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ABSTRACT: Energetic studies on exercising animals are usually limited to oxygen

consumption measurements in respirometers followed by invasive tissue sampling and

analysis of metabolites. Noninvasive studies of exercising animals like through the use of
31P NMR are typically restricted to ‘‘stop and go’’ measurements. Furthermore, magnetic

resonanceAQ6 studies of marine animals are hampered by sea water, a highly electric con-

ductive and dielectric medium, resulting in heavy loading and strong RF loss. In this

work, we present a set-up for online determination of muscle bioenergetics in swimming

marine fish, Atlantic cod (Gadus morhua), using in vivo 31P NMR spectroscopy, which

overcome these limitations. Special hardware and RF coils were developed for this pur-

pose. A birdcage resonator adapted to high loadings was used for signal excitation. An

insulated inductive coil (2 cm diameter) was fixed onto the surface of the fish tail and

placed opposite a watertight, passively decoupled 9 3 6 cm2 elliptic and curved surface

coil for signal recordings. This arrangement led to enhanced penetration of the RF signal

and an almost 10-fold increase in S/N ratio compared to the exclusive use of the elliptic

surface coil. Monitoring of tail beat allowed to set trigger values resulted in an improved

quality of in vivo 31P NMR spectra of swimming fish. We report the first successful MRS

experiments recording simultaneously tissue energetic and acid–base parameters on

swimming cod depending on tail beat frequency and amplitude to determine critical

swimming speeds. � 2007 Wiley Periodicals, Inc. Concepts Magn Reson Part B (Magn Reson

Engineering) 00B: 000–000, 2007
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INTRODUCTION

Muscle physiology and energy metabolism under ba-

sal and exercise conditions have received significant

attention, both for an understanding of the factors en-

abling and limiting exercise and, more recently, for

an understanding of the role of temperature adapta-

tion and acclimation shaping exercise performance in

marine animals from various climate regimes (1–3).

The function and organization of muscle tissue from

ectothermic animals living at low or polar tempera-
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tures is especially interesting, and studies revealed

unique features of adaptation for living and swim-

ming in cold waters at all organismic levels. Briefly,

cold adaptation characteristics include a specialized

muscle anatomy with an increased mitochondrial

proliferation (for a review, see 4), antifreeze proteins

(for a review, see 5), modified membrane structures

and functions using unsaturated phospholipids (e.g.,

6), and specialized modes of energy metabolism

including increased lipid b-oxidation rather than

glycolysis (3). An increase of lipid content will facil-

itate oxygen diffusion in muscle (7). Some of these

features are also expressed in cold acclimated tem-

perate fish-like crucian carp that displays increased

mitochondrial densities in muscle tissue of up to 45%

(8).

Little is known about the functional consequences

of these mechanisms for example during exercise (9;

for reviews, see 3, 4). An understanding of these spe-

cial adaptations is becoming even more important in

the framework of climate change, questioning how

animals specialized on limited climate and tempera-

ture regimes can cope with rising temperatures? A

model explaining the oxygen limitation of thermal

tolerance has recently been developed and tested in

an ecological context with the goal to explain these

phenomena (1–3, 10). These analyses revealed a key

role for the thermal sensitivity of aerobic scope and

the mechanisms shaping the thermal window of aero-

bic scope. In the context of exercise physiology, aer-

obic scope is defined as the difference between basal

and maximal or active metabolism (11, 12). Classical

oxygen consumption measurements of aerobic scope

are often hampered by the experimental set-up so that

reliable results are difficult to obtain within a typical

experimental time frame (12). Any invasive studies

for measurements of additional parameters like circu-

latory performance, blood-gas transport, or muscle

perfusion in marine animals will complicate the sit-

uation further due to lower performance and in-

creased recovery rates after surgery. For example,

rainbow trout needed more or less 48 h to reestablish

control values after surgery and implantation of oxy-

gen probes into gill arteries (13). Noninvasive studies

like 31P NMR analyses on exercising animals have

previously been restricted to ‘‘stop and go’’ measure-

ments (14). To overcome this dilemma, we devel-

oped a minimally invasive set-up that measured sev-

eral parameters correlated with aerobic scope during

exercise of free-swimming fish.

