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Abstract

Coral epithelia control ion fluxes to the calcification site influencing biomineralization and proxy incorpo-

ration. However, data on in vivo characteristics of coral tissue such as permeability, selectivity, and active

ion transport are scarce but important for calcification and proxy modeling. To investigate ion permeability

and ion fluxes across coral tissues in vivo, we developed an electrophysiological approach for the assessment

of active and passive epithelial transport properties. Growing Stylophora pistillata corals in a thin layer over

permeable filters allowed ion exchange at the site of skeleton formation for reproducible measurements of

electrophysiological properties of coral tissues in a modified Ussing chamber. Compared to former applica-

tions, electrical measurements on these coral filter units were dominated by tissue characteristics with mini-

mal influence of skeleton or physical stress. Coral tissues were cation selective. Their overall high electrical

resistance characterized them as tight epithelia indicating low paracellular permeability for passive ion diffu-

sion. This includes ions relevant for calcification. A small short-circuit current indicates active charge trans-

port across the entire coral tissue. The present approach is applicable to corals laterally overgrowing

substrates. It allows the electrophysiological characterization of coral tissue in vivo in response to environ-

mental conditions. This will improve our knowledge on transepithelial transport relevant for biomineraliza-

tion in corals.

Coral skeletons are successfully used as climate proxy

recorders, in spite of strong vital effects, which have been

connected to biologically controlled ion transport and fast

precipitation rates. Scleractinian corals are among the fastest

calcifiers in the world’s oceans (Cohen and McConnaughey

2003), the average net calcification rate of corals ranging

from 0.1 lmol CaCO3 cm22 h21 to 3 lmol CaCO3 cm22 h21

(Allemand et al. 2004; Lough 2008). To support these high

calcification rates, corals have to maintain a high ion flux

from seawater through their tissues to the site of calcification

where the aragonitic skeleton is formed. Coral tissues must

meet certain requirements to support and control high ion

fluxes and to be able to provide an environment where pre-

cipitation of CaCO3 occurs. Ion fluxes through tissues can

occur (1) through active transcellular transport, which is

strictly controlled by membrane proteins (e.g., ion channels,

pumps, and carriers) and (2) through paracellular pathways,

i.e., between the cells where the properties of inter-cellular

junctions define ion permeability and selectivity of the tis-

sues and the degree of isolation of the site of calcification.

Several ultrastructural studies carried out on corals clearly

show that septate junctions—characterized by their ladder-

like arrangement of transverse septa—are located at the api-

cal part between the calicoblastic cells of the coral’s aboral

ectoderm facing the skeleton (Clode and Marshall 2002;

Tambutt�e et al. 2007; Ganot et al. 2015).

Passive permeability properties of the tissues together

with regulation of active transport have a strong impact on

models explaining calcification and trace element incorpora-

tion into coral skeletons. Several models have described the

site of calcification as a leaky system largely open to ion

exchange with seawater (Adkins et al. 2003; Cohen and

McConnaughey 2003; Nakamura et al. 2013) while other

models describe it as a closed system strictly controlled by

the coral tissue (Tambutt�e et al. 1996; B€ohm et al. 2006;

Hohn and Merico 2015). These models are mostly based on
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indirect indicators of tissue permeability (d13C, 45Ca, d44/40Ca,

internal pH, and Ca concentration). Only a few direct meas-

urements of tissue permeability have been carried out on the

oral epithelia and not on the entire tissue of corals (Wright

and Marshall 1991; B�enazet-Tambutt�e et al. 1996). Coral tissue

consists of oral and aboral layers, which are further subdivided

into an endodermal, and an ectodermal cell layer. The two

oral layers form coral polyps and are in direct contact with sea-

water, while the aboral layers are tightly attached to the skele-

ton. The aboral ectoderm (calicoderm) is responsible for

calcification. Results from these two studies showed that ions

diffuse easily through the leaky oral epithelia. As these experi-

ments were performed on polyp tentacles, they did not con-

sider the aboral epithelia, which includes the calicoderm

responsible for skeleton formation. So far, only one study indi-

rectly measured the permeability of the entire coral tissue still

attached to its skeleton (Tambutt�e et al. 2012) applying the

Ussing chamber technique.

Originally developed as an experimental approach to

study ion transport through biological tissues (Ussing and

Zerhan 1950; Ussing 1953; Ussing et al. 1974) the technique

provides side specific access of experimental solutions to a

sheet of polarized tissue for electrical measurements. This

technique can be used to characterize transepithelial trans-

port of ions and to determine the permeability properties of

epithelia. In addition, measurements of calcium transport

were established, e.g., in mouse kidney tubules (Bleich et al.

2012), sea anemones, and corals (Wright and Marshall 1991;

B�enazet-Tambutt�e et al. 1996). The use of pharmacological

tools allows the functional analysis of prototypic transport

pathways (Greger and Schlatter 1981; Lohrmann et al. 1995;

Shan et al. 2009) and the differentiation between trans- and

paracellular pathways. In addition, the chamber allows the

determination of tracer fluxes across the epithelium (e.g.,
45Ca, 14C; Wright and Marshall 1991; B�enazet-Tambutt�e

et al. 1996). The Ussing chamber consists of two half-

chambers perfused with experimental solutions, which are

separated by the biological tissue under investigation. Since

epithelia are polar in nature ion flux by electrogenic transcel-

lular ion transport is directional and causes an electrical cur-

rent across the tissue and a corresponding voltage difference

(transepithelial potential, Vte) between the two half-

chambers (Fig. 1a). The electrical resistance (Rte) is calculated

from voltage deflections across the epithelium (DVte) caused

by the injection of short current pulses (DI). It is a measure

for tightness of the tissue. By Ohm’s law, an equivalent short

circuit current (Isc) can be calculated which represents the

active electrogenic transepithelial charge movement. Passive

ion permeability and selectivity can be deduced from diffu-

sion voltages (VD) at a given ion gradient (e.g., for Na1)

between the two half-chambers (Fig. 1b) giving insights into

the paracellular properties of the tissue in the absence of

active transcellular ion transport.

