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M, Hwang PP, Melzner F. New insights into ion regulation of
cephalopod molluscs: a role of epidermal ionocytes in acid-base
regulation during embryogenesis. Am J Physiol Regul Integr Comp
Physiol 301: R1700-R1709, 2011. First published October 5,
2011; doi:10.1152/ajpregu.00107.2011.—The constraints of an ac-
tive life in a pelagic habitat led to numerous convergent morpholog-
ical and physiological adaptations that enable cephalopod molluscs
and teleost fishes to compete for similar resources. Here, we show for
the first time that such convergent developments are also found in the
ontogenetic progression of ion regulatory tissues; as in teleost fish,
epidermal ionocytes scattered on skin and yolk sac of cephalopod
embryos appear to be responsible for ionic and acid-base regulation
before gill epithelia become functional. Ion and acid-base regulation
is crucial in cephalopod embryos, as they are surrounded by a
hypercapnic egg fluid with a Pco, between 0.2 and 0.4 kPa. Epidermal
ionocytes were characterized via immunohistochemistry, in situ hy-
bridization, and vital dye-staining techniques. We found one group of
cells that is recognized by concavalin A and MitoTracker, which also
expresses Na*/H™ exchangers (NHE3) and Na™-K*-ATPase. Similar
to findings obtained in teleosts, these NHE3-rich cells take up sodium
in exchange for protons, illustrating the energetic superiority of
NHE-based proton excretion in marine systems. In vivo electrophys-
iological techniques demonstrated that acid equivalents are secreted
by the yolk and skin integument. Intriguingly, epidermal ionocytes of
cephalopod embryos are ciliated as demonstrated by scanning electron
microscopy, suggesting a dual function of epithelial cells in water
convection and ion regulation. These findings add significant knowl-
edge to our mechanistic understanding of hypercapnia tolerance in
marine organisms, as it demonstrates that marine taxa, which were
identified as powerful acid-base regulators during hypercapnic chal-
lenges, already exhibit strong acid-base regulatory abilities during
embryogenesis.

gill; embryonic development; mitochondrion-rich cells; squid; cuttle-
fish

CEPHALOPODS ARE EXCLUSIVELY marine invertebrates that have a
high degree of mobility, high metabolic rates, well-developed
neuronal systems and efficient sensory organs (6, 25, 30, 58).
It is believed that these features are derived from the evolu-
tionary competition of cephalopods and fish (46, 48). Owing to
their active lifestyle, marine invertebrates, such as cephalopods
and crustaceans, as well as marine vertebrates (e.g., fish), are
also powerful acid-base regulators that actively maintain their
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hemolymph and blood pH within tight boundaries to protect
plasma proteins and especially to protect their pH-sensitive
respiratory pigments, from acidosis (10, 15, 24, 47, 67).

In marine crustaceans, the gill was identified as a major site
for ionic regulation, enabling the active secretion of acid-base
equivalents into the surrounding seawater by involving primar-
ily Na*/H" and HCO; /Cl~ exchange mechanisms to maintain
extracellular pH homeostasis (7, 67, 68). These epithelia are
rich in Na*-K*"-ATPase (NKA), which provides the driving
force for a variety of other secondary active transport pro-
cesses, such as apical Na™/H™ exchangers (NHE) and Na™-
dependent C1"/HCO; exchangers (NBCs) that can extrude
protons and import HCO5 (4, 54). Therefore, NKA is regarded
as an excellent marker for the ion-regulatory capacity of a
given tissue (18).

Recently, it has been shown that gills of cephalopods also
exhibit high-NKA concentrations in basolateral membranes of
the inner, transport active epithelium of the third-order gill
lamellae. Furthermore, these NKA-rich cells express acid-base
regulatory proteins, such as NBCs, carbonic anhydrase (CA)
and V-type H"-ATPase (28, 29).

Analogous to the situation in cephalopod molluscs and
crustaceans, gill epithelia, kidneys, and intestine are also the
main sites of ion and acid-base regulation in fish (15, 20, 33,
36). While the intestine is mainly important for the secretion of
HCO;5; and CaCOs precipitation (21), specialized cells, so-
called mitochondrion-rich cells (MRCs), were identified as the
main sites of ionic regulation in teleost gill epithelia (for a
review, see Ref. 33).

In contrast to adults, the early life stages of fish show
ontogeny-specific alternative sites for ion regulation. Before
gill epithelia are fully developed, scattered epidermal ionocytes
on the skin mediate ion and acid-base balance (27, 34, 40, 49).
Recently, functional genomics and immunohistological studies
have revealed the embryonic yolk-sac epithelium to be the
major site for osmoregulation in teleosts [see reviews by
Hwang (31) and Hwang and Perry (34)]. Such an ontogeny-
dependent shift in the location of ion-regulatory epithelia has
also been demonstrated in marine crustaceans (7-9). For ex-
ample, decapodit stages of the brown shrimp Crangon crangon
exhibit NKA-rich ionocytes in the branchiostegite epithelium.
These disappear in juveniles, and positive NKA immunoreac-
tivity is found in cells of the gill lamellae (9).

In contrast to decapod crustaceans and teleost fish, the
comparatively stenohaline cephalopod molluscs are weak os-
moregulators. Their body fluids are slightly hypoosmotic (cut-
tlefish Sepia officinalis) or isoosmotic (squid Lolliguncula
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brevis) with respect to the environmental seawater (53, 55), a
feature that is probably closely related to their comparatively
thin (and ion-permeable) skin, which serves as a respiratory
organ (41). Nevertheless, the ability to regulate extracellular
pH must already be very important for the developing cepha-
lopod embryo due to high metabolic rates toward the end of
development and the egg capsule acting as a diffusion barrier
for respiratory gases (e.g., O, and CO,). High Pco, (up to 0.4
kPa) builds up in the egg perivitelline fluid (PVF) to drive
excretory flux of metabolic CO,. The consequence is a com-
paratively low PVF pH of <7.4 toward the end of embryonic
development (23). It can be hypothesized from these findings
that already the developing embryo needs potent acid-base
regulatory machinery to eliminate protons from body fluids to
cope with hypercapnia-induced acidosis.

