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Abstract Temperature-dependent adjustments of intra-
cellular pH are thought to play a major role in the
maintenance of protein function. Comparative studies
were carried out in two species from the same fish family
(Zoarcidae), the stenothermal Antarctic eelpout
(Pachycara brachycephalum) and the eurythermal eel-
pout (Zoarces viviparus), to find out whether pH regu-
lation is modified by temperature in the closely related
species and to what extent the respective pattern differs
between eurytherms and stenotherms. Previous invasive
studies had compared individual animals sampled at
various temperatures and suggested that a decrease in
intracellular pH (pHi) values occurs at rising tempera-
tures, as predicted by the alpha-stat hypothesis of acid-
base regulation. The present study used non-invasive in
vivo *'P-NMR spectroscopy in non-anaesthetized, un-
restrained fish for long-term online recordings in indi-
vidual specimens. Control spectra obtained at 7=0°C
for P. brachycephalum and at 12°C for Z. viviparus in-
dicated low stress conditions, as well as a high stability
of energy and acid-base status over time periods longer
than 1 week. Temperature changes had no influence on
the concentration of high-energy phosphates like phos-
phocreatine or ATP. Temperature-induced pH changes
were monitored continuously in a range between 0 and
6°C for polar, and 12 and 18°C for temperate eelpout. A
pHi change of around —0.015 pH units/°C was observed
within both species, in accordance with the alpha-stat
hypothesis; however, extrapolation to the same tem-
perature revealed different set points of pH regulation in
the two species. These findings confirm that an alpha-
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stat pattern of pH regulation can be found in steno-
thermal Antarctic animals, at set points deviating from
an alpha-stat pattern, however, in a between-species
comparison.

Introduction

The alpha-stat hypothesis of acid-base regulation im-
plies that pH regulation in poikilotherms should main-
tain a constant degree of protonation (o) of imidazole
groups in proteins despite changes in body temperature
(Reeves 1985). A pH; change of around —0.018 pH units/
°C is expected to support the alpha-stat pattern and
ensure protein function at fluctuating temperatures.
With some exceptions, an alpha-stat pattern of intra-
cellular pH regulation has been found in several marine
ectotherms (invertebrates and fish) from temperate lati-
tudes (for a review see Portner et al. 1998) where animals
are exposed to wide diurnal and seasonal temperature
fluctuations. The question arises as to whether the same
holds true for Antarctic species which live within a very
narrow temperature window throughout the year. An-
swering this question will lead to a more profound in-
sight into the overall homeostatic importance of
temperature-dependent pH regulation and the relevance
of this process in polar species.

In vivo *'P-NMR (nuclear magnetic resonance)
spectroscopy has become a helpful tool for physiological
studies on fish, and has been applied especially to the
determination of changes in energy metabolism and in-
tracellular pH during hypoxia in freshwater species (e.g.
Van den Thillart et al. 1989a, b; Van Ginneken et al.
1995; Borger et al. 1998). A few in-vivo NMR studies
have been carried out on marine fish — the goby Po-
matoschistus sp. (Grottum et al. 1998) and Harpagifer
antarcticus (Moerland and Eggington 1998). The latter
study focused on intracellular pH and temperature, al-
though online pH measurements at different tempera-
tures were not performed. These investigations used
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small animals ( £ 5 cm body length) that were anaes-
thetized and oriented in a vertical position in narrow-
bore standard high-resolution NMR spectrometers.
These measurements may not reflect the normal physi-
ological status of the animals. Therefore, we developed
an experimental set-up for NMR studies of marine fish
using a horizontal magnet which allows for controlled
and well-defined physiological conditions and continu-
ous measurements during long-term experiments.