The aim of this work was to develop an experi-

mental set-up for the online determination of aerobic

scope, oxygen consumption, and swimming perform-

ance, combined with studies of muscle energy metab-

olism and acid–base regulation by in vivo 31P NMR

spectroscopy of fish. For this purpose, a Brett type

swim tunnel respirometer was integrated into a 4.7 T

MRI scanner (Bruker Biospec, Ettlingen, Germany).

Magnetic resonance (MR) AQ7measurements in elec-

tric conductive, dielectric media are complicated

mainly by inductive losses. These losses originate

from eddy currents induced within the sample by the

oscillating field B1. The electric conductivity de-

creases the signal-to-noise ratio (S/N); the loading in

a coil rises. Also, pulse length or power to produce a

given pulse angle increases, whereas the irradiation

of radio frequencies (RFs) is attenuated due to the

skin effect. These strong effects might even be inten-

sified when an electric conductive medium like sea

water is flowing through an NMR probe. Principally,

the induction of eddy currents must be avoided. In

the case of surrounding sea water, this is usually only

possible if the sensitive volume inside a probe is di-

vided into specific parts by use of electrical insulators

(15). However, this is not applicable to in vivo NMR

studies, due to the limited space available inside an

NMR probe, especially in the case of freely moving

animals. Our approach was therefore mainly to adapt

and optimize the RF-hardware with respect to the

specific requirements for swimming marine fish in a

horizontal MR scanner.

MATERIALS AND METHODS

Animals

Two groups of Atlantic cod (Gadus morhua) from

the North East Arctic and the North Sea, with a body

length between 35 and 52 cm and 0.5–1.1 kg body

weight were used for a comparative NMR study (data

and results will be presented in an accompanying

publication, 16). Briefly, North Sea cod were caught

in the German Bight by bottom trawls or bow nets on

the White Bank near Helgoland. They were trans-

ported by RV ‘‘Heinke’’ or RC ‘‘Uthörn’’ to Bremer-

haven and kept in natural sea water of the aquarium

system of the Alfred Wegener Institute at tempera-

tures around 108C. Animals were fed frozen mussels,

Mytilus edulis, or frozen shrimps, Crangon crangon
twice a week. Feeding was stopped at least 1 week

prior to experimentation. Cultured North Eastern

Arctic cod were a generous gift from Dr. M. Del-

ghandi at the IMR in Tromsø and transported to the

AWI by air. Animals from both groups were kept in

aquarium tanks with a volume of 1 m3 under identi-

cal conditions (see accompanying paper for more

details, 16).
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Surgery

All animals were anesthetized with 0.08 g/l MS222

and body weights and lengths were measured. During

surgery gills were irrigated continuously with aerated

sea water containing 0.04 g/l MS222. An inductive

coil (2 cm inner diameter, tuned to a fixed frequency

of 81 MHz, covered and sealed in plastic, with a final

size of a 4.5 3 4.5 cm2) was sewn with two sutures

to the skin just prior to the tail on one side of the fish.

During an initial set of experiments, the caudal fin

was punctured and fitted with a differential pressure

transducer, which was fixed with suture onto the skin

for online monitoring of tail beat pressures and fre-

quency (17–19). The complete surgical procedure

lasted no longer than 20 min. All animals survived

the experimental procedure.

Swim Tunnel Set-Up

A ‘‘Brett-type’’ swim tunnel respirometer was con-

structed and fed through the 40 cm inner diameter of

a Bruker Biospec 47/40 DBX system, operated at 4.7

T (Fig.F1 1). Briefly, a 2 m Perspex pipe (wall thickness

1 cm, inner diameter 17.5 cm) was fed through the

MR scanner. Special custom-made adapters with an

outside rubber seal and plastic clip collars provided

fitting to standard PVC tubes of 10 cm inner diame-

ter. In all other cases, union nuts with compression

rings were used as connectors. An animal handling

chamber was placed directly in front of the magnet

for the preparation of the animal and the MR set-up.