This work addresses the question of how far in the early
developmental stages of cephalopod molluscs do ion regula-
tory epithelia control their acid-base homeostasis through ac-
tive secretion of proton equivalents. The anatomical and mor-
phological features of cephalopod embryos prompted us to
formulate the hypothesis that the yolk epithelium may consti-
tute a major site of acid-base regulation, as it is well perfused
with hemolymph and accounts for up to 30-50% of the
embryos total body surface (1, 39, 62, 63).

We used the early life stages of cuttlefish (S. officinalis) and
squid (Sepioteuthis lessoniana) to demonstrate sites of ion
regulation via immunohistochemical, in situ hybridization,
vital dye staining, and electrophysiological methods.

MATERIALS AND METHODS

Experimental animals. S. lessoniana egg clusters were collected in
Aodi, Taiwan (Republic of China) in July 2010 and June 2011 by
scuba diving and reared in a closed recirculating system (400 I total
volume, nitrification filter, salinity 31-32, temperature 26°C, constant
12:12-h dark-light cycle) at the Institute of Cellular and Organismic
Biology, Academia Sinica. S. officinalis egg clusters were collected in
Luc sur Mer, France, in May 2010. Cuttlefish eggs were raised at the
Leibniz-Institute of Marine Sciences (IFM-GEOMAR), Kiel, Ger-
many, in a closed recirculating system (1,200 1 total volume, protein
skimmer, nitrification filter, UV disinfection unit, salinity 31-32,
temperature 15°C constant 12:12-h dark-light cycle).

NKA activity assay. NKA activity was measured in whole animal
crude extracts in a coupled enzyme assay with pyruvate kinase and
lactate dehydrogenase using the method of Allen and colleagues (57),
as described by Melzner et al. (42). Crude extracts were obtained by
quickly homogenizing the tissue samples in ice-cold buffer [SO mM
imidazole, pH 7.8, 250 mM sucrose, | mM EDTA, 5 mM [3-mercap-
toethanol, 0.1% (w/v) deoxycholate, proteinase inhibitor cocktail from
Sigma-Aldrich (Taufkirchen, Germany; cat. no. P8340)]. Cell debris
was removed by centrifugation for 10 min at 1,000 g and 4°C. The
supernatant was used as a crude extract. The reaction was started by
adding 10 pl of the sample homogenate to the reaction buffer
containing 100 mM imidazole, pH 7.8, 80 mM NaCl, 20 mM KCl, 5
mM MgCl,, 5 mM ATP, 0.24 mM Na-(NADH»), 2 mM phosphoe-
nolpyruvate, about 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, Brea, CA). The fraction of
NKA activity in total ATPase activity was determined by the addition
of 17 pl of 5 mM ouabain to the assay. Each sample was measured in
sextuples.

RNA probe synthesis. The partial sequence of NKA (GQ153672.1)
c¢DNA was obtained by PCR (forward 5'-TGAAGAAGATGTG-
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GAVGAAGGCG-3' and reverse 5'-CGGATGAATGCTGTGAHCT-
GATAC-3") amplification and inserted into the pGEM-T easy vector
(Promega, Madison, WI, USA) for the synthesis of anti-sense and
sense RNA probes. The inserted fragments were amplified with the T7
and SP6 primers by PCR, and the products were used as templates for
the in vitro transcription with T7 and SP6 RNA polymerase (Roche,
Penzberg, Germany), respectively, in the presence of digoxigenin
(dig)-UTP. Dig-labeled RNA probes were examined with RNA gels,
and dot-blot assays were used to confirm quality and concentration.
For dot-blot assays, synthesized probes and standard RNA probes
were spotted on nitrocellulose membrane, according to the manufac-
turer’s instructions. After cross-linking and blocking, the membrane
was incubated with an alkaline phosphatase-conjugated anti-dig anti-
body and stained with nitro blue tetrazolium (NBT) and 5-bromo-4-
chloro-3-indolyl phosphate (BCIP).

In situ hybridization. Fixed samples were hydrated in a descending
ethanol series and rinsed with PBST (0.1% Tween 20, pH 7.4) and
incubated for 20 min in proteinase K (Sigma) solution (10 wg/ml in
PBST). Samples were first rinsed in a glycin solution (4 mg/ml
PBST), washed with PBST, and then washed 3 times for 10 min with
triethanolamine. At the last wash, 2.3 pl acetic acid anhydrate per
milliliter were added at the beginning and the end of the incubation.
Samples were washed in PBST, then incubated in 4% PFA in PBST
for 60 min. Afterward, samples were first washed in PBST and then
in 2XSSC before they were incubated in 2XSSC for 15 min at 70°C.
The samples were now transferred to a 2XSSC/hybridization buffer
(HyB) (1:1). The hybridization buffer (HyB) contained 60% forma-
mide, 2XSSC, and 0.1% Tween 20 for 10 min at 70°C. Prehybrid-
ization was performed in HyB+, which is the hybridization buffer
supplemented with 200 pg/ml yeast tRNA, 1X Denhardt’s reagent
and 100 pg/ml heparin for 2 h at 57°C. After prehybridization,
samples were incubated in 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% 2XSSC, 10 min
in 50% HyB, and 50% 2XSSC, 10 min in 25% HyB, and 75%
2XSSC, and twice for 30 min in 2XSSC to which 0.1% CHAPS has
been added and incubated at 70°C. Samples were washed twice for 10
min in MAB at room temperature.

