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Hu MY, Tseng YC, Stumpp M, Gutowska MA, Kiko R,
Lucassen M, Melzner F. Elevated seawater PCO2 differentially
affects branchial acid-base transporters over the course of devel-
opment in the cephalopod Sepia officinalis. Am J Physiol Regul
Integr Comp Physiol 300: R1100 –R1114, 2011. First published
February 9, 2011; doi:10.1152/ajpregu.00653.2010.—The specific
transporters involved in maintenance of blood pH homeostasis in
cephalopod molluscs have not been identified to date. Using in situ
hybridization and immunohistochemical methods, we demonstrate
that Na�/K�-ATPase (soNKA), a V-type H�-ATPase (soV-HA), and
Na�/HCO3

� cotransporter (soNBC) are colocalized in NKA-rich cells
in the gills of Sepia officinalis. mRNA expression patterns of these
transporters and selected metabolic genes were examined in response
to moderately elevated seawater PCO2 (0.16 and 0.35 kPa) over a time
course of 6 wk in different ontogenetic stages. The applied CO2

concentrations are relevant for ocean acidification scenarios projected
for the coming decades. We determined strong expression changes in
late-stage embryos and hatchlings, with one to three log2-fold reduc-
tions in soNKA, soNBCe, socCAII, and COX. In contrast, no hyper-
capnia-induced changes in mRNA expression were observed in juve-
niles during both short- and long-term exposure. However, a tran-
siently increased ion regulatory demand was evident during the initial
acclimation reaction to elevated seawater PCO2. Gill Na�/K�-ATPase
activity and protein concentration were increased by �15% during
short (2–11 days) but not long-term (42-days) exposure. Our findings
support the hypothesis that the energy budget of adult cephalopods is
not significantly compromised during long-term exposure to moderate
environmental hypercapnia. However, the downregulation of ion
regulatory and metabolic genes in late-stage embryos, taken together
with a significant reduction in somatic growth, indicates that cepha-
lopod early life stages are challenged by elevated seawater PCO2.

acid-base regulation; Na�/K�-ATPase; SLC4 family; embryonic de-
velopment; ocean acidification

WATER-BREATHING ECTOTHERMIC animals maintain a diffusion
gradient of CO2 across respiratory epithelia to excrete this
metabolic end product. Increases in seawater PCO2 (hypercap-
nia) lead to an increased PCO2 of body fluids to maintain the
diffusive flux of CO2 out of the animal (63). Environmental
hypercapnia is a stressor that has lately received considerable
attention: anthropogenic CO2 emissions are expected to lead to
increases in surface ocean PCO2 from 0.04 kPa up to 0.14 kPa
(ocean acidification) within this century (6). However, a high
variability of abiotic factors is the rule in many coastal habitats

already (47), and hypercapnia is a characteristic of many
marine systems, e.g., in upwelling regions along the continen-
tal shelfs (27) and seasonally hypoxic systems (80). It can be
expected that effects of ocean acidification will increase PCO2

in a nonlinear fashion in coastal CO2-enriched habitats, prob-
ably leading to PCO2 values �0.2 to 0.4 kPa within the next
decades (80).

Physiological tolerance to elevated seawater PCO2 is hypoth-
esized to be connected to the ability of an organism to regulate
extracellular acid-base status during exposure to hypercapnia,
especially in organisms that rely on pH-sensitive respiratory
pigments (73). Accordingly, active marine ectotherms (i.e.,
teleosts, crustaceans, cephalopods) have been found to be the
most tolerant to environmental hypercapnia as their high met-
abolic rates are supported by efficient acid-base regulation
(64). This compensatory reaction has been studied in great
detail in teleost fish (e.g., 12, 13, 52, 81), where extracellular
pH (pHe) is fully compensated during hypercapnia by net
accumulation of bicarbonate (HCO3

�) via ion transporting of
cells of the gill epithelium. For example, in response to a PCO2

of 1 kPa, cod Gadus morhua compensate extracellular acidosis
by actively increasing blood HCO3

� concentration ([HCO3
�])

from 10 to 30 mM accompanied by an equimolar reduction in
plasma chloride concentrations (58, 81). Only decapod crusta-
ceans have been shown to posses comparable acid-base regu-
latory abilities (7, 68, 79). Recently, Gutowska et al. (41)
demonstrated that a cephalopod, Sepia officinalis, can also
efficiently maintain high pHe when exposed to hypercapnia
(0.6 kPa) by increasing blood [HCO3

�] from 3.4 to 10.4 mM.
However, the mechanisms that contribute to pHe regulation in
cephalopods are unexplored at present.

Acid-base regulating epithelia and organs have been exten-
sively investigated in a number of marine fish species (15, 23,
39, 51, 63, 77). These studies proposed models of acid-base
regulation in specialized, mitochondria-rich cells localized in
skin or gill epithelia. Besides the direct ATP-dependent extru-
sion of protons via V-type H�-ATPases, these models suggest
an import of HCO3

� and an export of protons by secondary
active transporters, e.g., apical Na�/H� exchangers (NHE) and
Na�-dependent Cl�/HCO3

� exchangers of the SLC4 solute
transporter family that depend on the electrochemical gradient
created by the Na�/K�-ATPase (NKA) located in basolateral
membranes (4, 23, 48, 70). In cephalopods, little is known on
the specific transporters involved in branchial acid-base regu-
lation. Earlier studies have demonstrated that NKA also occurs
in basolateral membranes of cephalopod gills with maximum
activity levels comparable to those described for shallow-water
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teleost fish (33, 49, 75, 84). In contrast to the fish gill, the gill
of the decapod cephalopod S. officinalis (cuttlefish) is a highly
folded epithelium consisting of two epithelial layers that line a
blood sinus. The thin peripheral layer has been hypothesized to
be primarily involved in respiration, whereas the inner epithe-
lium is responsible for ion regulation and, probably, nitrogen
excretion (19, 75). Immunohistochemical and cytochemical
findings suggest an analogy between cells of this inner epithe-
lium and ionocytes of teleosts and their capacity for active ion
transport (49, 75). In this inner, mitochondria-rich epithelium,
Schipp et al. (75) demonstrated the presence of cytoplasmatic
carbonic anhydrase (cCA), as well as several dehydrogenases
(malate-, succinate-, and glucose-6-phosphate dehydrogenase)
that are involved in aerobic metabolism. Furthermore, Schipp
et al. (75) described that the gill epithelium is not fully
developed in late-stage embryos, with significant differentia-
tion occurring posthatching. This could imply that cuttlefish
embryos and young hatchlings have significantly weaker ion
regulatory capacities than juveniles or adults, especially if no
alternative sites, such as skin integument or yolk epithelium
cover these functions.

Yet, late-stage cephalopod embryos are exposed to stress-
ful abiotic conditions inside the egg capsule: 1) PO2 can be
as low as 5 kPa and 2) PCO2 can reach values of up to 0.4 kPa
(14, 40). This is due to the egg capsule wall acting as a
diffusion barrier to dissolved gases. The transition phase
from the hypoxic and hypercapnic environment of the egg
fluid to seawater is an extraordinary event in the life history
of cephalopods. Not only do abiotic conditions dramatically
change, but the metabolic rates of the hatchlings also steeply
increases (e.g., 14). Both significantly challenge the main-
tenance of acid-base homeostasis and require potent acid-
base regulatory machinery.

