The Journal of Experimental Biology 204, 4281-4289 (2001)
Printed in Great Britain © The Company of Biologists Limited 2001
JEB3518

Juvenile sturgeon exhibit reduced

4281

physiological responses to exercise

James D. Kieffer*, Andrea M. Wakefield and Matthew K. Litvak

Department of Biology and Centre for Coastal Studies and Aquaculture, University of New Brunswick, PO Box 5050

Saint John, New Brunswick, Canada E2L 4L5

*e-mail: jkieffer@unbsj.ca

Accepted 26 September 2001

Summary

Experiments were conducted to determine the
physiological responses to exercise of Atlantic sturgeon
(Acipenser oxyrhynchus and shortnose sturgeon A.
brevirostrum). We measured the rates of oxygen
consumption and ammonia excretion in both species and a
variety of physiological parameters in both muscle (e.g.
lactate, glycogen, pyruvate, glucose and phosphocreatine
concentrations) and blood (e.g. osmolality and lactate

Under resting conditions, muscle lactate levels were low
(<lumolg™) but they increased to approximately

6 umol g1 after exercise, returning to control levels within

6h. Unlike similarly stressed teleost fish, such as the
rainbow trout, plasma lactate levels did not increase
substantially and returned to resting levels within 2h.

Plasma osmolality was not significantly affected by
exercise in shortnose sturgeon.

concentration) in juvenile shortnose sturgeon following
5min of exhaustive exercise.

Taken together, these results suggest that shortnose and
Atlantic sturgeon do not exhibit the physiological

In both species, oxygen consumption and ammonia responses to exhaustive exercise typical of other fish
excretion rates increased approximately twofold following species. They may possess behavioural or endocrinological
exhaustive exercise. Post-exercise oxygen consumption mechanisms that differ from those of other fishes and that
rates decreased to control levels within 30min in both lead to a reduced ability to respond physiologically to
sturgeon species, but post-exercise ammonia excretion exhaustive exercise.
rates remained high in Atlantic sturgeon throughout the
4 h experiment. Resting muscle energy metabolite levels in
shortnose sturgeon were similar to those of other fish Key words: shortnose sturgeon, Atlantic sturgeon, exercise,
species, but the levels decreased only slightly following the metabolite, blood, muscle, oxygen consumption, ammonia excretion,
exercise period and recovery occurred within an hour. Acipenser oxyrhynchuscipenser brevirostrum.

Introduction

The physiological and biochemical responses to exhaustivesponses to exhaustive exercise of teleosts, very few studies
exercise in fish have been well described over the past 40 ye&i@ve been conducted on freshwater fishes outside this
(for reviews, see Wood, 1991; Milligan, 1996; Kieffer, 2000).taxonomic grouping. Boutilier et al. (1993) examined the
Much of this research has been carried out using salmonjhysiological responses to exhaustive exercise of the sea
fishes (Milligan, 1996; Kieffer, 2000), mainly because of theidamprey Petromyzon maringsand found that these organisms
large capacity for burst activity, their availability and theirpossess anaerobic capacities that rival the response recorded
commercial importance (Moyes and West, 1995; Milliganfor salmonids. Unlike salmonids, however, it has been shown
1996). Despite the valuable information, both basic andhat lampreys recover quickly from the large metabolic
applied, acquired by studying a single group (Kieffer, 2000)disturbance associated with exhaustive exercise (Boutilier et
research comparing the physiological responses to exerciseaif, 1993; Wilkie et al., 2001). Whether these differences are
different groups of fish has revealed other importantelated to the complex life-history or to the phylogenetic
information about exercise-related mechanisms (Wood, 1991position of lampreys is not well understood. In general, there
For example, it has been shown that the differences in the rate a lack of information relating evolutionary aspects of
of recovery from exhaustive exercise span several orders ekhaustive exercise performance in fish (Bennett, 1991).
magnitude when species are compared (Milligan and Wood, The sturgeons (GenusAcipensey are freshwater
1987; Nelson, 1990; Boutilier et al., 1993), and thesehondrostean fish in the Suborder Acipensiformes that have
differences reflect the ecological requirements, morphologgxisted since the Jurassic period (approximately 150 million
and behaviour of a given species (Kieffer, 2000). years ago). Sturgeon have retained many ancestral body

In contrast to the growing literature on the physiologicalcharacteristics and ways of living that distinguish them as relict
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fishes (Bemis et al, 1997). Among these primitivemorning and once in the late afternoon daily to satiation. Water
characteristics are the protective ‘armour’ or scutes, a largetgmperatures for the experiments were 12+1 °C for series | and
cartilaginous skeleton (Kynard, 1997), the presence of &6+1°C for series Il. The tank water had the following
notochord and the shark-like heterocercal tail (Scott andomposition: pi6.5; total hardnes$0mgt! CaCQ.

Crossman, 1973). ) ) ) )

A growing body of literature exists on the ecology and status S€'i€S I: post-exercise oxygen consumption and ammonia
of sturgeon species (Smith, 1985; Bain, 1997: Kynard, 1997): excretion rates of juvenile shortnose and Atlantic sturgeon
however, less is known about their physiology. Of the availabl®Xygen consumption measurements
research, most has focused on osmoregulatory (McEnroe andTo reduce possible dietary influences on metabolite status,
Cech, 1985; LeBreton and Beamish, 1998; Krayushkina, 1998sh were not fed on the day before the start of experiments
Altinok et al., 1998) and respiratory (Maxime et al., 1995;(Kieffer and Tufts, 1998). Fish were removed from the holding
Thomas and Piedrahita, 1997) physiology. More recentlytank, weighed N=8, average approximately 9g) and held
researchers have focused on indices of stress in several specesrnight in small flow-through respirometers. These were
of hatchery-reared sturgeon (Barton et al., 1998, 2000). Despitdackened 60ml syringe barrels, fitted with three-way
some research on the stress response in sturgeon species, te@pcocks at the inflow and outflow, and were perfused with
is a paucity of information about the exercise physiology ofvater at 12°C at a flow of approximately 0.6-0.81hy a
these fish species (Peake et al., 1995; Adams et al., 19%&ries of custom-built flow restrictors. To prevent fish from
1999). Given the complex life-history of these fishslipping from their resting positions (i.e. on the rounded bottom
(Kynard, 1997) and the environmental challenges they facef the respirometer), each respirometer was fitted with a small
(temperature, salinity) while migrating within the river systemplastic mesh floor kept in place by clear aquarium silicone.
for foraging and reproductive purposes (Smith, 1985; Kynard, The following morning, several 1-2ml water samples for
1997), it is likely that these animals experience situations thabntrol measurements from non-exercising fish were removed
may challenge both their aerobic and anaerobic capacities. from the inflow and outflow of the respirometer using gas-tight