Although critical for calcification and proxy modeling,

very little information is available on the in vivo characteris-

tics of coral tissue. One of the reasons is that access to the

site of calcification is difficult since it is at the interface

between the massive aragonitic skeleton and a complex tis-

sue made of four epithelia in series (Fig. 1c). The objectives

Fig. 1. Electrical Ussing chamber measurements. (a) Epithelium

depicted by white cells connected with cell junctions (filled circles) is
mounted between half-chambers perfused with identical solutions. Ion
transport proteins in the epithelium (white circles, top) generate a trans-

epithelial voltage (Vte) which is detected by voltage electrodes (top).
Current electrodes (bottom) inject short current pulses (DI) which cause

a voltage deflection (DVte) across the resistance of the tissue. Transepi-
thelial resistance (Rte) can be calculated by Ohm’s law. The short circuit
current (ISC) indicates transepithelial charge movement. (b) An ion gra-

dient across the epithelium (e.g., NaCl) generates a diffusion voltage (V)
if one ion species (e.g., the cation Na1) is preferentially conducted.

Since cell membranes are two diffusion barriers in series, V mainly repre-
sents the ion selectivity of the paracellular pathways. (c) Schematic cross
section through coral grown over filter support (F) which is mounted

between half-chambers (not drawn to scale). Cell layer structure of the
coral tissue represents oral ectoderm (OEc) and endoderm (OEn) as well

as aboral endoderm (AEn) and ectoderm (AEc). The AEc is composed of
calicoblastic cells responsible for skeleton formation (Sk). Ions can reach
the site of calcification via trans- and paracellular pathways.
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of this study are to establish a method for investigating coral

tissue properties such as permeability, ion selectivity, and

active ion transport in vivo. This method can be applied to

better understand transepithelial transport relevant for bio-

mineralization in corals. We developed a method for apply-

ing the Ussing chamber technique to coral microcolonies

growing on permeable filter supports. Our set-up allows

access from both, skeletal and oral side, with an intact and

natural anatomy of calcifying coral tissue. Previously

described preparations do not fulfil these requirements

(Domart-Coulon et al. 2004; Mass et al. 2012).

We cultured coral tissue on a planar filter area with mini-

mal skeleton mass and simple geometry. This preparation

was mounted in an Ussing chamber and allowed to obtain

electrophysiological data on coral tissues. It was possible to

control and modify the composition of solutions on both

sides, as well as environmental parameters such as light and

temperature.

Materials and procedures

Coral culture

Colonies of the tropical calcifying coral Stylophora pistil-

lata (Coelenterata: Anthozoa: Hexacorallia: Scleractinia) were

maintained in artificial culturing seawater (CSW) under a

controlled day:night cycle. All colonies originate from one

mother colony of S. pistillata which was provided by Green

Corals, Braunschweig, Germany. Culturing and preparation

of corals were carried out at the GEOMAR Helmholtz Centre

for Ocean Research Kiel, Kiel, Germany. A 600 L closed-

recirculation system specifically designed for reefbuilding,

zooxanthellate warmwater corals was set up by Green Corals,

Braunschweig, Germany. The setup comprised a main reef-

tank, a culture tank for growing and preparing the corals for

the experiments and a cleaning unit (with three compart-

ments, the first filled with live rock, the second with a pro-

tein skimmer, and the third with a return pump and sensing

electrodes (pH, T, water level) connected with an IKS-

aquarium computer). The main reef tank was inhabited by a

community of stony and soft corals, live rock and accompa-

nying reef fauna and flora, including fish, snails, and hermit

crabs. The animals were fed six times a week with frozen

Artemia (Golden Gate), Cyclops (Vivantis), fish eggs (Pet-

man), and spirulina flakes (JBL, Germany). After defrosting,

food was thoroughly rinsed with freshwater to avoid an

additional phosphate (PO32
4 ) import into the closed-

recirculation system. Corals were kept in artificial culturing

seawater (CSW) made from commercial sea salt (“Pro Reef”

sea salt; Tropic MarinVR , Germany) at a salinity of 35 psu. A

10% water exchange was conducted every 6 weeks. Decrease

of calcium concentration ([Ca21]) and carbonate alkalinity

due to calcification in the aquarium was compensated by a

calcium reactor filled with limestone which was continu-

ously dissolved by CO2 at a pH value<6. Additionally,

CaCl2, NaHCO3, trace elements, and NaCl-free salt solutions

were added according to the “Balling light method” to main-

tain stable water parameters, which is crucial for keeping

highly sensitive small polyped stony corals. The concentra-

tions of Ca21 and total alkalinity (TA) were kept at 420 mg

L21 and 2400 mEq L21, respectively. Bioavailable nitrogen

was supplied as NH4Cl (6.7 mmol d21). Seawater was circu-

lated in a closed circuit at a temperature of 26 6 18C. Due to

photosynthesis and respiration, the seawater pH ranged from

8.2 during the day to 7.9 in the night. The lighting in the

main reef tank and the culture tank was provided by 8 and

6, respectively, 54W T5 fluorescent lamps, with three differ-

ent spectral compositions (“Aqua Blue Special,” “Blue Plus,”

“Coral Plus”; ATI Aquaristik, Germany). The day-night cycle

was programmed on a 12 h L/D cycle whereas each phase

shift was introduced by 1 h of blue light only. At the surface

of the experimental corals, photosynthetically active radia-

tion was 237 6 55 lmol photons m22 s21 (mean 6 1 SD)

recorded using a hyperspectral quantum sensor (RAMSES,

TriOS Science). Corals in the culturing aquarium were fed up

to six times a week with a powdered plankton substitute and

a combination of soluble amino acids (“Pro-coral Zooton”

and “Pro-coral Organic”; Tropic MarinVR , Germany).

