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Summary

The hypothesis that the increase in post-prandial
splanchnic blood flow will be reduced during hypoxia to
prioritise blood flow to other organs was tested by
measuring cardiac output and gut blood flow during a
stepwise hypoxic challenge (five steps, from 20.6 to
3.9kPa, 5min of exposure to each level) before and after
feeding (equivalent to 2.9% of body mass). Splanchnic

corresponding to a decrease in relative gut blood flow
from 24 % to 13%. Contrary to our initial hypothesis, and
although post-prandial absolute blood flow decreases
during hypoxia, the relative proportion of cardiac output
reaching the gut did not decrease (34.6% pre-hypoxia
versus26.7% during hypoxia), unlike the situation in non-
feeding fish. We propose that, following feeding, relative

blood flow, both absolute and relative to cardiac output,
increased after feeding. Mean post-prandial gut blood flow
increased by 71% (from 9.6+1.6 to 14.9+1.6 ml midkg1,

means *s.e.M.). Before feeding, gut blood flow was 24.0%
of cardiac output, and this increased significantly 24h
after feeding to 34.0%. The absolute post-prandial
increase in gut blood flow (5.3+0.9 mImintkg1) was

paralleled by an increase in cardiac output
(5.4+2.1 mImirmrlkg~Y). Hypoxia decreased gut blood flow
significantly from 9.6+x1.6 to 3.7x1.1mlImintkgl,

gut blood flow is maintained because splanchnic
hyperaemia occurs as a result of the release of local
factors; consequently the reflex vasoconstriction of the

gastrointestinal vasculature during hypoxia is not as

effective in decreasing gut blood flow as it was before
feeding because local hyperaemia out-competes the reflex
regulation.

Key words: gastrointestinal blood flow, cardiac output, hypoxia,
post-prandial, sea baf3icentrarchus labrax.

Introduction

In the fish species studied so far, blood flow to the It has been shown that marine coastal environments are
gastrointestinal tract in resting conditiortgs) accounts for exposed to large-scale and long-lasting hypoxic episodes (Diaz
20-30% of total cardiac output (Axelsson et al., 1989, 200(and Rosenberg, 1995). Even when not lethal, these conditions
Axelsson and Fritsche, 1991; Fritsche et al., 1993; Thorarensane liable to force fish to prioritize their energy demands to
et al., 1993; Thorarensen, 1994; Farrell et al., 2001). Like othenake them fit within a reduced metabolic scope (Priede, 1985).
vertebrates, fish cannot perfuse all the circulatory beds at tlk®r example, in the Atlantic coadus morhuait was
same time and have to prioritise the various vascular beddbserved that fed fish voided their stomach contents when
according to the capacity of the heart. When facing challengingxposed to hypoxia, indicating that systems other than the
conditions such as hypoxia or exercige,decreases and there gastrointestinal tract were prioritised during hypoxia
is a general redistribution of blood flow to other organgClaireaux et al., 2000).

(Axelsson and Fritsche, 1991; Fritsche et al., 1993; The aim of the present study was to test whether the sea
Thorarensen, 1994). It is also well documented tipat  bassDicentrarchus labraxshows a post-prandial increase
increases post-feeding in order to facilitate absorption of footh gastrointestinal blood flow and, if so, whether this
and shorten digestion time. increase is compromised during exposure to hypoxia. Sea

In their normal habitat, fish have to adjust continuously tdass was chosen as a model to test our hypothesis as it is
multiple stimuli such as changes in water temperature, salinitgxposed to hypoxia in its natural littoral habitat and its
and oxygen levels; they also have to escape predators or forggeding habits are well documented because of its
and catch prey. If the cardiovascular system cannot fully adjusbmmercial importance. The experimental protocol
to these stimuli, compromises have to be made. This wilhvolved the measurement of cardiac output and gut blood
become even more pronounced after feeding when a highfow during a stepwise hypoxic challenge before and after
demand is put on the cardiovascular system. feeding.
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Materials and methods (100 mgt?) until righting reflexes disappeared and were then
Animal handling and maintenance force-fed 2.9% of their body mass with blue muss&ysilus
edulis The food ratio was chosen from the largest daily feeding

obtained from the Ferme Marine des Baleines (lle de R&A€S observed in sea bass usaglibitum demand-feeding