This is the first study to examine mechanisms of hypercapnia
induced acid-base regulation in cephalopods on the molecular
level. In a first step, we used information on acid-base regula-
tion in fish as a guide to clone putative acid-base regulation
genes of the cuttlefish gill, encoding for NKA (soNKA), cCA
(socCAII), and V-type-H�-ATPase (soV-HA) plus two HCO3

�

transporters, electrogenic Na�/HCO3
� cotransporter (soNBCe)

and Na� dependent Cl�/HCO3
� exchanger (soNDCBE). We

then studied transcriptional responses of acid-base and selected
metabolic genes (soNKA, soCAII, soNBCe, soNDCBE, ATP-
synthase, octopine dehydrogenase, cytochrome-c oxydase, and
cytochrome P-450) in different life stages of the cuttlefish S.
officinalis. We hypothesized that in response to hypercapnia,
acid-base regulatory gene candidate transcripts would show
specific upregulations to support an increased demand of the
acid-base regulating machinery and that the elevated metabolic
requirements for acid-base regulation would be reflected in an
upregulation of marker genes for key metabolic pathways.
Functional capacities of NKA were determined, as this enzyme
is believed to be the major driving force for most energy-
dependent ion transport. We further hypothesized that in-
creases in environmental PCO2 as projected by ocean acidifi-
cation scenarios must be additive to the PCO2 inside the egg to
maintain a sufficient diffusion gradient of CO2 from the egg to
the seawater. This extreme egg environment and the incom-
pletely developed ion regulatory epithelia of embryos would
then lead to a higher sensitivity of embryonic life stages toward
acid-base disturbances.

MATERIAL AND METHODS

Experimental Animals

S. officinalis egg clusters were collected in Zeeland, Netherlands, in
May 2008 and 2009 and transported to the Leibniz-Institute of Marine
Sciences (IFM-GEOMAR), Kiel, at stage 17–20 [stages according to
Lemaire (59)]. After hatching, cuttlefish were raised in a closed
recirculating system (1,200-liter total volume; protein skimmer; nitri-
fication filter; UV disinfection unit; salinity, 31–32; NH4

�, �0.1 mg/l;
NO2

�, �0.1 mg/l, NO3
�, �10 mg/l; temperature, 15°C; and constant

12:12-h dark-light cycle). Cuttlefish hatchlings were initially fed with live
mysids and were progressively transitioned to feed on Paleamonetes varians.
The animals displayed normal development and behavior.

CO2 Pertubation Experiments

Experiment 1: embryos and hatchlings. S. officinalis egg clusters
were collected in May 2009. Then 25 to 30 individual eggs containing
embryos [stage 17–18 (60)] were incubated in nine PVC aquaria
(25-liter volume) inside a 15°C climate chamber for 8 wk. The aquaria
were continuously equilibrated with the appropriate gas mixtures
(0.04 kPa, 0.14 kPa, and 0.4 kPa CO2 in pressurized air) supplied by
a central automatic gas mixing-facility (Linde Gas, HTK Hamburg,
Germany). The nine tanks, with three replicate tanks for each treatment,
were randomly distributed in a water bath. A light regimen with a 12:12-h
light-dark cycle was chosen. Artificial seawater (SEEQUASAL, Mün-
ster, Germany) was prepared in three 400-liter reservoir tanks and
preequilibrated with the respective PCO2. Two thirds of the water in
the experimental tanks were exchanged daily with CO2 preequili-
brated water from the reservoir tanks to maintain high water quality
within the system. For sampling of gill tissues, late-stage embryos
[stage 30 (59)] and hatchlings (2 days posthatching) were dissected by
opening of the ventral mantle cavity. The two gills, which were �1.5
mm in length, were quickly dissected with two sharp forceps, shock
frozen in liquid nitrogen, and stored at �80°C for gene expression
analysis.

Determination of Perivitelline Fluid Abiotic Parameters

At the final stage of development [stage 30 (59)] eggs were
carefully lifted out of the water, and the perivitelline fluid (PVF) was
immediately sampled from the egg by using a syringe. A pH electrode
(models WTW Mic and pH340i pH meter; WTW, Weilheim, Ger-
many), calibrated with seawater AMP and Tris buffers (18), was used
to measure PVF pH in 0.5-ml Eppendorf tubes. Another 500 �l of
PVF was sampled with a gas-tight glass syringe for the determination
of total dissolved inorganic carbon (CT). CT was measured in triplicate
(100 �l each) using a Corning 965 carbon dioxide analyzer (Olympic
Analytical Service, Malvern, UK). The carbonate system speciation
was calculated from CT and pH NBS scale (pHNBS) with the CO2SYS
software and using the dissociation constants of Mehrbach et al. (62)
as refitted by Dickson and Millero (16). During the measurement
period for pH and PO2, the PVF sample and sensors were placed in a
thermostatted water bath at 15°C. The oxygen optode was calibrated
according to the manufacturer’s instructions with water vapor-satu-
rated air and a Na2SO3 solution. Following PVF sampling, eggs were
dissected and biometric parameters were determined. Body dimen-
sions, including dorsal mantle length (DML) and body mass were
determined using a Leica MZ95 stereo microscope equipped with a
closed caption device (CCD) camera and using Image-Pro Plus
software (Media Cybernetics, Bethesda, MD). Animal wet mass was
determined by using a precision balance (Sartorius TE64). In total, 15
eggs were sampled for each treatment.

Experiment 2: juveniles. Forty-eight S. officinalis specimen (DML,
3–4 cm) were maintained in a flow-through seawater system consist-
ing of 16 PVC aquaria (25-liter volume) in a 15°C climate chamber at
the IFM-GEOMAR, Kiel. A light regimen with a 12:12-h light-dark
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cycle was chosen. Artificial seawater was prepared daily in a 400-liter
reservoir tank. From this reservoir tank the water passed through a
12-W UV sterilizer before being distributed to the experimental
aquaria via gravity feed at a rate of 20 m/min. Before the start of the
experiments the animals were maintained under control conditions for
14 days. The experimental tanks contained three individuals. Tanks
were continuously equilibrated with the appropriate gas mixture (0.3
kPa CO2) supplied by the central automatic gas mixing-facility or
pressurized air (0.04 kPa) and randomly arranged with respect to CO2

level. Throughout the duration of the experiment, cuttlefish were fed
daily with one live P. varians each (�10–15% of cuttlefish body
mass). It needs to be noted that juveniles were not fed ad libitum, but
food supply was high enough to produce growth rates of 1.5% per
day, which relates to maximum growth rates of 4% observed for
animals of comparable size and at the same temperature (e.g., 30, 37).

Tissue samples were taken 2, 11, and 42 days after the start of the
experiment. At each time point, eight specimens from each treatment
(total of 16 animals, one from each of 8 replicate aquaria) were
anaesthetized in 2.5% EtOH in seawater for �2–3 min. Afterward the
animals were killed by decapitation, and the mantle cavity was opened
on the ventral side. The gills were immediately dissected using micro
scissors and forceps. The tip of the left gill was fixed with 4%
paraformaldehyde in seawater at 4°C overnight and then washed
several times with PBS. These gills were stored in 100% MeOH at
�80°C for in situ hybridization. The remaining right and left gill were
quickly shock-frozen in liquid nitrogen and stored at �80°C for
enzyme assays and gene expression analysis. The investigations
comply with the German animal welfare principles No. V 31, and the
animal use protocols were approved by the animal care committee of
the Christian-Albrechts-University, Kiel, Germany.

Determination of Seawater Abiotic Parameters

Specific seawater conditions for the various incubations are given
in Table 1. Temperature, pHNBS, and salinity were determined daily.
pHNBS was measured with a WTW 340i meter and WTW SenTix 81
electrode calibrated daily with Radiometer IUPAC precision pHNBS

buffers 7.00 and 10.00 (S11M44, S11 M007). Additionally, water
ammonia concentrations were determined every 2 to 3 days, and
levels were maintained � 0.3 mg/l.

CT was measured coulometrically according to Dickson et al. (18)
by using a Single-Operator Multi-Metabolic Analyzer auto analyzer
(Marianda, Kiel, Germany). Total alkalinity (AT) was determined by
using the methods of Dickson et al. (18) by means of a potentiometric
open-cell titration with hydrochloric acid. The measurement was
performed using a Versatile Instrument for the Determination of
Titration Alkalinity auto analyzer (Marianda). As reference material
for both types of analysis (CT as well as AT) certified reference
material was used (17). Seawater carbonate chemistry speciation was
calculated from CT and AT with the software CO2SYS (60) using the
dissociation constants of Mehrbach et al. (62) as refitted by Dickson
and Millero (16).

