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Summary

The influence of the vagus nerve on swimbladder blood
flow in the European eel Anguilla anguilla) was
characterized by recording the changes in blood flow rate
and blood pressure following stimulation of the vagus
nerve. After electrical stimulation, blood flow in the
swimbladder artery increased from 0.9mimim? to
2.1mlmin71. Video recordings of small vessels on the
caudal side of the rete mirabile revealed an increase in
erythrocyte velocity combined with a small vasodilation.
This effect could not be blocked by injection of thea-
adrenergic antagonist phentolamine, the -adrenergic
antagonist propranolol or the muscarinic cholinoceptor
antagonist atropine. In all preparations with a high initial
flow rate (>1.9mImin™1), vagotomy resulted in a marked
decrease in blood flow (by approximately 80 %). This effect
was not observed in preparations with a low initial

swimbladder blood flow. Stimulation of the vagus nerve
produced a decrease, and vagotomy produced an increase,
in perfusion pressure in blood-perfused swimbladder
preparations. Histological studies revealed the presence of
a ganglion in the vagus nerve located on the anterior part
of the resorbing section of the swimbladder close to the
origin of the ductus pneumaticus, which is probably
associated with swimbladder function. These results
suggest that swimbladder blood flow, at least to some
extent, is under vagal tonic control. The effects do not,
however, appear to involve the classicala- and (-
adrenergic or muscarinic cholinoceptor functions.

Key words: European eé\nguilla anguilla vagal stimulation, blood
flow, swimbladder, microcirculation, circulatory system.

Introduction

A gas-filled swimbladder that functions as a hydrostati@nguilla,vagotomy induced a vasoconstriction in swimbladder
organ is common in teleost fish. To maintain neutral buoyancygessels and a decrease in the rate of gas secretion (Fange,
a highly sophisticated control system has evolved to keep tH€53). In a more recent study, Pelster and Scheid (1992)
swimbladder volume constant despite the changes idemonstrated that the rate of gas secretion into the
hydrostatic pressure encountered during vertical migrationswimbladder decreased with reduced blood flow to the
Afferent information is provided by stretch receptors in theswimbladder.
swimbladder wall or by effects on the balance organs (Qutob, Blood flow to the swimbladder also appears to be modulated
1962; Tytler and Blaxter, 1973; Fange, 1983). The efferent pably both cholinergic and adrenergic mechanisms. The study of
of the system consists of nervous control of the relative surfadeelster (1994) suggests that-adrenoceptor-controlled
areas of the resorbent and the secretory parts of thesistance vessels are located close to the rete mirabile,
swimbladder wall, the control of blood flow through theprobably at the arterial entrance of the rete. Injection of
swimbladder and regulation of the metabolic activity ofacetylcholine into the dorsal artery resulted in an instant
swimbladder gas gland cells (Pelster and Scheid, 1992).  decrease in swimbladder blood flow (Schwerte and Pelster,

