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SUMMARY

In cannulated trout there was no cholinergic vagal tone as revealed by atro-
pine blockade during normal heart rates. Reductions in heart rate occasionally
occurred under normoxia without apparent external stimuli ('spontaneous'
bradycardia) and always occurred under environmental hypoxia (hypoxic
bradycardia) due to the imposition of significant vagal tone. Direct measure-
ments of cardiac output (Q) during these bradycardias showed that increases
in cardiac stroke volume compensated for the falls in heart rate so that total
Q remained unchanged or increased slightly. Sudden experimental reductions
in arterial blood pressure via blockade of systemic vasomotor tone with
yohimbine or via haemorrhage had no effect on heart rate during normal
rates, but caused cardioacceleration during both types of bradycardia. These
increases in heart rate never exceeded the point of zero vagal tone (normal
heart rate) and were largely or wholly due to reductions in endogenous vagal
tone. These cardioaccelerations were temporary; spontaneous bradycardia
could re-occur at any time, while hypoxic bradycardia always re-occurred if
the hypoxic stimulus were maintained. The results are interpreted in terms
of a central interaction between the baroreceptor and chemoreceptor
reflexes.

INTRODUCTION

It has long been known that environmental hypoxia can elicit a reduction in heart
rate in teleosts (e.g. Randall & Shelton, 1963) as can a rise in arterial blood pressure
(e.g. Mott, 1951). A variety of non-specific 'stresses' can also induce bradycardia
(e.g. Randall, 1968). The efferent pathways for all these reflexes are the parasym-
pathetic fibres of the cardiac branch of the vagus nerve. Hypoxia receptors (chemo-
receptors) have recently been localized to the first pair of branchial arches (Daxboeck
& Holeton, 1978; Smith & Jones, 1978) while baroreceptors apparently occur on all
four gill arches (Ristori, 1970; Ristori & Dessaux, 1970). Parts of these arches are
considered the phylogenetic antecedents of the peripheral reflexogenic areas of the
mammalian circulation, the carotid and aortic regions (Heymans & Neil, 1958).
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In mammals, complex interactive effects of peripheral chemoreceptor and baro--
receptor stimulation on cardiovascular function are well documented, though noB"
completely understood (Heymans & Neil, 1958; Burton, 1972; Berne & Levy, 1972).
Recent work indicates that such interactions may result from direct inputs of both
receptor types to the medullary vasomotor centre, from interconnexions between the
respiratory and vasomotor centres, and from secondary systemic reflexes (Oberg,
1976). In teleost fish, both baroreceptor reflexes (Mott, 1951; Randall & Stevens,
1967; Ristori, 1970; Ristori & Dessaux, 1970; Stevens, Bennion, Randall & Shelton,
1972; Helgason-& Nilsson, 1973; Wood & Shelton, 1980) and chemoreceptor reflexes
(Randall & Shelton, 1963; Holeton & Randall, 19670,6; Randall & Smith, 1967;
Daxboeck & Holeton, 1978; Smith & Jones, 1978) have been well documented, but
there is no information on possible interactions between the two. The primary aim
of the present study on the rainbow trout was to investigate whether such interactions
in fact occur, employing changes in heart rate as an index of the cardiovascular re-
flexes. The previous baroreceptor studies have concentrated only on the results of
loading the pressoreceptors. Under such loading, interactive effects would be difficult
to detect, because both pressor and hypoxic stimuli have similar inhibitory influences
on heart rate. Therefore the present study examined the effects of unloading the
baroreceptors during both normoxic and hypoxic conditions. A second objective was
to directly measure the influence of the bradycardial response on total cardiac output.