France) and maintained at the field facility of CREMA. UponStrategies (Azzaydi et al., 1998). The fish were placed

arrival at the laboratory, animals were transferred into a .4 nfandomly in three separate tanks maintained in identical

indoor rearing tank supplied with natural sea water (29%.c0nditions.

16°C). They were acclimated to laboratory conditions for 1 _Three groups of six fish each were sampled after 24, 36 and

month under a natural photoperiod. During that time, they wer&8 N- Each animal was killed by MS-222 overdose (Hgand
fed twice a week on commercial dry pellets (2-4% of bod)}he stomach contents were carefully separated, blotted dry and

Sea basDicentrarchus labraxL., of either sex, were

mass). Feeding was discontinued 1 week prior to surgery. Weighed.
Surgical procedures Experimental protocol: hypoxia exposure
Seven sea bass (body mass 356424 g, meann:) were After 24-36h of post-operative recovery, the flow probes

individually anaesthetised in tricaine methane sulphonate (M3vere connected to a two-channel Transonic flow meter
222; 100 mgtl, Sigma) until breathing movements ceased, andTransonic Systems Inc., model T206). The water oxygen
then placed on their left side on an operating table. The gillkoncentration was contlnuou_sly recorded_ using an Orbisphere
were continuously irrigated with aerated sea water containing’141 0xygen meter and a nitrogen/air mixture was used to set
the same anaesthetic (50myl To measure cardiac output €ach hypoxia level using calibrated glass flow meters. The
(Q), the ventral aorta was exposed through an incision on ttgXperimental protocol started by recordiggand e for

left side of the isthmus. Depending on the size of the animal0min at watePo,=20.6kPa (normoxia) to obtain a stable
the freed portion of the ventral aorta was placed inside a 4§0ontrol period. The animal was then exposed to a stepwise
or 2S-type Transonic ultrasound flow probe (resolution 0.8 andecrease in watePo, (to 14.2, 9.0, 6.4, 5.1 and 3.9kPa,
0.1ml mirr, respectively; absolute accuracy +15% for bothmanually adjusted), each step being held for .5 min. After the
probes) (Transonic System Inc., Ithaca, NY, USA). Thdast step,. watePo, was returned to full saturation (20.(_5kPa)
opening of the probe head was closed either by the metal@d the fish was allowed to recover for 1h. No struggling was
lock (for 4S probes) or by a small piece of plastic glued to thgbservgd during the hypoma exposure. .

probe head itself (for 2S probes). The lead from the probe was The fish was then lightly anaesthetised in the experimental
secured to the skin with two silk sutures. To recpsgda 1 cm chamber until righting reflexes were lost, then force-fed 3% of
long incision was made just posterior to the left pectoral finitS Pody mass with blue musséls edulis The experimental
After careful blunt dissection, the coeliac and mesenterighamber was flushed to eliminate the anaesthetic, and the
arteries were placed in a 2S- or 4S-type Transonic ultrasourfdlimals were left to recover for 24h before the stepwise
flow probe. Care was taken not to damage the nerves runnifyPoxia protocol was repeated. After the second hypoxic
along the vessels. The leads from the probe were externalis@dPosure, the animals were killed with MS-222 overdose
through the incision and secured to the skin with two suture§l 91 in the experimental chamber, and the stomach contents
After surgery, the animals were transferred to the experiment4fere carefully separated, blotted dry and weighed.

chamber and allowed to recover for 24-36h before

experiments commenced. Data acquisition, calculations and statistical analysis.