Both ends of the circular tube ended in a round Per-

spex reservoir with a maximum volume of around

450 l. The reservoir was connected to a separate filter

and cooling system consisting of a heat exchanger

(Calorplast Wärmetechnik GmbH, Germany) and a

cooler with a maximum cooling rate of 12.5 kW. A

protein skimmer combined with a trickle filter was

connected to the sea water reservoir. An additional

cooling coil was inserted into the tube system and

connected to a cryostat (Lauda, Germany) to provide

constant temperatures between 0 and 208C during

closed system operations. Temperature stability was

around 60.58C in both open and closed system oper-

ation. A circulation pump (Jesco Dosiertechnik, Ger-

many) with a maximum output of 30 m3/h was

placed directly after the reservoir. Three valves and a

bypass allowed switching from an open to a closed

system for respiration studies. A magnetic flow meter

(Badger Meter, Isitec, Bremerhaven, Germany) was

placed outside and in parallel to the Perspex tube to

determine flow. Flow velocities were calibrated

against an ultrasonic flow meter.

A round Perspex chamber closed on both sides with

nylon grids contained the individual fish (maximum

size of 50 cm body length and 1.2 kg body weight). It

was connected to Kevlar threads at both ends and

placed into the handling chamber (Fig. 1). The Kevlar

threads were used to pull the chamber into the correct

position in the center of the MR scanner. An integrated

Perspex holder inside the chamber was used to fix the

watertight surface coil relative to the tail muscle of the

free moving fish and in parallel to the inductive coil

[see Figs. F22(D,E)]. Velcro strips were used for fixation

allowing easy repositioning and removal of the coil.

The temperature sensor, oxygen optodes, and cable

of the water-sealed surface coil were fed through a seal

in the handling chamber and connected to their spe-

cific instruments. The complete system except for the

Perspex section inside the scanner was isolated with

Arma Flex (Armacell International GmbH, Münster,

Germany).

An underwater camera surrounded by a ring of

blue LEDs was placed directly behind the animal

chamber inside the Perspex tube for video observa-

tion of the swimming fish (Isitek, Bremerhaven, Ger-

many). The camera holder and thus focus was adjust-

able relative to the animal chamber from outside via

a plastic rod. The camera system was connected via a

frame grabber to a PC equipped with video tracking

software (MeDea AV, Erlangen, Germany). Analysis

of differential pressure recordings as well as video

sequences from the swimming behavior at different

swimming speeds allowed the determination of tail

beat frequencies and the onset of ‘‘kick and glide’’

bursts at critical swimming speeds.

All exercise studies were carried out with North

Sea and North Eastern Arctic cod at 4 or 108C,

respectively. Both coil and fish blocking effects were

calculated as described by Nelson et al. (20).

Oxygen Consumption Measurements

An optical fiber system (‘‘oxygen optodes", Fibox,

Presens, Germany) was used inside the MR system

for oxygen consumption measurements. Briefly, a

5-m long optical fiber was fed into the animal han-

dling chamber via a watertight seal and placed in the

current of the swim tunnel. An oxygen-sensitive dye

at the fiber’s tip detected changes in water oxygen

concentrations. Optodes were calibrated at 0% air

saturation with sodium dithionite and at 100% with

air-saturated sea water. Temperature compensation

of recordings was carried out manually. For oxygen

consumption measurements, the complete sea water

set-up system without an animal inside was tested by

closure with the two valves in front of the reservoir.
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Any decrease in water oxygen concentration during

swimming performance of the animals could then be

attributed to the oxygen consumption of the animal.

Usually, the system was reopened and flushed after

at about 30 min of swimming or a decrease by less

than 20% of water air saturation during exercise to

prevent any possible oxygen deprivation effects. The

calibration of the system was repeated daily, to

account for possible effects of bacterial respiration.

The complete water volume was exchanged after

each swimming trial.