Coral filter units

Custom made perspex tiles (10 cm 3 16.5 cm 3 0.6 cm)

with evenly distributed drill holes served as growth plates.

Flat fragments of S. pistillata coral were attached between

these holes using cyanoacrylate adhesive (Fig. 2a). Filter sup-

ports (Costar TranswellV
R

permeable supports, Corning Incor-

porated) consisted of a polycarbonate membrane with 0.4

lm pore size, 108 pores and an area of 33 mm2, fixed onto a

hollow polystyrene filter support (Fig. 2b). Excess material of

the filter support was cut off, leaving a membrane covered

cylinder (Fig. 2c). Plastic edges were carefully removed and

rounded using a fine diamond file. The trimmed filter sup-

port was then filled with a small foam cylinder to reduce the

growth of algae and bacteria and pushed in from below

through the drill holes until they matched the tile’s level

(Fig. 2d). The coral colony fragments flatly grew over the

entire growth plate, including filter supports mounted in the

holes, laterally connecting to each other (Fig. 2d). Regular

trimming of the coral prevented the colony from growing

over the edges of the growth plates. When coral branched

out, branches were carefully removed to prevent shading

and ensure a homogenous pigmentation of the coral tissue.

After an average growth period of 102 6 9 d coral had suc-

cessfully overgrown the entire permeable filter support and

reached a thickness of ca. 0.8 mm, which is mainly attrib-

uted to the aragonitic skeleton. The readily overgrown coral

filter unit (CFU) was carefully detached from the surround-

ing coral colony by using a dental drill (FBS 12/EF, Proxxon,

Germany). To remove the CFU from its growth plate, it was

pushed upward through the drill hole, thereby reducing the

Taubner et al. Coral epithelial transport measurement
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risk of detaching the coral from the filter support. After trim-

ming the coral to the size of the filter support, the CFU

recovered in the culturing aquarium for 7–10 d allowing the

coral tissue to heal and grow onto the polystyrene cylindric

filter support to tightly seal the formerly exposed skeletal

rim. All CFUs were consecutively numbered and were

allowed to overgrow the filter support up to 1/3 of its height

(Fig. 2e). To assess the ratio between polyp and coenosarc of

CFUs, top view pictures were taken to determine area cover

and polyp count using Image J. We counted 84 6 6 polyps

per cm2 representing 9.6% 6 1.6% of the total CFU area

(mean 6 1 SD, n 5 10). Typically the tissue thickness of S. pis-

tillata (oral and aboral epithelium) is approximately 50 lm

(Tambutt�e et al. 2007). Prior to each Ussing chamber experi-

ment, CFUs were visually checked for healthy and intact

coral tissue. Suitable CFUs were identified by normal polyp

expansion and even pigmentation. Additional checks using a

binocular ensured that there was no algal overgrowth or

damaged tissue exposing coral skeleton.

For measurements of pure skeleton, CFUs were bathed in

10% NaOCl for 30 min followed by several rinses with ultra-

pure water to remove any coral tissue.

Ussing chamber

Electrophysiological measurements on CFUs were con-

ducted in commercially available Ussing chambers designed

for permeable supports (EP Devices, Belgium, Fig. 3a). This

system allows independent perfusion of the tissue and skele-

ton side separated by tightly fitted Transwell membrane filter

inserts (Fig. 3b). To prevent any tissue damage, the bore

diameter of the lower chamber was increased by 2 mm and

the specimen was carefully mounted backward from this

side. Mounting was facilitated by a custom made rawlplug-

like insertion device (Supporting Information Fig. 1). The

device consists of a hollow insertion punch made from Tef-

lon which tightly spans in the inside of the permeable filter

support when a steel core (V4A) is pushed into the punch.

Light was provided by an LED facing the tissue side of the

mounted CFU (Fig. 3). For similar light conditions in the

Ussing chamber and the culturing tank, light spectra as well

as the light densities in the culturing aquarium were

recorded using a hyperspectral quantum sensor (RAMSES,

TriOS Science) and compared to spectra of different LED

lights. The best match was provided by a white LED (10000K

milli-Candela, scattering angle 208, 5 mm, white; Conrad,

Germany), providing a dominant light peak between

430 nm and 470 nm and a broader peak covering 500–

640 nm (Supporting Information Fig. 2). The LED light was

glued into a plastic cylinder and inserted into a specially fit-

ted shaft in the center of the bottom lid of the Ussing cham-

ber facing the coral tissue. It provided evenly distributed light

over the mounted CFU (Fig. 3a). LED was connected to a cus-

tom made controlling box. Light densities could be altered

stepwise, with a maximum photon flux density (pfd) of 234

lmol photon m22 s21, which matches the light densities in

the culturing aquarium (Supporting Information Fig. 2).

