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A B S T R A C T

Effects of hypoxia on the osmorespiratory functions of the posterior gills of the shore crab Carcinus maenas
acclimated to 12 ppt seawater (DSW) were studied. Short-circuit current (Isc) across the hemilamella (one
epithelium layer supported by cuticle) was substantially reduced under exposure to 1.6, 2.0, or 2.5 mg O2/L
hypoxic saline (both sides of epithelium) and fully recovered after reoxygenation. Isc was reduced equally in the
epithelium exposed to 1.6 mg O2/L on both sides and when the apical side was oxygenated and the basolateral
side solely exposed to hypoxia. Under 1.6 mg O2/L, at the level of maximum inhibition of Isc, conductance was
decreased from 40.0 mS cm−2 to 34.7 mS cm−2 and fully recovered after reoxygenation. Isc inhibition under
hypoxia and reduced 86Rb+ (K+) fluxes across apically located K+ channels were caused preferentially by
reversible inhibition of basolaterally located and ouabain sensitive Na+,K+-ATPase mediated electrogenic
transport. Reversible inhibition of Isc is discussed as decline in active transport energy supply down regulating
metabolic processes and saving energy during oxygen deprivation.

In response to a 4 day exposure of Carcinus to 2.0 mg O2/L, hemolymph Na+ and Cl− concentration de-
creased, i.e. hyperosmoregulation was weakened. Variations of the oxygen concentration level and exposure
time to hypoxia lead to an increase of the surface of mitochondria per epithelium area and might in part
compensate for the decrease in oxygen availability under hypoxic conditions.

1. Introduction

The shore crab Carcinus maenas Linnaeus, 1758 and its congener
Carcinus aestuarii Nardo, 1847 are cosmopolitan species and two of the
most successful invaders in shores of the world's oceans and seas
(Darling et al., 2008). The crab Carcinus maenas is a typical inhabitant
of coastal and estuarine zones where stress is associated with eu-
trophication and hypoxia (Weis, 2014).The shore crabs are known for
high tolerance to fluctuations of environmental factors i.e., salinities
(Siebers et al., 1982; Henry et al., 2002), temperatures (Cohen et al.,
1995), and oxygen content in seawater (Taylor et al., 1977). Besides
other factors, eutrophication and pollution are the most severe causes of
hypoxia, with damaging consequences to aquatic organisms (Gray
et al., 2002; Diaz and Rosenberg, 2008). Given the fact that Carcinus
commonly lives in estuarine habitats, one might expect that they have
evolved tissue-specific mechanisms for coping with exposure to en-
vironmental hypoxia. Studies of hypoxia at the organismic, tissue and
cellular levels are needed to assess the effects of hypoxia on organisms.
The gills of Crustacea form an interface between internal milieu and

their environment and play a key osmorespiratory role. As a multi-
functional organ they serve in: gas exchange (Burnett and Stickle,
2001), osmolyte transport, acid base and volume regulation (Gilles and
Péqueux, 1985; Henry et al., 2002, 2003; Weihrauch et al., 2002;
Fehsenfeld et al., 2011), immune functions (Burnett and Burnett, 2015)
and detoxification (Ahearn et al., 2004).

Carcinus maenas is an osmoconformer in sea water. Under this
condition the anterior and posterior gills are highly permeable as re-
quired for efficient gas exchange. In DSW (dilute seawater) Carcinus is a
hyperosmoregulator, their hemolymph osmolarity is about
300 mosmol/L higher then osmolarity in 10 ppt DSW (Pequeux, 1995;
Lucu and Flik, 1999). In particular, during environmental changes, the
animals change gill morphology in a way that multifunctional processes
occur at an optimal level. In most of the hyperosmoregulating crabs, the
anterior gill lamellae still function primarily in respiration. Thus, the
thin epithelium of pavement cells does not change noticeably when
crabs are acclimated to DSW (Pequeux et al., 1988; Compere et al.,
1989). However, the ultrastructure of the posterior Carcinus gills
change considerably after acclimation to low salinity. These changes
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include an increase in the length of the apical infoldings leading to the
development of deep subcuticular channels, thicker gill ionocyte cells
due to lengthening of basolateral interdigitations and an increase in
number of mitochondria within basal infoldings (Compere et al., 1989;
Pequeux, 1995; Freire et al., 2008). Furthermore, a substantial increase
in oxygen consumption (Piller et al., 1985; Lucu and Pavičić, 1985) in
the posterior gills of the crabs Callinectes and Carcinus after acclimation
to 10–20 ppt DSW indicate an increased gill metabolism. Thus, in these
crabs acclimated in DSW activity of Na+,K+-ATPase is increased in
posterior gills specialized for active ion uptake (Towle et al., 1976;
Holliday, 1985; Lucu and Flik, 1999; Lovett et al., 2007; Tsai and Lin,
2007; Henry et al., 2012). Increased diffusion distance may reduce the
ability to take up oxygen and reduce loss of ions from the hemolymph
and thus the cost of ion regulation. These adaptive changes in gills
during acclimation of Carcinus in DSW can be regarded as an example of
an osmorespiratory compromise. A phenomenon, describing the bal-
ance between “need of oxygen” and “need of osmotic regulation”
(Nilsson, 1986).