The present study is aimed at investigating the physiologicélamilton syringes. These samples were measured immediately
responses to exercise of two species of sturgeon, the Atlantigth a Cameron Instruments E1®b, electrode connected
sturgeon Acipenser oxyrhychlisand the shortnose sturgeon to a Cameron Instruments OM 2000 oxygen meter. Partial
(Acipenser brevirostruin Both species exist in the Saint John pressures of oxygerP6,) were converted to total Zzontent
River system, Canada (R. S. Hardy and M. K. Litvak,using solubility tables provided by Boutilier et al. (1984). The
unpublished results), but their distribution is known to extendish were then removed from the respirometers and
southwards along the North American Atlantic coast to Floridandividually exercised by manual chasing for 5min. Manual
(Scott and Crossman, 1973; Smith, 1985). There has beehasing is a standard technique used in most fish exercise
heightened interest in these species because populatistudies (Wood, 1991; Milligan, 1996). Fish were considered to
numbers have suffered a recent decline in eastern Nortie physically exhausted when they lost equilibrium and were
America as a result of natural and anthropogenic factors sucto longer responsive to manual chasing. It should be noted that
as the construction of dams, water pollution and over-fishinghe work done during exercise was not quantified (e.g. exact
At present, shortnose and Atlantic sturgeon are either on or a@iene to fatigue). Instead, the fish were exercised to a
being considered for the endangered species list. behavioural state of exhaustion, and the magnitudes of the

In the first experiment, we assessed the respiratorphysiological disturbances and recovery characteristics were
physiology (e.g. oxygen consumption rates, ammoni&xamined (for details, see Kieffer et al., 1994).
excretion rates) of juvenile Atlantic and shortnose sturgeons Following exercise, fish were returned to the respirometers.
before and after exhaustive exercise. In the second experimeRtgeliminary experiments indicated that, to obtain a representative
we assessed the muscle and blood metabolite levels (eRp, measurement, a 5min mixing period was required. Thus, the
energy metabolites, metabolic end-products) in juvenildirst post-exercise measurement was made 5min after the end of
shortnose sturgeon following exhaustive exercise. exercise (when the fish was placed back into the respirometer).
Water samples, therefore, were drawn from the inflow and
outflow of the respirometer at 5, 10, 15, 30, 45, 90, 120, 180 and
240 min post-exercise. ThHep, values of these water samples

Animal husbandry were determined as outlined above. Gas-exchange rates before

Juvenile shortnoseAg€ipenser brevirostrujnand Atlantic  and during recovery from exercise were calculated as the product
(A. oxyrhynchussturgeon were obtained from the hatchery abf the flow rate through the respirometer and the difference in
the University of New Brunswick (Saint John). These fish werg@as content between inflow and outflow water samples and were
raised from eggs originating from St John River sturgeomxpressed on a wet body mass basis.
stock. After the fish had hatched and had been weaned onto
artificial diets, juveniles were moved to larger grow-out tanké&Ammonia flux experiments
until they reached the appropriate size for the experiments (seeJuvenile shortnoseNEG) and Atlantic K=6) sturgeon
below). While in these tanks, the fish were fed once in thé@pproximate mass 9g) were placed individually in black

Materials and methods
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Perspex boxes (volume 450ml) for at least 24h prior to A sample of muscle was removed from the anaesthetized
experimentation. Each box was fitted with multi-perforatedish, immediately frozen by clamping in pre-cooled aluminium
tubing mounted on the inside portion of the box. This providedongs and stored under liquid nitrogen. Control (i.e. resting)
a means of both aerating and mixing the water in the box. values were obtained in a manner similar to that described
For control flux measurements, the inflow and the outflovabove, except that individual fish were isolated in separate
of the boxes were closed. Water samples (20 ml) were thdPerspex boxes for at least 24 h prior to sampling and were not
taken over the 1 h period prior to exercise (resting flux). Nexgxercised. The samples of frozen muscle tissues were analyzed
individual fish were quickly removed from the flux box andfor lactate, glycogen, phosphocreatine (PCr), glucose, pyruvate
exercised to exhaustion by 5min of manual chasing in and water content.
circular tank. The fish were then returned to the boxes, and For the blood experiments, a similar protocol was used on a
water samples (20ml) were taken at 0.5, 1, 2 and 4h aftseparate group of fish, except that in this case blood was
exercise. These samples were immediately placed in a freezemoved from the fish. Blood was taken from the caudal
at —20°C for later analysis of ammonia concentrations (fovasculature with a 1ml syringe by caudal puncture. The
methods, see Verdouw et al., 1978). It should be noted thaamples were immediately centrifuged (4 min at 10)0&nd
fluxes could not be measured during the 5min exercise periodOpl of the resultant clear plasma was withdrawn and added
This measurement, with the above sampling schedule, allowed individually labelled Eppendorf tubes (50 containing 80
us to calculate the net ammonia flux during the periods befoyd of chilled 8% perchloric acid (PCA). The acidified plasma
exercise and over the 0-0.5, 0.5-1, 1-2 and 2-4 h post-exercigas quickly shaken, flash-frozen in liquid nitrogen and stored
periods. under liquid nitrogen for subsequent determination of plasma
lactate concentrations. Any remaining plasma was drawn off,
placed in labelled microcentrifuge tubes, flash-frozen and
Animal husbandry stored under liquid nitrogen for osmolality measurements (see
For these experiments, juvenile shortnose sturgeon webzlow).
used (approximate mass 18-20g; 17-19cm in total length).
Fish were held in large flow-through tanks continuouslyAnalytical techniques: tissue extraction and metabolite levels
supplied with fresh, well-aerated, dechlorinated, St John Samples of sturgeon muscle were ground to a fine powder
municipal water (pH6.5; total hardnes$0mgt!l CaCQ; under liquid nitrogen using a pre-cooled mortar and pestle.
temperature 16+1°C). Sturgeon were fed a commercial trolipproximately 1 g of powder was transferred to a tared 15ml
food twice daily to satiation but were not fed on the day beforgial to which 4vols of ice-cold PCA solution containing