Cloning of soNKA, soNBCe, soNDCBE, socCAII,
and soV-AH Fragments

Fragments of the Sepia NKA (NKA), Na�/HCO3
� co-transporter

(NBC), Na�-dependent Cl�/HCO3
� exchanger (NDCBE), cCA (CA), and

V-type-ATPase (V-HA) genes were isolated from gill tissue by means of
RT followed by PCR. Degenerate primers were designed using Mac-
Vector 10.0.2 (Symantec) software, by using highly conserved regions of
sequences of cephalopods, bivalves, and fish obtained from GenBank.
Reverse transcription was performed with Superscript RT (Invitrogen,
Karlsruhe, Germany) and gene-specific primers according to the manu-
facturer’s instructions with mRNA as templates (see next section for
RNA extraction protocol). In the following PCR, primer pair 5=-
AAGTCGTGCCAATGTGTTGTA-3= and 5=-TACTTYCCACGWG-
GACTTTCTTAG-3= resulted in a 268-bp fragment of the NKA
(GQ153672.1), the primer pair 5=-GCGGAAGGAGGTGTAGAAG-
AAGT-3= and 5=-CATAGTCHAGTGTCGTAAGTAGGC-3= resulted in
a 582-bp fragment of NBC (bankit1344341), the primer pair 5=-
GCCAGRTGGATWAAGTTTGA-3= and 5=-GGTWGGSACRGG-
RACCTCTG-3= resulted in a 693-bp fragment of the NDCBE
(bankit1344354), the primer pair 5=-CTACARYTAYCCYCTRAC-
CGC-3= and 5=-AAAGTRAARGTGACCCCKAG-3= resulted in a
215-bp fragment of cytosolic CAII (bankit1344380), and the primer pair
5=-GARTAYTTYMGNGAYATGGGN-3= and 5=- RTTYTGYTGNAR-
RAARTCRTCYTT-3= resulted in a 556-bp fragment of VHA subunit a
(bankit1370003). The sequences obtained for cytosolic CAII and NBCe
of cuttlefish show high similarities compared with teleosts and mammals
(Supplemental Fig. S2).

cDNA was amplified using Taq-Polymerase (Invitrogen, Karlsruhe,
Germany) in the presence of 1.5 mM MgCl2 (PCR conditions: 4-min
denaturation at 94°C, 45-s annealing at 53°C and 45-s elongation at
72°C, 35 cycles followed by a final amplification step of 8 min at
72°C). PCR fragments were separated after electrophoresis in 1%
agarose gels. Extraction and purification of the PCR fragments from
the gel was accomplished using the QIAquick gel extraction kit
(Qiagen, Hilden, Germany). Cloning and isolation of plasmids was
performed using the pGEM-T Easy Vector Systems and JM 109
competent Escherichia coli cells (Promega, Madison, WI). Plasmids
were extracted using the Qiaprep Spin Miniprep Kit (Qiagen) and
sequenced by the sequencing platform of the Institute for Clinical
Molecular Biology (IKMB), Christian-Albrechts-University of Kiel
(Kiel, Germany).

Real-Time Quantitative PCR

For RNA extraction, whole gills from embryos, hatchlings, and
juveniles were homogenized under liquid nitrogen, using pestle and
mortar. Homogenates (25 mg) were used for further extraction. RNA
extraction was performed according to the manufacturer’s instructions
with an additional cleaning step using the QIAshredder column
(Qiagen) performed after homogenization in RNeasy lysis buffer.
RNA was eluted and stored in 100 �l RNase-free water at �80°C.
DNA contaminations were removed by DNase digestion with the
DNA-free kit (Applied Biosystems, Darmstadt, Germany). Concen-
tration and integrity of the isolated RNA was determined photomet-
rically using a NanoDrop ND-1000 spectrophotometer (PeqlabE-
QLAB, Erlangen, Germany) and via electrophoresis using the Expe-
rion electrophoresis system (Bio-Rad, Munich, Germany).

Primers for quantitative real-time PCR (qRT-PCR) were designed
using the primer analysis software Primer Express version 2.0 (Ap-
plied Biosystems) with the default parameters of the TaqMan MGB
Probe and Primer design procedure. We selected PCR amplicons to

Table 1. Seawater physiochemical conditions during 6-wk hypercapnia experiment (juvenile S. officinalis)

Incubation Group Temperature, °C Salinity pH �Ar PCO2, Pa AT

Embryos and hatchlings control 14.60 � 0.47 34.94 � 0.10 7.96 � 0.02 1.69 � 0.06 70.97 � 4.13 2,413.81 � 49.10
PCO2 �0.14 kPa 14.62 � 0.47 34.92 � 0.07 7.63 � 0.02 0.84 � 0.01 164.04 � 24.48 2,431.89 � 56.12
PCO2 �0.4 kPa 14.62 � 0.45 34.90 � 0.05 7.28 � 0.03 0.39 � 0.02 371.35 � 28.52 2,415.16 � 43.00

Juveniles control 14.81 � 0.20 33.08 � 0.20 8.21 � 0.08 3.53 � 0.53 50.255 � 8.757 2,827.00 � 129.08
PCO2 �0.4 kPa 14.83 � 0.21 33.09 � 0.21 7.39 � 0.09 0.75 � 0.11 308.936 � 37.401 3,127.53 � 141.91

Values are presented as means � SD. PCO2, partial pressures of CO2; �Arag, aragonite saturation state; AT, total alkalinity.
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range from 50 to 100 bp in size. Selected genes and primer sequences
are given in Table 2. ATP-Synthase, cytochrome P-450, ubiquitin-
conjugated enzyme and cleavage and polyadenylation specificity
factor sequences were obtained from an S. officinalis gill cDNA
library (F. Melzner, R. Kiko, M. Lucassen, unpublished observation).
qRT-PCR was performed on an ABI StepOne Plus Sequence Detec-
tion System (Applied Biosystems) using the Power SYBR Green
QPCR Master Mix (Applied Biosystems). The PCR reaction consisted
of 10 �l SYBR Green PCR master mix, 3 �l (2 pmol/�l) forward and
reverse primers, 2.0 �l 1:10-diluted template cDNA and 2.0 �l water
in a total reaction volume of 20 �l. Thermocycling was performed
using the following conditions: 10 min at 95°C, 45 cycles of 15 s at
95°C, and 1 min at 62°C. Melting curve analysis demonstrated a
single PCR amplicon for each reaction. Data were recorded as
fractional cycle at an arbitrary CT-value in triplicate during the
exponential phase of the reaction. To determine the amplification
efficiency of each primer pair, a standard curve of four serial
dilution points (in steps of 2-fold) of a cDNA mixture was
analyzed using linear regression. The amplification efficiency of an
individual reaction was determined using the ABI StepOne Plus
Sequence Detection System. PCR efficiencies of investigated
genes ranged from 1.84 to 2.0.

NormFinder, a Microsoft Excel add-in (available at http://www.
mdl.dk/publicationsnormfinder.htm) was used to identify housekeep-
ing gene candidates. The genes cleavage and polyadenylation speci-
ficity factor (CPSF) and ubiquitin conjugated protein (UBC) were
identified as the best housekeeping genes between treatments and
incubation times. For the normalization factor (NFn) the geometric
mean of the best fitting housekeepers (REF1-n) was calculated.

