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a b s t r a c t

In nature under adverse conditions like low oxygen conditions or starvation fish often lower their
metabolism: ‘metabolic depression’. This strategy of lowering the metabolic rate is a survival strategy
and is used to save energy stores and diminish end-product accumulation. The overall metabolic rate of
animals can be deduced by measuring metabolic processes such as oxygen consumption, but the ultimate
method is measuring heat flow. In this review, we will summarise the available data about metabolic
depression measuring heat flow, i.e. by direct calorimetry in fishes, which were carried out almost exclu-
sively with a 1-l flow through calorimeter. Using deconvolution techniques the time constant of this
calorimeter was measured that allowed to estimate the time course of metabolic depression, which was
found to take place on a time scale of 20–30 min. We demonstrated that metabolic depression is species
dependent. Goldfish, eel and tilapia show metabolic depression under low oxygen conditions while this is
not the case for common carp. In addition it is shown that metabolic depression is flexible and increases
with decreasing oxygen availability. Furthermore using a video analysing system we demonstrated that
metabolic depression is not caused by a reduction of external activity. As heart rate falls dramatically
during metabolic depression as shown by small wireless transmitters, we hypothesise that blood flow
reduction might be the proximate cause for metabolic depression.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction
In this mini-review we will give an overview of direct, in com-
ination, with indirect calorimetric experiments we performed
ith large aquatic fish species (range 5–110 g) over the last

5 years in a flow through Setaram twin detection calorimet-
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ic system with an 1-l vessel. We will discuss the process of
metabolic depression’: a lowering of the metabolic rate under
onditions of anaerobiosis (hypoxia/anoxia). We will demonstrate
hat it is flexible, species dependent, not caused by a reduc-
ion of the external activity and that it takes place on a time

cale of 20–30 min. With small implantable telemetry transmit-
ers we will demonstrate that metabolic depression is flexibly
ependent on the heart rate (HR) suggesting that blood flow
eduction is the proximate cause for the observed metabolic
epression.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:Vincent.vanginneken@wur.nl
dx.doi.org/10.1016/j.tca.2008.09.027
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Fig. 2. (A) Calorimetric block with twin detection system identical for both, mea-
surement (right, empty) and reference vessel (left, in place). The connections
(stainless tubes) for water in- and out-flow are visible on the left side. (B) Left:
1
c
t

V. van Ginneken, G. van den Thillar

. Direct calorimetry method

For a long time it was thought that measuring the metabolic
ate via direct calorimetry was not possible for aquatic ani-
als. First, the metabolic rate and thus the amount of produced

eat, is low compared to mammals. For poikilotherms, the “stan-
ard metabolic rate” (SMR, for more information see Section 5)

s only 17 kJ kg0.75 day−1, while for homeotherms a mean value
f 308 kJ kg0.75 day−1 has been reported [1,2]. Second, the water
edium has a large specific heat capacity—some 800 times higher

han that of air and is therefore rather insensitive to a temperature
hange [3,4]. Third, to determine the SMR, studies have to be per-
ormed over a period of several days under constant experimental
onditions to eliminate handling stress [4]. This can only be accom-
lished by a flow-through system, which requires high technology
kills in order to reach acceptable signal to noise levels.

Studies with small animals (<1 g) are feasible as they are not
imited by slow time constants. Over the last 30 years direct
alorimetry has been applied mainly on small aquatic organisms
ike Salmonid embryos [5] and Crustaceans from the genus Gam-

arus and Idotea recently [6–9]. For most fish species we have
he technical difficulty for direct calorimetry that we need larger
essels as animal chamber. Therefore, thus far most studies are
erformed with indirect calorimetry based on oxygen consump-
ion [10]. Oxygen consumption is however, only a derivative of
otal energy consumption, in many cases aerobic steady state and
ther preconditions are not reached. In case of an anaerobic compo-
ent (e.g. during recovery, or under hypoxic and anoxic conditions)
irect calorimetry is the only method for the determination of the
etabolic rate.
Despite the above-mentioned technical difficulties we devel-