Series Il: muscle and blood experiments

the start of experiments. 1mmolil EDTA was added. This mixture was vortexed
_ _ _ briefly to form a slurry and placed on ice for a 10min
Exercise protocol and tissue collection extraction period. The tissue slurry was briefly vortexed at

Individual fish were quickly netted and removed from theirl-2min intervals to increase the efficiency of the PCA
general holding tank and transferred to a smaller tank filledxtraction. Equal amounts of the homogenate were then
with system water. Care was taken not to disturb the other fighistributed into 1.5ml Eppendorf tubes and centrifuged
in the holding tank when netting fish. Fish were immediately{10000g) for 5min. The clear supernatant was collected,
exercised to exhaustion (except control fish; see below) bylaced in a new 10ml tube and neutralized with a known
manual chasing (see above for details). Exhausted fish wevelume of 2molt! potassium hydroxide (containing
placed in separate, darkened, flow-through Perspex boxe&4 mmoltlKCl and 0.4 mmoH!imidazole) and immediately
Each fish box was supplied with well-aerated water maintaineckentrifuged for 45s in a clinical centrifuge set at high speed.
at 16°C. The neutralized supernatant was placed into labelled

Samples of white muscl®&l€7-11) were taken immediately microcentrifuge tubes, flash-frozen and stored under liquid
following exercise (0 min of recovery) or 1, 2 or 6 h later, anchitrogen. Concentrations of all metabolites, except glycogen,
samples of bloodN=5-7) were taken immediately following were determined enzymatically on neutralized PCA extracts
exercise (Omin of recovery) or after 2 or 6h of recovery imaccording to the methods of Lowry and Passonneau (1972).
blackened Perspex boxes. Fish sampled immediately aft@vhite muscle glycogen was isolated using the methods of
exercise (i.e. time 0) were placed directly into anaesthetic pridassid and Abraham (1957). All metabolites were determined
to removal of muscle or blood. For all the other sampling timesn duplicate using chemicals, standards and enzymes purchased
the water flow to the Perspex box was stopped and a bufferé@m Sigma (Sigma, St Louis, Missouri, USA).
solution (pH7) of tricaine methanesulphonate (MS-222) was Plasma osmolality was determined on singleld2€amples
added. After 2-3min, during which the fish remainedof plasma with a advanced micro-osmometer (model 3300
quiescent, the sturgeon were fully anaesthetized. We choseAdvanced Instruments, USA). White muscle water content was
anaesthetize the fish prior to muscle and blood samplindetermined by placing approximately 0.25-0.5g of muscle tissue
because this method has been shown to reduce any metabalic a dried and tared aluminium weighing dish. Following the
and acid—base changes associated with the handling ofdatermination of wet mass, the samples were placed in a drying
conscious animal (Wang et al., 1994b). oven at 60°C and weighed daily until there was no change in
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Fig. 1. Rates of oxygen consumptio¥d;; A) and net ammonia excretion (B) prior to and following exhaustive exercise in shortnose and
Atlantic sturgeon. Asterisks denote significant differené&€)(05) from resting valueC], and a dagger indicates a significant difference
(P<0.05) between shortnose and Atlantic sturgeon at a particular sampling time. Negative values indicate net ammonia theskshf({oet
efflux). Values are meansste.m. (N=8, for each species fdio,; N=6 for each species for ammonia excretion).

mass for any sample (approximately 3-5 days). The percentagirgeon. For between 5 and 15min post-exercide,
water content was calculated using the following equation:  remained significantly elevated, approximately twofold in both
species, but these values returned to pre-exercise levels within
0, = —
/oH20 = 100~ [100(dry mass/wetmass)] 30min and remained consistent and not significantly different
Statistical analyses from pre-exercise levels for the remainder of the experiment.

Data were tested for normality (Proc Univariate) andammonia excretion rates
homogeneity of variance$gaxtest) (Sokal and Rohlf, 1981)

: : At rest, the net ammonia excretion rates were approximately
to ensure that they met parametric assumptions. Two-wa Teed: . ! : .
. . ) 400pumolkg—th=tin both species of fish (Fig. 1B). Following
repeated-measures analysis of variance (Proc ANOVA, species * . ; . .
i . . eXercise, there was an approximately twofold increase in the
and time as main effects) were run for both oxygen consumptiori

. . . : ) net ammonia excretion in both groups of fish. However,
and ammonia excretion experiments (series 1). Interagion

values were set at 0.2 following Winer (1971); all other tests ol?ecausg of the 'Iarge variability in the 'shortnose sturgeon

N ammonia excretion rate data, these differences were not

significance were set at a type | error B£0.05. When a . .. : .
significant. In the Atlantic sturgeon, however, the ammonia

significant interaction occurred, we ran both separate ANOVAgxcretion rates remained elevated throughout the experiment

at each time, to detect differences between species, and one-wa :
. th the exception of the 1-2 h values). There were no overall
repeated-measures ANOVAs over time separately for ea ; : .
ifferences in the ammonia excretion rates between the two

species. When an interaction between species and time was not . i
significant, we re-ran the repeated-measures ANOVA poolinapeC'es of sturgeon (two-way ANOVR?0.05).