NKA Activity Assay

NKA activity was measured in gill tissue crude extracts of juvenile
specimens in a coupled enzyme assay with pyruvate kinase (PK) and
lactate dehydrogenase (LDH) using the method of Schwarz et al. (76)
as described by Melzner et al. (63). Crude extracts were obtained by
quickly homogenizing the tissue samples in a conical tissue grinder in
10 volumes of ice-cold buffer [50 mM imidazole, pH 7.8, 250 mM
sucrose, 1 mM EDTA, 5 mM �-mercaptoethanol, 0.1% (wt/vol)
deoxycholate, proteinase inhibitor cocktail (cat. no. P8340; Sigma-

Aldrich Taufkirchen, Germany)] followed by Ultra Turrax treatment
(3	 5 s) on ice. Cell debris was removed by centrifugation for 10 min
at 1,000 g and 4°C. The supernatant was used as crude extract. The
reaction was started by adding 10 �l of the sample homogenate to the
reaction buffer containing 100 mM imidazole, pH 7.8, 80 mM NaCl,
20 mM KCl, 5 mM MgCl2, 5 mM ATP, 0.24 mM Na-(NADH2), 2
mM phosphoenolpyruvate, �12 U/ml PK and 17 U/ml LDH, using a
PK/LDH enzyme mix (Sigma-Aldrich). The oxidation of NADH
coupled to the hydrolysis of ATP was followed photometrically at
15°C in a DU 650 spectrophotometer (Beckman Coulter) over a
period of 10 min, measuring the decrease of extinction at 
 � 339 nm.
The fraction of NKA activity in total ATPase activity was determined
by the addition of 17 �l of 5 mM ouabain to the assay. Each sample
(n � 8) was measured sextuple. Enzyme activity was calculated using
an extinction coefficient for NADH of ε � 6.31 mM/cm and given as
micromoles ATP per gram per hour.

Immunoblotting

For immunoblotting, 20 �l of crude extracts from the NKA activity
measurement were used. Proteins were fractionated by SDS-PAGE on
10% polyacrylamide gels, according to Lämmli (57) and transferred to
PVDF membranes (Bio-Radmany) using a tank blotting system (Bio-
Rad). Blots were preincubated for 1 h at room temperature in TBS-
Tween buffer [TBS-T, 50 mM Tris·HCl, pH 7.4, 0.9% (wt/vol) NaCl,
0.1% (vol/vol) Tween20] containing 5% (wt/vol) nonfat skimmed
milk powder. The primary antibody for the NKA was the polyclonal
antibody � (H-300) (Santa Cruz Biotechnology, Heidelberg, Ger-
many) specific to the S. officinalis �-subunit of the NKA (49). Blots
were incubated with primary antibodies with a concentration of 2
�g/ml at 4°C overnight. After washing with TBS-T, blots were
incubated for 1 h with horseradish peroxidase-conjugated goat anti-
rabbit IgG antibody(Santa Cruz Biotechnology, Santa Cruz, CA)
diluted 1:2,000 in TBS-T containing 5% nonfat skimmed milk pow-
der. Protein signals were visualized by using the ECL Western
Blotting Detection Reagents (GE Healthcare, Munich, Germany) and
recorded using a LAS-1000 CCD camera (Fuji, Tokyo, Japan). Signal
intensity was calculated using the AIDA Image Analyzer software
(version 3.52; Raytest, Straubenhardt, Germany).

Table 2. Primer sequences used for qRT-PCR

Gene Abbreviation Function Acc. No. Primer Sequence 5=-3= (forward and reverse)
Amplicon

Length

Test Genes

Na/K-ATPase NKA Electrochemical gradient GQ153672.1 CTGTCCTGAAAAGGGAATGCA 76
TTTCCAATAGAAAGCTCAACACATTT

Na/HCO3 cotransporter NBC Secondary active ion transport bankit1347543 GGAAGAATGCATGAAAGACACAAT 70
TCGCTTCATGTGTTGATGGAA

Na-driven Cl/HCO3 exchanger NDCBE Secondary active ion transport bankit1347548 AGGAGCTGAATCCGCCAAT 65
AGCCGGTAGCTTGGTGGTT

Carbonic anhydrase CA Bicarbonate formation bankit1347557 ACCTTTAGCCATCCGCTGAA 66
TCCGTTGTTGGTGACTTCCA

ATP-synthase ATP-Synth Electron transport chain bankit1347571 GGAGAGAGCTGCCAAGATGAA 74
CCTGGGTCTCGATGACTGGTA

Cytochrome P-450 CYP 450 Xenobiotic defence bankit1347604 CCGGCGGTGCCAGTTA 69
TGCGGGAATTTTGTAATCATCA

Cytochrome-c- oxydase COX Electron transport chain YP514795 TCCTCCTCCGCAGTTGAAAG 81
GCCCGCATGTGATAAGTTACTAGA

Octopine dehydrogenase ODH Anaerobic metabolism AY545135 GCCGAGTCAACCCGGTTT 65
CGCTGGTTCGACCTCCAA

Reference Genes

Cleavage and polyadenylation
specificity factor

CPSF mRNA polyadenylation bankit1345716 CACACCAGCCCATGAAAAGA 68
GGTGGTGTTGGCGAGTATGC

Ubiquitin-conjugated enzyme UBC Protein degradation bankit1345727 CAATAATACCGTGAAAGTGGCAGAT 74
TTTCCTGAGCTTCATATATTTCATCAG
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In Situ Hybridization

Isolated plasmids from the generated clones were used for the
synthesis of antisense and sense RNA probes. Following PCR with T7
and SP6 primers, the products were subjected to in vitro transcription
with T7 or SP6 RNA polymerase (Roche, Penzberg, Germany) in the
presence of digoxigenin (dig)-UTP. Dig-labeled RNA probes were
examined with RNA gels and dot-blot assays to confirm quality and
concentration. For dot-blot assays, synthesized probes and standard
RNA probes were spotted on nitrocellulose membrane according to
the manufacturer’s instructions. After cross-linking and blocking, the
membrane was incubated with an alkaline phosphatase-conjugated
anti-dig antibody and stained with nitro blue tetrazolium (NBT) and
5-bromo-4-chloro-3-indolyl phosphate. Fixed samples were immersed
in PBS containing 30% sucrose overnight and then embedded in
tissue-freezing medium (Jung Leica, Nussloch, Germany) at �20°C.
Then 10-�m thick cryosections were generated with a cryotome
(Leica, Heidelberg, Germany) and were transferred onto poly-L-
lysine-coated slides. After washing with PBS-Tween (PBST; 0.1%
Tween in PBS), slides were incubated with hybridization buffer
(HyB) containing 60% formamide, 5	 SSC buffer, and 0.1%
Tween-20 in H2O for 5 min at 70°C. Prehybridization was performed
in HyB�, which is the HyB supplemented with 200 �g/ml yeast tRNA
and 100 �g/ml heparin for 2 h at 57°C. Following prehybridization,
samples were incubated with the RNA probe diluted 1:2,000 in HyB�

at 57°C overnight for hybridization. Samples were then washed at
65°C for 10 min in 100% HyB, 75% HyB, and 25% 2	 SSC, 10 min
in 50% HyB and 50% 2	 SSC, 10 min in 25% HyB and 75% 2	
SSC, and twice for 30 min in 2	 SSC and incubated at 65°C. Samples
were washed twice for 10 min in PBST at room temperature. After
serial washings, slides were incubated for 1 h in preblocking solution
containing 1% BSA and 20% sheep serum diluted in PBST for 2 h.
Samples were then incubated in 1:2,000 alkaline phosphatase-conjugated
anti-dig antibody in blocking solution overnight. Finally, samples were
washed with PBST, and staining reactions were conducted with nitro blue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate in staining buffer
(1 M Tris, pH 9.5; 1 M MgCl2, 5 M NaCl; 0.1% Tween 20) (1:100) at
37°C until the signal was sufficiently strong. The staining reaction was
terminated by several (2–3) washings with methanol, and slides were
stored in PBS for further immunohistochemical stainings.