The flow signals from the Transonic flow meter were fed
Anatomical study of the gastrointestinal vasculature directly into a Dell Latitude Xpi Laptop computer running
Two animals were used to obtain corrosion casts of the malrabview (National Instruments version 5.1). The flow signals
arteries. The animals were killed by MS-222 overdose.gl were sampled at 20 Hz. Heart rate) (was obtained from the
The heart was exposed through a midline incision, and a P1®0ilsatile flow signals. Stroke volum¥s) was calculated as
catheter was secured in the ventricle. Physiological salin@/fH. Q anddei were normalized per animal body mass. Data
(0.9% NacCl) containing heparin (200i.u#lwas used to are presented in graphs as mearsse.
rinse the vascular beds until the fluid that returmidthe Wilcoxon'’s signed-ranks test for paired (two-tailed) and
atrium was clear of red blood cells. Subsequently, Mercofann-WhitneyU test for non-paired (two-tailed) samples
resin (Ladd Research Industries Inc.) was slowly injected angere used to evaluate the statistical significance. The level of
allowed to polymerise overnight before the tissue was digestesiatistical significance was setR&0.05. In cases of repeated
using 30% KOH solution. The cast was rinsed with distilledtests, a modified Bonferroni procedure was used (Holm, 1979).
water and photographs were taken and digitised.

Gastrointestinal emptying time Results
A group of 18 sea bass (body mass 258+10 g, mesant:) The corrosion cast revealed that the common coeliaco-
were used to study gastric emptying time (GET) in nonmesenteric artery (CMA) branches off at the root of the dorsal
instrumented animals. Fish were anaesthetized with MS-22&orta, at the point where the bilateral efferent branchial arteries
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Fig. 1. Ventral view of a vascular cast showing the origin of the |
celiaco-mesenteric artery in a 360g sea bass. REBA, right effere 0-
branchial arteries (I and Il, lll, 1V); LEBA, left efferent branchial 1.6-
arteries (I and II, lll, 1V); DA, dorsal aorta; CMA, coeliaco- T "
mesenteric artery. ~ 1.2 %
k5
converge, as shown in Fig. 1. The mesenteric artery branch = 08
off the common coeliaco-mesenteric artery a few millimetre: §
downstream. The stomach contents in non-instrumented fis 0.4
(N=6) were voided within 48 h. 24 h after force-feeding with
2.9% of their body mass, the stomach contents had decreas "206 142 90 64 51 39

to 28+5% of the amount fed, and this further decrease Po, (kP9
significantly to 7+3% after 36 h and to 0.5+3% after 48 h. Ir.

the instrumented fishNE7), the stomach contents 24 h after Fig. 2. Effects of a stepwise decrease in water oxygen partial
feeding were significantly reduced to 62+4% of the amounpressure Ro,) on cardiac output@, heart rate f() and stroke

fed, which was significantly higher in comparison than the/olume ¥s) before (open columns) and after feeding (filled
value in non-instrumented fish 24 h post-feeding columns). Values are meansst.M. (N=7). Asterisks indicate a

Q after feeding increased significantly by 15% (from_significant difference between control (unfed) and fed group, daggers

40.043.4 to 45.5+4.2 mimikkg™, Fig. 2) andde by 71% indicate significant differences from previous hypoxia level.
(from 9.6+1.6 to 14.9+1.6 mImidkg?, Fig. 3) in normoxic
conditions. Before feedingjc| constituted 24.0+3.2% of total
cardiac output, and this increased significantly 24h after
feeding to 34.0+4.4% (Fig. 3).