Invasive studies compared pH values measured in
different individuals of the eurythermal North Sea eel-
pout (Zoarces viviparus) sampled at various tempera-
tures, and supported the conclusion that a decrease in
intracellular pH values occurs, as predicted by the alpha-
stat hypothesis (Van Dijk et al. 1997). The aim of the
present study was to carry out long-term online re-
cordings during changing temperatures in the same in-
dividuals and to investigate the a-stat pattern of pH
regulation, not only in eurythermal eelpout (Z. vivipa-
rus) but also in the stenothermal Antarctic eelpout
(Pachycara brachycephalum). Species of the fish family
Zoarcidae can be found around the world in all lati-
tudes, including the deep sea and polar regions. This
family is therefore most suitable for the comparison of
closely related species from different latitudes. The in-
vestigation of pH; regulation is suitable for answering
the question as to whether and to what extent adaptive
flexibility with respect to temperature change found in
eurythermal temperate zone fish is still present in
stenothermal Antarctic fish.

Materials and methods

Antarctic eelpout (P. brachycephalum) were caught in Admiralty
Bay, Antarctica during the cruise ANT XV/III (1998) and kept in
seawater aquaria at 0°C. Three to six animals (average length
30 cm, average weight 60 g) were used for the in vivo studies.
Temperate eelpout were collected in the Baltic Sea by commercial
fishermen in 1998 and kept in aquaria at 12°C. Animals were fed
once a week and starved for 1 week before experiments. The ani-
mals were placed in a Plexiglas flow-through chamber with variable
slide barriers on each side to position the animals in the centre of
the chamber (Fig. 1a). Animals were conscious (not anaesthetized),
unrestrained and free to move inside the chamber during the whole
experimental time. The chamber was inserted into the spectrometer
and a constant flow of seawater (1.5 I/min) was supplied by hy-
drostatic pressure from a seawater reservoir (ca. 50 1). After passing
the chamber, the water was caught in a second tank and pumped
back to the reservoir (Fig. 1b). Temperature was measured directly
inside the chamber and in the water tanks using a fluoroptic ther-
mometer (Luxtron 504, Polytec, Waldheim, Germany). Tempera-
ture data were sampled continuously (sampling rate 10/min,
MacLab system, AD Instruments, Australia) and stored on a
computer. Temperature control (stability +0.3°C in the range be-
tween 0° and 30°C) was achieved using a cryostat connected to the
upper water reservoir and by feeding the tubings through jackets
perfused with coolant.

All experiments were carried out using a 4.7 T magnet with
actively shielded gradient coils (Bruker Biospec 47/40 DBX Sys-
tem), equipped with a 20-cm actively decoupled 'H-resonator for
signal excitation during imaging and a S-cm triple-tuned
("H-3'P-13C) surface coil (passively decoupled) for signal reception.
The coils were oriented orthogonal to each other to prevent cross

talking. The 5-cm surface coil was placed directly onto the chamber
wall and positioned close to the tail of the animal for *'P-NMR
spectroscopy (Fig. 1a).

Pilot scans were collected just before temperature variation and
directly after reaching the desired temperature using a multi-slice
gradient echo technique in all three directions to control the posi-
tion of the animal (matrix 256x192, FOV =12 cm, slice thickness
2 mm, TR=100 ms, TE=10 ms, scan time 25 s). For anatomical
studies, multi-slice RARE images were performed in coronal and
transversal directions (matrix 256x192, FOV =12 cm, 4 slices with
a slice thickness of 1 mm, TR =2000 ms, TE =10 ms, rare factor of
8, scan time 1.5 min).

In vivo *'P-NMR spectra were acquired continuously over
1,200 scans, consisting of a 100 ps bp pulse, a repetition delay of
0.52 s resulting in a measurement time of 10 min. All spectra were
processed automatically applying a user program with size=16 K,
line broadening=5 Hz and an automatic baseline correction. The
spectra were calibrated to phosphocreatine (PCr) used as an in-
ternal standard. Typical line width of PCr was 15 Hz. Signal in-
tegration and chemical shifts were calculated using an automatic fit
routine (mdcon, Bruker Analytical, Rheinstetten) and compared
with results determined by automatic peak picking. A calibration
curve for the calculation of pH values from the chemical shift of the
inorganic phosphate (Pi) signal was obtained from standard solu-
tions at different pH, and temperatures at 0 and 20°C, with a
simulated intracellular ion content. The temperature-dependent
pKs for inorganic phosphate and temperature correction factors
were obtained from Kost (1990).