For immunocytochemical staining, mRNA probe hybridized slides
were washed in PBS (pH 7.3) and exposed to a heat shock inside the
PBS bath using a microwave (600 watts for 2 	 3 min). Afterward,
samples were transferred to a PBS bath containing 150 mM NaCl and
Tween 20 (concentration, 0.2 �l/ml) for 10 min, and a PBS bath
containing 5% skimmed milk for 20 min to block nonspecific bind-
ings. The primary antibody, a rabbit polyclonal antibody raised
against an internal region of NKA-�1 of human origin [Na�/K�

ATPase-� (H-300), Santa Cruz Biotechnology] was diluted in PBS to
10 �g/ml, placed in small droplets of 100 �l on the sections, and
incubated for 2 h at room temperature in a wet chamber. To remove
unbound antibody, the sections were then washed (3	 5 min) in PBS
and incubated for 1 h with small droplets (100 �l) of secondary
antibody, FITC-labeled goat anti-rabbit IgG (Santa Cruz Biotechnology).
After rinsing in PBS (3	 5 min), sections were covered with a mounting
medium and examined with a fluorescence microscope (Axio SCOPE
A1; Zeiss, Hamburg, Germany) with an appropriate filter set (488-nm
band-pass excitation filter). Brightfield and fluorescence images were
acquired from in situ hybridized and immunohistochemically stained
sections and merged using Adobe Photoshop CS2.

Statistical Analysis

Values are presented as means � SE and compared using Student’s
t-test or one-way ANOVA followed by Tukey’s post hoc tests using
Sigma Stat 10.0 (Systat Software). Statistical analysis of qRT-PCR
results was performed on mRNA quantities normalized to the geo-
metric mean of the housekeeping genes CPSF and UBC.

RESULTS

Growth and PVF Abiotic Conditions

At the time point of PVF and gill sampling for qRT-PCR, all
S. officinalis eggs contained viable embryos [stage 30, (59)]
with fresh masses (FM) of 169.4 mg � 8.8 mg (control, n �
15) and 161.9 � 4.8 mg (0.37 kPa, n � 15) (Fig. 1A). All
animals appeared fully differentiated, and organogenesis was
complete. The DML of S. officinalis late-stage embryos was
significantly different between control (6.91 � 0.19 mm) and
0.37 kPa CO2-treated animals (6.33 � 0.17 mm). Hatchlings (2
days posthatch) were characterized by a significantly reduced
body mass of 13% and a reduced DML by 40% in response to
0.37 kPa (Fig. 1B). Intermediate hypercapnia (0.16 kPa) did
not cause growth delays in embryos and hatchlings. Juvenile
growth rates were not significantly influenced during exposure
to 0.37 kPa CO2. Juvenile cuttlefish had an initial mass of
11.90 � 2 g, and grew at rate of 0.13 � 0.02 g/day under
control and 0.20 � 0.05 g/day under high CO2 conditions,
increasing body mass by �50% during the 42-day trial.

The PVF was characterized by average pH values of 7.4 and a
mean PCO2 of 0.26 kPa under control conditions (Fig. 2, A and B).
Under hypercapnia, PVF pH significantly decreased to 7.2 (seawater
PCO2: 0.16 kPa) and 7.0 (seawater PCO2: 0.37 kPa). Hypercapnia led
to additive increases in PVF PCO2. This resulted in a PVF PCO2 of
0.45 kPa and of 0.78 kPa when exposed to seawater PCO2 of 0.16 kPa
and 0.37 kPa, respectively. Thus, CO2 diffusion gradients were
maintained even under relatively high seawater PCO2, suggesting
maintained rates of metabolic CO2 excretion.

qRT-PCR

In late-stage embryos and hatchlings, reduced somatic
growth is accompanied with changes in mRNA expression of
several genes. In gill tissues of late-stage embryos (Fig. 3A)
significant 0.8 to 2.1 log2-fold (40 to 75%) downregulation
was observed in response to 0.37 kPa CO2 for the transcripts of
ion-transporting proteins NKA, NBCe, and cCAII. soNDCBE
showed no CO2-dependent change in expression. At the inter-
mediate PCO2 of 0.16 kPa only two significant changes were
observed in embryos: NBCe was 1.2 log2-fold downregulated
and cCAII was upregulated (0.5 log2-fold). In hatchlings (Fig.
3B), a similar general expression pattern was observed with
strong downregulation (up to 3.0 log2-fold; 85%) of all acid-
base regulatory candidate genes (e.g., NKA, NBCe and cCAII)
in response to 0.37 kPa CO2. In addition, ATP-synthase,
cytochrome-c oxidase subunit 1 (COX) and cytochrome P-450
(CYP-450) were significantly downregulated in hatchlings. At
the intermediate PCO2 of 0.16 kPa only two significant changes
were observed: 1) NBCe was 0.6 log2-fold downregulated, and
2) COX was 0.3 log2-fold upregulated.

In juveniles, mRNA expression of all genes tested did not
significantly differ between treatments after 2, 11, and 42 days
of hypercapnia (Figs. 3C and 4). Although no differences
between CO2 treatments were measured, a significant increase
in expression has been observed with time for several genes.
For example soNKA was 0.11 log2-fold (�12.93%), soNBCe
0.23 log2-fold (�29.53%), socCAII 0.25 log2-fold (�33.64%)
and ODH was 0.2 log2-fold (�25.39%) upregulated (Fig. 4).
All genes related to ion transport showed a significant increase
in expression over the course of the experimental period.
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Gill NKA Activity and Protein

NKA maximum activities in gill tissues of juvenile cuttlefish
steadily declined over the time course of the hypercapnia trial
in the control and the CO2 treatment (Fig. 5A). NKA maximum
activity differed significantly between treatments after 48-h
incubation with 94.8 � 18.5 �molATP·gFM

�1·h�1 at control
PCO2 and 112.5 � 13.7 �molATP·gFM

�1·h�1 at a seawater PCO2

0.3 kPa. From 48 h to 11 days, maximum activity was signif-
icantly increased by �15% in CO2-treated animals. At 42 days
of incubation, no significant difference between control and
CO2-treated animals was observed.

NKA protein concentrations were determined by immuno-
blotting (Fig. 5B). Besides the strong immunoreactivity of a
100-kDa protein, further weaker bands were visible, which
may be explained by unspecific binding of the polyclonal
antibody used (see Supplemental Fig. S1). NKA protein
tended to follow the patterns of the activity measurements at
least for the time points of 48 h and 11 days, with increases
of 16% and 34%, respectively. Similar, significantly higher
protein levels were found after 11 days, whereas long-term
acclimated hypercapnic juveniles displayed the same NKA
protein content as the controls. After 42 days, NKA protein
concentrations increased by 30 – 40%, matching the in-
creased NKA mRNA expression by 20 –25% at this time

point. However, no transcriptional response was detected
for soNKA, during both short- and long-term exposure to
elevated seawater PCO2 (Fig. 5C).

Localization of Ion Transporters in Gill Tissues

To identify the cell types that specifically express soNKA,
soNBCe and soV-AH mRNA, in vitro synthesized RNA probes
were used to detect mRNA of these proteins in cryosections of
gills of S. officinalis juveniles. Subsequent immunocytochem-
ical labeling with an anti-NKA �-subunit antibody was carried
out (Figs. 6 and 7B).

In gill tissues of S. officinalis the NKA mRNA was predom-
inantly expressed in the concave part (3rd-order lamellae) of
the transport active epithelium of the entire second-order la-
mellae (Figs. 6A and 7A). The cells of this transport active
epithelium are higher and more voluminous compared with
those of the outer respiratory epithelium (Fig. 6A). Further-
more, the localization of NKA by immunocytochemistry dem-
onstrates NKA transcript and protein to be colocalized in ionocytes
of the inner epithelium (Fig. 6A). The concentration of the enzyme
was high in basolateral regions (close to the blood sinus) (Fig. 6).
Furthermore, soNBCe (Fig. 6B) and soV-HA (Fig. 6C) transcripts
were also detected in cells of the inner transport active epithelium
of third-order gill lamellae. Merged images of NKA immunocy-

Fig. 1. Biometric information of embryos (A) and hatchlings
(B) of Sepia officinalis reared under different CO2 concentra-
tions. The somatic growth is documented by the dorsal mantle
length (DML) and their body mass (BM). *Significant differ-
ences between CO2-treated and control animals. Bars represent
mean � SE (n � 15).
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tochemistry and in situ hybridization demonstrate that NKA
protein and mRNA, soNBCe mRNA, and soV-HA mRNA are
colocalized in ion transporting cells of the inner epithelium of the
third-order gill lamellae.