MATERIALS AND METHODS

The experiments were performed on 40 rainbow trout {Salmo gairdneri) as part of
a general study on the effects of autonomically active drugs on cardiovascular per-
formance, some of which has already been described (Wood & Shelton, 1980). The
maintenance, operative, experimental, and recording conditions are detailed in that
report. Thirty-five of the animals were fitted with dorsal aortic, subintestinal vein,
and either caudal artery or caudal vein catheters. The dorsal aortic cannula was used
for recording arterial blood pressure (Pa) and instantaneous heart rate, the caudal
artery and vein cannulae for experimental haemorrhage, and the subintestinal vein
cannula for injection of drugs. The other five fish each received a ventral aortic flow
probe for the direct measurement of cardiac output (Q) in addition to the combination
of catheters. Cardiac stroke volume was calculated from simultaneous measurements
of mean ventral aortic flow and instantaneous heart rate. Drugs employed were 1-
noradrenaline bitartrate, 1-adrenaline bitartrate, yohimbine hydrochloride, acetyl-
choline chloride, and atropine sulphate (all Sigma). Other more specific experimental
details are given at appropriate points in the text.

Most fish were exposed to a sequence of drugs and treatments, but each experi-
mental run was separated by at least 4 h. After pharmacological blockade (yohimbine,
atropine), further tests were not carried out for at least 48 h to ensure that the
effects of the blockade had totally disappeared. The efficacy of blockade was period-
ically checked with appropriate agonists (acetylcholine for muscarinic cholinergic
blockade, adrenaline or noradrenaline for a-adrenergic blockade; Wood & Shelton,
1980). Dorsal aortic blood pressures are reported as area means-i.e. 1/3 (1 systolic
+ 2 diastolic) (Burton, 1972). Throughout the study, each animal was used as its ovM
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fcontrol. Results have been expressed as x ± 1 s.E. (N), where N represents the number
Bf experimental runs. The significance of differences before and after a particular
experimental procedure were tested by means of the Student's paired two-tailed
* test. Except in the acetylcholine and Q trials, at least five trout contributed data to
each experimental treatment group.

RESULTS

(I) Spontaneous bradycardia

Under normoxic conditions (-P^ot = I4°~I55 torr)> t n e present trout normally
maintained mean Pa's of 25-45 cm H2O and regular heart rates of 60-iio/min with
generally little variation of the instantaneous beat to beat frequency as recorded by the
ratemeter. However nearly all the animals exhibited occasional periods (30 s to
20 min) of reduced heart rate (30-70/min) usually accompanied by an irregularity of
the instantaneous frequency (Fig. i, Table 1). Arterial pulse pressure was increased
and mean Pa was sometimes slightly elevated (Table 1). Direct measurements of Q
were obtained in two trout (one run each) during the bradycardia. These indicated
that the fall in heart rate was accompanied by an almost proportional increase in
cardiac stroke volume so that total Q was more or less constant. The event was not
associated with any apparent external stress. For convenience, it is termed 'spon-
taneous ' bradycardia, although we recognize that unknown external stimuli may have
been the proximate cause.

The muscarinic cholinergic antagonist atropine (100 nmole/100 g) immediately and
permanently (4-6 h) reversed the spontaneous bradycardia back to normal heart rate
(Table 1, Fig. 1 A). Atropine had no effect on cardiac frequency during normal heart
rate (Table 1). These results indicate that spontaneous bradycardia is a classical 'vagal
bradycardia' mediated through muscarinic cholinergic receptors on the heart (cf.
Randall, 1968). During both normal and spontaneously reduced heart rates, atropine
also caused a significant fall in Pa (Table 1, Fig. iA) which persisted for only 15-
30 min. Measurements of Q under normal heart rates indicated that the latter was at
least in part associated with a depressant effect of the drug on cardiac stroke volume
(C. M. Wood & G. Shelton, in preparation).