NMR Hardware

The negative effects of highly conductive sea water

in a swim tunnel could only be marginally reduced,

as the animals could not be restrained. The sea water

volume around the animals could only be limited to a

certain degree in a way that swimming performance

of the animal was not affected. The main contribu-

tion of a conducting sample like sea water is the in-

ductive loss from eddy currents induced by the oscil-

lating field B1. The signal-to-noise ratio (S/N) is basi-

cally proportional to the negative square root of the

conductivity of the sample (15). The pulse length is

also depending on the inductive losses resulting in a

prolongation of the pulse or the need of higher power

levels with increasing conductivity (15). Further-

more, the high dielectric permittivity increases the

self-capacitance of the probe resulting in substantial

changes of the matching and tuning properties. Our

strategy for developing a usable NMR set-up there-

Figure 1 (A) Photographic view of the swim tunnel feeding through the MRI scanner, with (B)

front and (C) rear view, showing the Perspex pipe with the handling chamber prior the insulation

with Armaflex. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.] AQ8
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fore relied mainly on the optimization of the specific

NMR hardware. We basically divided the NMR exci-

tation and perception signals in three parts:

1. A commercial double tunable 1H–31P-birdcage

resonator [inner diameter 19.5 cm, Fig. 2(A)]

adapted for very high loadings was used for

signal excitation, specially developed and

optimized for our purposes (Bruker-Biospin,

Ettlingen, Germany). The inner Perspex tube

of the swim tunnel fitted symmetrically inside

the probe. The conductivity-induced changes

of the matching and tuning properties were

compensated with capacitors of broad capaci-

tance range in the electrical circuit (property

of Bruker), resulting in a reflection of less

than 2% on both channels with a completely

filled swim tunnel. Furthermore, both channels

were optimized for a maximum RF-power of

2000 W to compensate for pulse length pro-

longations. The probe can be actively de-

coupled on both channels for use in cross-

coiled experiments in combination with sur-

face coils to increase the S/N ratio. RF ampli-

fiers used were a 2 kW 1H-amplifier operating

at 200 MHz, and a 1 kW broadband amplifier

for 31P NMR spectroscopy, respectively.

2. Inductive coils have the advantage that cable

connections to the preamplifier can be

avoided. Fixing the coil directly to the fish

prevented further interference. Watertight

2 cm inner diameter inductive coils (1H or 31P)

sealed in Teflon were developed for use in

seawater [resulting size of around 4.5 cm

length, see Fig. 2(B)]. Briefly, solenoid micro-

coils were fabricated from copper and fixed

tuned and matched on sea water and their spe-

cific resonance frequencies (200 and 81 MHz,

respectively). Subsequently, the coil was

placed in two Teflon plates and sealed. Small

holes in each corner of the Teflon allowed the

coil to be sutured to one side of the fish’s tail.

Exemplary, Fig. 2(B) presents a 31P inductive

coil. The specific coil, for 1H- or 31P NMR,

Figure 2 (A) View through the 19.5 cm diameter seawater-adapted double tunable birdcage

resonator used for the swim tunnel experiments. (B) Photograph of an inductive surface coil

(left AQ9) and the watertight transmit/receive curved ellipsoid 31P surface coil before mounting (for

more information see text). (C) Pressure transducer used for the gating experiments. (D) Sche-

matic view of the experimental set-up illustrating all hardware components in combination. The

arrows are indicating the flow direction. Figure 2(E) presents the in vivo situation at the begin-

ning of the experiment. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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respectively, was then sutured with two small

sutures onto one side of the animal’s tail with

minimal effects on the swimming perform-

ance of the fish [see Figs. 2(D,E)].

3. A watertight transmit/receive curved ellipsoid
31P surface coil [inner diameters: 6 and 4 cm,

respectively; outer diameter including plastic

seal: 9 and 6 cm, Fig. 2(B)] developed for the

swim tunnel application (Bruker-Biospin,

Ettlingen, Germany) was placed onto the

inner wall of the swim tunnel opposite the in-

ductive coil. The coil was shaped to match

the curvature of the fish, thereby improving

excitation and reception [see Figs. 2(D,E)].

Match and tune capacitors of the coil were

preset to the conductivity of seawater. Match-

ing and tuning were individually optimized

for the 31P channel using the active decou-

pling unit (Bruker, Ettlingen, Germany). The

coil could be switched to a fixed matched and

tuned 1H channel usable for shimming proce-

dures only. One watertight cable was fed

through a watertight adapter and connected to

preamplifier and active decoupling unit of the

MR scanner, respectively.