DISCUSSION

Effects of moderate hypercapnic stress on marine organisms
recently moved into the focus of research due to rising atmo-
spheric CO2 levels in the atmosphere, which lead to an acidi-
fication of the oceans (24, 64, 73). The present study investi-
gated responses to environmental hypercapnia in different life
stages of the cephalopod S. officinalis. On the organismic level,
we observed reduced somatic growth under 0.37 kPa CO2 in
early developmental stages. On the protein level, the charac-
terization of NKA in juveniles revealed an increased activity
and protein concentration under elevated seawater PCO2 (�0.3
kPa) during short-term incubation. To address the response of
the acid-base regulating machinery, we cloned genes that may
play a key role in pHe compensation under hypercapnic con-
ditions, such as soNKA, soNBCe, soNDCBE, socCAII, and
soV-HA. Dynamic changes in gene expression could be ob-

served in late-stage embryos and hatchlings, but no CO2-
related expression responses were observed in juveniles during
short- and long-term incubation. Finally, immunohistology and
in situ hybridization showed for the first time that gills of
cephalopods exhibit specialized cells in the inner, transport-
active epithelium that express soNKA, soNBCe, and soV-HA.

Growth and PVF Abiotic Conditions

As adult fish (29, 31), juvenile cephalopods can tolerate
high seawater PCO2 of up to 0.6 kPa over long exposure

Fig. 3. Expression profiles from selected genes determined for gill tissues of
different ontogenetic stages of S. officinalis. Embryos (A) and hatchlings (B)
were incubated at 3 different PCO2 values (control, 0.16, and 0.37 kPa) for 4 wk
until hatching, whereas juveniles (C) were incubated for 6 wk at a PCO2 of 0.32
kPa. Expression of the gene candidates are normalized to the geometric mean
of soCPSF and soUBC. *Significant change in gene expression (n � 8–10).

Fig. 2. Abiotic parameters determined in perivitelline fluid (PVF) of S.
officinalis and in the experimental sea water. A: PVF CO2 concentrations were
calculated from pH and dissolved inorganic carbon (CT) at different ambient PCO2.
B: pH of the PVF at different ambient PCO2. Dotted and dashed lines inserted into
the graph represent the ambient water pH and PCO2, respectively. Values are given
as means including 5th (bars) and 95th (boxes) percentiles (n � 15). Boxes:
control, gray; 0.16 kPa CO2, slashed; 0.37 kPa CO2, hatched.
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Fig. 4. Juvenile S. officinalis gill mRNA expression of gene candidates related to ion regulation (A–D), metabolism (E–G), and stress (H) during 48 h, 11 days,
and 42 days of exposure to 0.3 kPa hypercapnia. Expression of the gene candidates are normalized to the geometric mean of soCPSF and soUBC and given in
% of the maximum expression of each gene tested. No significant differences were observed for the expression of genes between treatments. a,bLetters denote
a significant difference between each time point and values are expressed as means � SE (n � 8).
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times without suffering from decreased growth and calcifi-
cation (43). However, the present study demonstrates that
even if juveniles or adults tolerate high PCO2, early life
stages are more susceptible toward environmental hypercap-
nia. Hypercapnia- induced reductions in larval and embry-
onic growth have also been observed in several other inver-

tebrate species such as copepods, echinoderms, and bivalves
(20 –22, 54 –56).

The increased sensitivity of cephalopod early life stages
could be due to two primary reasons. The first is related to gill
development; similar to the situation in fish and decapod
crustaceans, the cephalopod gill is the most important site for
ion regulatory processes (49, 75). During larval development,
rudimentary gill structures occur at stage 20 and significantly
differentiate over the course of embryonic development as well
as after hatching (1, 75). Schipp et al. (75) demonstrated that
the cephalopod gill changes morphogenetically within several
days after hatching to become a highly folded epithelium with
a high density of vesicles, mitochondria, and a high concen-
tration of cCA and NKA. This differentiation indicates that gas
exchange and ion regulatory capacity might be fully activated
only after leaving the protective egg capsule. This could
partially explain the higher susceptibility of embryonic stages
to environmental hypercapnia.

Furthermore, the abiotic conditions in the PVF are directly
influenced by the PCO2 of the surrounding seawater (Fig. 2).
Cephalopod embryos are exposed to very low PO2 values (�6
kPa, �28% air saturation) during the final phase of embryonic
development. This is due to increasing metabolic rates and the
egg casing acting as a diffusion barrier for dissolved gases (14).
On the flip side, this diffusion limitation not only decreases PO2

inside the egg, but also results in PVF PCO2 values  0.3 kPa and
pH values � 7.5 under control conditions (40). The present
results indicate that environmental PCO2 is additive to the
natural accumulation of CO2 in the PVF, leading to very high
PVF PCO2 of up to 0.5 and 0.7 kPa inside the egg at a seawater
PCO2 of 0.16 or 0.37 kPa, respectively. This almost linear
increase of PVF PCO2 is necessary to conserve the CO2 diffu-
sion gradient across the egg capsule that drives excretion of
metabolic CO2 to the seawater. Thus, alterations in environ-
mental PCO2 create a greater challenge to the developing
embryo compared with juveniles or adults. This is particularly
striking, as cephalopod blood PCO2 typically is 0.2–0.3 kPa
higher than that of the surrounding medium (41, 72). It is
therefore reasonable to expect a blood PCO2 in the 0.7–1.0 kPa
range in the hypercapnic embryos of this study. These condi-
tions may lead to metabolic depression, which has been sug-
gested to be elicited by extracellular acidosis in some marine
invertebrates including the sipunculid worm Sipunculus nudus
(73). However, adult cuttlefish have been shown to be able to
accumulate millimolar concentrations of HCO3

� in their blood
in response to hypercapnia to stabilize pHe [see below (41)]. If
embryonic S. officinalis also respond with a similar pHe
compensatory reaction with respect to the high extracellular
PCO2 encountered during hypercapnia, this may represent a
severe energetic challenge and could result in a higher fraction
of aerobic scope spent on acid-base regulation. Both, a (poten-
tial) hypercapnia-induced metabolic depression and increased
energy allocation toward ion regulatory processes would most
likely have negative repercussions on embryonic growth. Fu-
ture studies need to determine the extracellular acid-base reg-
ulatory capacity of embryonic cephalopods.

Gene Expression

Gene expression profiles revealed strong differences be-
tween early developmental stages (late embryos and hatch-

Fig. 5. Juvenile S. officinalis specific gill Na�/K�-ATPase (NKA) maximum
activity (A), relative protein concentration (B) and relative mRNA expression
(C) in control (0.04 kPa) and CO2-treated (0.3 kPa) animals at the 3 time points
48 h, 11 days, and 42 days. Activity is given (in �moles ATP·gFM

�1·h�1,
where FM is fresh mass). Expression Na�/K�-ATPase is normalized to the
geometric mean of soCPSF and soUBC and given in % of the maximum
expression determined. Significant differences compared with the control group
(*P � 0.05; **P � 0.01; Student’s t-test). Values are means � SE (n � 6–8).
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lings) compared with 6-mo-old juveniles. In late embryos
and hatchlings exposed to 0.37 kPa CO2 for 5 wk, reduced
somatic growth is accompanied by changes in the expres-
sion of several genes that are involved in ion regulatory
(e.g., soNKA, soNBCe, socCAII) and metabolic (e.g., ATP-
synthase, COX, CYP450) processes. Intriguingly, mRNA of
all acid-base regulation gene candidates (soNKA, soNBCe,
and socCAII), were downregulated by up to 80% in response
to elevated seawater PCO2.