The a-adrenergic antagonist yohimbine (100 nmole/100 g), when administered
during spontaneous bradycardia. had a superficially similar effect to that of atropine.
The heart rate returned to normal and Pa fell markedly (Fig. 1B, Table 1), the latter
due to blockade of endogenous a-adrenergic tone in the systemic vasculature (Wood &
Shelton, 1980). Like atropine, yohimbine similarly reduced Pa during normal heart
rates but had no effect on cardiac frequency (Table 1). At least during normal heart
rates, yohimbine had a negligible effect on Q and cardiac stroke volume (Wood &
Shelton, 1980). However, whereas the reversal of bradycardia by atropine was immedi-
ate and preceded the drop in Pa (Fig. 1 A), the reversal by yohimbine was delayed and
paralleled or followed the fall in Pa (Fig. 1B). Furthermore, the depressor effect of
yohimbine was extremely long-lasting (6-12 h), but spontaneous bradycardia could
re-occur at any time, sometimes within minutes. These results suggested that the fall
in systemic vascular resistance (Rs) mediated by yohimbine (Wood & Shelton, 1975;
Wood, 1976; Wood & Shelton, 1980) was itself responsible for the temporary reversal

• spontaneous bradycardia. This could occur through the drop in Rg either directly
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Fig. I. Original records showing the effects of four different treatments (at arrows) on instant-
aneous heart rate (HR) and dorsal aortic blood pressure (Pa) during periods of spontaneous
bradycardia in four different fish. (A) atropine (ioo nmole/ioo g). (B) yohimbine (ioo nmole/
ioo g). (C) haemorrhage (0-5 % body weight) from caudal vein. (D) ocetylcholine (320 pmole/
ioog).

(via neural feedback from, say, length receptors in the smooth muscle of systemic
resistance vessels) or indirectly (via the consequent fall in Pfl acting on baroreceptors)
overriding the bradycardial mechanism at a central level. However, the possibility
remained that yohimbine could be non-specifically blocking cardiac muscarinic re-
ceptors and therefore reversing spontaneous bradycardia by essentially the same
mechanism as atropine. This possibility was eliminated by the results of numerous
experiments in which this dose of yohimbine had no effect on the cardiac dos^
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Table i. The effects of atropine (loonmok/ioog), yohimbine (100 nmole/ioog),
and haemorrhage (0-5% body weight) on heart rate (HR) and average dorsal aortic
blood pressure (Pa) during periods of normal heart rate and spontaneous bradycardia
(means ± 1 S.E.)

Treatment

Atropine (N — 14)

Yohimbine (N = 10)

Haemorrhage (JV = 6)

Atropine (N •= 6)

Yohimbine (N = 6)

Haemorrhage (N « 12)

Before

Pa (cm H,O)

32-7±i-8

33'6±2-i

37-8 ±3-4

40-1 ±2-6

306 ±3-3

43-1 ±i-8

treatment

HR (beats/min)

Normal

69'4±3'5

78-5 ±3-8

73"3±3"2

Spontaneous

S8-9±S'3

44-6 ±4-4

56-0 ±5-0

After

Pa (cm H,O)

heart rate

26-7 ±1-2
P < o-ooi

2 i - 7 ± i - 4
P < 0001

25-8 ±2-2
P < o-ooi

bradycardia

33'0±3-5
P < o-oi

2O-I ± 1 - 8

P < O-O2
33-1 ±2-0
P < o-ooi

treatment

(HR (beats/min)

69-2 ±3-3
P = n.s.

78-0 ±4-0
P = n.s.

73'4±3"i
P = n.s.

85-6 ±5-9
P < o-oi

75-3 ±3-8
P < o-oi

74-6±4-i
P < o-ooi

P <= significance with respect to corresponding value before treatment.

response curve (negative chronotropism) to injected acetylcholine (C. M. Wood &
G. Shelton, in preparation).

Experimental haemorrhage was employed to test whether the reversal of spon-
taneous bradycardia by yohimbine was directly due to the decreases in Rs or indirectly
mediated by the resulting fall in blood pressure. Haemorrhage should reduce Pa

without directly lowering Rs. Indeed, if anything, the procedure would be expected
to increase Rs by reduction of passive distention (Wood & Shelton, 1975). Animals
were bled by 0-5% body weight (approximately 10% blood volume) over 15-30 s
from either the caudal artery or caudal vein catheter while Pu and heart rate were
recorded from the dorsal aortic catheter. The rate of decline of Pa, but not the final
size of the decrease, was somewhat greater with bleeding from the arterial than from
the venous site, but results were very similar with the two procedures and are com-
bined in subsequent analyses.