In vivo 31P NMR spectra were recorded

during the swimming trails consecutively. Ac-

quisition parameters were as follows: acquisi-

tion size 4 K, sweep width 5,000 Hz, flip

angle 458, bp32 pulse, pulse length 200 ls,

repetition delay 0.8 s, number of scans 256,

resulting acquisition time 3.25 min. Despite

of the short repetition time, no substantial

relaxation effects could be observed similar to

previous studies (21, 22) due to the fact that

the T1 values of metabolites are greatly

reduced in marine organisms. The repetition

time was optimized comparing S/N ratio of
31P NMR spectra from a phosphate solution

at different repetition times. Individual FIDs

of every swimming speed were added for sub-

sequent quantification of relative metabolite

concentrations and the calculation of intracel-

lular pH changes. Resulting spectra were

processed using TopSpin 2.0 (Bruker, Ettlin-

gen, Germany) with a zero filling of 8 K and

a line broadening factor of 15 Hz. Peak posi-

tion and signal integrals were analyzed using

a specially adapted automatic fit routine as

described in (21, 22). Metabolite concentra-

tions from peak integrals were calculated as

described in (23).

4. A separate set of experiments was performed

with swimming cod equipped with a differen-

tial pressure transducer for better characteriza-

tion of the swimming performance inside the

MR integrated swim tunnel. Briefly, a differ-

ential pressure transducer [Fig. 2(C)] was

fixed to the caudal fin of the fish and used to

monitor tail beat pressures for the quantifica-

tion of tail beat amplitude and frequency (for

more information, see 17). Voltage thresholds

set within the pressure pulses were used to

gate MR measurements via a trigger box

(Isitec, Bremerhaven, Germany), which was

connected to the operator console of the MR

imaging system and sending TTL pulses to

the console via the EKG port of the spectrom-

eter. The trigger pulse length and time before

the onset of specific MR acquisition pulses

could be defined such that MR spectra were

sampled during tail beat pressure maxima,

minima or pressure increments and decre-

ments, respectively. The triggering allowed

the gated acquisition of NMR spectra during

maximum tail beat amplitude and minimum

when the tail returned to his start position.

The trigger box was connected to a PowerLab

system (AD Instruments, Australia) for online

monitoring of the pressure pulse and the cor-

rect setting of the trigger pulse. The trigger

box was equipped with additional digital fil-

ters and a baseline compensation for the cor-

rection and smoothing of the tail beat pressure

recordings.

RESULTS AND DISCUSSION

The aim of this work was the development of a swim

tunnel system integrated into a conventional MRI

scanner for exercise studies in fish including analyses

of oxygen consumption, work load, and muscle

energy metabolism. Preliminary results of this work

were presented by Pörtner et al. (18). A photographic

view of the complete experimental set-up integrated

to the magnet is shown in Figs. 1(A–C). Figure 2

presents the resonator [Fig. 2(A)], the surface coils

[Fig. 2(B)], and the pressure transducer [Fig. 2(C)]

used for the NMR studies to give an impression of

the physical dimensions. A schematic depiction of

the three different RF parts relative to each other to-

gether with the pressure transducer at the tail end of

the fish is shown in Fig. 2(D). After surgery, the ani-

mal was placed into the chamber inside the animal

handling chamber [Fig. 2(E)] and left there overnight

for recovery at low flow, i.e. 1–2.5 m3/h. During this

time, the fish usually started to swim freely against
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the current inside the animal chamber. No movement

restrictions were visible during this initial period of

swimming for any fish. After recovery and confirma-

tion of the right orientation of the coils relative to the

fish and to each other, the animal chamber was pulled

into the center of the magnet using the Kevlar

threads. The exact positioning of animal chamber

and coils relative to the resonator was confirmed by

the camera system. Furthermore, standard gradient

echo pilot scans in all three directions were per-

formed prior to each swimming trial.