Most of the transport mechanisms of inorganic osmolytes in crus-
tacean gills have been verified by application of perfusion and short-
circuit current methods (Henry et al., 2012). The short-circuit current
(Isc) represents the rate of active transport across an epithelium bathed
on both sides in equal saline and is one of the most powerful methods to
measure transepithelial ion transport across a variety of epithelial
membranes (Larsen, 2002; Li et al., 2004). The introduction of the
short-circuit current method by Hans Ussing in 1955, initiated a novel
way to study ion transport across epithelial membranes. The method
was applied on numerous mammals epithelia (Clarke, 2009; Hug and
Tuemmler, 2004) and fish intestine (Marshall and Grossel, 2005).

Application of the electrophysiological Isc method in transport
studies on Carcinus gill hemilamella has shown that inward movement
of Cl− is mediated by Na+/K+/2Cl− cotransport (Riestenpatt et al.,
1996; Onken et al., 2003; Lucu and Towle, 2010). The main generator
of this coupled transport is the basolaterally located Na+, K+-ATPase,
because specific inhibition of Na+, K+-ATPase by applying ouabain to
the basolateral side of the posterior Carcinus gills inhibits the Isc
(Siebers et al., 1985; Onken and Siebers, 1992; Riestenpatt et al., 1996;
Lucu and Flik, 1999).

The objective of this study was to determine how hypoxia is asso-
ciated with electrogenic transport disturbance in the posterior gill
preparation isolated from hypoxia-tolerant shore crab Carcinus. One of
the most fundamental processes for all cells is the maintenance of a
high, intracellular content of ATP. Indeed, almost all energy-requiring
processes in cells are driven, either directly or indirectly, by hydrolysis
of ATP. Differential regulation of ATP in mitochondria and metabolic
priorities for Na+, K+-ATPase activities depends on tissue oxygenation
(Petrushanko et al., 2007).

By using the short-circuit current method we studied the effect of
hypoxia on active electrogenic Isc across the hemilamella isolated from
posterior gills of the crab acclimated to DSW. Our study is focused
particularly on the basolateral side where ouabain-sensitive Na+,K+-
ATPase is located. In addition, the effect of hypoxia on 86Rb (K+)
fluxes, which reflects at least partially the turnover of K+ by the Na+/
K+ pump, was studied. By varying duration and exposure of O2 sa-
turation in the hemilamella, we tested viability of the epithelium to
acute hypoxia. Reversible block of Isc in the present study suggests a
modification in which energy consuming processes are down regulated
during hypoxia (Boutilier, 2001). Since the crustacean gill has been
characterized as a leaky epithelium (Onken and Riestenpatt, 1998)),
with a relatively high ionic permeability, we also studied the effect of
hypoxia on electrical conductance, across the epithelium.

Oxygen limitation is generally considered an impairment of mi-
tochondrial respiration and thus ATP synthesis. Therefore, we ex-
amined if the volume and surface area of mitochondria change when
the posterior gill cells of the crab are exposed to hypoxia. To our
knowledge this is the first study to report on the effects of hypoxia on

active ion transport in a crustacean isolated gill epithelium.

2. Material and methods

2.1. Animal, exposure

Shore crabs, Carcinus maenas weighing 30–50 g, were collected from
the North Sea coast of Westerland (Sylt) in the period
September–November 2015, and only intermoult male crabs were used.
Before the experiments, crabs were fed 2 times weekly with chopped
bovine heart meat. Crabs were kept in aquaria with an open circuit of
seawater (Institute Alfred Wegener, Sylt). Crabs were acclimated for at
least three weeks in 12 ppt dilute seawater (DSW) prepared by diluting
natural seawater with deionized water. The animals were kept in aer-
ated aquaria at 15 °C and under natural light condition. The dissolved
oxygen concentration in normoxic DSW was controlled daily and
ranged from 8 to 9 mg/L.

The oxygen level was reduced by bubbling nitrogen to obtain the
desired oxygen saturation. DSW was flowing through an open aeration
column supplied with polypropylene spheres and then through a
column where nitrogen flow was adjusted to maintain the oxygen level
on the set point. An oxygen controller actuated the valves connecting to
the nitrogen gas tank and air pump to maintain the desired oxygen level
by delivering either nitrogen or air into the experimental tank (Bennett
and Beitinger, 1995). Oxygen content in DSW and incubation medium
was measured by an oximeter with automatic calibration (accuracy
0.5% of value; Oxytester, WTW ProfiLine Oxy 1970, Germany).

2.2. Electrophysiological studies

After destroying the ventral ganglion, the carapace was lifted and
then posterior pairs of gills were cut at the base by scissors and re-
moved. We choose the 7th or 8th posterior gill for our studies because
previous studies on Carcinus and some other Crustacea have measured
significantly higher specific activities of the Na+,K+-ATPase in these
gills than in anterior gills, leading to the suggestion that the posterior
gills are mostly specialized for osmoregulation (Neufeld et al., 1980;
Siebers et al., 1985).