During hypoxia alone,Q decreased significantly from
40.0£3.4mImintkg? in  normoxia (20.6kPa) to
29.8+2.5miminkgl at Po,=3.9kPa. fu decreased

Discussion

To our knowledge, these are the first published data on the
effects of hypoxia on gastrointestinal blood flow before and
after feeding, a combination that these fish may encounter in
their natural habitat. It is also the first cardiovascular study on
significantly from 51.3+3.8 to 26.0+2.4mih while Vs  sea bass involving variables other than heart rate. Our control
increased significantly from 0.80+0.08 to 1.18+0.11mfkg heart rates were slightly higher than those recorded previously
(Fig. 2). Similar qualitative changes occurred 24h afteusing telemetry (Lefrancgois et al., 1998) (51mhiversus
feeding, but Q post-feeding decreased to 40-45minY). This is probably because our animals were
24.7+1.7 mimimtkg-1, which was significantly lower than directly attached to the recording equipment, it has been shown
pre-feeding values at thRp, (Fig. 2). that heart rate can be affected by the experimental protocol

Hypoxia alone decreasedQg significantly from (Altimiras and Larsen, 2000). Control cardiac output was
9.6x1.6 mImimlkg?l in normoxia  (20.6kPa) to higher than the values reported for any other teleost from
3.7+1.1mimintkg? at Po,=3.9kPa (Fig. 3); this temperate latitudes, but was lower than res@nig tuna and

corresponded to a decreased@/Q from 24+3 to 13+4%.
After feeding, gastrointestinal blood

Antarctic haemoglobinless species (Farrell and Jones, 1992).
flow decreasedTlhe coeliaco-mesenteric artery (CMA) in the sea bass arises as

significantly from 14.9+1.6 mIimitkg in normoxia
(20.6 kPa) to 6.5+1.3 mlmiAkg at Po,=3.9 kPa (Fig. 3) but

a single artery from the conjunction of all the branchial arteries
and the dorsal aorta (Fig. 1). This is very similar to the

there was no change ige/Q because of the concomitant anatomical arrangement in lingc@phiodon elongatusind

greater drop irQ.

sea raverHemitripterus americanug@~arrell et al., 2001). In
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GET in our non-instrumented fish was approximately 48 h,
which is much greater than the predicted 23h; it was even
longer in the instrumented fish, in which the stomach contents
after 24 h were still above 60%, indicating that force-feeding,
anaesthesia and surgery delay gastric emptying, as previously
reported in Atlantic cod (Dos Santos and Jobling, 1988) and
rainbow troutOncorhyncus mykis@®lsson et al., 1999). The
aim of the present study was not to determine the absolute
gastric emptying time but to compare pre-prandéabuspost-
prandial states and the effects of hypoxia on gastrointestinal
blood supply in these two different states. In the instrumented
animals, the high gastric content 24h after feeding was
accompanied by an increased blood supply to the gut.

Relative splanchnic blood flow before feeding (24% of
cardiac output) was within the range reported in other species:
40% in Atlantic cod (Axelsson and Fritsche, 1991), 36% in
chinook salmonOncorhynchus tshawytsch@horarensen et
al., 1993), 35% in red Irish lordemilepidotus hemilepidotus
(Axelsson et al., 2000), 25% in white sturgeAnipenser