After serial washings, samples were incubated for 1 h in preblock-
ing solution containing 1% BSA in maleic acid buffer (MAB-B) and
then afterward transferred to a blocking solution containing 20%
sheep serum and 80% MAB-B for 2 h. Samples were then incubated
in 1:2,000 alkaline phosphatase-conjugated anti-dig antibody in
blocking solution overnight. After incubation, samples were washed
twice with MAB-B for 45 min, twice in MAB for 45 min, another four
times in MAB for 30 min, 5 min in NTM-T solution (100 mM NaCl,
1 mM Tris, 50 mM MgCl,, and 0.1% Tween, pH 9.5), and then
transferred to the staining buffer. The staining reaction was held with
NBT and BCIP in NTM-T (1:100) at 37°C until the signal was
sufficiently strong. The staining reaction was terminated by several
washings in Milli-Q water. In situ hybridizations using sense probes
served as a negative control.

Immunohistochemical staining. For immunocytochemistry on par-
affin sections, whole animals were fixed by direct immersion for 24 h
in Bouin’s fixative followed by rinsing in 70% ethanol. Samples were
fully dehydrated in graded ethanol series and embedded in Paraplast
(Paraplast Plus, Sigma, P3683). Sections of 4 wm were cut on a Leitz
Wetzlar microtome, collected on poly-L-lysine-coated slides, and
stored at 37°C for 48 h. The slides were deparafinized in Histochoice
tissue fixative (Sigma, H2904) for 10 min, washed in butanol, and
passed through a descending alcohol series.

For whole-mount and sections, samples were washed with PBS,
and incubated with 3% BSA for 30 min to block nonspecific binding.
Samples were then incubated overnight at 4°C with a NKA al of
human origin [diluted 1:50; NKAa (H-300), Santa Cruz Biotechnol-
ogy, Santa Cruz, CA], which specifically recognizes the alpha subunit
of the cephalopod NKA (see Ref. 30) and a polyclonal antibody raised
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in rabbit against a synthetic peptide corresponding to a COOH-
terminal region of tilapia NHE3 (diluted 1:100; generously provided
by Dr. Toyoji Kaneko). After being rinsed with PBS for 20 min,
samples were further incubated in goat anti-rabbit IgG Alexa-Fluor
488 and 568 (dilution 1:100). To allow double-color immunofluores-
cence staining for NKA and NHE3, one of the polyclonal antibodies
(e.g., NKA) was directly labeled with Alexa Fluor dyes using Zenon
antibody labeling kits (Molecular Probes, Eugene, OR). After rinsing
in PBS (3X5 min), samples were examined with a fluorescent micro-
scope (Zeiss Imager 1 M) with an appropriate filter set and a
phase-contrast device.

Immunoblotting. For immunoblotting, 10 pl of crude extracts from
the respective tissues were used. Proteins were fractionated by SDS-
PAGE on 10% polyacrylamide gels, according to Lammli (37), and
transferred to PVDF membranes (Millipore), using a tank blotting
system (Bio-Rad). Blots were preincubated for 1 h at room tempera-
ture in TBS-Tween buffer [TBS-T, 50 mM Tris-HCL, pH 7.4, 0.9%
(wt/vol) NaCl, 0.1% (vol/vol) Tween 20] containing 5% (wt/vol)
nonfat skimmed milk powder. Blots were incubated with the primary
antibody (see previous section) diluted 1:250 at 4°C overnight. After
washing with TBS-T, blots were incubated for 2 h with horserad-
ish-conjugated goat anti-rabbit IgG antibody (diluted 1:5,000, at
room temperature; Jackson Laboratories, West Grove, PA). The
blots were developed with 5-bromo-4-chloro-3-indolylphosphate/
nitro-blue tetrazolium.

Vital dye staining. Embryos were carefully removed from the egg
capsule and incubated in the perivitelline fluid (PVF) for vital dye
staining. Na-dependent fluorescent reagent, Sodium Green tetra-ace-
tate cell permeant (Invitrogen, Carlsbad, CA), was diluted in DMSO
to a 10-mM stock solution. Sodium Green is well established as a
reagent to detect intracellular Na™ accumulation (14, 69). Life stages
26-28 embryos were incubated in 10 uM Sodium Green diluted in 0.2
pm filtered natural seawater for 40 min.

Mitochondrial-staining reagent, MitoTracker Green FM (Invitro-
gen, M-7514), was used to detect mitochondria-rich cells on the skin
of cephalopod embryos. For staining with MitoTracker, embryos were
incubated for 30 min in 500 nM MitoTracker. In double stains of
Sodium Green and MitoTracker with concavalin A (ConA; a lectin
protein capable of selectively binding a-mannopyranosyl and a-glu-
copyranosyl residues), embryos were first incubated in 10 uM Sodium
Green or 500 nM MitoTracker for 40 min and subsequently trans-
ferred to a solution of 50 pg/ml of Alexa Fluor 594-conjugated ConA
(Invitrogen) diluted in filtered seawater, in which they were incubated
for another 40 min.

Embryos were washed briefly with filtered seawater and anesthe-
tized with 0.2-0.5% MgCl,, which is a widely used nontoxic anes-
thetic for cephalopods (44). Pictures were taken using a fluorescent
microscope (Imager M1, Zeiss). Sodium Green was excited by a
mercury vapor light source through an excitation filter with maximum
transmission at 485 nm and a 20-nm bandwidth. The fluorescence was
collected using a 515- to 565-nm bandpass emission filter. We
confirmed that the anesthetic MgCl, did not affect illumination of
Sodium Green and additionally performed negative controls with
untreated embryos. Single focused images were created from a series
of partially focused images using the Helicon Focus software (Heli-
con, Kharkov, Ukraine).