ped in 1990 a system capable of performing direct calorimetry
ith larger aquatic animals like fish, in collaboration with a

alorimeter manufacturer, Sétaram, Caluire, France. The system has

1-l vessel, a maximal flow through of 100 ml/min, a signal resolu-

ion of 50 �W, and a drift <0.1 mW per 24 h [11]. After introduction
f 1–4 fish up to a total of 110 g, the baseline stability is reached
ithin 8 h. For a resolution of <50 �W the �T between the heat

ink and the animal chamber must be <10−4 ◦C. This temperature

ig. 1. Schematic drawing of the experimental set-up: (A) pump; (B) storage tank
ith aeration; (C) glass bottles with gas exchangers in thermostatted waterbath

Tamson TMV 45) for aeration with, air, nitrogen or a mixture; (D) gas mixture
ump (Wösthoff, West Germany, 2M301.�-F) to create hypoxic conditions; (E) Veder
umps (Veder V006.10/2031); (F) heat exchanger for temperature stabilisation
Bioactivity Monitor LKB2277); (G) vacuum space; (H) microcalorimeter (Setaram
F108); final temperature stabilisation by means of three heat exchangers inside

he calorimeter; (I) automatic alternating Bürckert three-way valve controlled by
he computer; (J) oxygen electrode (Radiometer, Denmark, E5046-0) which is fed
y a 2 ml water flow drawn with a Gilson peristaltic pump; (K) radiometer (Digital-
cid base analyser PHM 72 with a pO2 module PHA 932) connected with a special
eveloped interface to the computer (L) miscellaneous equipment for the calori-
etric set up like amplifier (Setaram A85), Voltmeter (Setaram VN), thermometer

Setaram TN2) temperature programmer and controller (Setaram), thermal safety
nit (Setaram TS1); (M) personal computer (Laser 368 SXE) for data registration;
N) thermostatted room.
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l vessel for fish up to 120 g. A low heat loss of <5% was reached by using 3 counter
urrent heat exchangers, 2 within the calorimeter block (A, right) and 1 on top of
he animal chamber within the measuring system (B, right).

tability and heat flow sensitivity can only be reached with a twin
etection system in combination with a flow through system. A

ow heat loss of <5% was reached by using 3 counter current heat
xchangers, 2 within the calorimeter systems and 1 on top of the
nimal chamber within the measuring system [11]. An overview of
he total system is given in Fig. 1. The calorimetric block (Fig. 2A)
ontains identical measurement and reference vessels (Fig. 2B). The

ignals of both vessels are affected by environmental (=tempera-
ure) changes in an equal way such that subtraction of both signals
esults in a stable baseline (Fig. 3).

ig. 3. Principle of the twin detection system. Typical signals of the twin detection
ystem. The signals of both vessels are affected by environmental (=temperature)
hanges in an equal way such that subtraction of both signals gives a stable baseline
ndicated by the bold curve at the top showing also the two calibration events in the
eginning and the end of the experiment.
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Fig. 4. Enlargement of the registration of the process of metabolic depression
of goldfish (n = 4; 6.1; 10.2; 7.5 and 6.5 g respectively) exposed to anoxic condi-
t
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sius auratus L.) [12], eel (Anguilla anguilla L.) [14], and tilapia
(Oreochromis mossambicus Peters) [4] (Fig. 5). From the deconvo-
luted signal it can be concluded that the 70% metabolic depression
in goldfish and European eel under anoxia takes place on a time

Fig. 5. Metabolic depression of a group of Tilapia (n = 6, total biomass 33.25 g)
exposed to hypoxic conditions of 41% and 14.6% AS. The top signal, alternating
between reference and measurement vessel of the calorimetric system, is the oxy-
V. van Ginneken, G. van den Thillar

. Metabolic depression takes place on a time scale of
0–30 min

The 1 l flow-through calorimeter (Sétaram GF 108, Fig. 1)
ontains two stainless steel vessels (twin-detection system), a
alorimetric block (Fig. 2A) functioning as a heat-sink, a flow
hrough (dependent on the size of the fish) of 50–100 ml/min and
he fish which produces metabolic heat (0.10–100 mW). For the fol-
owing heat balance model we assumed that the water in the vessel
s perfectly mixed and that the temperature of the stainless steel
essel corresponds to the temperature of the water Tw.