The significant downregulation of the gene candidates is also
likely causally linked to a developmental delay in the embryos.
Large differences in mRNA expression profiles have been
attributed to a hypercapnia-induced developmental delay in sea
urchin larvae (e.g., M. Stumpp, S. Dupont, M. C. Thorndyke,
F. Melzner, unpublished observation). Thus, strong differences
in mRNA expression could be indirect hypercapnia effects. For

example, in larvae of Strongylocentrotus purpuratus NKA,
mRNA levels peak during gastrulation (25 h postfertilization)
followed by an �100% decline to trace levels at 60 h postfer-
tilization (61). Thus, a slight difference in developmental rate
would cause large changes in NKA mRNA expression. Delays
in developmental rate of early life stages in response to
hypercapnia have been found in several marine invertebrate
species (21, 22). Interestingly, when S. officinalis late-stage
embryos were exposed to 0.16 kPa CO2 only socCAII exhib-
ited an increased expression. Accordingly, an upregulation of
socCAII in gills of late-stage S. officinalis embryos subjected to
seawater PCO2 of 0.16 kPa (0.45 kPa PVF PCO2) would support
a role of this enzyme in active pHe regulation. However, while
no significantly reduced somatic growth was observed in 0.16
kPa embryos and hatchlings, a significant downregulation of
ion regulatory genes, especially soNBC, was detected. A pos-

Fig. 6. Expression of soNKA, soNBC, and
soV-HA in cells of the inner epithelium (ie)
of the 3rd-order gill lamellae of juvenile S.
officinalis, reared under control conditions,
visualized by in situ hybridization. A: large
cells in the inner (ie) transport active epithe-
lium of the gill lamellae are rich in NKA
(arrows), while the outer (oe) is thin and
exclusively involved in respiratory processes.
B: merged image demonstrates that NKA
protein and soNBC mRNA are colocalized in
ion transporting cells of the inner epithelium.
C: furthermore, soV-HA is coexpressed in
NKA-rich cells of the transport active epithe-
lium. The oe and the ie are lining a blood
sinus (bs). Inserts, left: hybridization with a
sense mRNA probe as the negative control.
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sible explanation for this phenomenon could be a slight delay
in gill differentiation and, thus, expression of ion regulatory
genes despite similar body dimensions. It is important to note
that during the transition phase from embryo to hatchling, the
cephalopod gill is subject to strong proliferation (49, 75). More
detailed histological studies are needed to resolve whether
altered expression profiles under moderate hypercapnic stress
are related to varying degrees of gill epithelia differentiation.
The consistent strong downregulation of acid-base relevant
genes (e.g., soNKA, soNBC, and socCAII) in response to 0.37
kPa water PCO2 (0.75 kPa PVF PCO2), suggests that the former
transporters might be coregulated as a functional unit. The
location and function of acid-base relevant transporters are
discussed in greater detail below.

The expression patterns of ATP-synthase, which is the key
enzyme in ATP synthesis, correlates with those of the ion
regulatory genes, which suggests a coupling of metabolic (e.g.,
energy providing) and ion regulatory (energy consuming) pro-
cesses. This observation is supported by a significant hyper-
capnia-induced downregulation of COX mRNA levels, at least
in hatchlings. In addition, CYP-450, which is involved in the
metabolism/oxidation of endogenous organic compounds such
as lipids, steroidal hormones, and exogenous xenobiotics (e.g.,
65), was significantly downregulated in embryos and hatch-
lings. This indicates that the development of ion regulatory
epithelia is tightly coupled to metabolic capacities. It has been
previously shown that the proliferation of gill epithelia in-
volves mitochondrial proliferation as well (75).

In juveniles, no significant hypercapnia-dependent responses
in gene expression were found during the course of the exper-
iment, which indicates that routine expression profiles are
sufficient for the organism to cope with elevated PCO2 up to 0.3
kPa. A CO2-independent increase in mRNA expression along
the experimental interval has been observed for all ion regu-
latory genes (except soNDCBE) studied (Fig. 4), which again
supports the hypothesis that acid-base regulatory gene candi-
dates in gill tissues are coregulated. The observed increase in
expression during the 42-day interval is probably closely re-
lated to growth and feeding rate, as the animals increased their
body mass by �50% during the experiment at a rate of 1.43%
per day. Body mass, feeding, and growth rates are directly
related to differences in specific metabolic rate, enzyme activ-
ities, and mRNA expression (33, 38, 66, 78, 88).

Effects of Hypercapnia on NKA

In juvenile S. officinalis, two distinct hypercapnia acclima-
tion phases were observed with respect to soNKA mRNA
expression, protein concentration, and maximum activity. The
first phase is a short-term response (�11 days), and the second
is a long-term acclimation phase (42 days). After 11 days,
NKA maximum activity was 15% higher under hypercapnia
compared with control conditions, which was also reflected in
a higher NKA protein concentration. This increase indicates a
higher energetic demand to maintain the electrochemical gra-
dient across the cell membrane and thus higher acid-base
regulatory capacities in response to elevated water PCO2. These
findings correspond to the strong pHe compensation reaction
that was observed in the same species; S. officinalis elevates
blood HCO3

� from 3.4 to 10.1 mmol [HCO3
�] in response to

acute hypercapnia (0.6 kPa CO2) (42). It is likely that the

elevated gill NKA activity supports this pH regulatory re-
sponse. Similar observations were made for Atlantic cod G.
morhua and eelpout Zoarces viviparus exposed to 0.3 kPa and
1.0 kPa CO2, respectively. NKA activities increased within the
first days upon hypercapnic exposure in eelpout, and in both
teleosts NKA activity almost doubled in response to long-term
0.6 kPa CO2 exposure (15, 63). However, it cannot be excluded
that besides gill epithelia, alternative sites (e.g., gut, kidneys)
may also play a role in these compensatory processes. Long-
term acclimation of 42 days revealed a decrease of NKA
activity and protein concentration in S. officinlis gills back to
control levels. One possible explanation for this effect could be
the energetic favorable reorganization of physiological features
to cope with this relatively moderate environmental stressor. In
this respect, reversible phosphorylation of the �-subunit by
several protein kinases (PKA, PKC, PKG, tyrosine kinase) was
reported to modulate NKA activity in vertebrates and inverte-
brates such as gastropods (2, 10, 74). This posttranslational
modulation of NKA activity may also explain the seemingly
inconsistent results of NKA enzyme activity, protein concen-
tration, and mRNA expression in response to acid-base distur-
bances (e.g., 26). Furthermore, the phospholipid composition
of biological membranes can be directly linked to ion perme-
ability and enzyme (e.g., NKA) activity in gills of fish and
crustaceans and might be a key element that undergoes
modification during hypercapnia acclimation (8, 53, 67, 82).
Long-term maintenance of elevated NKA activity is an
energetically expensive way to counter ionic disturbances
(25, 33). The reduction of gill NKA activity after 42 days of
hypercapnia suggests that long-term acclimation is probably
accomplished without (a significant) rearrangement of the
energy budget. This is crucial for maintenance of control
rates of somatic growth and calcification, as observed in a
growth trial with juvenile S. officinalis exposed to a PCO2 of
0.6 kPa for 6 wk (43).

Acid-Base Regulation

Active organisms like fish and cephalopods exhibit a sophis-
ticated ion regulatory machinery that is beneficial in coping
with acid-base disturbances caused by respiratory acidosis, and
might preadapt species to cope with future environmental
hypercapnia through ocean acidification (11, 64, 77). The
present work demonstrates for the first time that gene tran-
scripts essential for acid-base regulation in teleost fish (50, 51,
83) are also found in the gill of the cephalopod mollusc S.
officinalis. Earlier work by Schipp et al. (75) already demon-
strated high concentrations of cCA in the transport active cells
of the inner epithelium but only low concentrations in the
outer, respiratory epithelium. Our findings demonstrate that
NKA-rich cells in the cephalopod gill exhibit a set of enzymes
that have been shown to be fundamental for pHe homeostasis
in vertebrates.