Experimental procedures

The Ussing chamber experiments were performed at the

Institute of Physiology, Christian–Albrecht-University (CAU)

Kiel, Germany. After CFU mounting, the chambers were

carefully flushed with artificial seawater made from single

salts, with a composition modified from Broecker and Peng

(1982), here referred as ASW (Table 1). CFUs remained visu-

ally and electrically stable and polyp expansion remained

the same as in culture conditions. To avoid potential damage

of coral tissue, skeletal thickness of each CFU was deter-

mined after the experiment using a sliding caliper. Under

Fig. 2. Culture and preparation of CFUs. Fixed fragments of S. pistillata
flatly grow over the Perspex growth plate (a). Permeable filter support

(b) was trimmed as indicated by the dashed line. Trimmed filter support
(c) was pushed into a drill hole of Perspex tile (d) until it matched the

tile’s level. Front—freshly inserted filter, middle and back—filter partly
overgrown by coral. Readily overgrown coral filters were cut out and
recovered in the culturing aquarium. During recovery coral was allowed

to laterally grow over 1/3 of the cylinder of the filter support, thus
tightly sealing the formerly exposed skeleton (e, side view).
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control conditions, both half-chambers were perfused with

ASW, preheated to a constant temperature of 258C (2x SH-

27B, 1x TC334B, Warner Instrument Corporation). Other

seawater solutions were prepared as given in Table 1. Osmo-

lality of all solutions was determined using a cryoscopic

osmometer (Osmomat 030; Gonotec, Germany). The pH was

adjusted to 8.2 by addition of NaOH or HCl, respectively. To

test for active calcification of CFUs in the Ussing chambers,

experiments were carried out in the light (see next section).

Light/dark experiments on CFUs showed no influence of

light on electrical resistance, therefore experiments were

generally conducted in the dark to avoid light stress. The

volume of each half-chamber was 1.95 mL. To minimize

boundary layer effects and ensure effective exchanges in

bath composition, we used flow rates of 5–6 mL min21

resulting in 95% exchange in 1 min. At this rate, CFUs in

the Ussing chamber maintained their normal polyp expan-

sion as a sign of normal vitality. Flow rates of both half-

chambers were synchronized and controlled by either a peri-

staltic pump (ISM 832 A; Ismatec, Switzerland) or by gravity.

The electrical measurements were performed in open-

circuit mode with reference to the tissue side. Continuous

perfusion of both half-chambers and working in open-circuit

mode ensured highest precision and stable conditions for

Table 1. Experimental seawater solutions.

CSW ASW

low NaCl

ASW Ca-free ASW ASW 1 Gly

concentration [mmol L21]

NaCl 416 412 309 424 412

KCl 9.50 10.2 7.65 10.2 10.2

Na2SO4 21.9 28.0 21.0 28.0 28.0

MgCl2�6H2O 55.6 53.0 39.8 55.0 53.0

CaCl2�2H2O 11.0 10.3 7.75 0.00 10.3

NaHCO3 2.47 2.35 1.76 2.35 2.35

Mannitol - - 280 - -

Glycine - - - - 200

Glucose - - - - -

EGTA - - - 2.5 -

Osmolarity [mOsm L21] 1016 1019 1018 1020 1200

ASW, artificial seawater made from single salts; ASW 1 Gly, glycine was added to ASW to produce iso-saline, but hyper-osmotic seawater; Ca-free
ASW, omitted CaCl2 was replaced by additional NaCl and MgCl2 to match osmolarity of ASW, Ethylene glycol-bis (ß-aminoethyl ether)-N,N,N0,N0-
tetraacetic acid (EGTA) was added as Ca21 buffer; CSW, culturing seawater from the aquarium made from sea salt mixture Tropic MarinVR “Pro Reef”;

low NaCl ASW, hypo-saline, iso-osmotic ASW diluted with deionised water and added mannitol to match osmolarity of ASW.

Fig. 3. Ussing chamber used in our setup. (a) Photograph and schematic view (b) of Ussing chamber with tightly mounted CFU (1). The inflows (2)
and outflows (3) ensure continuous perfusion of both half-chambers separated by the CFU. Each half-chamber is fitted with one voltage (4) and one
current electrode (5), with the top one referring to the skeleton side and the lower one to the tissue side. Voltage reference was at the tissue side.

LED light (6) is provided from a shaft in the bottom lid of the Ussing chamber and illuminates the coral tissue side of the CFU.

Taubner et al. Coral epithelial transport measurement
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electrical recordings. Transepithelial potential across the

entire coral was measured by voltage electrodes (Fig. 3a)

positioned closely at both sides of the CFU. The respective

Ag/AgCl electrodes were connected to the chamber solution

via 3 M KCl/2.5% Agar bridges to keep the liquid junction

potential (LJP) between the agar bridge and the seawater

solution as low and stable as possible. Short current pulses

DI (0.1–1 lA, 500 ms pulse duration; current clamp tech-

nique) were injected with Ag/AgCl current electrodes causing

voltage deflections of the tissue (DVte) (Fig. 3a). All electrodes

were connected to an UPG3 pulse generator and amplifier

(AD-Elektronik, Freiburg, Germany) and the voltage was

recorded vs. time by a paper chart recorder (Kipp und

Zonen) (Fig. 4). The voltage recording was determined to a

precision of 0.1 mV. Area related transepithelial resistance

Rte (X cm2) was calculated as

Rte 5
DVte 3 area

DI
(1)

where area is the surface area of the CFU. Transepithelial resis-

tance (Rte) calculated from recorded voltage deflections could

be determined to a precision of 1%. The measurement of epi-

thelial ion selectivity was performed in the presence of different

solutions on each side of the tissue. Under these conditions,

LJPs between half-chamber solutions and KCl electrodes are dif-

ferent and the measured voltage change (DV) has to be cor-

rected appropriately to obtain the diffusion potential (VD):

VD 5 DV 2 LJP (2)

We calculated the total LJP according to Barry and Lynch

(1991) using the ion activities and ion mobilities of the

experimental solutions (c.f. Supporting Information).

Calcification experiments

To determine calcification rates of CFUs in the Ussing

chamber, we randomly selected four CFUs for alkalinity anom-

aly measurements. Calcification rates were determined by

reduction in TA over time. The CFU was mounted into the

Ussing chamber, perfused with ASW, and lit by LED light.