for species (Keppel, 1982). One-way ANOVAs were also used  series I1: muscle fuel and metabolite levels in shortnose
to assess the differences in responses for the shortnose sturgeon sturgeon

mulspllez and blopd experiments (serldes 1. One-yvay [?ur:jnetts Resting muscle phosphocreatine (PCr) concentrations were
multiple-comparison tests were used asagposterioripaire approximately 1fimolg® (Fig. 2A), while glycogen

comparison of controls with all times within each temporalconcentrations aporoached urdol -l (Fia. 2B). Althouah
series. pp grdolg? (Fig. 2B). g

exercise led to a significant 50% drop in phosphocreatine
Values are presented as mearse. levels, there was a rapid replenishment of this metabolite by
1h post-exercise (Fig. 2A). Muscle glycogen levels decreased
by approximately 30% following exercise (Fig. 2B), but the

Res.ults decrease was not statistically significant. Overall, glycogen
Series | levels did not change significantly over the experimental
Oxygen consumption rates period.

Resting oxygen consumption ratdéo() for both sturgeon The drop (4molg?) in glycogen concentration
species were relatively low and averagedu®®lg1h-1(Fig. corresponded to a sixfold increase in muscle lactate
1A). Five minutes of exercise causdd, to increase twofold concentration, which exceededu®ol g immediately after
to approximately 7.amolg2h-1in both species of sturgeon. exercise (Fig. 3A). By 2 h into the recovery period, 50 % of the
This increase was immediate in Atlantic sturgeon but waaccumulated load had been eliminated, and by 6h, muscle
slightly delayed (by approximately 5-10min) in shortnosdactate concentrations had returned to resting levels (Fig. 3A).
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Fig. 2. Phosphocreatine (PCr; A) and glycogen (B) concentrations § \
(umolg™® in the muscle of shortnose sturgeon at re3jt énd E 1 '
following 0O, 1, 2 and 6h of recovery after exhaustive exercise. An O, :
asterisk denotes a significant differené&@.05) from the resting 0 (-
value. Values are meanss£.Mm. (N=7-11). C 0 1 2 6

Time (h)

Muscle = pyruvate c?oncentrgt!ons were appr_OX|matel)i:ig_ 3. Lactate (A), pyruvate (B) and glucose (C) concentrations
0.1umolg1? und_er rest_mg conditions (Fig. _3B) and INCreasec, nolgD in the muscle of shortnose sturgeon at ret gnd
to 0.2umolg™ immediately after exhaustive exercise. Oneéfoliowing 0, 1, 2 and 6h of recovery after exhaustive exercise. An
hour into the recovery period, pyruvate had returned to restirasterisk denotes a significant differende<@.05) from resting
levels (Fig. 3B). values. Values are means.£M. (N=7—11).

Muscle glucose concentrations were low (infolg?)
under resting conditions (Fig. 3C) and did not increast
significantly immediately after exhaustive exercise. By 1h into Discussion
the recovery period, muscle glucose levels had increased byBoth sturgeon species exhibited a physiological stress
approximately 60%, and the levels remained stable for theesponse to physical disturbances, as indicated by changes in

remainder of the experiment (Fig. 3C). whole-body oxygen consumption and ammonia excretion rates
. _ (Fig. 1). Changes in levels of some of the muscle and blood
Plasma metabolite levels in shortnose sturgeon metabolites were also observed in the shortnose sturgeon

Plasma lactate concentrations were very low (<0.5mmjoll (Figs 2—4). These responses, however, are considerably
under resting conditions (Fig. 4A). These values increased t@duced compared with those previously documented for many
1.3mmolttimmediately after exercise and returned to restingeleostean fishes (Moyes and West, 1995; Milligan, 1996;
values within 2h (Fig. 4A). Similarly, plasma osmolalities Barton, 2000; Kieffer, 2000). The findings of the present study,
were extremely low (approximately 250 mosmotRgunder  however, are consistent with those from other chondrostean
resting conditions (Fig. 4B). These levels increased slightlyspecies subjected to different acute stressors (Barton et al.,
but not significantly, immediately after exhaustive exercise but998, 2000).
were reduced again 2h post-exercise and remained low and
stable at 6h, post-exercise (see Fig. 4B). Overall, osmolality =~ Oxygen consumption and ammonia excretion rates
did not change significantly over the experimental period. The resting oxygen consumption rates for both species of
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ol A exercise oxygen consumption rates decreased rapidly
following the swimming bout (see Fig. 1A). Thus, sturgeon
appear to have a small excess post-exercise oxygen
= consumption, which is recovered quickly relative to other
species (Scarabello et al., 1992) (A. M. Wakefield and J. D.
Kieffer, in preparation). Taken together, these findings suggest
1 x that sturgeon have a low factorial scope; however, this does
not appear to influence metabolic recovery from exhaustive
exercise (see below).
In contrast to oxygen consumption rates, sturgeon excrete
amounts of ammonia (approximately 40@olkg1h)
T similar to those excreted by teleost fishes under resting
T conditions (Wood, 1988; Alsop and Wood, 1997). This trend
changed with exercise, however; sturgeon only increased their
7 ammonia excretion rates approximately 1.5-fold, while post-
exercise excretion rates for rainbow trout (Wood, 1988; Kieffer
and Tufts, 1996) typically increased at least twofold over
resting levels. The lower post-exercise ammonia excretion
rates for sturgeon may reflect their ability to excrete larger
amounts of urea relative to ammonia. Most teleosts are
ammoniotelic, with ammonia forming 75-100% of the
C 0 2 6 . .
] nitrogenous waste excreted. Recently, however, Gershanovich
Time (h) and Pototskij (1992) showed that the sturgeon species
Fig. 4. Lactate concentration (mmd) (A) and osmolality Acipenser ruthenusexcreted a large proporti_on of their
(mosmol kgY) (B) in the plasma of shortnose sturgeon at @safd nitrogenous waste as urea (1.4 parts ammonia:1l part urea).
following 0, 2 and 6h of recovery after exhaustive exercise. AnVhether this pattern of nitrogen excretion is common among

asterisk denotes a significant differen@®x@.05) from the resting @ll sturgeon species and whether urea excretion rates in
value. Values are meanss£M. (N=5-7). sturgeon change with exhaustive exercise is not known but

would provide an interesting area for study.