Scanning electron microscopy. For scanning electron microscopy
observations, living squid embryos were removed from the egg
capsule and immediately fixed in 4% paraformaldehyde with 5%
glutaraldehyde for 10 h. Afterward, the samples were transferred to a
0.1 M sodium cacodylate buffer solution and washed three times. The
membrane fixation was performed with 1% OsO4 in 0.1 M PB for 30
min under a fume hood. After fixation, the samples were washed in
0.1 M sodium cacodylate buffer. For dehydration, the samples passed
an ascending concentration of ethanol (50%, 70%, 80%, 95%, and
100%). The samples were dried in a critical point drier (Hitachi
HCP-2 CPD), were gold coated (Cressington Sputter Coater 108), and
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were observed using a scanning electron microscope (Environmental
Scanning Electron Microscope, FEI Quanta 200).

Scanning ion-selective electrode technique. The scanning ion-
selective electrode technique (SIET) was used to measure H* fluxes
at the body surface of S. lessoniana embryos (stage 28). Glass
capillary tubes (no. TW 150-4; World Precision Instruments, Sarasota,
FL) were pulled on a Sutter P-97 Flaming Brown pipette puller (Sutter
Instruments, San Rafael, CA) into micropipettes with tip diameters of
3—4 pm. These were then baked at 120°C overnight and vapor-
silanized with dimethyl chlorosilane (Sigma-Aldrich) for 30 min. The
micropipettes were backfilled with a 1-cm column of electrolytes and
front-loaded with a 20- to 30-pwm column of liquid ion exchanger
cocktail (Sigma-Aldrich) to create an ion-selective microelectrode
(probe). The following ionophore cocktail (and electrolytes) was used:
H™ ionophore I cocktail B (40 mM KH,PO, and 15 mM K,HPO.,; pH
7). The details of the system were described previously (40). To
calibrate the ion-selective probe, the Nernstian property of each
microelectrode was measured by placing the microelectrode in a
series of seawater standard solutions (pH 7, 8, and 9). By plotting the
voltage output of the probe against log [H"] values, a linear regres-
sion yielded a Nernstian slope of 58.6 = 0.6 (n = 10) for H™.

Measurement of surface H* gradients. SIET was performed at
room temperature (26—28°C) in a small plastic recording chamber
filled with 2 ml filtered natural sea water (pH 8.1). Before the
measurement, embryos were positioned in the center of the chamber
with their dorsal side contacting the base of the chamber. The
ion-selective probe was moved to the target position (1020 pm away
from the larval surface) to record the ionic activities; then the probe
was moved away (10 mm) to record the background. The duration to
measure one individual took around 10 min with 1-2 min for each
reference and measuring point. After the recording, squid embryos
were still alive for several hours and had normal mantle and heart
contractions. In this study, a proton concentration gradient was deter-
mined by measuring H™ gradients between the targets (at the surface
of larval skin) and background.

The specific NHE inhibitor 5-ethylisopropyl amiloride (EIPA)
(Sigma-Aldrich) was used to examine the inhibitory effects on proton
secretion at the skin surface in the head region of S. lessoniana
embryos. EIPA was dissolved in DMSO (Sigma-Aldrich) and added
to natural seawater at a final concentration of 1 and 10 wM. The final
concentration of DMSO in working solution was 0.1% and did not
affect proton transport (see Fig. 6B).

Embryos were bathed in this inhibitor solution for 10 min and then
transferred to the recording chamber. All seawater fluids used for
experimentation were fully air saturated.

RESULTS

Ontogeny-dependent activity of NKA in cephalopod embryos.
During embryonic development of S. officinalis ATPase activ-
ities in whole animal homogenates reached detectable levels in
stages 26 and 27 embryos with a body mass of 30 to 60 mgrm
(Fig. 1A). Later, in stage 28 to 29 embryos, enzyme activities
increase rapidly, until activities stabilize toward hatching
(200-400 mggnm). After hatching, animal body masses in-
crease, but specific NKA and total ATPase activity remain
constant. Both, total ATPases and NKA increase in a similar
fashion, following a sigmoidal curve matching the increased
concentration of this enzyme detected via immunohistochem-
ical methods. During the final phase of development from
stage 27 until hatching, embryos increase their body mass by
~400% (from 100 to 400 mg wet mass).

Ontogeny of gill and intestine NKA immunoreactivity. In S.
officinalis stage 24 embryos [mental length (ML) = 2-3 mm],
the gills were 60—80 wm in length and not yet fully differen-
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Fig. 1. A: ontogeny-dependent relative activity of total ATPases and Na*/K™-
ATPase in whole animal homogenates of Sepia officinalis plotted against the
animal mass (gem) and stage [according to Lemaire (39)]. The increase in
maximum activity was fitted by sigmoidal curves for both total ATPase (solid
line; R = 0.8704) and Na*/K*-ATPase (dashed line; R = 0.9493). At stage
27, all of the major vessels of the arterial and venous system become distinct,
and the auxiliary hearts are functional. In earlier stages (20-25), only primitive
vena cava vessels and hemal spaces are found in the yolk and head region.
B: cross sections of the cuttlefish gill at stages 24, 25, 27, 28, 29, and 30
[according to Lemaire (39)] showing first occurrence of Na*/K*-ATPase in
gill tissues at stage 26 and progressively increasing with the development of
the gill epithelium. C: cross sections of the cuttlefish pancreatic appendages
(PA) at stages 24, 26, 27, and 30, showing first occurrence of Na*-K*-ATPase
in the inner epithelium (ie) of PA tissues at stage 26 and progressively
increasing with the differentiation of the PAs. m, mantle; dh, ductus hepato-
pancreas; oes, oesophagus; outer epithelium, oe.