The surface area of the secretory and the resorbent partsi®95).
the swimbladder, and also the vasculature of this organ, In the eel swimbladder, three capillary beds are arranged in
appears to be under nervous control. In the AtlanticGadus  series: the arterial capillaries of the rete mirabile, the capillary
morhug electrical stimulation of the right vago-sympatheticnetwork of the swimbladder epithelium and the venous
trunk caused a slight reduction in the gas gland blood flowgapillaries of the rete mirabile. Because of this rather complex
concurrent with an opening of the ‘oval’, an effect that couldstructure, the question arises of where the possible control sites
be inhibited by the ganglionic blocking agent chlorisondamineare located. While humoral and neuronal effects can achieve
(Wahlquist, 1985). However, in the European Aefguilla  vasoconstriction, no mechanism inducing vasodilation has yet
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been identified. Furthermore, the results concerning theate of 20Hz and the software package BrainWave
influence of the vagus nerve on swimbladder blood flow ar@Broomfield, Colorado, USA). The signal from the flow probe
equivocal. The purpose of the present study was to analyzeas calibratedn situ at the end of each experiment. For this
further the influence of the vagus nerve on the control opurpose, the swimbladder artery was occlusively cannulated
swimbladder blood perfusion in the European éeigilla  with a PE 20 cannula (with 100i.u.Thheparin in the saline)
anguilla). and perfused using a peristaltic pump at constant flow rate;
blood was drawn from the dorsal artery of the experimental
animal. The pressure transducer was calibrated using a static
Materials and methods water column. Small areas of the capillary system behind the
Specimens of the European éelguilla anguillaL. (body rete mirabile were recorded using a CCD camera (Hamamatsu,
mass 350-500 g) were obtained from a local supplier and ke@2400-77) and a digital video tape recorder PC card (Miro
in sea water (30 %o) at 10 °C until used in the experiments. AIDC20). The general anatomy of the swimbladder, the location
experiments were performed at room temperature (20—22 °G)f the various sites of measurement and stimulation and the
nomenclature used for the swimbladder blood vessels are
In situ experiments presented in Fig. 1.
Under anaesthesia, the animals were quickly immobilized by
penetrating the skull with a fine needle and spinal pithing. The Blood-perfused swimbladder preparations and antagonist
animals were placed into an eel-holder (Pelster, 1994), and the application
gills were irrigated with well-aerated sea water (20—22°C) at To investigate the effects of vagus nerve stimulation and
a constant flow rate of approximately 1.5-2ImirThe body vagotomy on blood-perfused swimbladder preparations, blood
wall was opened ventrally. The swimbladder, the vagus nendrawn from the non-occlusively cannulated (PE 50) dorsal artery
close to the ductus pneumaticus and a small area of theas directed into the occlusively cannulated swimbladder artery
capillary system on the secretory part of the swimbladder wengsing a peristaltic pump. The swimbladder was perfused at a
carefully exposed and freed of connective tissue. Blood vessatenstant flow rate of 0.2—0.4 mlmin(approximately 4-8 % of
from other tissues entering the vein leaving the retia werthe cardiac output), and the perfusion pressure was measured
ligated. using a pressure transducer (Gould, Statham, BD 23 ID)
Erythrocyte velocity was measured using a Doppler flowconnected to the swimbladder artery cannula. The total volume
probe (0.5-1 mm i.d.), which was placed on the artery enteringf the cannula loop was approximately 1 ml. When usedy-the
the rete mirabile. The flow probe was connected to a Dopplend B-adrenergic antagonists, phentolamine and propranolol
flowmeter (Bioengineering, lowa, USA). The dorsal artery wag60 nmolkglbody mass), respectively, and the muscarinic
non-occlusively cannulated (PE 50) for measurement of bloogkceptor antagonist atropine (200 nmoigpdy mass) were
pressure and injection of antagonists. The cannula wasjected into the perfusion cannula.
connected to a pressure transducer (Gould, Statham, BD 23
ID). The Doppler flow signal and the arterial pressure were Vagus nerve stimulation
continuously recorded on a computer system using a samplingThe vagus nerve was carefully lifted from the gut, and a pair

— Image processing unit

Fig. 1. Schematic drawing of the eel
swimbladder showing the locations of the

flow probe and of the various cannulae. The i
inset shows an enlarged view of the Doppler
swimbladder ganglion. ai, arterial influx; ae, flowmeter

ai catheter

s Jil .

arterial efflux from the rete; da, dorsal artery;
dv, dorsal vein; g, gut; hs, location of the =
histological section shown in Fig. 7; Kk,

kidney; nv, vagus nerve; rm, rete mirabile;
rp, resorbing part of the swimbladder; sn,
second nerve, with ganglion cells next to the
swimbladder ganglion of the vagus

(stimulation of this second nerve did not
modify swimbladder blood flow); sp, i .
secretory part of the swimbladder; ve, venous s&x izt sy oo

efflux; vi, venous influx to the rete; vg, Nerve
swimbladder ganglion of the vagus nerve; the stimulator
scissors indicates the site of vagotony. gt s

blood flow rate. dacatheter
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of unshielded platinum hook electrodes was placed under ths#tu by stimulating the vagus nerviee{0s;U=2.5V;d=10ms;
nerve distal to the branch supplying the swimbladder using &9 Hz) close to the sphincter of the pneumatic duct while
micromanipulator; the nerve was isolated with paraffin oil andecording blood flow rate and blood pressure in the
then cut anterior to the electrodes (Fig. 1). The stimulatioswimbladder artery and the erythrocyte velocity on the caudal
voltage ) used was 1-5V. The stimulation frequenyvas  side of the rete mirabile. Vagus nerve stimulation resulted in a
varied between 1 and 15Hz, with a pulse widthdf 10ms  transient small decrease in arterial blood pressure and a marked
and a durationt] of 2-30s. The nerve stimulator (Grass S44)increase in swimbladder blood flow rate (Fig. 2). The effect
was electrically isolated from any additional electricalwas dependent on the frequency and duration of the
equipment. To analyze the type of innervation,dh@nd3-  stimulation. A maximal response was achieved using a
adrenergic antagonists, phentolamine and propranoldiequency of 9Hz and a duration of 10s. The response was
(60nmolkglbody mass), and the muscarinic receptoreasily reproducible and did not decrease even after repeated
antagonist atropine (200 nmol®dody mass) were injected stimulation over a period of 3—4h. In some experiments, in