The change of the heat content of the system can then be
escribed by

tot

(
ıT

�t

)
= Å f − Å out (1)

here Ctot is the total capacity of the water (w), stainless steel (ss)
nd Åf the heat produced by the fish (f) while the heat capacity of
he water and stainless steel corresponds to

w+ss = cp,wMw + cp,ssMss (2)

ith cp is the specific heat of water (w) and stainless steel (ss) and
w is the mass of water and Mss is the mass of the stainless steel.

The heat flow due to the flow of the water through the calorime-
er can be described by

in − Å out = cp,w��(Tin − Tout) (3)

here � denotes the volume flow and � is the density of water.
The heat loss from the vessel is given by

out = �cp,w�(Tw − Tin) + �(Tw − Ths) (4)

here � is the heat transfer coefficient dependent on the amount
nd type of thermopiles and hs and w are the abbreviations for heat
ink and water respectively.

In conclusion the heat balance for the 1 l flow-through calorime-
er can be written as

tot

(
ıT

ıt

)
= Å f − �cp�(Tw + � Tin) − �(Tw − Ths) (5)

he temperature of the vessel in the equilibrium situation (Tw,eq)
s dependent on the temperature of the in-flowing water, the tem-
erature of the heat sink and the metabolic rate of the fish

w,eq = cp��Tin + � Ths + Å f

� + cp��
(6)

he time constant � of the system is given by

= Ctot

cp�� + �
(7)

he time constant � of the developed 1 l differential flow-through
alorimeter (Sétaram GF 108) was estimated to be 33 min and
greed with a model for a first-order process [12]. Data were
esmeared using the time constant � of 33 min based on Tian equa-
ion and the method of Hand and Gnaiger [13], with one time
onstant.

d(t) = Å (t) + �/�t{Å (t) − Å (t − 1)} (8)
ith Åd(t) is deconvoluted signal, Å(t) is original data point to be
orrected, Å(t − 1) is data point registered one minute prior to Å(t)
nd � is the time constant corresponding to 33 min, �t is the sam-
ling rate equal to 1 min. In addition to the method of Hand and
naiger [13] data were filtered in the spreadsheet. For every new
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w
f
d

ions. Bold line recorded signal, dashed line deconvoluted (or desmeared) signal.
t T = 2310 min anoxia was introduced by saturating the inlet water with pure nitro-
en gas. The arrow indicates the start of metabolic depression. Metabolic depression
akes place on a time scale of 23 min. (Modified from [12].)

moothed point the mean value of ten data points prior to this point
ere used according to:

a(t) = {Å (t) + Å (t − 1) + · · ·(Å (t − 9)}
10

(9)

ith Åa(t) = the mean value of 10 data points.
Correcting for the time constant of the calorimeter by decon-

olution techniques (time lag correction), we could describe the
ynamics of the process of metabolic depression in goldfish (Caras-
en tension signal (right Y-axis). The difference in oxygen tension multiplied with
he flow through the system gives the oxygen consumption. The lower line is the
eat production signal of the fish (left Y-axis). The experiment starts the first 20 h
ith an electrical calibration until 10 mW and finishes at 72 h after removing the fish

rom the vessel with an electrical calibration. During hypoxia of 14.6% AS a metabolic
epression with 45% takes place.
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Table 1
Calorimetric data of metabolic depression in different fish species during, facultative anaerobioses, estivation and dormancy. Data from van Waversveld et al. [16,17] and van
Ginneken et al. [3,4,12,14,15,36] can be compared with the data of Gnaiger [5] by dividing the energy production by a factor 1277 to obtain mW g−1.