Light intensity of 60 pfd was chosen to avoid light stress in the

green to red spectral range (see Supporting Information Fig. 2).

For the experiment, ASW in each half-chamber was recircu-

lated and TA determined at the beginning and the end of the

experiment. TA of 0.2 lm filter sterilized ASW was measured

by direct titration with hydrochloric acid according to Ivanen-

kov and Lyakhin (1978) using an open-cell titration vessel

after Pavlova. TA could be determined to a precision of 18 lEq

L21 (0.7%). Calibration was carried out with seawater standard

(IAPSO, batch no. 155). Ammonia concentrations were deter-

mined using standard photometric procedures (Grasshoff

et al. 1999). Concentrations in all samples were below 4 lM.

Change in TA was therefore attributed to the reduction in car-

bonate alkalinity caused by calcification. Calcification rates

(Cal, lmol CaCO3 cm22 h21 of CFU) were calculated using the

Eqs. 3, 4:

DTA 5 TAf 2 TAi (3)

Cal 5
DTA

2 3 Vchamber

t 3 ACFU
(4)

Where TAf (mEq kg21) is the final alkalinity, TAi is the initial

alkalinity, Vchamber is the volume of the chamber, t is the

duration of incubation, and ACFU the area of the CFU. The

surface area of 1.4 6 0.1 cm2 was calculated by gauging the

corals’ coverage of the holder assuming a cylinder.

Assessment

Pre-experimental development of CFUs

After extraction of CFUs from growth plates, microcolo-

nies showed viable coral tissue and net calcification under

culturing conditions in the aquarium. Initially covering an

average area of 0.58 cm2 CFUs healed by laterally expanding

their tissue and skeleton. Additionally the part of the skele-

ton covering the membrane of the filter support increased in

thickness over time. Starting with an average skeletal thick-

ness of 0.8 6 0.35 mm (mean 6 1 SD, n 5 7) after extraction,

CFUs showed an average thickness increase of 5 6 4 lm d21

over time periods of approximately 5 months of growth in

the culturing aquarium. Assuming a skeleton density of

1.8 6 0.2 g cm23 for S. pistillata (Liberman et al. 1995;

Tambutt�e et al. 2015) the rate corresponds to 3 6 2 lmol

CaCO3 CFU21 d21 (375 6 290 nmol CaCO3 cm22 h21,

mean 6 1 SD, n 5 7).

Calcification rates

The TA anomaly experiments showed that in Ussing

chamber experiments CFUs actively calcified in the light at

Fig. 4. Typical Ussing chamber chart recording during experiment

exposing CFU to ASW (Control, C) and low NaCl ASW (L). Transepithe-
lial voltage (Vte) is plotted as a function of time. The spontaneous Vte

can be read from the upper margin of the recording. The voltage deflec-

tions (DVte) are caused by regular injections of short current pulses (DI)
and reflect the transepithelial resistance. Exposing skeleton side (Sk) of
CFU to low NaCl ASW (L) causes a shift in Vte (DV) within time period

Dt. DV is a measure of ion selectivity, in this case skeletal positive, i.e.,
cation pass preferentially to the skeletal side.
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an average rate of 150 6 40 nmol CaCO3 cm22 h21 (mean 6

1 SD, n 5 4), similar to the mean growth rate of CFUs in the

culturing aquarium. These calcification rates are in the range

of published values for S. pistillata, ranging approximately

from 100 nmol cm22 h21 to 1000 nmol cm22 h21 (Furla

et al. 2000; Moya et al. 2006; Mass et al. 2007; Holcomb

et al. 2014).

Reproducibility of Ussing chamber recordings

To assess the reproducibility of our measurements, we

conducted long-term experiments with continuous measure-

ments (pulse duration 500 ms, pulse frequency of 0.125 Hz)

of resistance (Rte) and transepithelial voltage (Vte) with dura-

tions of up to 6 h. Over this period of time, Rte and Vte of

CFUs remained in a narrow range (changes�2% and �0.2

mV, respectively; Supporting Information Table 1). A unique

advantage of the mounting system is the option of repetitive

use of the same CFU in a series of paired experiments with

recovery phases in the culturing aquarium. Repeat measure-

ments of CFUs over time periods of up to 17 weeks repro-

duced resistance values within a range of up to 6 10% in few

cases up to 6 30% (Supporting Information Table 2).

Resistance of CFU

The resistance value Rte as measured in this approach is

the sum of three resistors in series, namely the permeable

support, the skeleton, and the coral tissue. The permeable

support alone had an almost negligible resistance of

8.3 6 1.2 X cm2 (n 5 5), support with skeleton showed a resis-

tance ranging from 44 X cm2 to 325 X cm2 (average

135 6 40 X cm2, n 5 6). Whole mounted CFUs showed trans-

epithelial resistance values (Rte) reaching up to 13 kX cm2

(545–12,870 X cm2, average 3216 X cm2 6 344, n 5 57; Fig.

5). High resistances were measured in actively calcifying

CFUs (determined by reduction in TA). The bare skeleton

contributed little to the overall Rte of CFUs. Rte was indepen-

dent of skeleton thickness within the tested range (0.8 to �
3.5 mm skeleton; Fig. 5) and showed a large variability

between different CFUs. The polyp to coenosarc ratio varied

by only 6 17% and therefore cannot account for the large Rte

variability of CFUs. Furthermore, there were no differences

in resistances between light and dark conditions.

Based on these observations, we suggest that Rte values

mainly reflect coral tissue properties. Since the oral tissue is

most likely of low resistance (15 6 3 X cm2 to 23 6 5 X cm2

in sea anemone Anemonia viridis, like S. pistillata a member

of the Anthozoa: Hexacorallia; B�enazet-Tambutt�e et al. 1996;

Tambutt�e et al. 2012), our measurements mainly reflect the

properties of the aboral actively calcifying epithelium.