sturgeon were 10-20% lower than those of rainbow trout
(Oncorhynchus mykissnd Atlantic salmonSalmo salay of Muscle and blood_metabolite levels before and after exercise
a comparable size (Scarabello et al., 1992) (A. M. Wakefield in shortnose sturgeon
and J. D. Kieffer, unpublished data) and were similar to those The resting levels of PCr and glycogen are within the range
of other sedentary, non-pelagic fish including other sturgeonoted for another teleost species of similar size, the rainbow
species (Nonnotte et al., 1993) (see also Burrgren and Randdithut (McDonald et al., 1998; Milligan, 1996), and the
1978). Whether the observed differences reflect speciedbserved utilization and recovery patterns for PCr were within
differences or the fact that sturgeon remain relatively still irthe range reported for salmonids (Milligan, 1996). However,
the respirometers could not be determined from the currein sturgeon, glycogen usage and recovery were markedly
analysis. different from those of other species (Milligan, 1996). For

Post-exercise oxygen consumption rates of juvenile sturgea@xample, glycogen levels decreased slightly, but not
increased by approximately twofold over resting levels, whictsignificantly, following exercise (Fig. 2B) and approached
is a very small increase compared with more active fish speciegsting values within the first hour post-exercise. The rapid
such as trout and salmon (Wieser et al., 1985; Scarabello et @ffes of restoration of PCr and glycogen (within 1 h) following
1992; McDonald et al., 1991; Gonzalez and McDonald, 1994xhaustive exercise by shortnose sturgeon matched recovery
Our findings for shortnose and Atlantic sturgeon are similar teates measured in the muscle of adult sea lampreys (Boutilier
those of Khakimullin (1989), who found that the Siberianet al., 1993) and the rates of muscle glycogen replenishment
sturgeonAcipenser baertdid not increase its rate of oxygen reported in exhaustively exercised juvenile trout and herring
consumption significantly with increasing swimming speed(Scarabello et al., 1992; Franklin et al., 1996). A possible
Khakimullin (1989) noted that the physiological basis for thes@xplanation for the rapid recovery of muscle PCr and glycogen
low oxygen consumption rates was related to the nature dgvels may reflect the nature of the muscle tissue. Although
swimming in this species. For example, these sturgeon activehpthing is known about the muscle types involved in
resisted swimming at high speeds (probably by anchoringwimming in sturgeon, there is some evidence that the muscle
themselves on the bottom of the swimming apparatus with theinass of sturgeon is made up of the same three zones noted in
long fins) and only swam in spurts (also noted for juvenildeleosts (Kiessling et al., 1993). A more plausible explanation
pallid sturgeon) (Adams et al., 1999). The results obtained byay be that, since the metabolic disturbance is minimal
Khakimullin (1989) also support our findings that post-following exhaustive exercise, relatively little time is needed

[EEY

[Lactate] (mmol 1Y)

250+

Osmolality (mosmol kg™

200
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Table 1.Maximum muscle lactate concentrations following exhaustive exercise in various species of juvenile fish

[Muscle lactated

Species iimol g-lwettissue) Reference
Juvenile rainbow trout@ncorhynchus mykiys 30 McDonald et al. (1998)
Juvenile Atlantic salmorSalmo salay 22 McDonald et al. (1998)
Juvenile largemouth bagslicropterus salmoidgs 23 Kieffer et al. (1996)
Juvenile brook troutSalvelinus fontinalis 15 Kieffer et al. (1996)
Juvenile yellow perchRerca flavescens 15 McDonald et al. (1991)
Juvenile winter floundeP|euronectes americanus 9 J. D. Kieffer and J. Frank (unpublished results)

(whole-body value)
Juvenile Smallmouth basklicropterus dolomielu 8 McDonald et al. (1991)
Roach Rutilus rutilig 6 Dalla Via et al. (1989)
Juvenile shortnose sturgeokc{penser brevirostrujn 6 Present study

*Values are approximate.