Fish species Bodyweight (g) Condition Energy % Rate of SMR Source

Salmonid embryos (Salvelinus alpinus) T = ??◦C – Normoxia 1.5 mW g−1 100.0 5
Anoxia 0.25 mW g−1 16.7

Goldfish (Carassius auratus) T = 20 ◦C 10 Normoxia 709 J h−1 kg−0.85 100.0 16a

Anoxia 206 J h−1 kg−0.85 29.1

Goldfish (Carassius auratus) T = 20 ◦C 10 Normoxia 555 J h−1 kg−0.85 100.0 17a

Hypoxia 10% 335 J h−1 kg−0.85 60.4
Hypoxia 5% 290 J h−1 kg−0.85 52.3

Goldfish (Carassius auratus) T = 20 ◦C 6.4–9.6 Normoxia 738.0 J h−1 kg−0.85 100.0 3a

Hypoxia 42.5% 763.6 J h−1 kg−0.85 103.5
Hypoxia 27.1% 710.0 J h−1 kg−0.85 96.2
Hypoxia 16.7% 538.3 J h−1 kg−0.85 72.9
Anoxia 167.8 J h−1 kg−0.85 22.7

Tilapia (Oreochromis mossmabicus) T = 20 ◦C 25 Normoxia day 1 pH 7.6 349.6 J h−1 kg−0.85 83.3 4a

Normoxia day 2 pH 7.6 369.3 J h−1 kg−0.85 88.0
Normoxia day 3 pH 7.6 419.6 J h−1 kg−0.85 100.0
Normoxia day 4 pH 4.0 452.6 J h−1 kg−0.85 107.9
Hypoxia 40% pH 4.0 462.0 J h−1 kg−0.85 110.1
Hypoxia 25% pH 4.0 433.0 J h−1 kg−0.85 103.2
Hypoxia 15% pH 4.0 396.1 J h−1 kg−0.85 94.4
Hypoxia 5% pH 4.0 234.6 J h−1 kg−0.85 55.9

Tilapia (Oreochromis mossambicus) T = 20 ◦C 25 Normoxia 502.1 J h−1 kg−0.85 100.0 15a

Hypoxia 40% 519.8 J h−1 kg−0.85 103.5
Hypoxia 25% 488.2 J h−1 kg−0.85 97.2
Hypoxia 15% 407.0 J h−1 kg−0.85 81.1
Hypoxia 5% 274.6 J h−1 kg−0.85 54.7

European eel (Anguilla anguilla L.) T = 20 ◦C 78 Normoxia 887.9 mW 100.0 14a

Anoxia 270.4 mW 30.4

Goldfish (Carassius auratus) T = 25 ◦C 113 Normoxia 1036.2 J h−1 kg−0.85 100.0 17a

Hypoxia 40% 957.8 J h−1 kg−0.85 94.1
Hypoxia 20% 849.9 J h−1 kg−0.85 84.2

poxia
poxia
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500 J h−1 kg−0.85, which is rather close the value found for resting
goldfish. Further reduction of the PO2 to 5%AS resulted in a decline
to about 284 J h−1 kg−0.85 (56% SMR), the anaerobic component of
the heat flow was 52 J h−1 kg−0.85 (10% SMR) [4].
Hy
Hy

a Indicates authors made an attempt to estimate the SMR.

cale of 20–30 min. In this study with goldfish we demonstrated
hat a 70% metabolic depression takes place on a time scale of
3 min (Fig. 4).

The fact that the heat flow dropped almost simultaneous with
he fall in PO2 (Fig. 4), suggests a fast control via the CNS [12]. As
nder all conditions the animals switched almost immediately to
lower heat flow and remained thereafter at that level.