The animal handling chamber was closed and the

resonator as well as the surface coil were matched

and tuned. An automatic shimming routine (Bruker,

Ettlingen, Germany) was used to provide field homo-

geneity. Indeed, since the swim tunnel resembled an

ideal water-filled cylinder, line widths of 10 Hz of

the water signal were reached easily as already

described by Bock et al. (21, 22).

All parts of the NMR set-up were tested and opti-

mized prior to exercise studies using a square bottle

filled with 0.8 M NaHPO3
2 as a phantom. FigureF3 3

presents 31P NMR spectra from the phantom under

different coil set-ups and positions of the sample rel-

ative to the surface receiver coil. Sagittal MR images

over the entire animal chamber were obtained with a

classical gradient echo sequence to locate the test

set-up. Despite of the apparent magnetic field inho-

mogeneity over the entire field of view, position of

phantom and coils could be determined in the images

(Fig. 3, left). Interestingly, water flow had no influ-

ence on spectroscopic data, whereas blurring made it

nearly impossible to get any information from MR

images (data not shown). Therefore, water current

was set to zero during imaging.

No signal could be detected using the resonator

alone for 31P NMR spectroscopy (data not shown).

This result is in line with the excitation profiles we

observed using a standard gradient echo sequence

(e.g., see bright contrast at the margin of the MR

images, Fig. 3). Transverse MR images through the

swim tunnel acquired with the birdcage resonator

showed a very inhomogeneous excitation profile with

highlighted areas near the edge of the swim tunnel

indicating a strong skin effect. The skin effect also

accounts for the signal loss when using the resonator

for spectroscopy only. The RF excitation pulse from

the resonator is reduced on its way through the sea-

water, such that the phantom could not be excited at

all within the full power range of 2 kW of the RF

amplifier (data not shown). Indeed, only the combi-

nation of resonator and elliptic surface receiver coil,

operating in cross-coil operation mode, resulted in
31P NMR spectra with a sufficient signal-to-noise ra-

tio (S/N 5 100) after 128 acquisition pulses

[resulting scan time 1.45 min, Fig. 3(A)]. Since the

fish has to swim unrestricted with enough clearance

to perform reliable exercise studies, the phantom was

positioned 5 cm away from the receiver coil [Fig.

3(B)]. Placing a block between phantom and coil

caused the 31P NMR signal to almost vanish resulting

again in a fairly bad S/N ratio [see spectrum in Fig.

3(B)]. Nevertheless, addition of the inductive coil

onto the phantom increased the S/N ratio to suitable

values [around 30–40; Fig. 3(C)].

These results clearly demonstrate that only the

combination of all three coils yielded sufficient S/N
ratios on reasonable time scales and giving the ani-

mals enough free space for the exercise trials. Eddy

currents and skin effect decrease RF power to an

extent that the complete signal is almost lost on its

way through the seawater. Nevertheless, the distance

between inductive and receiver coils was suitable to

prevent signal loss and helped to transport the RF

signal through the seawater and on its way back.

Overall, an increase in S/N ratio by about one order

of magnitude could be reached with the three coil

set-up in comparison to just using the 31P surface

receive coil.

Figure F44(A) depicts typical in vivo 31P NMR spec-

tra from swimming cod at different water currents.

The presented spectra are the results of 9–13 individ-

ual spectra (of 256 scans resulting in 3.25 min) accu-

mulated over the entire swimming trial (normally

around 30 min) and depending on the oxygen con-

sumption of the animals. At high swimming speeds,

a decrease of around 20% of water air saturation

could be observed already, resulting in shorter swim-

ming periods for the animals (see Materials and

Methods section). All spectra display clearly the

most prominent phosphorus signals from muscle tis-

sue, namely phosphocreatine (PCr) and the three sig-

nals of adenosine triphosphate (ATP) [Fig. 4(A)].

Interestingly, the line width of the signals in indi-

vidual spectra decreased and the S/N ratio increased

with increasing swimming speed despite the faster

movement of the fish relative to the coil [Figs.