Haemorrhage caused virtually identical effects to those produced by yohimbine.
Spontaneous bradycardia was reversed with a time course following or paralleling the
fall in Pa (Fig. 1 C, Table 1). Again the effect was by no means permanent, and brady-
cardia could be re-imposed at any time. Haemorrhage during normal heart rates
caused a comparable fall in Pu but had no effect on cardiac frequency (Table 1).
Re-infusion of the blood after 3-5 min always caused a pressor effect in Pa (an increase
of 15-40 cm H20) and accompanying bradycardia of variable duration in trout that
originally had either normal or spontaneously reduced heart rates. Thus it is not the
fall in R8 itself caused by yohimbine, but rather the resulting fall in pressure that is
important in overriding spontaneous bradycardia. Further support for this concept
was gained by reducing blood pressure in a totally different manner in three fish.
Low doses of acetylcholine (up to 1 nmole/100 g) decrease blood pressures throughout
^ cardiovascular system by muscarinic inhibition of cardiac stroke volume with no
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effect on the systemic vasculature (Wood, 1977; C. M. Wood & G. Shelton, in pre
paration). Such doses either had no effect or an inhibitory effect on cardiac frequency
during normal heart rates, but during spontaneous bradycardia caused a definite
increase (Fig. 1D). The bradycardia was usually re-established as the depressor effect
subsided. All the evidence therefore points to sensory input from baroceptors inter-
acting at a central level with the mechanism of bradycardia and releasing vagal tone.

Measurements of Q during haemorrhage were obtained in two fish, but only during
normal heart rates. Haemorrhage caused a rapid decline in cardiac stroke volumes
( — 42%, — 32%) which remained stable at these reduced levels over the next 3-5 min.
As heart rates did not change, these reductions were directly reflected in Q. Re-
infusion of the blood at the end of this period caused a temporary bradycardia (15-
30 s) with sustained increases in stroke volume and Q above control levels ( + 37%,
+ 38%) followed by a gradual return to normal after 10-15 m m - I n order to follow
the time course of Po correction after unreplaced haemorrhage, the blood was not
immediately re-infused in some experiments. In these cases, the fall in Pa was gradu-
ally and completely corrected over 15-40 min.

II. Hypoxic bradycardia

A parallel series of experiments was performed during hypoxic bradycardia to test
whether a similar effect of blood pressure on heart rate occurred during a bradycardia
of chemoreceptor origin. Environmental hypoxia was induced by simply stopping the
water flow to the fish chambers and allowing the animal to deplete the available
oxygen. The treatment was controlled not by the change in water POt but by the
change in heart rate. The chamber was closed until cardiac frequency had declined by
25-50% of the normal level, a period of 20-45 min, depending on the size of the fish
relative to the size of the chamber. Measurements of Px Ol and Px COl were performed
in some trials. P^o, typically declined from 140-155 torr to 50-65 torr by the end of
the hypoxic period, while P^coi increased from about 0-5 to i-o torr.

A highly significant bradycardia occurred during hypoxia in all treatment groups
(Table 2). Pa rose in magnitude and pulse amplitude in most (but not all) fish (e.g.
Fig. 2 A), and the overall change was significant in most groups (Table 2). It is possible
that the rise in Pa could have contributed to the bradycardia via the baroreceptor
reflex in some of the fish, but the extent of heart slowing was much greater than that
normally associated with pressor events of this magnitude in non-hypoxic fish. The
rise in Po in one treatment group (control) was more than twice as large as in the others,
yet the bradycardia was of similar magnitude (Table 2). Furthermore the hypoxic
bradycardia developed normally after the pressor response had been eliminated by
yohimbine (see below). A specific effect of hypoxia mediated via chemoreceptors was
therefore indicated. In control fish (subjected only to hypoxia), flushing the chamber
with normoxic water at the end of the hypoxic period caused an immediate increase
back to the original rate often accompanied by a further small rise in Pn (Table 2).
By 30 s after the end of hypoxia, Pa had stabilized at a level significantly lower than
the hypoxic value but higher than the original (Table 2) and gradually returned to
normal over the following 30-60 min.