Short circuit-current (Isc) and conductance (G) were measured in
the gill epithelia as described by Onken and Siebers, 1992; Lucu and
Flik, 1999. Hemilamella consisting of a single epithelial layer supported
by an apical layer of cuticle were prepared by splitting the gill lamella
in half longitudinally. Hemilamella isolated from crabs acclimated in
normoxic DSW were used for measuring effects of hypoxia on Isc. This
preparation was mounted in a modified Ussing micro-chamber with a
circular aperture of 1.25 mm in diameter. The epithelium was posi-
tioned onto the aperture, which rim area was slightly greased to
minimize edge damage. The criterion for the validity of the preparation
was a stable Isc (for> 3 h) when control physiological saline was ap-
plied. The electrical parameters of this preparation were measured
using an automatic voltage clamp 558C-5 amplifier (Bioengineering,
The University of Iowa, USA). The transepithelial potential was con-
trolled by mercury reference electrodes (Broadley James Corporation;
USA). Voltage pulses of 1.0 mV (duration 1 s; 500 s. interval between
pulses) were applied by a pulse generator to measure epithelial con-
ductance. The outputs from the voltage clamp were visualized using a
pen recorder (Linseis Ly 17100). The total resistance measured by
voltage pulses was corrected for chamber resistance by subtracting the
resistance measured in the saline filled chamber after the installed
tissue had been pierced with a needle on completion of each experi-
ment. The measured current across the hemilamella was corrected for
each preparation following Ohm's law. In the hypoxia experiments
apical and basolateral sides were perfused with identical crab saline,
which were circulated by a two-channel Watson-Marlow peristaltic
pump (Sci 400) at a flow rate of 0.5 ml/min. The crab saline contained
(in mM) to: NaCl, 235; KCl, 5; MgCl2,4.0; CaCl2 2.2; NaHCO3, 6;
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glucose, 10; HEPES, 10. pH of 7.6 was adjusted by TRIS base (see Lucu
and Flik, 1999). Perfusion saline was bubbled with compressed air and
N2 gas to reach the desired O2 concentration at both sides of epithelia.
The O2 concentration was measured by an oximeter, which electrode
was immersed in the perfusion saline during an experiment. Oxygen
content in normoxic saline ranged from 8.5 to 9.5 mg O2/L and pH
values in the normoxic and groups exposed to hypoxia was 7.7 ± 0.2.

2.3. 86Rb fluxes

Radioactive isotope 86RbCl in aqueous solution of 56.5 MBq/ml was
purchased from Perkin Elmer (USA). 10 ml saline containing 0.14 MBq
of 86Rb solution was recirculated in one half-chamber (hot side). On the
other side of the half-chamber fresh and initially non- radioactive saline
was pumped under open-circuit condition. The isotope was added ei-
ther basolaterally or apically to measure the efflux or influx, respec-
tively. Saline was circulated at an equal rate (0.5 ml/min), and the le-
vels of saline in the hemichambers were kept equal to avoid any
pressure difference. Fluxes were studied by fully aerated saline and
consecutively under hypoxic condition (1.6 mg O2/L) at both sides of
the epithelium. After 10, 20 and 30 min of incubation with 86RbCl,
10 ml of initially nonradioactive solution was collected. From this
portion 1 ml of solution was sampled for scintillation measurements.
From the hot side, where initial radioactivity was added, samples of
20 μL were collected at the same time intervals and diluted with 1 ml
nonradioactive saline. Probes were mixed with 3 ml scintillation cock-
tail (HiSafe OptiPhase, Packard Insta gel), and counted by a liquid
scintillation counter (Beckman, Turku, Finland). During the 86Rb flux
experiments Isc was recorded simultaneously. Separate preparations
were used for rubidium influx (JA– > B) and efflux (JB– > A) de-
terminations (A = apical and B = basolateral side). Radioactivity pas-
sing the hemilamella preparation from the perfusion saline at one side
of the epithelium to the saline at the opposite side was used to measure
fluxes expressed in μmol cm−2 h−1.

2.4. Na+, Cl− and Ca2+ determinations

Na+ concentration of the hemolymph was determined by flame
photometric measurements and concentrations of Cl− as determined
with a coulometric CMT 10 Chloride titrator (Radiometer,
Copenhagen). Ca2+ concentration was measured with an ion-selective
electrode ELIT 8041 with PVC membrane (Harrow,U.K).