into the dorsal artery. which the vagus nerve was repeatedly stimulated for up to
All drugs used were obtained from Sigma Chemicabmin (stimulation regimet=3s; U=2.5V; d=10ms;f=9 Hz,
Company. followed by a stimulation-free interval of 5s), an increase in
blood flow was observed as long as the stimulation persisted
Histochemistry (data not shown). Analysis of the video recordings of the artery

The vagus nerve was carefully isolated for histochemicdkaving the rete mirabile showed that the small vessels behind
examination. The tissue was spread out on dental wax, fixed fhe retia experienced a significant vasodilation (Fig. 3A), while
buffered formalin and stained using Azan. The stainedhe erythrocyte velocity increased from 0.6 to 1.2ms
preparation was embedded in paraffin and sectionednfl0 (P<0.05; Fig. 3B) after vagal stimulation. Vasodilation was not
cross sections) from cranial to caudal over a distance of 2 mreeen close to or within the rete mirabile. Neither treatment with
The sections were analyzed using a Zeiss Diaplan microscoghe a- and (-adrenergic antagonists, phentolamine and

propranolol, nor with the muscarinic cholinoceptor antagonist
Data analysis atropine could abolish the effect (Fig. 4).

The velocity of the erythrocytes caudal to the rete mirabile In all preparations with a high initial flow rate
was calculated by tracking them visually along a define@>1.9 mImirrl), vagotomy resulted in a substantial decrease in
distance. The distances were calibrated using an objebtood flow rate to the swimbladder (Fig.5). In these
micrometer. preparations, brief mechanical squeezing of the vagus nerve

Statistically significant differences in the observations weralso evoked a transient decrease in blood flow. The blood
evaluated using a one-way analysis of variance (ANOVApressure in the dorsal aorta was not significantly affected.
followed by a multiple-comparison procedure (Bonferroni,These effects were not observed in preparations with low
SigmasStat). Significance was accepted WRe0.05. Data are  swimbladder blood flow rate.
presented as meansE.Mm. In blood-perfused swimbladder preparations, vagal

stimulation caused a significant decrease (approximately 10 %)
in perfusion pressure, which then slowly returned to pre-
Results injection levels. Fig. 6A shows a single experiment with
Vagal effects on swimbladder blood flow rate were teisted typical changes in perfusion pressure induced by vagal
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Fig. 2. Changes in blood pressure (circles) and @
flow rate (squares) in the swimbladder artery -05) 15
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Fig. 3. Changes in post-rete arteriole vessel diameter (A) angecrgase inperfusion preSS‘%re- Again, the effect was not
erythrocyte velocity (B). Values are mears£.m., N=5. Asterisks aboh;hed after pretreatment with phentplamme, propranololl or

indicate significant differences compared with control values befor@tropine (results not shown). The injection of these antagonists
vagus nerve stimulation. Stimulus voltage, 2.5V; stimulus durationgaused a transient decrease in perfusion pressure, possibly
10s; frequency, 9 Hz; pulse width, 10 ms. The onset of stimulation igeflecting the transient decrease in haematocrit. The same
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Fig. 7. (A,B) Photographs of Azan-stained i thick cross sections
4.4 _ c of the vagus nerve ganglion located at the proximal end of the

b resorbing part of the swimbladder (the location of this section within
4.2\ the ganglion is shown in the inset of Fig. 1). Owing to its location on
40| the ventral side of the gut and the ventral view of the swimbladder

L obtained during preparation (see Fig. 1), the sections are presented
38 Vsl with the ventral side up. (A) Overview; (B) close up of the vagus
36 i : ganglion. sn, ganglion cells of the second nerve; vg, ganglion cells of

el A4 H the swimbladder ganglion of the vagus nerve. Scale bargm00
)
32| A

I Vagotomy The Azan-stained cross sections revealed a ganglion

30t 0 100 200 300 400 500 associated with the swimbladder (Fig. 7). The ganglion is

