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Summary

The union of calcium cations with carbonate anions to iodoacetic acid, which interferes specifically with the
form calcium carbonate (CaCQ) is a fundamentally enzyme glyceraldehyde-3-phosphate dehydrogenase. The
important physiological process of many marine results indicate that dissolved CQis the largest source of
invertebrates, in particular the corals. In an effort to  carbon used in the formation of calcitic sclerites, followed
understand the sources and processes of carbon uptake and by HCO3™ from dissolved inorganic carbon. InL. virgulata,
subsequent deposition as calcium carbonate, a series of the dissolved inorganic carbon is responsible for
studies of the incorporation of!4C-labeled compounds into  approximately 67 % of the carbon in the sclerites. The
spicules was undertaken using the soft cordleptogorgia  other 33% comes from CQ generated by glycolysis. Two
virgulata. It has been surmised for some time that dissolved important conclusions can be drawn from this work. First,
inorganic carbon in sea water is wused in the carbon for spiculogenesis comes not only from dissolved
biomineralization process. Furthermore, it was suspected inorganic carbon in the environment but also from
that metabolically generated CQ is also available for metabolically produced carbon dioxide. While the latter
calcification. As a means of testing these possible sources ofhas been theorized, it has never before been demonstrated
carbon in spicule calcification, key enzymes or transport in octocorals. Second, regardless of the carbon source, the
systems in each pathway were inhibited. First, the enzyme enzyme carbonic anhydrase plays a pivotal role in the
carbonic anhydrase was specifically inhibited using physiology of spicule formation inLeptogorgia virgulata
acetazolamide. Second, the active transport of bicarbonate
was inhibited using DIDS (4,4diisothiocyanato-stilbene-  Key words: cnidaria, Anthozoa, octocordleptogorgia virgulata
2,2-disulfonic acid). Third, CO2 generation resulting from carbonic anhydrase, acetazolamide, DIDS, iodoacetic acid, spicule,
glycolysis and the citric acid cycle was arrested using calcification.

Introduction

The regulation of the transport and accumulation of calciunmvolved in this process are not well understood. To date, most
is fundamental to all living systems and it is, arguablyof the research involving coral calcification has focused either
nowhere more important than in the process of calcificatiorupon the structure and composition of matrices of skeletons
Calcified hard tissues and skeletons provide structural suppad sclerites (also referred to as spicules) (Yatray. 1971;
and protection for species in all classes of animalsDunkelberger and Watabe, 1974; Allemagichl. 1994) or on
Calcification has been well studied in a number of invertebratdhe uptake, regulation and mechanisms of deposition of
phyla, including Crustacea (Roer, 1980; Cameron and Woodalcium ions (Goreau and Bowen, 1955; Allemand and Grillo,
1985; Henry and Kormanik, 1985), Echinodermata (Siées 1992; Tambuttéet al. 1995, 1996; Allemand and Tambutté,
al. 1981; Decker and Lennarz, 1988) and Mollusca (Wilburl996).
and Saleuddin, 1983; Kawaguchi and Watabe, 1993), in which As important as calcium is for invertebrate mineralization,
calcium carbonates are the principal minerals producedhe availability of carbonate ions plays an equally important
Paramount among species undergoing calcification, on thele. It has been known for some time that the carbon used for
basis of mass alone, are the members of the phylum Cnidar@alcium carbonate (CaGpDproduction comes, at least in part,
This phylum includes reef-building corals, which producefrom dissolved inorganic carbon (DIC) in the surrounding sea
calcium carbonate skeletons so massive that they are globallsater, predominantly dissolved @@nd bicarbonate (HCO).
important in carbon cycling and ecosystem interactions. WhilgVhether the DIC enters the calcifying areas of coral as
coral species in a number of orders have been used dissolved CQ or as HC@ has not been determined; in all
investigate the physiology of calcification, the mechanismékelihood, both routes are utilized. Another potential source
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for the carbon in CaC£ls from metabolically generated GO these is the direct diffusion of dissolved £4ross the plasma
derived in large part from the catalysis of glucose. Howevemembranes of the several cell types of the polyp, epidermal
except for research by Pearse (1970), very few attempts hasad mesenchymal cells of the colony, including the
been made to address the means by which g&@erated by scleroblasts. Once inside the scleroblast, €@n be acted
metabolic activities may be utilized. upon by carbonic anhydrase in the presence 6 to form