2.5. Preparation of samples for TEM (transmission electron microscopy)
and morphometric analysis of mitochondria

One mm wide strips of posterior gill lamella were cut using razor
blades. The samples were fixed in a solution containing 4% paraf-
ormaldehyde, 5% glutaraldehyde, 0.05% CaCl2 and 15% saccharose in
0.1 mol/L Na-cacodylate buffer (pH 7.4) overnight at 4 °C, washed once
for 10 min in Na-cacodylate (pH 7.4) containing 15% saccharose and 3
times in the buffer without saccharose. Samples were then postfixed in
1% OsO4 + 0.8% K3 Fe(CN)6 in 0.1 mol/L Na-cacodylate (pH 7.4),
dehydrated in a series of isopropanol, block contrasted in uranyl acetate
in ethanol, washed 3 times in ethanol and two times in propylene oxide,
and embedded in Epon resin. Ultrathin (70 nm) cross sections through
the lamella were cut with a diamond knife (Diatome) on a Leica
Ultracut LCT Ultramicrotome. Sections were mounted on carbon-coated
Formvar films on 1 mm diameter single hole copper EM grids (Plano,
Wetzlar, Germany) stained with 0.3% lead citrate and viewed with a
Zeiss 912 TEM (Germany) equipped with an omega energy filter using
the electrically scattered electrons of the zero-loss peak. Digital mi-
crographs were recorded with a 2 k × 2 k pixel camera (TRS,
Moorenweis, Germany) using TRS software. Series of up to 98 (14 × 7)
micrographs of the sample, at a magnification of 6300 times each, were
mounted together and stitched using the TRS software. That way we

obtained very large images covering the whole width of the lamella.
These images were used for the morphometric analysis. We used three
control animals and one animal from each of the three treatments de-
scribed in chapter 2.1.

The method of Merz (1967) was employed to determine the surface
to volume ratio of the mitochondria, and the total surface and volume
of mitochondria per μm2 of the epithelium. Using GNU Image Manip-
ulation Program (GIMP) images were overlaid with a test system of
coherent semicircular lines and regular point arrays. Test areas covered
the whole height of the epithelial cells along a length ´e´ of the epi-
thelium (Ziegler and Merz, 1999). The profile length Lm of all mi-
tochondria within the test field was determined by

=Lm Nd (μm)

with ´N´ as the number of intersections of the semicircular lines with
the outer membrane of the mitochondria and ´d´ as the diameter of the
semicircles. Lm was normalized to a standard length of 1 μm by

=L Lm e (μm)

with ´L´ as the standardized profile length and ´e´ the length of the test
area. The total surfaces ´As′of the mitochondria per μm2 of the epi-
thelium were determined by

= ×As L 1.273 (μm μm ).2 2

The volume density of mitochondria ´Vm'per μm2 of the epithelium
was calculated from the profile area of mitochondria ´Am´ along the
length ´e´ of the test area. ´Vm´ = ´Am´ was determined using the
regular point arrays by counting the number of points on the mi-
tochondria ´Pm´ within the test area, and normalized to a standard
surface of epithelium of 1 μm2 by

=Vm Pmd2 e (μm μm ).3 2

One way ANOVA was used to detect significant differences in the
As/Vm ratio, and the surface and volume per μm2 of epithelium be-
tween treated and untreated gills. Holm-Sidak's multiple comparisons
tests were used to assign significant differences between hypoxic and
the normoxic treatments.

3. Results

3.1. Effect of hypoxia on Isc, conductance and 86Rb+ (K+) fluxes

In the first set of exposures we tested the effect of 2.5 mg O2/L
(5.5 kPa; 41.6 Torr) on Isc across the isolated hemilamella. Isc re-
presents a negative charge flow from the apical to the basolateral side
of the preparation. Under hypoxic condition at both sides of the epi-
thelium, Isc was reduced by 69% and kept at new steady-state for
20 min. Reoxygenation recovered the Isc (Fig. 1a).

At an oxygen concentration of 2.0 mg O2/L (4.4 kPa; 33.2 Torr; both
sides of epithelium), Isc was reduced from normoxia by 38% and at this
level a steady-state was kept for 25 min. After lowering the oxygen
concentration to 1.6 mg O2/L (3.6 kPa; 26.6 Torr) Isc was reduced
further to a value of −8.7 ± 7.5 μA cm−2 (N = 5). After applying
normoxic conditions the Isc almost fully recovered within about 50 min
(Fig. 1b).

During basolaterally induced hypoxia (1.6 mg O2/L; apical side was
aerated - normoxia) Isc was reduced by 98%. Isc was fully recovered
after normoxia (Fig. 1c).

Hypoxia at 1.6 mg O2/L on both sides of the epithelium over
130 min reduced Isc by 98% to −6.1 ± 8.2 μA cm−2 (N = 5) and
after reoxygenation Isc again fully recovered (Fig. 1d).

No differences were noticed in the inhibitory effects on Isc between
a combination of ouabain (1.0 mM) and hypoxia (1.6 mg O2/L) and
single ouabain treatment i.e. ouabain reversible blocks Isc close to the
zero value (Fig. 2). Upon severe hypoxia of 1.6 mg O2/L (both sides of
epithelium) kept for 100 min, when Isc dropped almost to zero,
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conductance was significantly decreased from 40.0 ± 1.8 mS cm−2

(normoxia) to the value of 34.7 ± 2.3 mS cm−2 (P < 0.05;hypoxia).
Conductance of the gill hemilamella after exposure to 1 mM ouabain
was not significantly different from the normoxic group (Fig. 3).