The animals were allowed to recover for at least 24 h under
control conditions inside the magnet before starting temperature
incubations. Steady-state conditions were confirmed by constant in
vivo 'P-NMR spectra. Temperature was increased in two steps,
from 0 to 3°C and from 3 to 6°C in steps of 1°C over 3 h (12 to
18°C for Z. viviparus). When a new steady state was reached (12°C)
the temperature was kept constant for at least 12 h. Temperature
was decreased to 0°C again at the end of the experiment and the
animal was brought back into the aquarium.

Results

The experimental set-up allowed the investigation of
Antarctic eelpout under control conditions at 0°C for
more than 1 week (data not shown). MR images were
obtained from unrestricted and unanaesthetized fish
without any movement artefacts, and they revealed that
the fish were usually resting on the ground oriented to-
wards the incoming water (Fig. 2). Almost no sur-
rounding water was detected due to the high flow rate in
comparison with the detection time of the surface coil.
Using a cross coil set-up reduced the surrounding water
signal and therefore increased the signal to noise ratio
compared with measurements with a single resonator.
Different organs are visible inside the fish (assigned as
liver, gills, stomach and gall bladder), indicating the
good anatomical resolution of the MR images.
Recovery from handling stress occurred within 2 h
after setting up the experiment, indicated by constant in
vivo *'P-NMR spectra (data not shown). Figure 3 shows
a typical in vivo *'P-NMR spectrum of Antarctic eel-
pout (P. brachycephalum) at 0°C compared to temperate
eelpout (Z. viviparus) at 12°C obtained in the same set-
up. Low stress is indicated by the high phosphocreatine
over inorganic phosphate ratio (mean value around 11)
and the high S-ATP signal compared to the «- and
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Fig. 1 Flow-through chamber (a) for in-vivo NMR measurements
of unanaesthetized and unimmobilized fish (max. length 40 cm).
The graph shows the direction of flow, the position of the surface
coil for NMR spectroscopy and the slide barriers to optimize the
position of the animals in the sensitive volume of the surface coil. b
Experimental set-up. The chamber was placed into the spectrom-
eter and a constant flow of seawater (up to 1.5 1/min) was supplied
by hydrostatic pressure. Seawater (approx. 50 1) was bubbled with
air in the header tank; temperature was measured in the chamber
(Tc) and in the water reservoirs (Tr; and Tgr») using a fluoroptic
thermometer connected to a MacLab system. Temperature control
was achieved by a cryostat connected to the upper water reservoir
and the cooling jackets of the tubings

y-ATP signals, which also include ADP. In addition to
PCr, inorganic phosphate and the three ATP resonanc-
es, glycerophosphoethanolamine (GPE), glycer-
ophosphocholine (GPC), phosphoethanolamine (PE)
and phosphocholine (PC) signals could be identified in
eelpout spectra. Furthermore, a high level of an un-
known phosphate compound (X) could be detected in
the phosphodiester region (PD). In contrast, only a
small amount of GPC and GPE, as well as PC and PE,
were visible in Z. viviparus, and signal X was not found
at all in the in vivo *'P-NMR spectrum of the eury-
thermal eelpout.

A typical time course of intracellular pH variations at
rising temperatures is presented in Fig. 4. An intracel-
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lular pH of about 7.4 was measured at 0°C. The scatter
of individual values resulted from the small inorganic
phosphate signal under control conditions and the in-
sensitivity of the automatic fit routine for small signals in
combination with small changes in chemical shifts. An
acidification could be observed immediately after
changing the temperature from 0°C to 3°C, as well as
from 3°C to 6°C. At both temperatures a new steady
state value was reached within 3 h. Figure 5 summarizes
the mean values of intracellular pH of P. brachyceph-
alum at 0, 3 and 6°C compared to pH changes observed
in Z. viviparus at 12, 15 and 18°C. The decrease in
pH with temperature calculated from these data was
about ApH/°C=-0.015/°C in P. brachycephalum and
ApH/°C=-0.014/°C in Z. viviparus.