. Species differences

In our laboratory, using direct calorimetry, metabolic depres-
ion has been demonstrated in several fish species. European eel
educed its metabolic rate by 70% during anoxia [14], tilapia showed
45% metabolic depression during extreme hypoxia [15] (Fig. 5),

ut not under conditions of water acidification [4], while goldfish
howed a 70% metabolic depression under anoxia [3,12,16,17]; (see
able 1). In contrast, common carp (Cyprinus carpio L.) does not
how metabolic depression under low oxygen conditions (Fig. 6).

In experiments exposing goldfish to anoxia we demonstrated
hat after 2 h of anoxia the heat flow reached a stable level for

ore than 8 h. The results were reproducible, indicating that this
esponse is typical for goldfish [3,12,16,17]. It has been demon-
trated that goldfish can resist such a long period of anoxia by
lactate/ethanol conversion [18] in combination with the 70%
etabolic depression. In contrast to this long-term anoxia resis-

ance of goldfish, European eel could resist 1 h of anoxia by a 70%
etabolic depression but showed no lactate/ethanol conversion. A

ew years ago a calorimetry study was carried out with tilapia. Since
F
m

10% 690.4 J h−1 kg−0.85 68.5
3% 552.6 J h−1 kg−0.85 55.0

his species cannot be exposed to anoxia for longer than 2 h, hypoxia
xperiments were carried out. Heat flow measurements showed a
onstant rate at 100, 40, 25 and 15% airsaturation (AS) of around
ig. 6. Common carp of 42 g (n = 1) shows periods of reduced activity but no
etabolic depression at severe hypoxia of 10% AS.
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Fig. 7. Registration of 4 typical experiments during a period of 3.5 days to determine
the standard metabolic rate (SMR). Each experiment is performed with one eel. (A)
Control animal (102.9 g), (B) goitrogenic (=thyroid gland destroyed) animal (105.9 g),
(C) T4-treated animal (96.3 g), (D) T3-treated animal (93.4 g). The top signal, alter-
nating between reference and measurement vessel of the calorimetric system, is
the oxygen tension signal (right Y-axis). The difference in oxygen tension multiplied
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V. van Ginneken, G. van den Thillar

. Metabolic depression is flexible

Metabolic depression has been studied mainly in animals under
xtreme conditions. Under those conditions it is as if metabolism
s switched back in one step to a much lower level. Our experience

ith fishes, however, indicate that the depression of the metabolic
ate is related to the severity of the condition, for example metabolic
ate appears to be flexible also below the SMR. In our labora-
ory calorimetric studies were performed with goldfish [3,12,16,17],
ilapia [4,15] and European eel [14] during hypoxia/anoxia. In
able 1 studies are summarised in which the metabolic rate of fish
as measured by direct calorimetry. Heat flow data are presented

rom experiments where animals were kept under normoxia and
ypoxia/anoxia. From the data can be concluded that metabolic
epression varies from 0 to 83%. These studies indicate there is evi-
ence that animals apply a form a flexible metabolic depression.
nder hypoxic conditions, the animal has the possibility of regen-
rating ATP by aerobic and anaerobic processes. In fact, by reducing
he pO2, we can manipulate the aerobic capacity, and consequently
e can measure the extent by which the anaerobic processes are

ctivated and how much both processes contribute to the energy
roduction.

Direct calorimetry with goldfish exposed to normoxia, anoxia,
nd 5 and 10% air saturation showed heat flows of respectively
00, 181, 290, and 335 J h−1 kg0.85, corresponding to respectively
0, 53, and 59% of the SMR value [16,17]. In these calorimetric stud-