For the two HCO3
� transporters belonging to the SLC4

solute carrier family, sequence alignments show a maximum
identity of 83% (soNBCe) and 100% (soNDCBE) compared
with the respective sequences from the squid Loligo pealei.
Electrophysiological studies demonstrated that base equivalent
transport by squid NBCe is electrogenic with a 1:2 stochiom-
etry, whereas NDCBE is electroneutral, achieving the exchange
of one external Na� for one internal Cl� and the inward flux of
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two base equivalents (71, 85). The relative expression of these
two HCO3

� transporters in S. officinalis gill tissues revealed
that soNBCe is expressed at least one order of magnitude
higher than soNDCBE in cuttlefish gill. This finding corre-
sponds to studies that cloned and characterized NBCe and
NDCBE orthologues in the squid Loligo pealei, demonstrating
their presence in giant fiber lobes, olfactory lobes, heart, and
gills (71, 85). On one hand, Northern blot analysis revealed
strong signals for NDCBE in olfactory and giant fiber lobes but
only weak signals in gills and heart. On the other hand, a high
expression of squid electrogenic NBCe was detected in gills
and heart but not in olfactory and giant fiber lobes (71).
Piermarini et al. (71) suggested that NBCe in gills of squid
could be involved in HCO3

� uptake similar to the situation in
the vertebrate kidney. In the renal proximal tubule, HCO3

�

reabsorption is achieved via electrogenic NBCe1-A, which is
located basolaterally. The basolateral HCO3

� efflux is also
accompanied by a decrease in intracellular [Na�], which may
also enhance proton excretion via NHE across both apical and
basolateral membranes (3, 5). The majority of protons are
excreted into the lumen of the tubule via different NHE
isoforms located in the brush-border membrane of the proximal
tubule (36, 87). Genetic knockout demonstrated that among
these NHE isoforms, NHE-3 mediates up to 50% of the total
NHE activity in this epithelium (87). Moreover, up to 40% of
the proximal tubule HCO3

� reabsorption is Na� independent
and is sensitive to bafilomycin inhibition, which supports the
involvement of V-type H�-ATPase (86). Following acidifica-

tion of the lumen, secreted H� and filtered HCO3
� form H2O

and CO2 catalyzed by extracellular membrane-bound carbonic
anhydrase IV, and CO2 diffuses into the tubule cells where it
reacts with H2O to form HCO3

� mediated by cCAII. The
generated HCO3

� is reabsorbed into the blood via basolateral
electrogenic Na�/HCO3

� cotransporters (3, 86).
We hypothesize that active HCO3

� accumulation in body fluids,
and thus pHe regulation in cephalopods, are potentially achieved
according to the hypothetical model depicted in Fig. 7C. In this
model HCO3

� is formed via CO2 hydration in the cytosol by
cCAII. The central role of cytosolic CAII in regulating acid-
base balance was studied in great detail for both fish and
crustaceans (34, 35, 44–46, 70). For example, Georgalis et al.
(32) provided direct evidence for a role of gill cCAII in
regulating acid-base balance during exposure to 0.8 kPa CO2

by demonstrating a 20% reduction in branchial acid efflux in
trout subjected to CA inhibition. Subsequently, the increased
intracellular [HCO3

�] and negative membrane potential created
by the sodium pump could drive electrogenic efflux of Na�

and HCO3
� across the basolateral membrane through NBCe.

Acid secretion on the apical membrane could be achieved by
V-type H�- ATPase or a so far unidentified NHE-like protein.

Perspectives and Significance

The present work corresponds with earlier findings (41, 43)
in demonstrating that juveniles of the cuttlefish S. officinalis
can tolerate up to 6 wk exposure to elevated seawater PCO2 (0.3

Fig. 7. A: diagram of the gill morphology of S.
officinalis, indicating the arrangement of 1st-to-2nd-
order lamella located on both lateral sides of the
branchial gland (bg), showing the folded lamellae of
the gill of S. officinalis. The concave ie of the
3rd-order gill lamellae belongs to the transport-
active epithelium, whereas the oe is exclusively
involved in respiratory processes. B: drawings ad-
opted and modified from Young and Vecchione
(89). Immunohistochemical staining of a gill lamel-
lae, demonstrating NKA to be exclusively located in
the ie of the 3rd-order lamellae. Scale bar � 50 �m.
C: hypothetical model of a cell in the transport-
active ie (rectangular sector in A) equipped with
various transporters that are involved in acid-base
regulatory processes. CO2 is hydrated by carbonic
anhydrase (CA) after diffusive entry resulting in
HCO3

� and H�. Net accumulation of extracellular
HCO3

� is supported by the basolateral NBC. Net
proton extrusion is possibly achieved by apical
NHE-like protein powered by elevated Na�/K�-
ATPase activity in the basolateral membrane.
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kPa CO2) without significantly altering mRNA expression
profiles of potential key acid-base regulatory and metabolic
enzymes. Although transient and moderate responses were
found on the NKA protein level, routine expression of genes
coding for important ion regulatory proteins seem to be suffi-
cient to cope with a CO2-induced acidosis up to 0.3 kPa CO2.
Transcripts of key enzymes of metabolism, such as ATP-
synthase, cytochrome-c oxidase and octopine dehydrogenase
did not respond to hypercapnia stress, indicating the possibility
that energy demand is not greatly increased by the severity of
abiotic stress applied. These observations support the hypoth-
esis that active organisms like adult teleost fish and cephalo-
pods can tolerate long-term exposure to elevated water PCO2

comparatively well. The ability of such active ectothermic
organisms to tolerate environmental hypercapnia is most likely
linked to their high ion regulatory capacity. Nevertheless,
several studies have demonstrated that a hypercapnia-induced
acid-base disturbance that is compensated via HCO3

� accumu-
lation in body fluids may lead to a hypercalcification of CaCO3

structures, such as fish otoliths, crustacean carapaces, and
cephalopod cuttlebones (9, 42). In the long run, hypercalcifi-
cation of structures responsible for buoyancy and balance
control may negatively influence swimming behavior, active
metabolism, and prey capture.

This study also demonstrated that embryos may respond
more sensitively to environmental stress than adults, indicated
by a reduced hatching size and delayed development. It can be
hypothesized that the degree of sensitivity is related to the
presence and capacity of ion regulatory structures. The ontog-
eny of ion regulatory epithelia (e.g., gills) were demonstrated
to differ significantly within the group of coleoid cephalopods,
suggesting a higher vulnerability in those with a planktonic
type of larval development (49). It has been hypothesized that
smaller cephalopod hatchlings would need more time to escape
from the “window of vulnerability” (69), and thus, elevated
PCO2 may negatively influence their survival due to increased
predation. As a consequence, even if elevated CO2 levels are
tolerable for juveniles or adults, cephalopod populations may
still be affected due to the decreased fitness and survival of
embryos and hatchlings.

The higher sensitivity in early life stages is most probably
due to the fact that increases in environmental PCO2 are addi-
tive to the naturally high PCO2 (up to 0.4 kPa) of the PVF. This
leads to extreme hypercapnic conditions (PCO2 up to 0.7 kPa)
inside the egg. Furthermore, an increased sensitivity may also
be explained by the incomplete development and functionality
of ion regulatory epithelia in early developmental stages (28,
75). The characterization of these gill epithelia provided evi-
dence that specialized cells contain a set of specific enzymes
that are most likely involved in controlling pHe homeostasis.
The cephalopod gill acid-base regulatory machinery, consist-
ing of NKA-rich cells, equipped with proteins such as NBCe,
cCAII, and V-HA, shows a convergent evolution pattern to that
of decapod crustaceans and teleost fish. Expression pattern of
acid-base regulatory genes in early cephalopod life stages
responded in an opposed manner as described for marine fish
and crustaceans most likely due to a developmental delay and
thus not due to direct action of elevated PCO2. However, the
present study provides a first mechanistic platform for future
research on ion regulation in a powerful acid-base regulating
marine invertebrate. The application of noninvasive electro-

physiological methods such as ion-selective electrodes in com-
bination with specific inhibitors will be crucial to gain deeper
insights into the function of putative transporters in cephalopod
gill epithelia. Future comparative studies should focus on the
detailed characterization of key acid-base regulatory proteins
in a variety of marine ectothermic animals to contribute toward
a general understanding of the evolution and common princi-
ples of pHe regulation mechanisms.
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