stage 24

- | stage 26

tiated, missing the 2nd- and 3rd-order lamellae (Fig. 1B).
During ontogeny, the gills progressively differentiate with 1st-
to 3rd-order vessels and lamellae visible in stage 30 embryos
at a total gill length of ~900 pwm and ML of 8—10 mm (Fig.
1B). NKA is not detectable in gill tissues until stage 24
embryos, whereas in later stages (25 to 30) this enzyme begins
to be progressively more detectable in the developing gill (Fig.
2B). The increase of NKA staining correlates with the differ-
entiation of gill lamellae toward hatching.

The pancreatic appendages (PA) in S. officinalis are part of
the digestive tract and consist of alveolar/tubular shaped pro-
trusions of the ductus hepatopancreas within the dorsal renal
sac (Fig. 1C). In stage 30 embryos, these protrusions had a
diameter ranging from 15 to 25 pm and from 100 to 200 pm
(ML = 6-7 mm). These appendages consist of an inner and an
outer epithelium. The cells of both epithelia line a blood sinus
with their basal lamina. Generally, the cells of the inner
epithelium are two- to three-fold higher than those from the
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outer epithelium (Fig. 1C). In late-stage embryos (stages 27—
30), the cells of the inner epithelium can be characterized by a
very strong NKA immunoreactivity, whereas the outer epithe-
lium shows little immunoreactivity in its membranes. In stage
23 embryos, no or only very weak NKA immunoreactivity is
detectable in the PA. With the differentiation of this organ
during embryonic development, the occurrence of NKA in-
creases toward hatching in a similar manner, as described for
the gill epithelium (Fig. 1C).

Whole-mount in situ hybridization. Whole-mount in situ
hybridization with S. officinalis embryos revealed expression
of NKA in the head region and on the yolk epithelium. In stage
27 embryos, reaction precipitates were found in several areas
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Fig. 2. A: Whole-mount in situ hybridization of Na*-K"-ATPase (NKA) on S.
officinalis embryos. In stage 27 embryos, single NKA-expressing cells are
scattered on the ventral side of the head. Additionally, cells of the oval shaped
olfactory organ are rich in NKA mRNA. Dorsal view of the head of a S.
officinalis embryo, showing sensory cells of the head line system and scattered
cells below the eye with high NKA expression. Expression of NKA on the yolk
epithelium. Note the “salt-and-pepper” pattern of these ionocytes. Some of the
cells, which are most likely ionocytes, are marked with arrows. B: immuno-
histological localization of Na™-K*-ATPase and NHE3-rich cells on the yolk
sac epithelium of the squid Sepioteuthis lessoniana (first and second panel) and
cuttlefish S. officinalis (stage 27 embryo, merged image). In both species,
ionocytes are scattered in a salt-and-pepper pattern over the entire yolk
epithelium. Higher-magnification images of several ionocytes with positive
NKA and Na*/H*-exchanger (NHE3) immunoreactivity on the ventral side of
the yolk with densities of 40—60 cells per 100 wm?. NKA-rich cells are ~10
pm in diameter and are colocalized with NHE-rich cells. C: Western blot
analysis of NHE3 in brain tissues of zebrafish (Danio rerio), optical lobe of
squid (S. lessoniana), demonstrating immunoreactivity of the NHE3 antibody
with a 95-kDa protein.
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anti NKA
Fig. 3. Localization of NKA, NHE3, and the
glycoprotein concavilin A (ConA) in epider-
mal cells on the skin of S. lessoniana embryos
(stages 26 and 27). Epidermal cells that are
positively labeled by ConA are not colocalized
with NKA antibody (NaR) cells (left). These
NaR cells are not colocalized with cells that
exhibit positive NHE3 immunoreactivity and
ConA labeling (middle left). Inset: S. lessoni-
ana embryo with a rectangle indicating the
area observed for immunostaining and vital
dye staining. ConA-labeled cells on the skin of
embryos are rich in mitochondria and sodium.
Stainings with the cell-permeant Sodium
Green vital dye demonstrates that ConA-la-
beled cells accumulate sodium (middle right).
In addition to epidermal ionocytes, sensory
cells (sc), which belong to the head-line organ
of cephalopods, are also rich in mitochondria
(indicated by arrows) (right). These sensory
cells are not positively labeled by ConA.

of the head, with highest densities below the eye, and on the
ventral side of the head (Fig. 2A). Strong NKA expression was
observed in sensory cells of the olfactory organ, forming an
oval shape on the embryo’s cheeks (Fig. 2A). In addition to
sensory cells of the olfactory organ, sensory cells of the
head-line organ exhibited clearly visible NKA expression.
These sensory cells are forming longitudinal lines on the head
of late-stage embryos and belong to the head line system
described for some decapod cephalopods (2, 6) (Fig. 2A).
Finally, single oval-shaped cells scattered on the yolk sac
epithelium showed expression of NKA in these late-stage
cuttlefish embryos (Fig. 24).