es with goldfish, it was found that the heat flow stayed constant
tarting from 1 h after the change in condition. The oxygen supply
o the fish was restricted both by flow and by pO2; because the
eat flow measurements would otherwise be disturbed. The flow
as kept constant at 50 ml/min, which results in an O2 difference
etween in and outflow of 10–15% AS. In this case, the pO2 of the
utflowing water was zero when the inflow was kept at either 5 or
0% air saturation (1 and 2 kPa). Since the ethanol production rate
id not differ much between the different hypoxic conditions, it is
oncluded that the animal used restricted aerobic energy as a sup-
lement to anaerobic energy. In another study, with goldfish the
xygen level of the water outflow was 2–3% AS, indicating that the
nimals could not use all the available oxygen because of physical
easons (flow 50 ml/min). Under these conditions of severe hypoxia,
he heat flow was reduced to 73% of the SMR value, while in the
ame study, anoxia caused a decrease to 23% of the SMR [3]. So,
oldfish apparently have a flexible metabolic depression depending
n oxygen availability. This same type of flexible metabolic depres-
ion has been shown by Dalla Via co-workers [22] in sole (Solea solea
.) using indirect calorimetry. Their data were based on a combi-
ation of oxygen consumption and changes in metabolite levels in
ifferent tissues.

From these calorimetric and respirometric studies, it can be con-
luded that during anaerobioses, the anaerobic component remains
epressed, but the heat flow increases when the oxygen availabil-

ty increases. These results indicate that the controls of anaerobic
nd aerobic processes are rather independent of each other. So,
ith two fish species we found the same strategy: depression of
etabolic rate in relation to the available oxygen, and only partial

ompensation by anaerobic pathways.

. Metabolic depression is not caused by a reduction of
xternal activity
A reference point to determine whether an organism shows
etabolic depression is the SMR. This is defined for fish as the
etabolic rate of postprandial, stress-free fish with a locomotor

ctivity of zero and acclimated at a particular temperature [19,20].

w
a
c
1
l

ith the flow through the system gives the oxygen consumption. The lower line is
he heat production signal of the fish (left Y-axis). The experiment starts the first
0 h with an electrical calibration until 100 mW and finishes at 72 h after removing
he fish from the vessel with an electrical calibration. (Source: [27].)

hus, the SMR corresponds to the minimum rate of energy expen-
iture to keep the organism alive [20]. In the literature several
ttempts have been made to estimate the SMR. Beamish used a
arm bulb flow-meter to measure the activity of the fish, which

llowed him to extrapolate to activity zero [21]. van den Thillart
t al. [22] used a statistical method based on a frequency distri-
ution to estimate the SMR. In our studies using the Sétaram 1 l
ow through calorimeter [3,4,12,15–17] the space in the vessel was
oo limited to allow the animals sufficient large pattern of activ-
ty. We applied video motion analysis system to determine the
pontaneous activity of the experimental animals. With this sys-
em we could indeed confirm the low activity level of the animals
n the calorimeter (Fig. 7, [17]). In this study we demonstrated for
ypoxia-exposed tilapia that despite a metabolic depression of 50%
nder severe hypoxia (5% AS) there was no complete reduction of
he external activity (locomotion). So metabolic depression has its
rigin in the animal itself, and does not appear to have a constant
alue. The SMR may change in dependence of the nutritional state
increasing with feeding [23]), but also it depends on the season,
nd even the daily cycle. This may become clear from Fig. 6 were a
ommon carp of 42 g is in the calorimetric vessel. The space is lim-
ted so external activity is nearly zero and we will measure SMR.

ith the introduction of hypoxic conditions (5% AS) we see that
here is nearly no further decline below the SMR so there is no

etabolic depression in this fish species.
The reason for these changes in SMR may be due to differences

n hormone level and in the state of muscle relaxation during the
esting period. The muscle tension can be recorded, but any inter-
erence with the animal may affect its behaviour and therefore the
bserved resting rate. Still, it seems reasonable that the SMR may
e influenced markedly by the level of muscle tension. This cer-
ainly makes sense for fish, since these animals have a very high
omatic index for muscle (>45%). Calorimetric data of excised tis-
ues of cold-blooded animals are lacking, but from the data of
arm-blooded animals it can be concluded that muscle tissue is
ne of the major heat generating tissues. This can be illustrated

ith the heat production data from Woledge [24]: striated muscle

t rest: 2.6–17 W/kg and during activity: 200 W/kg, smooth mus-
le at rest: 0.6–1.1 W/kg and during activity: 5 W/kg, heart-muscle:
.8–2.6 W/kg, brown adipose fat tissue: 3.6–11 W/kg and in stimu-
ated tissue 82 W/kg, brain tissue 4.2–7.7 W/kg, and kidney tissue
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ig. 8. Photo series for which the inter-image interval between image A and B is 120
o the difference between A and B. From this white area (composed of individual p
f the pectoral fins of the fish. Photo-series 2 and 3 depict mobility of the fish with