Modulation of junctional tightness

As Rte depends on both, transcellular and paracellular

resistance, we tested the contribution of the paracellular

pathway to magnitude and variability of Rte values. Experi-

ments with other tight epithelia showed that exposure to

hyper-osmotic solutions (Tambutt�e et al. 2012) or low Ca21

(Martinez-Palomo et al. 1980) caused a reduction in paracel-

lular tightness. Perfusion of CFUs by 18% increased osmolal-

ity (addition of glycine, ASW 1 Gly) resulted in a significant

drop in Rte. Figure 6 shows three representative CFUs

selected from a data set of 11 CFUs (Fig. 7). Rte of CFUs

reached equilibrium after about 2 h of exposure and was

fully reversible (data not shown). Control experiments per-

formed on bare skeletons showed no change in Rte when

exposed to hyper-osmotic seawater (Supporting Information

Table 3). Comparable results were obtained after the expo-

sure to Ca21-free solution (Table 1). Again these experiments

were independent from skeleton thickness and reversible.

Interestingly, the magnitude of Rte in both experiments

seemed to correlate with tightness of the corals under con-

trol conditions: The higher initial Rte the steeper the rate of

declining Rte in response to the treatment. This indicates the

presence of a lower Rte threshold value above which the

tightness depended only on paracellular properties. To evalu-

ate this observation, we plotted the deepest decline of Rte

over time (DRte/Dt) against the initial resistances of CFUs

before treatment with ASW 1 Gly and Ca-free ASW, respec-

tively (Fig. 7). Data show an inverse correlation between ini-

tial Rte and rate of decline during the treatments with a

threshold value of about 1 kX cm2. A regression analysis of

the hyper-osmotic treatment data (ASW 1 Gly) resulted in

Fig. 5. Transepithelial resistance (Rte) of S. pistillata CFU (diamonds)

and bare skeletons (black triangles) plotted against height of the skele-
ton covering the filter. Rte of most CFUs were measured under dark and

light conditions. Individual Rte values remained stable irrespective of illu-
mination states. There was no correlation between Rte and skeletal thick-
ness. Contribution of the bare skeleton to the overall Rte of intact CFUs

was small as indicated by the Rte values of CFUs (grey diamonds) corre-
sponding to the six skeletal data points.
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DRte=Dt½Xcm2=s�5 20:00198 6 0:00003

3 Rte;initial½Xcm2�1 0:123 6 0:096
(5)

R2 5 0:96; n 5 11; p 5 3 3 1027

We conclude above 1 kX cm2 vital tissue is actively

involved in establishing high resistance barriers against pas-

sive ion flux across coral epithelia. Variations in these high

resistance barriers of CFUs are determined by the integrity of

the paracellular junctions.

Active ion transport

Vte values were inhomogenously distributed and ranged

from 13 mV to 23 mV. The underlying active transport cur-

rent (ISC) was calculated. The resulting frequency distribution

of the ISC values is shown in Fig. 8. The data shows a

bimodal distribution with two transport current maxima

around 10.24 lA cm22 and 20.24 lA cm22 indicating an

active generation of a transepithelial potential and a weak

net ion transport across the entire coral tissue. Interpretation

of magnitude, underlying mechanisms, and origin of trans-

port direction requires further investigations.

Ion selectivity

To investigate the ion selectivity of CFUs, we continu-

ously perfused with ASW on the tissue side and low NaCl

ASW (Table 1) on the skeleton side. The resulting change in

the transepithelial voltage depends on the preference of the

paracellular pathway for either Na1 or Cl2 (Fig. 1b). Under

the given experimental conditions, the diffusion potential

was positive indicating cation selectivity (Fig. 4). Rte

remained stable during the treatment and the effect of the

low NaCl ASW treatment was completely reversible. The

bare skeleton did not generate any diffusion potential

(VD<0.05 mV).

Interestingly, corals of lower tightness showed less cation

selectivity compared to high resistance CFUs. To analyze this

Fig. 6. Examples showing the responses of three representative CFUs
(different symbols) to hyper-osmotic treatment. Transepithelial resistance

(Rte) declined when perfusion conditions changed from ASW (white
background, left) to hyper-osmotic conditions (ASW 1 Gly, grey back-

ground, right). Response is smaller at lower initial Rte. Error bars (61 SD)
are smaller than symbols.

Fig. 7. Reduction in resistance of CFUs over time (DRte/Dt) in response
to hyper-osmotic seawater (ASW 1 Gly) and Ca21-free ASW plotted
against initial Rte. ASW 1 Gly values follow a linear trend (Eq. 5,

R2 5 0.95, p 5 3 3 1027). Horizontal dashed line indicates no response
to the treatment, which occurs at initial Rte<1 kX cm2. Vertical dashed

line indicates the initial Rte of the CFU that showed the least reduction
in resistance and lies within the 95% confidence belt of the linear regres-
sion (Eq. 5).

Fig. 8. Bimodal frequency distribution of the transport current intensi-
ties (ISC) derived from Vte and Rte in 32 CFUs under control conditions

(ASW) in the dark. Counts represent numbers of CFUs in the specified
ISC bins. CFUs show a small either negative or positive transport current
indicating active, electrogenic ion transport across the entire coral tissue.

Taubner et al. Coral epithelial transport measurement
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observation in detail, VD was plotted against Rte (Fig. 9). The

data shows that VD increased with Rte up to a resistance of

3–4 kX cm2 to reach a plateau at higher Rte values.

Since the ion selectivity and Rte are predominantly con-

trolled by the properties of the paracellular pathway, these

results represent CFUs at different functional states of the

paracellular pathway. CFUs with intermediate resistance dis-

play a nonselective functional state, while high resistance

CFUs are cation selective.