Characterization and morphology of ionocytes on the yolk
epithelium and skin. Whole-mount immunohistochemical anal-
ysis demonstrates that cells that are scattered on the yolk sac
epithelium of cephalopod (squid and cuttlefish) embryos show
a positive NKA immunoreactivity (Fig. 2B). These NKA-rich
cells (NaRs) are ~10 wm in diameter and occur in densities of
40—-60 cells per 100 wm?. Double staining of NKA and NHE3
demonstrates that NHE3 is colocalized with NaRs on the yolk
sac epithelium (Fig. 2B). Furthermore, high-magnification im-
ages show that the distribution of NKA is meshlike, whereas
NHES3 is distributed equally in membranes of NaRs. Western
blot analysis demonstrates that the NHE3 antibody used in this
study recognizes a 95-kDa protein, which is in the size range
reported for NHE3 proteins from other species (Fig. 2C). The
epitope that is recognized by the tilapia antibody used shares
about 78% sequence identity with the ortholog of S. lessoniana
(data not shown).

Besides the yolk epithelium, positive NKA immunoreactivity
was also observed in single cells scattered on the mantle and head
of squid and cuttlefish embryos (Fig. 3). Double staining with
ConA revealed that NaR cells are not colocalized with ConA-
labeled cells. Instead ConA-labeled cells on the entire skin of
squid embryos were characterized by high Na*/H" exchanger
(NHE3) immunoreactivity and sodium accumulation (Fig. 3). We
termed these cells sodium-rich cells (SRCs). Highest densities of
SRCs were found on the lateral side of the head, arms, and close
to the olfactory organ (Fig. 4, A—C). Furthermore, no SRCs were

anti NHE3
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found on the yolk sac epithelium. Instead, small vesicles located
inside large flattened epidermal cells that resemble pavement
cells/accessory cells (51) of the entire yolk epithelium show
positive sodium reactivity (Fig. 4D).

Fig. 4. A: Na* accumulation in cells on the skin and yolk of S. lessoniana
embryo showing the morphology of the animal divided in mantle, head, and
yolk. On the skin in the mantle and head region Sodium Green, a Na™-
dependent fluorescent reagent, predominantly stains round- to oval-shaped
cells scattered on the skin surface of stage 28 embryos (B and C). C: higher cell
densities are found on the lateral side of the head region. D: high magnification
of the yolk sac surface demonstrating the presence of Sodium Green signals
equally distributed in epithelial cells. Note the grain-like pattern of the
fluorescence signal in these cells.
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10 ym

Fig. 5. Scanning electron micrographs of the skin and yolk surface of a squid
embryo (stage 27). A: ciliated cells are scattered over the skin of the head and
arms of the embryo. B: the entire yolk is covered with ciliated cells. In contrast
to the body, different types of ciliated cells with long (indicated with dashed lines)
and short cilia are found on the yolk sac epithelium covering the entire surface.
C: a single ciliated cell located on the skin at higher magnification. Note the
pore-like openings in between the cilia indicated by arrows. D: furthermore,
Sodium Green-labeled cells merged with a phase-contrast image demonstrate the
colocalization of sodium-rich cells (surrounded with dashed lines) with ciliated
cells on the skin (cilia indicated by arrows). Inset: enlarged picture of one single
ciliated cell merged with the same Sodium Green-labeled cell. E: high magnifi-
cation of ConA-labeled cells showing the scattered distribution of ConA labeling
on the surface of cells, which support the mesh-like openings of this type of
ionocyte that are very similar to those observed in zebrafish (26).

Using MitoTracker, we were able to identify two types of
mitochondria-rich cells: /) sensory cells exclusively located on
the head of the embryo and 2) the already mentioned ConA-
labeled SRCs (Fig. 3). By merging Sodium Green-labeled cells
with a bright-field phase-contrast image, we were able to show
that the sodium-rich, ConA-labeled ionocytes are ciliated cells
distributed over the entire skin of the squid embryo with
highest densities in the head and arm region (Fig. 5D).

Scanning electron microscopy analysis revealed the occur-
rence of different types of ciliated cells located on the mantle,
head, and yolk of the embryo, as previously described by
Arnold and Williams-Arnold (2) (Fig. 5, A-C). Moreover,
high-resolution images demonstrate that underneath the cilia,
these cells seem to be characterized by meshlike openings (Fig.
5C, indicated by arrows), which resemble ionocyte crypts
described for the skin of fish larvae (26, 27). The presence of
this fenestration on the outer surface of skin ionocytes is
further supported by the pattern of ConA labeling, which
consists of dots scattered over the entire surface of one iono-
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cyte [Fig. 5E; the pattern is very similar to that observed in
zebrafish by Horng et al. (26), depicted in Fig. 1C].

H™ gradients on the surface of skin and yolk epithelia. Using
ion-selective electrodes, we determined [H*] gradients at differ-
ent locations on the entire surface of squid embryos (Fig. 64). On
the yolk, smaller proton gradients were detected with a A[H™]
0.2 to 0.4 pmol over the entire yolk epithelium (points I to 3).
On the skin close to the eye and the head (points 4 and 5),
proton secretion showed peak A[H"] with up to 3 to 4 wmol,
whereas on the mantle (point 6), proton A[H"] decreased again
down to 0.4 wmol. Moreover, the present work demonstrated
that proton secretion on the skin surface in the head region is
highly sensitive to EIPA, a specific NHE blocker (Fig. 5B).
Using two concentrations of EIPA, a dose-dependent decrease
to 60% and 44% was observed in the presence of 1 uM and 10
uM EIPA, respectively.
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Fig. 6. A: measurement of proton gradients (A[H"]) on the skin and yolk
epithelium of S. lessoniana embryos (stages 28 and 29). Ion-selective electrode
technique measurements demonstrate that the entire animal, including yolk,
head, and mantle has positive A[H"] values with the highest levels detected in
the head region (spots 4 and 5), indicating a secretion of protons. B: lower H*
secretion values were recorded for the entire yolk surface. Bars represent
means = SE; n = 8. Inhibitory effects on proton secretion in the presence of
1 and 10 uM EIPA. Bars represent means = SE; n = 6. Letters denote
significant differences between treatments (P < 0.02).
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DISCUSSION

The convergent evolution of morphological and physiolog-
ical features enabling mobile cephalopods and fish to compete
for similar resources in marine pelagic and bentho-pelagic
habitats has been widely recognized (46, 48). Here, we show
for the first time that such convergent development can be
found in the lecithotrophic embryonic stages of decapod cepha-
lopods; epidermal ionocytes on skin and yolk sac appear to be
responsible for ionic regulation before gill epithelia become
functional. Furthermore, this is the first study that shows that,
in vivo, acid equivalents are secreted by the yolk and skin
integument of a marine invertebrate.