The administration of atropine (100 nmole/100 g) during hypoxic bradycardia im
mediately returned heart rate to the original level despite the continuation of hypo>j
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Fig. 2. Original records showing the effects of three different treatments (at arrows) on
instantaneous heart rate (HR) and dorsal aortic blood pressure (Pa) during periods of environ-
mental hypoxia in three different fish. (A) Atropine (ioo nmole/ioo g). (B) yohimbine
(ioo nmole/ioo g). (C) Haemorrhage (or5 % body weight) from caudal vein. Hypoxia was
induced by stopping the water flow to the fish chambers prior to the start of the period shown.
Note the development of the hypoxic bradycardia in (A) while it was already partially de-
veloped in (B) and (C) prior to the start of the record shown. At A the chambers were flushed
with normoxic water.

(Fig. 2 A, Table 2). Pn did not change significantly (Table 2). Flushing the chamber
with normoxic water caused no further change in heart rate, but Pa dropped to a level
significantly below the original (Fig. 2 A, Table 2). Subsequent imposition of hypoxia
had no effect on heart rate. Thus the hypoxic bradycardia was also of classical vagal
origin (cf. Randall & Smith, 1967).

Yohimbine (100 nmole/ioo g) injected during hypoxic bradycardia caused a
dramatic fall in Pa (Fig. 2B, Table 2) similar to that seen during normal heart rate or
spontaneous bradycardia (Fig. 1 B, Table 1). The hypoxic bradycardia was reversed to
a variable but significant extent during or following the fall in Pa (Fig. 2 B). The maxi-
mum rate reached during this cardioacceleration was never greater than the original
in any run, and, on average, remained significantly lower than both the original and
post-hypoxia values (Fig. 2B, Table 2). As hypoxia was continued, the heart rate

^yentually returned to the pre-yohimbine level of bradycardia, though the time
Bourse of the return was extremely variable from fish to fish. Fig. 2B shows an
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Fig. 3. Changes in (A) mean dorsal aortic blood pressure (Pa); (B) heart rate (HR); (C)
cardiac stroke volume (SV); and (D) total cardiac output (£)) during the last 16 min of environ-
mental hypoxia and after return to normoxia in seven runs on three fish. Control values were
taken prior to hypoxia. Hypoxia was induced by stopping the water flow to the fish chambers at
some time (4-29 min. in different experiments) prior to the start of the 16 min hypoxic period
shown here. Normoxia was reintroduced by opening the flow to the chambers (flush). T, V,
• , A •= 718 g; O> A = 681 g; • = 148 g. Pa records were not obtained in A due to
cannula failure.
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example where the yohimbine cardioacceleration was extremely short-lived. Re-
imposition of normoxia caused an immediate return to normal heart rate as in controf
fish, but Pa remained significantly depressed (Table 2, Fig. 2B). Subsequent imposi-
tion of hypoxia provoked the normal bradycardial response with essentially no change
inP a .

The effects of haemorrhage (0-5 % body weight) on heart rate during hypoxia were
again very similar to those of yohimbine. Bleeding caused a reversal of bradycardia
paralleling or following the fall in Pa. This cardioacceleration was of variable extent
but never exceeded the original heart rate; it was always eventually overcome by the
continuation of hypoxia (Fig. 2C, Table 2). As with yohimbine, the average maximum
rate after haemorrhage remained significantly lower than both the original and post-
hypoxia values. Flushing with normoxic water produced an immediate recovery to
the original rate but Pa remained significantly depressed for 15-40 min or until the
blood was re-infused (Fig. 2C, Table 2). Subsequent responses to hypoxia were
completely normal.