for full recovery of these metabolites. This is supported by thgolumes to those of other fish (Olson, 1992), these low plasma
rapid repayment of the oxygen debt in this species (Fig. 1A)lactate levels probably reflect the low levels of lactate leaking
Consistent with most studies on exhaustive exercise, thefeom the muscle into the blood. The absence of a ‘stress-
were notable changes in muscle glucose, pyruvate and lactateluced’ elevation of plasma lactate levels appears to be
concentrations following exhaustive exercise (for a review, seeonstant across most sturgeon species subjected to various
Kieffer, 2000). However, the magnitude of these changephysical disturbances (Barton et al., 1998, 2000).
(particularly those for lactate) was much lower in shortnose Under resting conditions, plasma osmolalities were
sturgeon than in teleost fish of a similar size (see Table 1). Fapproximately 250 mosmolkgin shortnose sturgeon. These
example, McDonald et al. (1998) found that rainbow troutvalues are lower than those typical of most teleost fishes (range
(weighing 16 g) produced nearly eight times more lactate afte?70-310 mosmol kd), but are consistent with the values for
exercise than did control fish. Even very small Atlantic salmomany sturgeon species (Citaldi et al., 1998; LeBreton and
(approximately 4g body mass) produced much higher levelBeamish 1998; Altinok et al., 1998), including shortnose
of lactate (McDonald et al., 1998) than the shortnose sturgeaturgeon (Krayushkina, 1998). Post-exercise osmolality did not
used in the present study. Studies on other sedentary fish shimgrease significantly in shortnose sturgeon (an increase of
that post-exercise levels of lactate are approximately the saragproximately 10 mosmolké) (Fig. 4B). Citaldi et al. (1998)
as the values noted for shortnose sturgeon (for a review, sskowed a similar trend for Adriatic sturgeoAcipenser
Kieffer, 2000). The increases in lactate levels followingnaccari) following crowding and handling stress. Our
exercise agree well with the decrease in muscle glycogen levalsmolality measurements suggest that there is probably no
(i.e. 2 molecules of lactate produced per molecule of glycogemajor ionic (N& and Ct) disturbance in sturgeon similar to
used) (compare Fig. 2B with Fig. 3A). However, the recoverythat noted for many other fish species subjected exercise and
of lactate appeared to be uncoupled from glycogestress (Wood, 1991). Indeed, Barton et al. (1998) and Citaldi
replenishment. Despite the speed at which muscle glycogenes al. (1998) found that plasma-Gloncentrations were not
replenished, recovery appears to occur without any utilizatiomodified by stress in sturgeon species. Thus, overall, our data
of muscle lactate, since concentrations of the latter remaisuggest that the osmoregulatory function of sturgeon may not
relatively unchanged during this time (see Fig. 3A). Increaselse modified following exercise.
in muscle glucose content (Fig. 3C) and decreases in pyruvateAlthough Atlantic and shortnose sturgeon responded to
content (Fig. 3B) may play a role in the early replenishment afnanual chasing with a typical series of behavioural responses
muscle glycogen, even though the process of replenishment(is.g. increased ventilation, rolling over, tiring), they did not
unknown. It is also possible that other fuel sources, such ahow responses to physical disturbances of a magnitude similar
protein and lipids, may play a large role in the metabolido those observed in most teleosts of a similar size. The reasons
processes of these fish (Singer et al., 1990). for these differences are not known, but the available data for
Another interesting feature of sturgeon physiology is the lovseveral sturgeon species suggest that chondrostean fish may be
post-exercise plasma lactate concentration. For examplphysiologically less responsive to physical stressors than are
plasma lactate levels were elevated to only 1.5mrholl teleosts in general (Barton et al., 1998, 2000).
immediately after exercise, and these levels quickly returned Differences in physiological response to stress between
to pre-exercise levels (within 2h) (see Fig. 4A). Such lowteleosts and chondrosteans may be related to their evolutionary
levels contrast with those seen in most teleost fish, whichistories, with sturgeon being relatively ancient fish. Sturgeon,
normally accumulate a large amount of lactate in theiin general, are considered to be ancestral fish that have changed
bloodstream, peaking between 1 and 2 h post-exercise (Woaglatively little during evolutionary time. This lack of
1991; Milligan, 1996). Given that sturgeon have similar bloodnorphological change coupled with other features necessary
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certain stressors compared with teleosts. For example, it is

possible that, since sturgeon are well armoured (large dorsal

scutes) and generally lack natural predators, they did not need References

to dgvelop a capacity for exhaustive exercise or to respongiams. s. R., Hoover, J. J. and Killgore, K. J(1999). Swimming endurance
physiologically to stress. It may also be possible that sturgeonof juvenile pallid sturgeorScaphirhynchus albu€opeial999 802-807.
are able to meet all their swimming requirements throughdams. S. R., Parsons, G. R., Hoover, J. J. and Killgore, K. §1997).

. . Observations of swimming ability in shovelnose sturg&saphirhynchus
aerobic processes. Although this is not known for shortnose ,aiorynchuy. J. Freshwater Ecol12, 631633

sturgeon, Peake et al. (1995) found that lake sturgeosisop, D. H. and Wood, C. M.(1997). The interactive effects of feeding and

(Acipenser fulvesce)wvere poor swimmers in all categories _exe_rcise_on oxygen consumption, swimming pe_rformance and_ protein usage
. . . ., in juvenile rainbow trout @ncorhynchus mykissJ. Exp. Biol 200,
(e.g. endurance and burst swimming) relative to salmonid 5337 5346

species. Adams et al. (1999) also noted that pallid sturgeorinok, 1., Galli, S. M. and Chapman, F. A. (1998). lonic and osmotic
demonstrated a reduced swimming performance Comparedegulation capabilities of juvenile Gulf of Mexico sturgedkgipenser

. . . . oxyrinchus de sotoi. Comp. Biochem. Physi@DA, 609-616.
with other fishes. The lower metabolic rate of sturgeon ("%ain, M. B. (1997). Atlantic and shortnose sturgeons of the Hudson

oxygen consumption rates) could partially account for their River: common and divergent life history attributEsv. Biol. Fish.48,
depressed swimming ability. In addition, poorer performance 347-358. _
. . S Barton, B. A. (2000). Stress. IrEncyclopedia of Aquaculturéed. R. R.
at burst swimming speeds could indicate that anaerobiC gicyney), pp. 892-898. New York: Wiley.
processes are less efficient in sturgeon than in salmonidsarton, B. A, Bollig, H., Hauskins, B. L. and Jansen, C. R2000). Juvenile
(Peake et al., 1995)_ pallid (Scaphirhynchus albyisand hybrid pallidx shovelnose §. albusx
. . H;torynchu$ sturgeons exhibit low physiological responses to acute
The differences in the stress response between sturgeon anghqjing and severe confinemedemp. Biochem. Physidl26A, 125-134.
teleosts may also reflect differences in the anatomy of th@arton, B. A, Rahn, A. B., Feist, G., Bollig, H. and Schreck, C. §1998).

interrenal cells of the kidney. For example the interrenal Physiological stress responses for the freshwater chondrostean paddiefish
. hich d . id ! isol . (Polyodon spathula to acute physical disturbance€omp. Biochem.
tissue, which produces corticosteroids (e.g. cortisol), is Physiol.120A, 355-363.