Marine animals that exhibit an oviparous mode of develop-
ment, such as most fish and cephalopods, are exposed to very
high Pco, values during their embryonic development. This is
mainly due to the fact that egg capsules of most molluscs,
amphibians, and fish were shown to act as a diffusion barrier
for respiratory O, and CO, (11-13, 16, 23). To maintain a
sufficiently high flux of oxygen in and carbon dioxide out of
the egg capsule, hypoxic hypercapnic conditions develop in-
side the egg fluid of cephalopod (and, probably, fish) eggs,
particularly toward the end of embryonic development, when
metabolic rates are highest (23). A recent study demonstrated
that increases in environmental Pco, are additive to those of
the PVF of cephalopod eggs, leading to Pco, values as high as
0.6 kPa at an environmental Pco, of 0.35 kPa (29). Such high
environmental Pco, values can be encountered by cephalopod
and fish egg masses in seasonally hypoxic coastal habitats (61).
Hypoxic hypercapnic conditions constitute a major abiotic
stress to the developing embryo in terms of acid-base distur-
bances, as they also lead to an increased Pco, of body fluids to
maintain the diffusive flux of CO, out of the animal (43). As
late-stage embryonic fish and cephalopods rely on hemoglobin
or hemocyanin-driven oxygen transport as well, it can be
assumed that these embryonic stages require an efficient acid-
base regulatory machinery to protect their pH-sensitive respi-
ratory pigments from hypercapnia-induced pH reductions. To
accomplish this, both cephalopods and fish have to manipulate
their extracellular carbonate system: elevated blood [HCO5 ] at
the high surrounding Pco, values guarantee pH values suitable
for protein-mediated gas transport (24, 38). However, mainte-
nance of blood acid-base status requires continuous net H™
excretion, thus, ion regulatory effort.

During larval development of fish and cephalopods, rudi-
mentary gill structures progressively develop and become com-
plete when the organism has reached an adult-type morphology
(1, 32, 49, 56). Prior to the gills, it has been demonstrated that
the fish integument is responsible for respiratory gas exchange
(66), and ionocytes on the yolk epithelium are involved in
osmo- and acid-base regulation (22, 34, 35, 40). During ceph-
alopod organogenesis, thus before systemic and branchial
hearts are developed, muscle cells on the yolk sac are respon-
sible for convective circulation of hemolymph: peristaltic
movements propel hemolymph around the yolk syncytium and
into the extensive lacunar blood system of the embryo. Prior to
differentiation of blood vessels, these blood sinuses are occu-
pying large volumes of the embryonic body, particularly in the
(metabolically) active head region (see Refs. 62 and 63). Thus,
the integument must be the main respiratory organ in cepha-
lopods prior to gill development, and well-perfused and met-
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abolically active regions, such as the head and the “yolk sac
heart” are prime candidate tissues for the localization of iono-
cytes, and our study provides evidence to support this hypoth-
esis. The characterization of epidermal ionocytes, predomi-
nantly located on the skin in the head region of cephalopod
embryos, demonstrated that one group of cells, which were
recognized by ConA and MitoTracker, also expresses NHE-3.
These SRCs are apparently responsible for sodium uptake.
Further, our microelectrode measurements demonstrated that
these cells also mediate proton excretion. Another group of
epithelial cells is exclusively labeled by the NKA antibody
(NaR cells). It is unclear what the function is of these cells. In
zebrafish (Danio rerio) embryos, at least three types of epider-
mal ionocytes were identified and classified into Na*/Cl~
cotransporter-rich cells, proton pump-rich (HR) cells, and NaR
(for a review, see Ref. 34). The HR cells were further charac-
terized by high-sodium accumulation, which was significantly
blocked in the presence of 10 and 100 uM EIPA, a NHE
inhibitor, supporting the role of apical NHE3 in sodium uptake
(14). Interestingly, epidermal ionocytes located in the head
region of S. lessoniana embryos share many parallel features to
fish HR cells, such as high sodium concentrations, high mito-
chondrial densities, NHE3 protein, but no detectable NKA
immunoreactivity. However, ionocytes located on the yolk sac
epithelium are rich in NKA and NHE3. Another group of
ConA-positive cells, which are similar in appearance to pave-
ment cells (Supplemental Fig. S1) surprisingly can absorb
sodium from the ambient medium.

While the skin, especially in the head and arm region, is
characterized by a strong outward directed proton flux, the
cephalopod yolk epithelium is characterized by a compara-
tively lower proton efflux. However, it needs to be noted that
this organ exhibits a relatively large surface area compared
with the head and the mantle, thus the total contribution to
proton excretion might be large. Especially in earlier stages,
with a low body surface-to-yolk surface ratio, the yolk can be
considered an even more significant site for proton secretion,
and thus, pH regulation.