0 W/kg. Furthermore, in mammalian thermogenesis, shivering or
hysical thermogenesis is one of the main mechanisms for upward
egulation of metabolism via muscle activity [25,26]. In this respect,
he question of whether or not ectothermal animals can achieve
own regulation of metabolism through muscle regulation (e.g. by
epression of muscle tone) is yet to be resolved. The activity level
f an animal is predominantly determined by the sympathetic ner-
ous system, which is responsible for increase in muscle tone, blood
ressure, changes in blood distribution, and increased alertness of
he animal; conversely parasympathetic stimulation will depress
ll these functions. Therefore, it can be expected that processes
hat interfere with the autonomic nervous system can influence

etabolic depression.

. Coulson’s blood-flow theory

We performed recently a study with direct calorimetry of free-
oving eels with manipulated thyroid status [27]. In birds and
ammals, the thyroid gland secretes the iodothyronine hormones

f which T4 (Tetrajodothyronin) is less active than T3 (Trijodothy-
onin). The action of T3 and T4 is calorigenic, and is involved in the
ontrol of metabolic rate. Across all vertebrates, thyroid hormones
lso play a major role in differentiation, development and growth.
lthough the fish thyroidal system has been researched exten-
ively [28], its role in thermogenesis is unclear. In a recent study
e measured overall heat production to an accuracy of 0.1 mW

n comparison to the SMR by direct calorimetry in free moving
uropean eel with different thyroid status. Hyperthyroidism was
nduced by the injection of T3 and T4 and hypothyroidism was
nduced by treatment with phenylthiourea. The results showed
or the first time at the organismal level, using direct calorimetry,
hat neither overall heat production nor overall oxygen consump-
ion in eels is affected by hyperthyroidism [27]. Therefore, we

oncluded that the thermogenic metabolism-stimulating effect
f thyroid hormones (TH) is not effective in a cold-blooded fish
pecies like the European eel (Fig. 8). This supports the concept that
H does not stimulate thermogenesis in poikilothermic species.
part from muscle activity, which is responsible for the bulk of

g
d
t
R
f

age C is the difference image where the white area reflects the changed pixels due
mobility can be quantified. Photo-series 1 depicts only mobility due to movement
lacement of the body’s centre of gravity. (Source: [15].)

he metabolic rate, the blood flow is important too. Without suf-
cient blood flow the muscle tissues cannot generate sufficient
ower and consequently heat. In the control of the metabolic rate
t the organismal level the blood flow is crucial for the trans-
ort of oxygen, fuels, and waste-products, but also of metabolic
ormones.

Four decades ago Coulson et al. [29] proposed their ‘blood-
ow’ theory, an interesting hypothesis regarding the relationship
etween blood flow and metabolic rate. Basically, they state that
etabolic rates between animals differ by more than a factor of

000 when expressed as oxygen consumption per gram and that
his effect can be directly reflected to blood-flow. At this point we
hould consider the regular relationship between metabolic rate
rate of oxygen consumption) and the body size of an animal for
ndotherms which is described in the classical Brody: “mouse-to-
lephant curve”. If the data sets of metabolic rate and body size are
lotted on logarithmic paper a straight regression line is obtained
ith a slope of approximately 0.75 [30]. The large difference in
etabolic rate between the elephant and the mouse (more than
factor of 1000) cannot be ascribed to a different metabolic set up