K+
fluxes across Carcinus gill hemilamella were studied in an

Ussing's type chamber using 86RbCl as a tracer (Fig. 4). Unidirectional
ion fluxes were determined from the content of 86Rb on the side op-
posite to which it was added. Under hypoxic conditions at both sides of
the epithelium 86Rb+ (K+) efflux (JB→A;; B = basolateral side;
A = apical side) requires an “extracellular” uptake across the baso-
lateral epithelial side into the cells and efflux (by convention negative)
at the apical-cuticular side. Upon hypoxic conditions of 1.6 mg O2/L at
both sides of the epithelium, Isc was reduced to almost zero and efflux
of 86Rb was changed from 1.59 ± 0.06 μmol cm−2 h−1 (normoxic
condition) to 0.86 ± 0.05 μmol cm−2 h−1 (hypoxia; P < 0.001). In
contrast, the influx (JA → B) was slightly and not significantly increased
under hypoxic conditions (P > 0.05). The net 86Rb+ (K+) fluxes, in
the direction from the basolateral to the apical side (0.67 ± 0.08 μmol
cm−2 h−1 under normoxic condition), were blocked to almost zero

under hypoxia (0.18 ± 0.09 μmol cm−2 h−1; P < 0.001). Reox-
ygenation (normoxia after) recovered Isc and 86Rb fluxes. There is no
significant difference between normoxic fluxes before (normoxia be-
fore) and after (normoxia after) hypoxia (P > 0.05) (Fig. 4).

3.2. Hemolymph concentration and morphometric analysis of mitochondria
under hypoxia

When crabs are acclimated to DSW, the hemolymph ion con-
centrations was studied and a morphometric analyses of mitochondria
in the posterior gills of the crabs under hypoxia was performed.

After 4 days of hypoxia at 2.5 mg O2/L (5.6 kPa; 42.6 Torr) the
concentration of sodium and chloride in the hemolymph were sig-
nificantly lower than in animals of the control normoxic groups. Ionic
calcium concentration was not different between normoxic and hypoxic
conditions (Table 1).

There were no obvious differences between the ultrastructure of gill
epithelia kept under normoxia (Fig. 5a) and those kept under the var-
ious hypoxic conditions, except for a higher abundance of elongated -

Fig. 1. Time course of the short-circuit current (Isc) across the hemilamella of the posterior gill of Carcinus maenas under various oxygen saturations and duration of exposure. Both sides
of the epithelia were perfused initially and during reoxygenation with aerated saline. Fig. 1a: Upon hypoxia 2.5 mg O2/L (indicated by horizontal line) was kept for 20 min on the both
sides of epithelia Isc decreased and fully recovered after reoxygenation. Fig. 1b: Fully aerated saline was replaced on the both sides by a saline containing 2.0 mg O2/L. After 25 min Isc
reached a transitory equilibrium (indicated by horizontal line). Further deoxygenation at 1.60 mg O2/L (indicated by horizontal line) gradually reduced Isc to a value close to zero. After
reoxygenation Isc was fully recovered. Fig. 1c: Effect of hypoxia on Isc upon decreased oxygen saturation at the basolateral side of a Carcinus hemilamella (1.60 mg O2/L; indicated by
horizontal line) and normoxic conditions at the apical side. During hypoxia Isc was reduced to a value close to zero and completely recovered after reoxygenation. Fig. 1 d:Aerated saline
was replaced by 1.60 mg O2/L at both sides of the epithelium for 130 min. Isc gradually decrease to almost zero and fully recovered after reoxygenation. Values are means ± S.D. for five
individual samples.

Fig. 2. 1.0 mM ouabain in oxygenated saline at the basolateral
side almost completely blocked Isc. After removal of ouabain Isc
fully recovered. 1.0 mM ouabain in combination with hypoxic
saline (1.6 mg O2/L) reduced Isc close to zero. Reoxygenation and
removal of ouabain completely recovered Isc. Values are
means ± S.D. for five individual samples.
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elliptically shaped profiles of mitochondria (Fig. 5b). We have also
studied the effect of the various oxygen saturations and lengths of
treatments on mitochondrion morphology in the posterior gill lamellae.
Since the shape of mitochondrial profiles varies considerably within
sections of the same epithelium a morphometric approach was man-
datory. The morphometric analysis showed that in the gill lamella of all
three crabs kept under hypoxia the surface to volume ratio (Fig. 6a) and
the surface of mitochondria per μm2 of epithelium (Fig. 6b) was sig-
nificantly higher in comparison to that in the control animals kept
under normoxic conditions. In contrast the volume of mitochondria per
μm2 of epithelium was not significantly different from the control
(Fig. 6c).