Q NHE3 & ConA & Mitochondria & Sodium

@

Fig. 7. There are at least three types of epidermal ionocytes in cephalopod
embryos, located on skin and yolk epithelium. The highest densities of
ionocytes are found in areas with large subcutaneous blood spaces, such as the
head and yolk. One type of ionocyte on the yolk epithelium is characterized by
the occurrence of NKA, probably located in basolateral membranes and
positive NHE3 immunoreactivity. Furthermore, the cells of this epithelium are
characterized by high concentrations of Na* localized in intracellular vesicles.
The skin of cephalopod embryos exhibits at least one other type of ionocyte.
These positively ConA-labeled cells are rich in mitochondria and show high
intracellular sodium accumulation. Additionally, these cells show positive
NHE3 immunoreactivity, but are not colocalized with NKA-rich cells. Elec-
trophysiological data suggest that ionocytes located on the skin are involved in
active acid (probably also CO>) secretion.
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In embryos of teleosts, the yolk epithelium was also identi-
fied as a major site of ionic regulation, indicated by the
presence of four different subtypes of ionocytes equipped with
transporters relevant for ion and acid-base regulation (see
reviews by Refs. 33 and 34). Although V-type H*-ATPases
were identified to be key players of apical acid secretion
pathways in freshwater fish (15, 33, 50), new models for pH
regulation are recently emerging for the marine environment
(70). Immunohistochemical and electrophysiological methods
demonstrated that epithelial ionocytes of Oryzias latipes lar-
vae, which are rich in NHE3 and Rh glycoprotein-C, are
actively involved in the secretion of protons (70). This involve-
ment of NHE-like proteins in the secretion of protons and, thus,
acid-base regulation is similar to their role in the renal proxi-
mal tubule of the mammalian kidney. Here, the majority of
protons are excreted into the lumen of the tubule via different
NHE isoforms, including NHE2, NHE3, and NHES located in
the brush-border microvilli of the proximal tubule (19, 64, 65).

We summarized the vital dye and immunocytochemical
stainings of cephalopod embryonic stages in Fig. 7, to illustrate
the presence of ionocytes predominantly in the well-perfused
regions such as yolk and head. In this summary, mitochondria-
rich cells located on the skin of the embryo exhibit positive
NHE3 immunoreactivity and high cytosolic sodium accumu-
lation. Furthermore, the microenvironment in this area is char-
acterized by increased EIPA-sensitive proton secretion, sug-
gesting that also in cephalopod embryos, NHE proteins are
major players of proton secretion. The involvement of NHE to
secrete acid equivalents in the marine environment can be
regarded thermodynamically favorable due to high external
[Na™] (~460 mM) compared with low intracellular [Na™]
(~30 mM in S. officinalis), which provide a natural driving
force (52, 53). In the freshwater environment, where sodium
gradients are opposed to those in marine habitats, V-type
H™"-ATPases were proposed to be responsible for the majority
of H* secretion (40).

Intriguingly, the present work demonstrates that epidermal
ionocytes of cephalopod embryos are ciliated. The primary role
of these ciliated cells is to create a convective current inside the
PVF to prevent the formation of gradients of dissolved respi-
ratory gases and excretory products within PVF prior to full
development of the ventilatory organs, the mantle and collar
flap musculature (2, 3, 17). To our best knowledge, this is the
first report that shows that ciliated epidermal cells are both
involved in water transport and are equipped with high con-
centrations of ion-transporting molecules capable of proton
secretion.

Once the embryonic hearts are functional and the blood
vessels are developed, the “yolk sac heart” loses its contractile
properties, and the cilia on the yolk sac shorten (2, 62, 63). Our
gill NKA activity measurements (Fig. 1) suggest that in stage
30, S. officinalis, hatchling-like NKA activities have been
reached. It can be assumed that at this point in development,
¢gill epithelia are able to fully support the acid-base regulatory
needs of the embryo. In a previous study, we could demon-
strate high-mRNA levels of acid-base-relevant genes such as
Na*/HCOj -cotransporter (NBC), CA2, and sodium pump
(NKA) in gill tissues of late embryos (stages 29 and 30) and
hatchlings of the cuttlefish S. officinalis (29). It has been
demonstrated that during stage 30, premature hatching of
viable animals can be induced by means of sensory stimulation
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or through adverse environmental conditions (Ref. 5 and un-
published observation). In such situations, the entire remainder
of the outer yolk sac is abruptly shed, and the animal leaves the
egg capsule.

Perspectives and Significance

The initial characterization of epidermal ionocytes on ceph-
alopod yolk and skin in the present work provided evidence
that these specialized cells are actively involved in ion and
acid-base regulation, and furthermore, they exhibit a set of
specific enzymes that probably enable extracellular pH homeo-
stasis in the developing embryo. These observations also sug-
gest that in lecithotrophic embryonic stages of decapod cepha-
lopods and fish, a convergent ontogenetic pattern of ion-
regulatory function can be observed. Moreover, the different
types of ionocytes identified in cephalopod embryos are in-
volved in sodium and proton exchange and are equipped with
NKA and NHE3. Further investigations are necessary to iden-
tify and characterize the full set of acid-base relevant proteins
of these ionocytes. NHE and Rh proteins may be important
candidate genes, as they were proposed to have a dual NH3/
CO, transport function (45, 59, 60), and thus, they may
represent another group of key transporters in embryonic
acid-base regulation and gas exchange.

Moreover, direct in vivo electrophysiological measurements
demonstrate that acid equivalents are secreted by the yolk and
skin integument of a marine organism and that NHE may be a
major player in this process. Future investigations will apply
ion-selective electrode techniques on single ionocytes in com-
bination with specific inhibitors to demonstrate the importance
of NHE proteins for proton secretion in embryonic stages of
cephalopods and fish, and, thus utilize a comparative approach
to derive fundamental mechanisms of acid-base regulation in
these high-metabolism, ectothermic marine taxa.
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