Discussion

Methodology

Our approach aims at the electrophysiological characteri-

zation of coral tissue in vivo. Several points shown in the

Assessment section have demonstrated the suitability of our

approach in this respect. Electrical resistance measurements

on CFUs are reproducible on short and longer time scales.

Furthermore, induced and reversible reduction of Rte by

manipulation of paracellular pathways proves that our

approach is suitable to monitor tissue ion permeability. Pre-

vious assays applied a different approach (Tambutt�e et al.

2012). Microcolonies of the coral S. pistillata were cultured

over perforated glass slides with a small hole on which the

apex of the coral was placed. The coral grew above this hole

by expanding its skeleton and tissues over the glass slide.

Hence the skeleton above the hole was thicker and the area

to assess the tissue was small opposed to our new approach.

The new CFU preparation assay increases the ratio of tissue

to skeleton resistance by about 1 order of magnitude com-

pared to previous assays (Tambutt�e et al. 2012). The geome-

try of our CFUs simplifies the assessment of the electrogenic

surface area and allows an easier comparison with other bio-

logical tissues. The applied current clamp technique does

not force electrolytes or ions through the tissue and thus

avoids artefacts of abnormal ion transport. Continuously

perfused chambers avoid hydrostatic pressure gradients

across the tissue. The set-up offers the opportunity to com-

bine electrophysiological measurements with other analyti-

cal methods in response to chemical and physical

parameters.

Our method is limited to the assessment of net charge

transport (ISC) across entire corals which represents the sum

of multiple ion fluxes. It is only applicable to corals which

are able to laterally overgrow substrates and to microcolo-

nies. Illumination by a single LED does not allow mimicking

the complete spectral characteristics provided in the cultur-

ing aquarium or in natural reefs.

Application

The mechanisms of calcification in corals are still a matter

of debate since data on coral epithelial properties are still

limited. On the other hand, data are urgently needed to

adjust models for proxy interpretation. Calcification occurs

in the extracellular calcifying medium (ECM) (Allemand

et al. 2010) between the calicoblastic epithelium and the

skeleton at the aboral side of the coral. Key questions are (1)

to what extent the coral is able to seal this compartment

against seawater? and (2) what is the contribution of the

transcellular and the paracellular pathways, respectively, to

provide ions such as Ca21 and carbonate to the site of skele-

ton formation?

The aim of this study was to develop a non-invasive assay

to monitor and characterize epithelial properties of coral tis-

sue in vivo, using electrophysiological measurements.

The non-invasive approach implied that the coral had to

be investigated as a whole organism. This required some

assumptions and simplifications as the coral tissue consists

of four epithelial layers in series (Fig. 1c). Both layers of the

oral tissue in other cnidaria have been described as very

leaky in comparison to our measured total resistance values

of the whole coral (B�enazet-Tambutt�e et al. 1996; Tambutt�e

et al. 2012). Similarly, skeleton and permeable support con-

tribute little to the total resistance. Assuming a similarly

leaky oral epithelium for S. pistillata as described in other

cnidaria, our approach provides data for the aboral tissue,

still describing both layers as a functional unit. In contrast

to previous preparations (Tambutt�e et al. 2012), the present

CFU preparation had the advantage of a thinner and defined

skeleton thickness of around 1 mm with a simple planar

geometry and a small contribution to resistance at low vari-

ability. The access to ECM is thereby only restricted by a

small electrical resistance allowing the exchange of ions dur-

ing experiments. Interestingly, the CFU resistance did not

depend on skeleton thickness (Fig. 5), indicating that the

tightness of the coral is independent of the skeleton.

We obtained resistance values for the epithelium, which

are in agreement with previous measurements (Tambutt�e

Fig. 9. Transepithelial diffusion potentials (VD) in response to low NaCl
ASW treatment plotted against transepithelial resistance (Rte) of CFUs.

Tissue side was continuously perfused with ASW. Skeleton side was per-
fused with low NaCl ASW. CFUs (white squares) show positive VD values
indicating cation selectivity of the coral tissue. VD increases with increas-

ing Rte up to about 4 kX cm2.
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et al. 2012), with even higher tightness up to 12 kX cm2.

Clearly S. pistillata forms a tight epithelium (Fr€omter and

Diamond 1972; Lewis 1996) to seal the ECM from lateral or

transepithelial seawater access, as suggested before (Tambutt�e

et al. 1996; Allemand et al. 2010; Venn et al. 2011).

By two independent, although unspecific treatments, we

were able to reversibly open the paracellular pathways. These

experiments revealed a substantial role of septate junctions,

forming the paracellular strands in the control of epithelial

tightness. The large range of epithelial resistance values

could not be explained in this study. We measured CFUs at

different polyp expansion and illumination states and could

not detect any effect on transepithelial resistance. Actively

calcifying CFUs in the calcification experiments were in the

same resistance range. As mentioned above epithelial resis-

tance values varied independently of skeleton thickness. The

preparation and culture technique most likely excludes an

accidental leak as a cause of this variation since we could use

CFUs repetitively and over long time periods without a

change of the individual resistance value. We hypothesize

that the coral is able to functionally control paracellular

resistance, however, even at the lowest values paracellular

ion transport is not sufficient for skeleton formation as dis-

cussed below.

These results are in conflict with some models for proxy

incorporation in scleractinian corals which have described

the site of calcification in terms of a leaky system largely

open to ion exchange with seawater (e.g., Adkins et al. 2003;

Cohen and McConnaughey 2003; Allison et al. 2011; Gag-

non et al. 2012; Allison et al. 2014; Saenger and Erez 2016).