Thus a fall in Rt interacts with hypoxic bradycardia in a similar fashion to its inter-
action with spontaneous bradycardia. It is the resulting fall in blood pressure, rather
than the drop in Rs itself, which is the proximate stimulus. Apparently the change in
baroreceptor stimulation caused by the depressor effect is sufficient to overcome, at
least temporarily, chemoreceptor drive and thus alleviate bradycardia. However as
the hypoxia becomes more severe (and possibly the sensitivity of the baroreceptors is
adjusted) the chemoreceptor drive tending to reduce heart rate again becomes
dominant and the bradycardia is re-imposed.

Direct measurements of Q during hypoxic bradycardia were obtained in seven runs
on three fish (Fig. 3). In order to prevent unnecessary struggling and possible dis-
placement of the flow probe, the duration and degree of hypoxia (PIp Ol = 60-80 torr)
were reduced as compared to the experiments described above. Nevertheless changes
in Pa (Fig. 3 A) and heart rate (Fig. 3 B) followed the same trends as in the other groups
(Table 2). The results of these seven runs clearly showed that the fall in heart rate
(from 92-9 ±4-9 to 62-o±4-9/min; P < o-ooi, Fig. 3B) was more than compensated
for by an approximate doubling of cardiac stroke volume (from 0-34010-043 to
0-645 ml/kg.stroke, P < O'°2; Fig- 3C) during hypoxia. On average, Q actually
increased slightly (from 31-23+4-07 to 37-50 +3-94 ml/kg.min"1, 0-05 < P < o-i;
Fig. 3 D). Flushing the chamber with normoxic water caused an immediate further rise
in Q (to 45-60 + 4-25 ml/kg.min, P < o-ooi; Fig. 3D) because the rapid increase in
heart rate (Fig. 3B) was not accompanied by a compensatory reduction in stroke
volume. Indeed stroke volume actually increased further in two runs (Fig. 3 D) and
on average (0-51710-048 ml/kg.stroke) remained considerably above the original
normoxic value (P < o-oi). Cardiac output and stroke volume thereafter gradually
returned to normal over the following 30-60 min.

DISCUSSION

The present results clearly show that interaction occurs between baroreceptor and
chemoreceptor reflexes in the rainbow trout. In particular, unloading the baroreceptors
by any procedure which reduces blood pressure can temporarily override the chemc«
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xeceptor drive that tends to reduce heart rate during environmental hypoxia. Indeed
the same sort of interaction seems to occur even when the bradycardial stimulus is not
apparently of chemoreceptor origin ('spontaneous bradycardia'). It could be argued
that such sudden vasodepression could directly change chemoreceptor stimulation by
altering blood flow or oxygen delivery to the receptors, and thereby contribute to the
interaction. However, this is unlikely if the oxygen receptors concerned are external
rather than arterial as Randall & Smith (1967) and Daxboeck & Holeton (1978) have
suggested. In any case, vasodepression should cause a reduction in blood flow and
oxygen delivery and therefore an intensification rather than an alleviation of chemo-
receptor drive. The major extra-cardiac influence on arterial blood pressure in trout is
normally systemic vasomotor tone (Wood & Shelton, 1980), but the results of the
yohimbine, haemorrhage and acetylcholine experiments indicate that the interactive
mechanism does not rely on sensory feedback supplying information on the diameter
of the systemic resistance vessels. Rather there appears to be a central interaction
between the chemoreceptor and baroreceptor reflexes which involves direct input
from the respective receptor types.

In mammals, a central mechanism also seems to be an important component of
interaction between baroreceptor and chemoreceptor reflexes. However, beyond this,
it is impossible at present to draw other analogies because no clear concensus has yet
emerged in the mammalian literature. The situation is complicated both by conflicting
reports (eg. Heistad, Abboud, Mark & Schmid, 1974; Mancia, 1975; Wennergren,
Little & Oberg, 1976) and by the presence of opposing primary and secondary reflex
mechanisms (Berne & Levy, 1972).