Fig. 3. Diagram showing the electrical conductance (mS cm−2) of the hemilamella iso-
lated from posterior Carcinus gill. Conductance in the control group was compared with
that of severe hypoxia (1.60 mg O2/L) and that treated with 1 mM ouabain. Values are
means ± S.D. for five individual samples. A significant difference of conductance was
found between the control group and that treatment with severe hypoxia (**P < 0.01).
There was not significant difference in conductance between the control group and the
group containing 1 mM ouabain (P > 0.05).

Fig. 4. Upper figure: Effect of hypoxia on 86Rb (K) fluxes in short-circuited Carcinus gill
hemilamella 86Rb influxes (upward bars; by convention positive) from the apical to the
basolateral side and effluxes (downward bars; by convention negative) from the baso-
lateral to the apical side were measured. Net fluxes (N) were obtained by subtracting the
efflux from the influx. Fluxes were studied successively in fully aerated saline (normoxia
before), after incubation for 40 min in hypoxic saline containing 1.6 mg O2/L at both
sides of epithelium (hypoxia) and after reoxygenation (normoxia after). The isotope was
added either basolaterally or apically to measure the efflux or influx, respectively.
Separate preparations were used for rubidium influx and efflux determinations. Values
are means ± S.E. for 6 individual samples. Two-way ANOVA followed by Bonferroni's
multiple comparisons post hoc tests comparison tests (Graph Pad Prism software) was
used to compare the influx, efflux and net flux under normoxia with those under hypoxic
condition. Statistical analysis: fluxes normoxia before vs fluxes hypoxia; influx
(P > 0.05): effluxes (***P < 0.001) and net fluxes (***P < 0.001). Fluxes normoxia
before vs fluxes normoxia after; influx (P > 0.05); efflux (P > 0.05) and net flux
(P > 0.05). Lower figure: Simultaneous effects of hypoxia on Isc for normoxia before,
hypoxia and normoxia after (reoxygenation). Error bars indicate means ± S.D. for 4
individual samples. Normoxia before vs hypoxia, *** (P < 0.001).

Table 1
Sodium, chloride and calcium (ionic) concentrations in the hemolymph under normoxic
and hypoxic DSW (4 days 2.5 mg O2/L) condition. Level of significance (Student's t-test) is
presented. Values are means± S.E.; number of observations in parentheses.

12 ppt-normoxia 12 ppt hypoxia.

Na+, mmol/ 320 ± 10 (6) P < 0.001 280 ± 9 (6).
Cl-, mmol/L 325 ± 12 (6) P < 0.001 285 ± 10 (6).
Ca2+, mmol/L 5.8 ± 0.2 (5) P > 0.05 5.0 ± 0.4 (5).

Fig. 5. Electron micrographs of the posterior gill epithelium of Carcinus maenas kept ei-
ther, as a control, in DSW under normoxic conditions (a) or for 10 days at intermittent
hypoxia at an oxygen concentration of 4.0 mg O2/L in DSW during night (12 h) and
normoxia during the day (b). More elongated shaped profiles of mitochondria (m) are
present upon hypoxia; af, apical folds; bl, bubble-like dilations of extracellular space; bs,
basal lamina; cu, cuticle; G, Golgy apparatus; he, hemolymph space.
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4. Discussion

4.1. Inhibition of Isc, Rb fluxes and conductance in gill epithelium by
hypoxia

The studies on the short-circuit current under hypoxia were un-
dertaken using the thick region of the hemilamella epithelium of the
posterior gills, close to the afferent blood vessel, where high density
mitochondrion-rich ionocyte cells, involved in osmoregulatory pro-
cesses are found (Pequeux et al., 1988; Compere et al., 1989). In this

region of Carcinus gills, short-circuited active ion transport processes
under normoxic condition have been studied by Onken and Siebers,
1992; Riestenpatt et al., 1996; Lucu and Flik, 1999. In the Carcinus
hemilamella, Isc ion transport activity was inhibited under hypoxia at
the basolateral side. It was shown that these epithelia mounted in Us-
sing type chamber under identical salines on the both sides of epithe-
lium produced an inward negative Isc polarity (charge flow) directed
from the apical to basolateral side. Inward negative Isc measured under
these conditions is an indication of the presence of electrogenic ion
transport mechanisms. High viability of the Carcinus epithelium is
evidenced by the full recovery of the Isc upon reoxygenation after
20–130 min exposure to hypoxia. Our data are similar to those found in
mammalian intestinal tissues. Short-circuit current and transepithelial
potential (TEP) of the rat colon -mucosa and human colon are sensitive
to acute hypoxia. Bilateral hypoxia reduces Isc and TEP by 50 to 70%
and an overshoot was observed after reoxygenation (Saraví et al.,
2003). Similarly, in the isolated human colonic mucosa, when hypoxia
is either induced at both sides or only at the basolateral side of epi-
thelia, Isc and transepithelial resistance were decreased (Carra et al.,
2013). Similary, in the mucosa-submucosa from rat distal colon pre-
paration mounted in Ussing type chamber, Isc and transepithelial re-
sistance under hypoxia first transiently decreased, than increased and
finally decreased below the initial baseline (Schindele et al., 2016).