31]. Remarkably, though, the metabolic machinery of the cells in
he different sizes does not scale at all in relation to their metabolic
eight. Of course there are size dependent differences like the

bserved correlation between the metabolic rate of tissues and the
verall metabolic rate [32] but those are infinitely small when com-
ared to differences in overall metabolic rate. Probably the major
ifference, which defines the metabolic rate between large and
mall animals, is the distance that blood has to travel between
rgans. Coulson et al. [29], proposed their ‘blood-flow’ theory,
hich states that cellular metabolism is primarily regulated by the

lood circulation and the factors it carries (substrates, hormones
nd oxygen). Particularly of interest in this respect are thyroid
ormone [33], beta-endorphines [34] prostaglandines [35], and

rowth hormone. It is obvious that in all animals under metabolic
epression the blood flow is severely restricted. Until now the
heory of Coulson et al. [29] was neither rejected nor supported.
ecently, we tested the hypothesis that blood flow is a dominant

actor in the control of metabolic depression. This can be achieved
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ig. 9. X-ray of a goldfish (Carassius auratus L.) of 85 g with a radio-telemetry trans-
itter (3.36 g) implanted in the peritoneal cavity (TA10ETA-F20-L20, Data Sciences

nternational, St. Paul, MN, USA).(Source: [36].)

y measuring with telemetry in vivo cardiovascular characteris-
ics (heart-frequency and blood pressure) in combination with the
verall metabolic rate. In this study with goldfish two techniques
ere combined: heat measurements via direct calorimetry, to mea-

ure overall metabolic rate, and radio telemetry by using small
mplantable telemetry transmitters (3 g) for measuring electrocar-
iogram (ECG) and heart rate (HR) in goldfish (Fig. 9, [36]). The
etabolic rate decreased at hypoxia levels of 40, 20, 10 and 3%

ir-saturation almost linearly to 94, 84, 69 and 55% of the SMR,
espectively. At 3% air-saturation (AS) anaerobic metabolism was
trongly activated. The heart rate of 34 beats per minute (bpm) at
ormoxia fell at hypoxia levels of 40, 20, 10 and 3% AS to 26, 22,
4 and 9 bpm respectively. A correlation coefficient of 0.97 was cal-
ulated between the level of metabolic depression and decrease of
R suggesting a relationship between level of metabolic depression
nd the HR [36]. These results support the hypothesis that blood
ow reduction is the proximate cause for the observed metabolic
epression.

. Calorimetry of aquatic animals: future perspectives and
onclusion

Oxygen consumption is only a derivative of total energy con-
umption. Apart from the possible anaerobic processes, there are
arked differences between the oxycaloric values of different sub-

trates used for oxidation: i.e. carbohydrates, fat, and proteins have
xycalorific values of 21.1, 19.6, and 19.1 kJ/l O2 [37]. However, for
hese values it is assumed that the animals are under steady state
onditions, and that no incomplete oxidations occur nor conversion
f one substrate to another. So, the measurement of metabolic rates
y oxygen consumption is not always reliable. Under hypoxic and
noxic conditions direct calorimetry is of course the only method for
he determination of the metabolic rate. Heat production measure-

ents of fish is however complicated since fish are very sensitive
o handling and pre-acclimation of several days is required before

easurements can be started. To solve this problem, we developed
flow-through compartment, which requires high technology skills

n order to reach acceptable signal to noise levels. The applications
or direct calorimetry on aquatic organisms or fish are still tremen-

ous. Apart from exposure to environmental stressors like hypoxia
nd water acidification as reviewed in this manuscript many studies
an still be performed. Like e.g. the investigation of industrial pollu-
ants like polychloro biphenyls (PCBs), or heavy metals like copper
n metabolic rate of aquatic animals. Also the effect of adding
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rmochimica Acta 483 (2009) 1–7 7

heromones to the aquatic environment, or injection of hormones
n fish (like we did with thyroid hormones [27]), gives enormous
nexplored research areas. Therefore we can conclude that direct
alorimetry in biological aquatic systems has a great potential in
uture studies.
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