located at the proximal end of the resorbing part of the
swimbladder, at the connection of the ductus pneumaticus to
Fig. 6. (A) A single experiment with a blood-perfused swimbladderthe gut. On the bas_ls (_)f indirect eVIdgnce, we conclude that the
preparation showing the typical changes in perfusion pressure induc¥@dal branch continuing to the swimbladder runs along the
by vagus stimulation and by vagotomy. (B) Mean chanjed)in ~ Swimbladder artery and probably leaves the vessel
perfusion pressure in blood-perfused swimbladder preparations aftapproximately 8-10mm in front of the rete mirabile. All
vagus nerve stimulation. Stimulus duration, 10s; frequency, 9Hzattempts to place an occlusive cannula into the swimbladder
pulse width, 5ms; voltage, 2.5V. (C) Mean changes in perfusiomrtery at a distance of more than 8-10mm from the rete
pressure in blood-perfused swimbladder preparations after vagotomyirabile caused a loss of the vagal stimulation effect,
(N:S). Values are mean B.EM. Asterisks indicate significant apparently because tying the cannula in place damaged the
differences compared with control values before vagotomy. vagus nerve running next to the blood vessel. As shown in
Fig. 7, the ganglion cells mix with ganglion cells of a second
nerve and form a ganglion cell complex. Distal to the ganglion,
sham injections. Vagotomy induced a slow but significanthe nerve fibres again separated from each other (Fig. 1).
increase in perfusion pressure of approximately 10%stimulation of this second nerve did not evoke any changes in
(Fig. 6C). swimbladder blood flow or blood pressure (data not shown).