86Rb fluxes across hemilamella were studied as a measure of change
of K+ transport. A large fraction of K+ is accumulated in the cells from
the activity of the Na+/K+ pump (Clausen, 2013). In the current study
we found that, besides ouabain (normoxic condition), hypoxia reduced
86Rb+ effluxes from the basolateral to the apical side of the gill hemi-
lamella, where 86Rb (K+) ions enter the cells by the activity of Na+,
K+- ATPase, at the basolateral side. In the hyperosmoregulating Car-
cinus the Na+/K+-pump actively transports K+ into the cytoplasm of
the gill epithelial cells from which it passively diffuses out of the cell
through K+ channels at both sides of the epithelium (Kirschner, 2004).
In the epipodite preparation of the lobster Homarus americanus bran-
chial cavity, similar transport processes to the gill preparation show
that 86Rb effluxes (JB → JA; B = basolateral, A = apical side of epi-
thelia) but not influxes (JA –→JB) were reduced and determined as
Na+, K+- ATPase modulated K+ channels under normoxic condition
(Lucu and Towle, 2010). Electrogenic transport of the posterior gill
hemilamella depends on oxidative metabolism. We suggest that in-
hibition of Na+, K+- ATPase dependent electrogenic Isc transport is the
dominant factor underlying the collapse of Isc and net 86Rb (K+) fluxes
under hypoxia. We confirm earlier results that the specific inhibitor of
the Na+, K+- ATPase, ouabain, inhibits Isc at the basolateral side under
normoxic condition (Onken and Siebers, 1992; Riestenpatt et al., 1996;
Lucu and Flik, 1999). Oxygen supply from the basolateral side of
hemilamella is necessary to sustain Isc transport activity. Recovery of
the net 86Rb (K+) fluxes and Isc after reoxygenation is accomplished if
hypoxia is short enough to prevent epithelium damage. High activity
and abundance of Na+, K+- ATPase is distributed in Carcinus gills
(Siebers et al., 1982). We suggest that reversible inhibition of Isc - ac-
tive transport as well as K (86Rb) fluxes are cellular mechanisms, which
suppress metabolism and ATP consumption upon hypoxia. There are a
number of publications showing that adaptation to hypoxia at the cel-
lular level is regulated by decreasing energy consuming processes
(Boutilier, 2001). Hypoxia reduced the TEP by 10 mV in seawater- and
freshwater- acclimated killifish Fundulus heteroclitus and reversed im-
mediately after return to normoxia (Wood and Grossel, 2015). In the
freshwater fish Astronotus ocellatus Na+ K+-ATPase activity was de-
creased and subsequently Na+ uptake capacity reduced as a response to
acute hypoxa. Upon reoxygenation Na+ uptake was recovered. The low
branchial paracellular permeability tested during swimming exercise
may be an additional adaptive mechanism in limiting osmoregulatory
cost under hypoxia (Wood et al., 2007; Robertson et al., 2015).

Hypoxia diminishes intracellular ATP production in the trout he-
patocytes (Bogdanova et al., 2005). Invertebrate survival during

Fig. 6. Morphometric analysis of mitochondria in the posterior gill epithelium of Carcinus
maenas kept in diluted seawater (DSW) under various oxygen saturations and durations of
exposures. Surface/volume ratio of the mitochondria (a) and the surface per μm2 epi-
thelium (b) were significantly increased in animals exposed to hypoxia in comparison to
control animals kept under normoxic conditions. The volume of mitochondria per μm2

epithelium (c) was not significantly changed; exp. 1, 1.2 mg O2/L in DSW for 12 h; exp. 2,
2.5 mg O2/L during for 4 days; exp. 3, 4.0 mg O2/L in DSW for 12 h (night) and daily
normoxia for 10 days. Number of test fields/animals were 48/3, 20/1, 15/1 and 15/1 in
control, exp. 1, exp. 2, and exp. 3, respectively. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001,
**** P ≤ 0.0001, ns, not significant. Values are means ± S.D.
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hypoxia is made possible primarily by ATP conservation (Larade and
Storey, 2009; Gorr et al., 2006). During this state the most energetically
expensive cellular functions, such as the Na+/K+ pump, are drastically
suppressed,thereby reducing overall ATP consumption to match the
concomitant decline in ATP supply and achieving a balanced home-
ostasis (Boutilier and St. Pierre, 2000; Hochachka and Somero, 2002;
Gorr et al., 2006). In the hypoxic tolerant biological systems, response
to hypoxia occurs when ATP demand and supply pathways are sup-
pressed and consequently ATP turnover substantially reduced.