Discussion

The aim of this study was the online monitoring and
comparison of changes in intracellular pH and energy
status with temperature in the stenothermal Antarctic
eelpout P. brachycephalum and the eurythermal temper-
ate eelpout Z. viviparus. All animals survived heat
exposure and no mortalities occurred during the subse-
quent recovery period. 6°C is well below the critical
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Fig. 2 In-vivo MR images from the Antarctic eelpout Pachycara
brachycephalum under control conditions (obtained with RARE;
parameters: matrix 256x192, FOV =12 cm, 4 slices with a slice
thickness of 1 mm, TR=2,000 ms, TE=10 ms, rare factor of 8,
scan time 1.5 min). Different organs are visible inside the fish
(assigned as gall bladder, gills, stomach, liver and brain), indicating
the good quality of the MR images, obtained in seawater as a
highly conductive medium

temperature of P. brachycephalum found at about 9°C,
according to changes in oxygen consumption and an-
aerobic metabolism (Van Dijk et al. 1999). Since no
anaesthetics were used, their potential influence on blood
and tissue acid-base parameters as reported for rainbow
trout (Iwama et al. 1989) and in the Antarctic fish
Pagothenia borchgrevinki (Ryan 1992) could be excluded.

Spectra obtained from Pachycara brachycephalum, as
well as from Z. viviparus, indicated low stress conditions,
reflected by low Pi signals and stable resting pH;. In
contrast to Z. viviparus, high amounts of phosphomono-
and diesters could be detected in Pachycara brachy-
cephalum. Van den Thillart et al. (1989a) found
phosphodiester signals in in vivo *'P-NMR spectra of
carp and goldfish. They also recorded *'P-NMR spectra
from different tissue extracts and concluded that these
signals mainly accrued from the lateral red muscle. The
lateral red muscle of fish displays a higher free fatty acid
content, a much greater lipase activity and a faster lipid
turnover than the white muscle (George 1962); the au-
thors therefore interpreted these phosphodiesters to be
intermediate products of phospholipid formation (Van
den Thillart et al. 1989a). This may suggest that Ant-
arctic eelpout have a higher free fatty acid content, re-
flecting a faster lipid turnover or greater lipase activity
than in temperate species. A higher free fatty acid con-
tent, as well as a faster lipid turnover, might be associ-
ated with metabolism used to preserve membrane
fluidity (Storelli et al. 1998). Alternatively, the high

phosphodiester content may reflect the higher mito-
chondrial density in Antarctic eelpout (Johnston et al.
1988).

pH plays an important role in the maintenance of
protein function during temperature change. The con-
stant dissociation state of histidine residues within pro-
teins, especially in active sites of enzymes, is seen as a key
factor in this process (a-stat hypothesis, Reeves 1985). A
shift in intracellular pH with changing body temperature
may compensate for the temperature-dependent change
of pK values of histidine imidazole groups (ApK/AT~—
0.018/°C). The temperature-dependent flexibility of acid-
base regulation is interpreted as reflecting metabolic
adjustments and thereby adaptive flexibility with respect
to temperature; however, this pattern is only found
within the range of thermal tolerance (e.g. Sommer et al.
1997). In our study, we did not observe any significant
changes in the levels of high-energy phosphates like PCr
and ATP during temperature incubations between 0 and
6°C (12 and 18°C in temperate eelpout), thus confirming
the good physiological conditions inside the magnet and
also reflecting the insensitivity of white muscle energy
status to thermal stress, possibly supported by an a-stat
pattern of pH; regulation.

A mean pH; change of —0.015 pH/°C, as observed
below the critical temperature in Pachycara brachy-
cephalum, is close to the value expected according to an
a-stat pattern of pH regulation. Furthermore, our data
agree with those pH values and temperature-induced
pH changes found by use of invasive methods (at —
0.015 pH/°C in Pachycara brachycephalum white mus-
cle; Van Dijk et al. 1999). In contrast to Z. viviparus
where the contribution of passive mechanisms to the
pH change is small (Van Dijk et al. 1997), a large
fraction of the temperature-induced pH change in
Pachycara brachycephalum is caused by passive physi-
co-chemical buffering (-0.011 pH/°C; Pértner and Sar-
toris 1999). Such a large contribution of passive
buffering is typically found in polar stenotherms
(Portner and Sartoris 1999).