Time ()
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Discussion vasodilator tonus affects the swimbladder blood flow rate and
This is the first study to use a combination of conventionatat the blood vessels constrict in the absence of that tonus.
pulsed Doppler flow measurements and vital video microscopy In thein situ preparations, as well as in the blood-perfused
to study the control of swimbladder blood flow. Using thesereparations, electrical stimulation of the vagus always
techniques, it was possible to study the effects of vagahduced a vasodilation, but it was not possible to achieve the
stimulation on the blood flow pattern in the small vesselprevagotomy levels of swimbladder blood flow or perfusion
immediately distal to the rete mirahile pressure (Fig. 5). The reason for this could be that electrically
Parasympathetic pathways typically have a ganglion closstimulating the whole fibre bundie situis too different from
to, or even within, the effector organ. Histological examinatiorthe in vivo signal controlling the swimbladder vessels.
of the vagus nerve of the European eel revealed a vagusThe observation that neither the- and (-adrenergic
ganglion on the anterior end of the resorbing swimbladdesintagonists, phentolamine and propranolol, nor the muscarinic
section. A peripheral vagal ganglion has also been describeeiceptor antagonist atropine abolished the effects of vagal
close to the swimbladder in the Atlantic c@&dus morhua stimulation indicates that the vagal innervation is neither
(Fahlénet al. 1965; McLean and Nilsson, 1981; Wahlqvist, adrenergic nor cholinergic. Immunohistochemical as well as
1985). physiological studies using strips of smooth muscle tissue have
Electrical stimulation of the vagus nerve caused areviously demonstrated the importance of non-adrenergic,
vasodilation in the small blood vessels behind the rete mirabil@on-cholinergic (possibly peptidergic) innervation in the
Accordingly, blood flow in the swimbladder artery and also incontrol of swimbladder function (Lundin and Holmgren, 1989;
the capillary network behind the retia mirabilia increased.undin, 1994h,b). Evidence for the presence of substance-P-
during stimulation of the vagus. The decrease in perfusiolike material has been found in several teleosts. Substance P is
pressure observed in blood-perfused swimbladder preparatioagotent vasodilator but, applied exogenously to swimbladder
during stimulation of the vagus also indicates a vasodilation afmooth muscle, it has an excitatory effect (Lundin, 2991
swimbladder vessels, resulting in a decrease in the resistari¢asoactive intestinal polypeptide (VIP) induced a relaxation of
to blood flow. These results consistently indicate that electricawimbladder smooth muscle in cod and eel, for example, but
stimulation of the vagus causes a vasodilation of th@o VIP-immunoreactive fibres were observed close to the
swimbladder vessels coinciding with an increase irblood vessels (Lundin, 198b). VIP induced only a slight
swimbladder blood flow. The slight pressure decrease observedsodilation in saline-perfused preparations of the cod
in the dorsal aorta during vagal stimulation could therefore bswimbladder (Lundin and Holmgren, 1984). Preliminary
a consequence of lower resistance in the swimbladdexperiments also demonstrated only a slight vasodilation in
circulation. swimbladder vessels of the European eel following VIP
In contrast to our results, Stray-Pedersen (1970) observegbplication, and similar effects were obtained with the NO
a vasoconstriction of the vessels in the secretory part of thdonator sodium nitroprusside (T. Schwerte and B. Pelster,
swimbladder of the European eel during electrical stimulatiomnpublished results). Surprisingly, however, VIP application
of the ramus intestinalis of the vagus. In Stray-Pedersenigvo impaired swimbladder filling (Lundin and Holmgren,
study, the period of stimulation was relatively long (10-305s)1991); vasodilation would be expected to have the opposite
with a voltage of 10-20V. Fange (1953) demonstrated thaffect. The actual contribution of VIP to swimbladder control
electrical stimulation of the vagus over several minutedn vivo clearly requires further clarification.
caused a contraction of the secretory mucosa, while the These pharmacological results again stress the differences
mucosa of the pneumatic duct relaxed. This suggests thbétween our study and those using prolonged electrical
prolonged stimulation of the vagus may provoke astimulation. While neither cholinergic nor adrenergic
contraction of the smooth muscle cells of the muscularigntagonists could block the vagus-induced vasodilation in our
mucosa, causing a decrease in blood flow due to vasculsiudy, previous studies have shown that prolonged electrical
compression. In the present study, we used a much shortmulation of the vagus branches caused mainly adrenergic
stimulation regime, and in our experiments contractions oéffects and perhaps some weak cholinergic effects (Stray-
the mucosa were not observed. Vasodilation, however, wd%edersen, 1970; Fange, 1953).
seen within seconds after stimulation, which suggests a direct The physiological role of the vagus in the control of
effect on vascular smooth muscle cells. Thus, the explanatimwimbladder function was clearly demonstrated by Bohr
for the differences between our results and those of Stray1894) in studies showing a decrease in the rate of gas
Pedersen (1970) may well be the differences in théeposition into the swimbladder following vagotomy (see also
stimulation regime. Jakobs, 1930, 1933; Fange 1953, 1966). This result has been
While stimulation of the vagus nerve caused a vasodilationnterpreted as a putative direct effect of cholinergic innervation
vagotomyin situ caused a striking decrease in blood flow inon the gas gland cells, increasing the metabolic activity of these
preparations with a high initial blood flow and an increase ircells (Ewart and Driedzic, 1990). The results of the present
vascular resistance, as indicated by the increased perfusistudy provide further details of the mechanism involved.
pressure in the blood-perfused preparations. A convincingagotomy effectively reduces the swimbladder blood flow
explanation emerging from these results is that a vagahte, which is an important variable determining the rate of gas
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deposition into the swimbladder (Pelster and Scheid, 1992). substance P, 5-hydroxytryptamine, met-enkephalin and neurotensin
Furthermore, the vagus tonus, causing a decrease in vasculapn the swimbladder smooth muscle of two teleost speGiadys
resistance, antagonizes the-adrenergically controlled =~ morhuaandAnguilla anguilla J. Fish Physiol. Biocher8, 77-82.
resistance increment described by Pelster (1994). Besides thig\oN, K. (199D). The teleost swimbladder: A study of the non-
vagus tonus, which may be a very effective vasodilator, only adr.ener.glc, n_(_)n—chollnerglc innervation. PhD dissertation,
weak vasodilatory effectors have been described for UNVersity of Goteborg, Sweden. o
. . . ... LUNDIN, K. AND HoLMGREN, S. (1984). Vasoactive intestinal

swimbladder vessels. It is therefore possible thataVaSOdIIatlonpolypeptide-like immunoreactivity and effects of VIP in the
of the swimbladder vessels, which is essential for the filling of ¢, biadder of the codzadus morhua. J. comp. PhysiBl.154,

the swimbladder with gases, is achieved mauythe tonus 627—633.

of the vagus nerve. LunDiN, K. AND HoLMGREN, S. (1989). The occurrence and

distribution of peptide- or 5-HT-containing nerves in the
The authors would like to thank Mr Willibald Salvenmoser swimbladder of four different species of teleogsadus morhua

for his skilful histology. Parts of the study were financially Ctenolabrus rupestrisAnguilla anguilla Salmo gairdnedi Cell

supported by the Deutsche Forschungsgemeinschaft (DFG-Pelissue Res257, 641-647.

389/5-1, 6-1,2). LunDIN, K. AND HoLMGREN, S. (1991). An X-ray study of the
influence of vasoactive intestinal polypeptide and substance P on
the secretion of gas into the swimbladder of a tel€estius
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