The epithelium of Carcinus posterior gills is leaky because of its high
conductance. Therefore, it is a potential site for large, diffusive losses of
ions through paracellular (intercellular) pathways. A considerable
amount of energy is used for active uptake of salts to allow hyper-
osmoregulation in DSW (Onken and Siebers, 1992; Lucu and Flik,
1999;Henry et al., 2012). We have demonstrated a small decrease of
conductance under severe 1.6 mg O2 hypoxia, when> 95% of Isc was
inhibited by hypoxia. The decreased conductance of the posterior gill
epithelium in DSW reduces loss of salts in Carcinus and this may lead to
a lesser expense of energy, as found in fish gills (Wood et al., 2007,
2009). Such a decreased conductance might be advantageous for os-
moregulation under severe hypoxia in DSW. The passive transepithelial
driving forces i.e. paracellular (intercellular) pathways created by the
spontaneous electrical potential across the epithelium was eliminated
by Isc experiments. Therefore, our results were related to actively
transported ions by epithelial cells and not to the passive movement of
ions. Portions of high conductance through paracellular pathways are
not detected by the short-circuit current method.

4.2. Changes in hemolymph ionic concentrations and morphology of
mitochondria by hypoxia

Reduction of active ion Isc transport in vitro suggest that metabolic
rate suppression by hypoxia can be enhanced when Carcinus live in
DSW (brackish water) where Na+,K+- ATP-ase is considered to provide
the primary driving force for hyperosmoregulation. We found that hy-
poxia in Carcinus induced a decrease of Na+ and Cl− hemolymph
concentrations. This can indicate decline in osmoregulatory capacity as
suggested by Lignot et al., 2000. One explanation of the changes in
hemolymph composition may be an inhibition of transcellular Na+

uptake probably driven by a Na+/K+/2Cl− co-transport (Riestenpatt
et al., 1996). Reduced hyperosmoregulatory ability of crustaceans
under hypoxia was also described by Charmantier and Soyez (1994);
Legeay and Massabuau (2000).

The significant increase in the surface area of mitochondria per
epithelium area unit we found in posterior gill lamella of crabs kept
under hypoxic condition, was unexpected. The main area for ATP
productivity is located in the inner membrane of the mitochondria fa-
cing the mitochondrial matrix. The surface area of the inner membrane
forms numerous cristae providing a large surface area in comparison to
the rather small overall surface of mitochondria. Since mitochondria
can be regarded as a sink of oxygen, a possible explanation for the in-
crease in the surface of mitochondria may be that the larger surface
leads to increased access of oxygen and/or ADP to the mitochondria.
Thus structural rearrangement of mitochondria during hypoxia may be
an important adaptive mechanism increasing to some extent ATP
synthesis through oxidative phosphorylation. Our suggestion of an en-
hanced diffusion area for oxygen from the outer membrane to the inner
membrane of the mitochondria in crabs ionocyte cells was also dis-
cussed for hypoxic rat liver and heart cells mitochondria (Lund and
Tomanek, 1980; Costa et al., 1988). Because of the rather low number
of animals used in the morphometric approach, an effect of intraspecific
variations on the results cannot completely be discounted. Future ex-
periments are required to assess the relative effects of duration and
strength of hypoxia on mitochondria surface to volume ratio.

In summary, inhibition of Isc transport activity under short-term
hypoxia and by ouabain (under normoxic conditions), preferentially at

the basolateral side of the isolated gill epithelium, indicate an effect on
active transport generated by the Na+,K+- ATPase. The Rb+ (K+) ef-
flux (JB → A) (mediated by basolateral uptake of Rb+ (K+) and apical
K+ channel) was blocked by hypoxia and fully recovered after reox-
ygenation. This reduction in 86Rb+ (K+) fluxes reflect, at least partially,
inhibition of the Na+,K+- ATPase mediated electrogenic transport. The
inhibition of Isc by short-term hypoxia, is a metabolic response to hy-
poxia, which concomitantly decreases ATP consumption due to de-
creased ion pumping activity. Reduction of hemolymph major osmo-
lytes Na+ and Cl− in the crabs exposed to hypoxia may be the result of
attenuation of osmoregulatory ability. The increase in surface area of
mitochondria per μm2 of epithelium in crabs kept under hypoxic con-
ditions, may be a mechanism to increase access of oxygen. We suggest
that this trade-off between an increase of oxygen availability by al-
teration of mitochondria morphology and reduction of costs for active
ion transport under hypoxia in crab posterior gills, represents an os-
morespiratoy compromise enabling the animal to maintain hyper-
osmotic conditions at least under short- term hypoxic conditions.

Similarly to the Carcinus posterior gill (Onken and Riestenpatt,
1998) the thick ascending limb of vertebrate kidneys is also an ion
absorptive epithelium. Both epithelia are equipped with an apical Na+/
K+/2 Cl− cotransporter, and K+ channels at both sides of the epithelia
and a basolaterally located Na+,K+- ATPase (Greger, 1985; Gamba and
Friedman, 2009). These remarkable similarities of the ionic transport
mechanisms in gills with those in the thick ascending limb of the
mammalian kidney, render the posterior gills to a potential model for
biomedical research.

Future studies should focus on mitochondria related signaling pro-
cesses under hypoxia to check their link to the energy consuming
transport processes. Does expression of Na+,K+- ATPase α-subunit
mRNA respond to hypoxic stress?
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