Po, (kPg transmontanugCrocker et al., 2000) and 16% in sea raven
Fig. 3. Effects of a stepwise decrease in water oxygen partidAxelsson et al., 1989). After feeding, splanchnic blood flow
pressure Ro,) on absoluteds)) and relative dei/Q) gastrointestinal ~ increased by 71+19% from 9.6+1.6 to 14.9+1.6 mithky ).
blood flow before (open columns) and after feeding (filled columns)This increase is similar to that reported in Atlantic cod fed a
Values are means sem. (N=7). Asterisks indicate a significant similar food ratio (60%; Axelsson and Fritsche, 1991). Greater
difference between control (unfed) and fed group, daggers indicajcreases have been observed in sea raven (coeliac blood flow
significant differences from previous hypoxia level. more than doubled; Axelsson et al., 1989) and red Irish lord
(112% increase in coeliac flow 4 days after feeding; Axelsson
et al., 2000) force-fed greater ratios (7—9% and 10-15% of
other teleost species, such as the coho salbmmorhynchus body mass, respectively).
kisutch and the Atlantic cod Gadus morhup the CMA Red Irish lord and sea raven are both benthic ambush feeders
branches from the dorsal aorta more posterior to the junctiomith a relatively low level of activity compared with the
of the branchial efferent arteries. In the sea bass, the commpalagic highly active sea bass. In pelagic species, the active
CMA is short and branches to form the coeliac artery and theuscles need to be supplied with oxygen, and any increase in
mesenteric artery. As in other teleosts, except salmonids, tldemand from other vascular circuits such as the gastrointestinal
coeliac artery has a larger diameter and supplies the stomaithct must be met either by a redistribution of blood or by an
and the anterior portion of the intestine, while the smallemcreased cardiac output. The post-prandial increase in gut
mesenteric artery supplies the remainder of the intestin®lood flow of 5.3+0.9mImintkg1is paralleled by an increase
Coeliac blood flow is presumably greater than mesenterim cardiac output of 5.4+2.1 mlmibkgL This increase is
blood flow, but in the present study blood flow was measureldrgely due to increase in heart rate, as in red lIrish lord
in both vessels simultaneously. In salmonids, the CMAAXxelsson et al., 2000) and Atlantic cod (Axelsson and
branches into two vessels termed the gastric and intestingtitsche, 1991). This match between the increase in
arteries, the latter analogous to the mesenteric artery, and thastrointestinal blood flow and cardiac output is in contrast to
CMA carries around 85% of the total gut blood flowthe post-prandial increase in splanchnic blood flow in
(Thorarensen et al., 1991). The significance of thesmammals, which involves an additional redistribution of blood
differences in the anatomy of the vasculature is not known. from other tissues (Matheson et al., 2000; Vatner et al., 1974).

The kinetics of digestion in fish has been studied in a variety During mild hypoxia,Q is maintained despite the reduction
of species, Sea bass of 26 g body mass fed 2% of their bodlyfH. This is due to a compensatory increasgHnsimilar to
mass emptied the stomach in 39h at 15°C (Santulli et alwhat has been reported in rainbow trout (Wood and Shelton,
1993). Assuming that the effect of body mass on gastrit980) and Atlantic cod (Fritsche and Nilsson, 1989). Rba
emptying time (GET) is similar to that in other species, a GEDf 3.9kPaQ decreases because of a significant bradycardia
of 23 h is predicted for the sea bass used in the present studiithout inotropic compensation and, at the same tigesg,
Under similar conditions of body mass, amount of food andlecreases by a relatively greater percentage (61% at 3.9kPa
temperature, GET was 16 h for European pl&ronectes compared with normoxia). In Atlantic cod, coeliac blood flow
platessa (Basimi and Grove, 1985) and 23h for turbotdecreased by more than 40% and mesenteric flow by more than
Scophthalmus maximwand dabLimanda limanda(Grove et  60% during hypoxia (Axelsson and Fritsche, 1991). Thus,
al., 1985; Gwyther and Grove, 1981). these results provide ample evidence that hypoxia affects the

Gei (Ml mim™ kg™)

Ui/ Q (%)

206 142 90 64 51 39



Gastrointestinal blood flow during hypoxia895

splanchnic blood flow in sea bass, similar to in other fisiThe Conseil Régional Poitou-Charentes provided funds for

species, and that feeding itself also induces an increase agcomodation and experimental costs. J.A. was in receipt of a

splanchnic blood flow. EU postdoctoral fellowship (TMR  Contract no.
Interestingly, and contrary to our initial hypothesis, relativeERBFMBICT982940) and M.A. is supported by the Swedish

splanchnic blood flowge/Q) during hypoxia did not decrease Research Council.

after feeding. Indeedjc/Q decreased significantly before

feeding but not after feeding (Fig. 3), indicating that, even

when facing a hypoxic challenge, gut blood flow is maintained References
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