baroreflex responsiveness in ducks
(Millard, 1980). This conclusion contrasts with earlier findings that diving increases
baroreflex responsiveness in seals (Angell-James, Daly & Elsner, 1978). The latter
study showed that the regression of pulse interval on blood pressure after phenyl-
ephrine injections in anaesthetized seals was steeper during simulated diving than
before. However, in some trials, simulated diving also raised arterial pressure, and
the authors could not determine if simulated diving increased baroreflex gain or
merely shifted the sigmoidal blood pressure-heart period relation (Koch, 1931) onto
a steeper segment.
Our results from seven unanaesthetized volunteers show that face immersion

significantly (P < 0-001) augments baroreflex bradyeardia. It is unlikely that this
change is due merely to higher blood pressures since before atropine, immersion led
to only small increases of blood pressure (the average change was from 122/76 to
128/79 mmHg). An earlier study showed that healthy young subjects operate in the
threshold region of their blood pressure-heart period relationships (Eckberg, 1980).
On the basis of this study, which also was conducted with healthy young adult
volunteers, a small elevation of blood pressure would be expected to shift pressure
further into the 'linear' portion ofthe blood pressure-heart period relation and should
not augment baroreflex bradycardia responses substantially.

Interactions between baroreceptors and trigeminal receptors on cardiac vagal moto-
vaeurones. Since the initial trigeminal and baroreflex pathways are different (Brodal,
l981), it seems unlikely that trigeminal receptor stimulation directly influences
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activity of primary baroreceptor neurones. (However, we cannot exclude an influence
of trigeminal stimulation on efferent sympathetic traffic to the carotid sinus (Felder,
Heesch & Thames, 1983).) If this inference is correct, the interaction we observed
occurs 'down-stream' from primary baroreceptor terminations.
We think our data point toward a specific, rather than a non-specific interaction.

Increases of vagal cardiac inhibition provoked by low levels of neck suction do not
augment sinus node responses to additional neck suction (Eckberg, 1977 a). Moreover,
reductions ofvagal cardiac inhibition provoked by hypoxic chemoreceptor stimulation
do not alter responses to baroreceptor stimulation (Eckberg, Bastow & Scruby, 1982).
Thus, augmented baroreflex responsiveness would not be expected merely on the basis
of trigeminally mediated increases of the level of base-line vagal cardiac activity.
However, the trigeminal-baroreflex interaction we have documented may not be
unique. A similar interaction may occur when cardiac receptors and arterial
baroreceptors are stimulated simultaneously: patients with acute inferior myocardial
infarctions appear to be unusually susceptible to sinus node inhibition provoked by
carotid massage (Martens, Nikl, Beck & Hochrein, 1981).

Diving bradycardia and respiratory sinus arrhythmia. We found that respiratory
sinus arrhythmia was significantly greater during face immersion than before. A
similar observation was made in an anaesthetized seal by Angell-James et at. (1981);
our findings extend this earlier work by showing that the effect they reported from
a single animal occurs consistently and significantly in a group of conscious human
subjects. Gandevia, McCloskey & Potter (1978) showed that bradyeardia during
simulated diving can be reversed by inspiratory efforts made against a closed glottis.
Our results complement and extend this finding by showing that inspiration reverses

bradycardia during normal breathing as well, such that the shortest heart periods
during the breathing cycle are comparable, but the longest heart periods are longer
during than before immersion.
Other evidence suggests that moderate fluctuations of inputs over a variety of

afferent pathways influence respiratory sinus arrhythmia. Respiratory sinus arrhy-
thmia is augmented by increased arterial pressure (Schneyer, 1935) and inferior
myocardial infarction (Chung & Morgan, 1969) and reduced by hypoxic chemoreceptor
stimulation (Eckberg et al. 1982). It is conceivable that respiration influences these
disparate reflex pathways individually before they converge upon cardiac vagal
motonuclei. However, amore economical interpretation is that respiratory modulation
occurs at or near cardiac vagal motonuclei. This speculation is supported by more

direct evidence: activity recorded from primary baroreceptor afferent fibres does not
display respiratory periodicity (Jordan & Spyer, 1979), and neural activity with
respiratory periodicity can be recorded in the vicinity of vagal cardiac motonuclei
(McAllen & Spyer, 1978).

Influence of low-dose atropine on trigeminal-cardiac reflex responses. Garcia et al.
(1978) found that iontophoretically applied, minute doses of atropine sulphate
augment firing of vagal cardiac motonuclei, and Katona et al. (1977) found that
intravenous, low doses of atropine also augment vagal cardiac efferent activity.
Recently, low-dose atropine has been shown to augment average heart period and
standard deviation of heart period (Raczkowska et al. 1983). The present results
extend these earlier findings by showing that low-dose atropine also increases vagal

81



82 D. L. ECKBERG, S. K. MOHANTY AND M. RACZKOWSKA

responses to trigeminal stimulation. Again, an economical interpretation of these
results is that the central effect of low-dose atropine is exerted down-stream from
primary baroreceptor or trigeminal afferent fibre terminations. (The references cited
above indicate that low-dose atropine exerts an important central effect; however,
we have not excluded an additional peripheral site of action.)

In conclusion, our results provide several new or refined insights into autonomic
modulation ofhuman vagal cardiac motoneurone activity. They provide quantitative
evidence that one input which increases vagal cardiac outflow (trigeminal stimulation),
augments vagal responses to another (arterial baroreceptor stimulation) and they
provide inferential evidence that the influence of respiration and low-dose atropine
on vagal cardiac motonuclei may be exerted down-stream from the terminations of
primary autonomic afferent fibres.
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