dispersed throughout the kidney in chondrosteans, whereasBamis, W. E., Findeis, E. K. and Grande, L.(1997). An overview of

teleosts these cells are located in the anterior portion of thB%ﬁﬂES”Zerg‘)&%sf)”yfh?f'cTS}hc;?]S’o ?2;?1: capaciy. Exp. Biol. 160,
. . . . . , AL . Volutl VI ItY. EXP. blOl.
kidney (Barton et al., 2000). Differences in interrenal tissue ;_53 v cap P

between these two groups of fish may explain the lack dfoutilier, R. G., Ferguson, R. A., Henry, R. P. and Tufts, B. L(1993).

cortisol secretion post-stress in sturgeon (Barton et al., 2000) =Xhaustive exereise n ine Sea 'f;’r‘]“gf?r‘;ggﬁ’zlgpa”;%”%%if'gglzfggp
. . | ! | u 10— .
It has recently been documented that post-exercise elevationg;, 17g 71-8s.

in cortisol levels and the rate of cortisol clearance dramaticallgoutilier, R. G., Heming, T. A. and Iwama, G. K.(1984). Physicochemical
influence the recovery process in exhaustively exercised parameters for use in fish respiratory physiologyFish Physiologyvol.

. - . 10A (ed. W. S. Hoar and D. J. Randall), pp. 403-430. New York: Academic
salmonids (Milligan et al., 2000). More research into the Pres(s. )-pe v '

cortisol response and mechanisms of stress hormomerggren, W. W. and Randall, D. J.(1978). Oxygen uptake and transport
production in sturgeon species is needed because other factor%lr*‘r)'/fs‘igo |h9y,§°f'7°1e§§‘§,s“re in the sturgedipenser transmontanuespir.
such as hypothalamic-pituitary-interrenal sensitivity, at othegiaigi £. Dimarco, P., Mandich, A. and Cataudella, S(1998). Serum

levels and receptor activity could also be involved. parameters of Adriatic sturgeonAcipenser naccarii (Pisces:
In conclusion, our results clearly show that the stress response\cipenseriformes): effects of temperature and stré&snp. Biochem.

. ; . ) ; . Physiol.121A, 351-354.
in sturgeon is small in magnitude relative to that of other specigs, Via, J., Huber, M., Wieser, W. and Lackner, R(1989). Temperature-

of fish (Wood, 1991; Barton et al., 2000; Barton, 2000; Kieffer, related responses of intermediary metabolism to forced exercise and

2000). The reasons for this reduced response could be becauggeovely 1 juveniieRutilus rutlls (L.) (Cyprinidae: Teleoster)Physiol
. . . . 0ol. " .
of behavioural, morphological, ecological, evolutionary Organyiin. c. E.. Johnston, 1. A., Batty, R. S. and Yin, M. C.(1996).

physiological differences between sturgeon and other types ofMetabolic recovery in herring larvae following strenuous actityFish

fishes. Determining an evolutionary link (correlation) will be _Biol- 48, 207-216. ) o .
difficult b it h been shown that a mor rimitive fi hGershanowch, A. D. and Pototskij, I. V(1992). The peculiarities of nitrogen
fhcult because It has been sho at a more p € TSN, excretion in sturgeong\€ipenser ruthenggPisces, Acipenseridae). I. The

the sea lamprey, exhibits a physiological response to burstinfluence of ration size&Comp. Biochem. Physidl03A, 609-612.

exercise that rivals the response of salmonids (Boutilier et a@,(g‘za'gﬁ’ RiaJké aa’:% ,"gﬁ?gsnsa'_ﬂ-f_'gh f%ﬁgf")ég';i ;gg@nsmg_otj’ig";e”
" . . . X u | nt Vi Xp. bl
1993). In addition, differences in laboratory exercise protocols 9531%08. P P

and animal husbandry (e.g. water quality) could mask certaiRassid, W. Z. and Abraham, S(1957). Chemical procedures for analysis of

physiological responses. More research is needed in these ared§!ysaccharides. IMethods in Enzymologyol. 3 (ed. S. P. Colowick and
N. O. Kaplan), pp. 34-37. New York: Academic Press.

to further 0_ur understanding of why ?turgeons have a reSpon§@pbel, G. (1982).Design and Analysis: A Researcher’'s Handbdd&cond
to stress different from that of other fishes. edition. Englewood Cliffs, NJ: Prentice-Hall Inc.
Khakimullin, A. A. (1989). Intensity of gas exchange of hatchery Siberian
. . _sturgeonAcipenser baeriunder muscular load. Ichthyol 29, 73-80.
This research was supported by an N.S.E.R.C. Opera“qgeffer, J. D. (2000). Limits to exhaustive exercise in fis@omp.

grant to J.D.K. Funds for this research also came from World Biochem.Physiol126A, 161-179.



Physiological response to exercise in sturgetz89

Kieffer, J. D., Currie, S. and Tufts, B. L. (1994). Effects of environmental yellow perch Perca flavescefscomparison of populations from naturally
temperature on the metabolic and acid—base responses of rainbow trout taacidic and neutral waterBhysiol. Zool.63, 886—908.

exhaustive exercisd. Exp. Biol 194, 299-317. Nonnotte, G., Maxime, V., Truchot, J. P., Williot, P. and Peyraud, C.
Kieffer, J. D., Ferguson, R. A., Tompa, J. E. and Tufts, B. L(1996). (1993). Respiratory responses to progressive hypoxia in the sturgeon,

Relationship between body size and anaerobic metabolism in brook trout Acipenser baeri. Respir. Physi@ll, 71-82.

and largemouth bas$rans. Am. Fish. Sod 25 760-767. Olson, K. R.(1992). Blood and extracellular fluid volume regulation: role of

Kieffer, J. D. and Tufts, B. L. (1996). The influence of environmental the renin—angiotension system, kallikrein—kinin system and atrial natriuretic
temperature on the role of the rainbow trout gill in correcting the acid— peptides. InFish Physiologyvol. 12B (ed. W. S. Hoar, D. J. Randall and

base disturbance following exhaustive exercigysiol. Zool. 69, A. P. Farrell), pp. 135-254. San Diego, CA: Academic Press.