4(A,C), e.g. comparison of spectra at 12.6 and 6.3

m3/h, respectively]. At very low swimming speeds,

animals moved back and forth in the tube and thus

regularly changed position of the inductive relative

to the receiver coil. At swimming speeds from 0.4 up

to 1.2 body length/s (corresponding to flow rates of

around 7 to a maximum of 14.0 m3/h) depending on

the size of the fish, the animal kept its position more

or less stable during swimming, resulting in an

equally stable position of the inductive relative to

the receiver coil. Not until critical swimming speeds
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Figure 3 Comparison of 31P NMR spectra from a 31P-phantom solution placed into the center

of the swim tunnel together with corresponding sagittal MR images of the set-up. (A) 31P NMR

spectrum of the phantom positioned directly onto the surface coil (for acquisition parameters see

text, S/N ratio 5 100). (B) 31P NMR spectrum of the phantom placed at a distance of around

5 cm relative to the surface coil. Almost no signal could be detected from the phantom. (C) 31P

NMR spectrum of the phantom at the same position with attached inductive coil (the arrow indi-

cates the location of the coil in the sagittal view, S/N 5 35).
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were reached, the quality of the spectra decreased

again. In Fig. 4(D), for instance, an in vivo 31P NMR

spectrum of the same animal swimming near the crit-

ical swimming speed is presented (14 m3/h, 1.0 body

length/s). The critical swimming speed has recently

been defined as the point, when the fish started using

‘‘kick and glide’’ bursts and exploited high energy

phosphates while maintaining position in the swim

tunnel (16, 18). ‘‘Kick and glide’’ bursts are typically

used during escape swimming or hunting prey and

are powered by anaerobic white muscle, whereas

‘‘normal’’ subcarangiform swimming employs red

aerobic muscle. Using white musculature for faster

swimming is fuelled by anaerobic metabolism and

therefore time limited. The metabolic situation dur-

ing swimming bursts and the use of anaerobic white

muscle is clearly reflected in the spectrum displayed

in Fig. 4(D). PCr decreased in comparison to moder-

ate swimming and the accumulation of inorganic

phosphate (Pi, see spectrum 4D) is detected. Further-

more, intracellular pH, derived from the position of

the inorganic phosphate signal, decreased. A drop in

intracellular muscle pH values during exercise de-

spite the alkalizing effect of phosphocreatine deple-

tion gives strong evidence for lactate production (24)

and is therefore indicative of limited aerobic energy

supply and the onset of anaerobic metabolism. A

brief quantitative analysis of in vivo 31P NMR data

from four individuals is presented in Fig. F55. The

graph displays concentration changes of the high-

energy phosphates [PCr, ATP, and inorganic phos-

phate (Pi)] from muscle tissue at increasing swim-

ming speeds. Swimming speeds are expressed as

mean water flow in m3/h. A significant increase of

inorganic phosphate could be observed at swimming

speeds around 13 m3/h, confirming the use of white

musculature, the onset of anaerobic metabolism, and

the reaching of critical swimming speed. No signifi-

cant changes in PCr and ATP levels could beFigure 4 Accumulated in vivo 31P NMR spectra from

Atlantic cod at different swimming speeds. Figure 4(A)

presents a 31P NMR spectrum at a flow of 6.3 m3/h corre-

sponding to a swimming speed of 0.2 body length/s. Phos-

phocreatine (PCr) and the three ATP signals can be

clearly resolved (for acquisition parameters see text, line

broadening 30 Hz). (B,C) In vivo 31P NMR spectra from

the tail muscle of swimming cod at moderate swimming

speeds (9.3 and 12.6 m3/h, respectively), resulting in no

obvious differences to spectra at slower swimming speeds,

despite a higher S/N ratio. Figure 4(D) shows the ener-

getic situation at critical swimming speed, when cod

started to use kick and glide swimming (14 m3/h, around

1.0 body length/s). Note the decrease in PCr accompanied

by the onset of inorganic phosphate (Pi) accumulation.