In the present experiments there was normally no resting vagal tone in the trout
for atropine had no effect on heart rate. Vasodepressor procedures (yohimbine,
haemorrhage, acetylcholine) also did not cause cardioacceleration during normal heart
rates though they were highly effective in this regard during spontaneous or hypoxia
induced bradycardia. The heart rates resulting from such depressor stimuli were
never greater than normal resting values, indicating that an apparent upper limit for
the cardioacceleratory effect of baroreceptor unloading is set by the point of zero
vagal tone. This implies, though does not prove, that the cardioacceleratory mechan-
ism involved is simply one of reducing vagal tone, for sympathetic stimulation can
increase the heart rate above the point of zero vagal tone (Wood, Pieprzak & Trott,
1980).

The finding of zero vagal tone under normal heart rates is in agreement with pre-
vious studies on trout (Randall & Smith, 1967; Stevens & Randall, 1967; Priede,
1974). However, recently we have shown that this is not the case in truly resting ani-
mals, where blockade of vagal tone with atropine raises the heart rate by about 30%
at a comparable temperature (Wood et al. 1980). The lack of vagal tone in the present
and previous studies probably reflected experimental stress: confinement, surgery, and
blood loss (Wood et al. 1980). Therefore one might expect to see cardioacceleratory
effects of baroreceptor unloading even during normal heart rates in truly resting
animals; preliminary experiments indicate that this is in fact the case (C. M. Wood,
unpublished results).

The functional significance of bradycardia, especially hypoxic bradycardia, in fish
ias been much debated but remains unknown (cf. Shelton, 1970; Smith & Jones, 1978)
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Much of this uncertainty derives from lack of knowledge of the influence of brady-
cardia on cardiac stroke volume and total Q. The present results represent the first
direct measurements of total Q during bradycardia in intact unanaesthetized fish.
They clearly show that increases in stroke volume compensate for decreases in heart
rate so that Q remains unchanged (spontaneous bradycardia) or actually increases
slightly (hypoxic bradycardia). These observations agree with the conclusions of
Holeton & Randall (19676) from Fick experiments on trout and more recent Fick-
based estimates on dogfish (Piiper, Baumgarten & Meyer, 1970; Butler & Taylor,
1975; Taylor, Short & Butler, 1977; Short, Butler & Taylor, 1977), all of which
indicate compensating increases of stroke volume during hypoxic bradycardia. Thus
the present findings support the interpretation that the significance of hypoxic brady-
cardia is that it makes the pattern of gill blood flow more efficient in gas transfer,
rather than that it reduces total Q and thereby cardiac energy expenditure (cf. Shelton,
1970; Smith & Jones, 1978).

This inverse relationship between heart rate and cardiac stroke volume is probably
largely attributable to Starling's Law, as discussed in detail by Taylor et al. (1977)
and Short et al. (1977). A possible role for sympathetic stimulation of stroke volume
either via direct innervation (Gannon & Burnstock, 1969; Gannon, 1971; Holmgren,
1977) or via circulatory catecholamines (Nakano & Tomlinson, 1967; Nilsson,
Abrahamsson & Grove, 1976; Mazeaud, Mazeaud & Donaldson, 1977) cannot,
however, be excluded. Positive sympathetic inotropism may be especially important
during hypoxic bradycardia, where the rise in stroke volume more than compensated
for the fall in heart rate and in fact persisted to some extent after heart rate had
returned to normal (Fig. 3).

In conclusion, it appears that presso-disturbing stimuli such as sudden changes in
Rg or blood volume can indirectly influence heart rate (and probably Q) through
effects on Pa that are detected by baroreceptors. The resulting changes in heart rate
are mediated largely by alterations in vagal tone. This can occur even when vagal tone
is under chemoreceptor drive, indicating a central interaction between the barore-
ceptor and chemoreceptor reflexes. The functional significance of the interaction is
not clear. However, it is possible that the increased heart rate during depressor
stimuli will raise Q to some extent. As Rs itself appear to be reflexly controlled via
sympathetic vasomotor tone (Wood, 1974; Smith, 1978), the interactions and feed-
back between Rs, heart rate, Q, and the setting of chemoreceptor and baroreceptor
sensitivities in the teleost may well approach the complexity seen in mammals (Hey-
mans & Neil, 1958; Oberg, 1976).
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