1301-1323. Peake, S., Beamish, F. W. H., McKinley, R. S., Katopodis, C. and Scruton,
Kieffer, J. D. and Tufts, B. L. (1998). Effects of food deprivation on white D. A. (1995). Swimming performance of Lake Sturgedkgipenser

muscle energy reserves in rainbow tro@n¢orhynchus mykiks the fulvescens. Can. Tech. Report Fish. Aquat. Zi163 1-26.

relationships with body size and temperatdfish Physiol. Biocheml9, Scarabello, M., Heigenhauser, G. J. F. and Wood, C. M1992). Gas

239-245. exchange, metabolite status and excess post-exercise oxygen consumption
Kiessling, A., Hung, S. S. O. and Storebakken, T1993). Differences in after repetitive bouts of exhaustive exercise in juvenile rainbow troEkp.

protein mobilization between ventral and dorsal parts of white epaxial Biol. 167, 155-169.
muscle from fed, fasted and refed white sturgeoficipgnser  Scott, W. B. and Crossman, E. J(1973). Freshwater fishes of Canaish.

transmontanus J. Fish Biol.43, 401-408. Res. Bd. Can. BullL84, 1-966.

Krayushkina, L. S. (1998). Characteristics of osmotic and ionic regulation in Singer, T. D., Mahadevappa, V. G. and Ballantyne, J. $1990). Aspects
marine diadromous sturgeoAsipenser brevirostrurand A. oxyrhynchus of energy metabolism of Lake sturgedwipenser fulvescensvith special
(Acipenseridae)J. Ichthyol.38, 660—668. emphasis on lipid and ketone body metaboli€an. J. Fish. Aquat. Sci.

Kynard, B. (1997). Life history, latitudinal patterns and status of the shortnose 47, 873-881.
sturgeonAcipenser brevirostrum. Env. Biol. Fis8, 319-334. Smith, T. I. J. (1985). The fishery, biology and management of Atlantic

LeBreton, G. T. O. and Beamish, F. W. H(1998). The influence of salinity sturgeon,Acipenser oxyrhynchusn North America.Env. Biol. Fish.14,
on ionic concentrations and osmolarity of blood serum in lake sturgeon, 61-72.

Acipenser fulvescens. Env. Biol. Fisi2, 477-482. Sokal, R. R. and Rohlf, F. J(1981).Biometry New York: W. H. Freeman
Lowry, O. H. and Passonneau, J. \(1972).A Flexible System of Enzymatic =~ & Co.

Analysis New York: Academic Press. Thomas, S. L. and Piedrahita, R. H(1997). Oxygen consumption rates of
Maxime, V., Nonnotte, G., Peyraud, C., Williot, P. and Truchot, J. P. white sturgeon under commercial culture conditidhguacult. Enginl6,

(1995). Circulatory and respiratory effects of a hypoxic stress in the Siberian 227-237.

sturgeonRespir. Physiol100, 203-212. Verdouw, H., Van Echted, C. J. A. and Dekkers, E. M(1978). Ammonia

McDonald, D. G., Cavdek, V. and Ellis, R(1991). Gill design in freshwater determination based on indophenol formation with sodium salicy\édeer
fishes: Interrelationships among gas exchange, ion regulation and acid-basdRes.12, 399-402.

regulation.Physiol. Zool 64, 103-123. Wang, Y., Heigenhauser, G. J. F. and Wood, C. M1994a). Integrated

McDonald, D. G., McFarlane, W. J. and Milligan, C. L.(1998). Anaerobic responses to exhaustive exercise and recovery in rainbow trout white
capacity and swim performance of juvenile salmortm. J. Fish. Aquat. muscle: acid—base, phosphogen, carbohydrate, lipid, ammonia, fluid volume
Sci.55, 1198-1207. and electrolyte metabolisrd. Exp. Biol.195 227-258.

McEnroe, M. and Cech, J. J.(1985). Osmoregulation in juvenile and adult Wang, Y., Wilkie, M. P., Heigenhauser, G. J. F. and Wood, C. M1994b).
white sturgeonAcipenser transmontanus. Richardson. Env. Biol. Figh. The analysis of metabolites in rainbow trout white muscle: a comparison of
23-30. different sampling and processing methals+ish Biol.45, 855-873.

Milligan, C. L. (1996). Metabolic recovery from exhaustive exercise in Wieser, W., Platzer, U. and Hinterleitner, S(1985). Anaerobic and aerobic
rainbow trout.Comp. Biochem. Physidl13A, 51-60. energy production of young rainbow tro8almo gairdneli during and

Milligan, C. L., Hooke, G. B. and Johnson, C(2000). Sustained swimming after bursts of activityJ. Comp. Physioll55B, 485-492.
at low velocity following a bout of exhaustive exercise enhances metaboligVilkie, M. P., Bradshaw, P. G., Joanis, V., Claude, J. F. and Swindell, S.
recovery in rainbow troutl. Exp. Biol.201, 921-926. L. (2001). Rapid metabolic recovery following vigorous exercise in burrow-
Milligan, C. L. and Wood, C. M. (1987). Muscle and liver intracellular dwelling larval sea lamprey®hysiol. Biochem. ZooV4, 261-272.
acid—base and metabolite status after strenuous activity in the inactivéyiner, B. J. (1971).Statistical Principles in Experimental Desidsew York:
benthic starry flounddPlatichthys stellatus. Physiol. Zo@0, 54—-68. McGraw Hill.
Moyes, C. D. and West, T. G.(1995). Exercise metabolism in fish. In Wood, C. M. (1988). Acid—base and ionic exchanges at gills and kidney after
Biochemistry and Molecular Biology of Fishesl. 4 (ed. P. W. Hochachka exhaustive exercise in the rainbow tralitExp. Biol.136, 461-481.
and T. P. Mommsen), pp. 367—-392. Amsterdam: Elsevier Press. Wood, C. M. (1991). Acid-base and ion balance, metabolism and their
Nelson, J. A.(1990). Muscle metabolite response to exercise and recovery in interactions, after exhaustive exercise in fishExp. Biol.160, 285-308.