Figure 5 In vivo 31P NMR metabolite concentration

changes of fish tail muscle at different swimming speeds

(n 5 4). At a mean swimming speed of 13 m3/h, a signifi-

cant increase of inorganic phosphate could be observed

indicating the onset of anaerobic metabolism.
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observed, most likely due to high individual variabil-

ity. Indeed, in our accompanying paper presenting a

more complete and time-resolved analysis of the bio-

energetics; the observed increase in Pi was coupled

with a stoichiometric decrease in the relative propor-

tion of PCr, whereas free ATP did not change signifi-

cantly during the swimming trials. Intracellular pH

decreased from around pH 7.48 to a minimal pH of

6.81 at critical swimming speeds indicating lactate

formation (16).

Results from the initial set of experiments using

NMR spectroscopy together with the differential

pressure transducer are presented in Fig.F6 6. On the

left part of the figure, typical pressure recordings

from increasing swimming speeds are presented. The

smooth sine curve of the traces is reflecting the tail

movement and indicates controlled swimming. The

spikes in the trace of the highest swimming speed

resulted from the additional ‘‘kick and glide’’ swim-

ming trials. On the right part of the figure, the results

from the pressure traces are summarized. Mean tail

beat frequency increased with swimming speed and

leveled off when critical swimming speed was

reached. Maximum critical swimming speed was

around 70% of that compared to literature values

from swimming cod (17, 20, 25, 26), but are in line

with observations from experiments on similar sized

cod using pressure transducers (Gamperl, personal

communication). Additionally, the recordings ob-

tained with the pressure transducer allowed us to

set trigger values for the acquisition of 31P NMR

spectra. In this way, spectra could be recorded at spe-

cific tail and therefore inductive coil positions rela-

tive to the receiver coil resulting in improved S/N
ratios together with narrower line widths of the sig-

nals. Figure F77 shows an example of three gated in

vivo 31P NMR spectra at a flow rate of 9.3 m3/h. The

lower spectrum was triggered on the maxima of the

pressure trace; the middle spectrum was triggered at

the rising edge and the upper spectrum was gated on

the minima of the pressure trace. The various trigger

settings resulted in substantial differences of the S/N
ratio with the best quality showing the spectrum

gated on the minima. This trigger set point reflected

the optimal position of inductive coil in relation to

the receive coil resulting in the highest S/N ratio.

Gating is especially advantageous at higher swim-

ming speeds, i.e. near the critical swimming speed

when animals started to use ‘‘kick and glide’’ bursts

(see spikes in pressure trace at 14.0 m3/h of Fig. 6).

Furthermore, triggering allows acquisition of time-

resolved 31P NMR spectra for analyzing the meta-

bolic machinery during exercise as for instance

previously has been carried out in squid (27).

Figure 6 Left: Individual pressure traces from same individium as in Fig. 4 at different swim-

ming speeds. Note the spikes in the trace at 14 m3/h mark the onset of ‘‘kick and glide’’ swim-

ming. Right: Mean tail beat frequency is presented in relation to swimming speed (n 5 4). Tail

beat frequency increased with swimming speed until the critical swimming speed was reached.

Maximum values are indicating the onset of kick and glide swimming near the critical swimming

speed. The point when critical swimming speed is reached fits perfectly with the onset of intra-

cellular acidification and the onset of inorganic phosphate accumulation as shown in Figs. 4 and

5 (see also 16, 18).
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CONCLUSIONS AND PERSPECTIVES

This paper describes an integrated swim tunnel set-

up for online in vivo 31P NMR spectroscopy studies

of exercising marine fish. 31P spectra were accumu-

lated at sufficient S/N ratios within minutes allowing

the characterization of energy metabolism and acid

base regulation of working tail muscle (see 16, 18) in

combination with oxygen consumption measure-

ments (data not shown). Using differential pressure

transducers improved spectra quality and allowed to

trigger and monitor spectra during specific contrac-

tion phases and the resulting metabolic situation (18,

27). As the use of differential pressure transducers is

invasive, a next step will use the integrated camera

system combined with online video analysis software

for noninvasive triggering and online determination

of swimming performance.
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Temperature dependent pH regulation in stenothermal

Antarctic and eurythermal temperate eelpout (Zoar-

cidae): an in vivo NMR study. Polar Biol 24:869–

874.

22. Bock C, Sartoris FJ, Pörtner HO. 2002. In vivo MR
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