Moerland and Eggington measured the pH; of the
stenothermal Antarctic teleost H. antarcticus using *'P-
NMR, and concluded that their data were not consistent
with the o-stat hypothesis (Moerland and Eggington
1998). This conclusion arose from a comparison of pH;
values between unrelated species, since in their own
study pH; was only determined at one temperature (1°C)
and compared with published data from different or-
ganisms obtained at different temperatures. pH; values
compared between species were relatively independent of
temperature below 17°C. In fact, the comparison of pH;
values from Antarctic eelpout (0-6°C) with those found
in the closely related Baltic eelpout (12-18°C) also re-
veals a lower slope (dotted line, —0.009 pH/°C, Fig. 5).
At first sight, this is in line with the conclusion of Mo-
erland and Eggington. Nevertheless, both eelpout spe-
cies showed a pH; change in accordance with a-stat pH
regulation (see Fig. 5, -0.015 and -0.014 pH/°C,
respectively), disclosing a misleading generalisation



Fig. 3 In vivo 'P-NMR spec-
tra of Pachycara brachyceph-
alum (a) and Zoarces viviparus
(b) muscle tissue under control
conditions. The spectrum of
Antarctic eelpout showed
additional signals in the phos-
phodiester region, assigned as
GPE, GPC, and their mono-
mers PE and PC. An unknown
signal X was also observed
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Fig. 4 Typical time course of pH changes at rising temperatures
obtained from in vivo *'P-NMR spectra of Pachycara brachyceph-
alum. A slight acidification could be observed developing with

increasing temperatures (0 to 3°C and 3 to 6°C)
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Fig. 5 Intracellular pH values derived from in-vivo *'P-NMR
spectra of Antarctic eelpout at 0°C (n=6), 3°C (n=5) and 6°C
(n=13) in comparison to pH values from Baltic Sea eclpout at 12°C
(n=3), 15°C (n=3) and 18°C (n=2, mean=range). Spectra
obtained 3 h after the change of temperature were used for the
calculation of mean values. The decrease in pH with increasing
temperature occurred by ApH/°C=-0.015 for Pachycara brachy-
cephalum and ApH/°C=-0.014 for Zoarces viviparus and reflects
o-stat pH regulation, whereas the comparison between species
shows a slope (broken line, ApH/°C=-0.009) lower than expected
from the o-stat pattern (see text)
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based on comparisons between species. It appears that
cold-adapted species operate at a lower set point of in-
tracellular pH than expected from an extrapolation of
pH values from temperate or warm-adapted species.
Alternatively, Portner and Sartoris (1999) suggested that
a higher mitochondrial density causes lower mean values
of intracellular pH. Further study must elaborate on
whether this may explain the apparent non a-stat pattern
seen in the between-species comparisons.

A recent in vivo *'P-NMR study on common carp at
different temperatures also found an a-stat pattern of pH
regulation (Borger et al. 1998). These authors reported an
immediate change in pH upon exposure to the new tem-
perature and a pH significantly different from control
conditions after a long-term temperature change by 8°C
(25°C to 33°C) over 4 weeks (Borger et al. 1998). This
confirms and reflects exactly our finding of a rapid tem-
perature-dependent pH; change in Antarctic eelpout. The
immediate pH; change with temperature in Pachycara
brachycephalum is in line with a large contribution of
passive mechanisms to temperature-induced pH; changes.

In conclusion, and in contrast to previous reports in
the literature, our study demonstrates that pH; regula-
tion in at least some Antarctic fish occurs as predicted by
the a-stat hypothesis. This observation emphasizes the
importance of a finely tuned adjustment of intracellular
pH, even in polar animals, which experience minor
temperatures changes compared to species living in
temperate zones. Future research should compare the
role of intracellular pH in the regulation of metabolic
pathways and energy turnover in closely related species
from various, including polar, latitudes.
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