To support their high calcification rates, scleractinian cor-

als have to maintain a high ion flux from seawater through

their tissues to the skeleton. Assuming that resistance in par-

acellular pathways is inversely related to charge transport by

ion diffusion, we bring together our results and published

data (B�enazet-Tambutt�e et al. 1996; Furla et al. 1998;

Tambutt�e et al. 2012). Based on that the estimated relative

contribution of the coral tissue layers to passive (diffusional)

ion permeabilities can be estimated to be 1/0.007 for oral rel-

ative to aboral tissue. This ratio is based on the average resis-

tance values for oral and aboral tissues of ca. 20 X cm2 and

3000 X cm2, respectively. This raises the question whether

this very low passive diffusional permeability of aboral tissue

would suffice to maintain calcification or not. Calcification

rates for S. pistillata were measured in several studies being

in the range of 130–990 nmol CaCO3 cm22 h21 (Tambutt�e

et al. 1996; Furla et al. 2000; Holcomb et al. 2014). Our

measurements are in good agreement with these data (375

nmol CaCO3 cm22 h21 and 150 nmol CaCO3 cm22 h21

under culture conditions and in Ussing chamber, respec-

tively). Tambutt�e et al. (1996) determined a Ca21 exchange

rate of 0.17 min21 across the oral epithelium, corresponding

to an exchange flux of about 2000 nmol Ca21 cm22 h21 con-

sequently being sufficient to maintain calcification.

However, the diffusional Ca21 flux through the aboral epi-

thelium, which represents<1% of the oral epithelium per-

meability, can provide less than 10% of the Ca21 necessary

for calcification.

Alternatively, some previous models assumed that Ca21

for calcification could be supplied by active seawater trans-

port (Saenger and Erez 2016). Based on the tight tissue prop-

erties of S. pistillata, that indicate a very limited pore area

through which seawater can flow, very high flow velocities

through the tissue would be necessary which would require

application of very high hydraulic pressure to maintain calci-

fication. A discontinuous seawater flow would result in even

higher velocities. A complete opening of the tissue would

have been detectable with our method indicated by low

resistance values, which were not observed. Finally, our

method cannot detect transcytosis (vesicle transport). How-

ever, transcytosis has never been observed in S. pistillata

(e.g., Barott et al. 2015).

Consequently, we suggest that the aboral tissue perme-

ability of S. pistillata is too low to allow sufficient passive dif-

fusion of ions. It likely indicates a predominantly

transcellular aboral pathway for active Ca21 transport to the

site of calcification to maintain high calcification rates.

Tambutt�e et al. (2012) studied calcein uptake into the

skeleton in S. pistillata and found that this bulky dye mole-

cule was taken up through the paracellular pathway with a

calcein/Ca21 ratio of 1025. On first sight, this finding seems

to contradict a highly resistant and ion selective pathway.

However, different paracellular pathways for small ions and

large macromolecules occur in the tricellular tight junctions

in mammalian tissues. The parallel arrangements of junction

proteins select for small ions and synchronously transport

bulky molecules (Krug et al. 2009; Shen et al. 2011). The

large tricellular tubes contribute about 1% to the paracellular

permeability and could therefore allow a sufficient flux of

the rare calcein macromolecules. Whether a similar junction

type occurs in corals, however, is not known.

The restricted passive diffusional exchange across the

aboral tissue provides important constraints on models of

coral calcification and the uptake of trace elements and

isotopes.

To provide sufficient inorganic carbon and alkalinity for

calcification, the Ca21 flux has to be accompanied by an

equivalent CO2 and/or HCO2
3 flux to the site of calcification.

Like for Ca21, diffusional HCO2
3 and H1 fluxes are limited

by the low paracellular ion permeability of the aboral tissue.

In contrast to the limited passive diffusion of HCO2
3 , CO2

can freely permeate aboral cell layers and could thereby pro-

vide sufficient carbon for calcification. However, the slow

diffusional removal of the resulting H1 ions would not allow

maintaining the observed high calcification rates. Thus, pro-

tons generated through the formation of CaCO3 must be

actively removed from the site of calcification to avoid acidi-

fication and inhibition of precipitation. Consequently, our
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Ussing chamber experiments support the hypothesis that

alkalinity as well as Ca21 fluxes require active transcellular

transport through the aboral tissue layer to maintain the

typical calcification rates of S. pistillata.

In support of the active ion transport, we detected a small

but consistent short-circuit current (ISC) indicating net elec-

trogenic transport across the entire coral tissue. The variable

sign of the ISC (Fig. 8) may derive from a superposition of

variable fluxes across four cell layers. The pathways responsi-

ble for the generation of this ISC and their location will rep-

resent an important question for future studies to better

understand electrogenic transport in coral tissues.

In summary, our assay allows the electrophysiological

characterization of ion transport and tissue permeability.

Furthermore, it offers the opportunity to combine electro-

physiological measurements with other analytical methods

such as chemical and isotopic analyses and pharmacological

inhibitors. The assay is non-invasive and performed in vivo,

i.e., no separation of coral tissue from skeleton; no voltage

clamp (only injections of short current pulses); and continu-

ous control of solutions and electrophysiological access to

both sides of the aboral calcifying tissue. With this assay, we

detected a high resistance epithelium in calcifying S. pistil-

lata depending on paracellular properties with low contribu-

tion of the skeleton.

Outlook

The technical approach presented here now offers the

chance to further analyze the functional transport properties

of the aboral tissue under different environmental condi-

tions, e.g., illumination, salinity, pH, and temperature. These

investigations will help to gain insight into the mechanisms

and regulation of transepithelial transport to better under-

stand calcification in scleractinian corals. Finally, the

method has a high potential to improve proxy interpretation

in corals and can be applied to other corals like Acropora and

Pocillopora and encrusting organisms.
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