A useful organism for the study of invertebrate calcificationcarbonic acid (HCQOs), which dissociates rapidly into HGO
is the anthozoan octocorhéptogorgia virgulata(lLamarck), and H. This reaction also occurs in the absence of carbonic
commonly known as sea whips, which are ahermatypianhydrase, but at a much slower rate. Inhibition of carbonic
azooxanthelic soft coralk. virgulatahave been described as anhydrase with acetazolamide over a wide range of
irregularly laterally branched colonies often reaching lengthsoncentrations (Maren, 1977) has been used to elucidate the
of up to 1 m. Colonies consist of a horny central axis embeddedle of this pathway in carbonate production, biomineralization
with amorphous nonspicular calcareous matter. The axis and acidification. Acidification of the local cellular or tissue
surrounded by an axial sheath of tissue that thickens into tlevironments through the action of carbonic anhydrase occurs
coenchyme. Polyps extend outwards from the coenchyme aiag the dissociation of carbonic acid releasesTiHe buffering
have eight pinnately compound tentacles. Scleroblasts, tlwapacity of the bicarbonate is largely responsible for
sclerite- or spicule-producing cells of octocorals, are foundnaintaining the pH in the cytoplasmic and interstitial fluids of
within the mesoglea of the coenchyme (Fig. 1A). Spicules aranimals. This process of regulating acid—base conditions is
made of the calcite form of the mineral salt calcium carbonatenown to influence gas exchange in blood delivery systems
and are formed within a spicule vacuole inside the scleroblast@ylaren, 1977) and to help in the establishment of the hydrogen
upon maturity, they are extruded into the outer layer ofon gradients important in driving membrane transport
coenchyme. The sclerites bf virgulatahave been described (Dodgson, 1991; Simkiss and Wilbur, 1989), but how this
as having a disk-spindle shape (Fig. 1B); that is, a ‘straigtgpecifically affects calcification in coral is not known.
monaxial sclerite pointed at both ends with tubercles of four The second pathway involving DIC relies on the
or more whorls fused more or less completely into disksextracellular, nonenzymatic conversion of £10 HCO;~ and
(Bayeret al.1983). The route through which it is proposed thatts subsequent transport into a cell (Dodgson, 1991). 44CO
calcium is transferred to the scleroblast has been reported hgs been shown to be actively transported into the cell through
Watabe and Kingsley (1992). It involves import of ionsa number of anion transporters and antiporters. These
through the polyps to the axis, and recruitment of calcium froomembrane channels can be inhibited using DIDS'-(4,4
the axis for utilization by scleroblasts in the formation ofdiisothiocyanato-stilbene-2;8isulfonic acid) (Madshus,
spicules. The route followed by sources of carbon has not be@888), which has been demonstrated to contribute to the
examined. blockage of this transport pathway.

Fundamentally, there are three pathways for carbon to be The third pathway of carbon utilization may be viewed as
incorporated into sclerites formed bgptogorgia virgulataas  depending upon the availability of metabolically generated
indicated in the simplified model presented in Fig. 2. The firs€0O, (Pearse, 1970). To evaluate this pathwa§Clglucose
two are involved with the transport of DIC. The simplest ofhas been employed in an effort to follow the incorporation of

Fig. 1. Light and scanning electro
micrographs showing examples o
spicules inLeptogorgia virgulata
(A) Polarized light micrograph
demonstrating the position ang
orientation of a spicule (arrow)
embedded in the mesogle:
(pink coloration) of the colony.
(B) Scanning electron micrograp
depicting the disk-spindle
morphology of isolated spicules
Scale bars, 40m in A and 3jum
in B.
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e ™ into the scleroblast, but very little is known with respect to the
g CaCOs details of the sources and pathways of carbon for its eventual
v deposition as calcium carbonate. The purpose of this study is
‘\ to evaluate mechanisms of carbon uptake and utilization for
- Glucose calcification byL. virgulata using labeled isotopes of carbon
HCO3™ —— co, in carbonate (as DIC) and in glucose (as a metabolic source).
This was facilitated by the use of enzyme- or transport-specific
T‘ M inhibitors whose effects on the incorporation of these isotopic
- compounds could be quantitatively measured by the degree to
u which they inhibit calcification.

HCOy 2 €O,

) . . - _ Materials and methods
Fig. 2. A diagrammatic model of a scleroblast, depicting the potential

pathways of carbon utilization for spiculogenisis. Dissolved inorganic Biological materials

carbon can be actively transported ) across the plasma membrane  Colonies ofLeptogorgia virgulatgLamarck) were collected
(PM) as HC@", or CQ can diffuse across the PM. In the cell, £O at low tide from the estuary of the University of South Carolina
can be acted upon by carbonic anhydrase (CA) to convert it intat the Belle W. Baruch Institute for Marine Biology and

carbonic acid (HCOg), which dissociates to release HC@nd H.  Coastal Research in Georgetown, South Carolina. Living
Both sources of HC® can then be joined with €&in the spicule colonies were transported in aerated sea water and

vacuole (SV) to form the spicule (S). Another source of carbon _(a§ubsequently maintained in heavily aerated aquaria in the

COo) is from glycolysis and the citric acid cycle. Glucose is laboratory. The water was periodically exchanged with sea

transported through the PM and undergoes glycolysis. Pyruvate then

enters the mitochondria (M) where it is used in the citric acid cycle\,Nater transported from the estuary. The colonies were fed once

thus generating several molecules of,CThis CQ can then be acted @ Week with a commercially available coral food (zooplankton
upon by CA and follow the pathway described above until it ends ugbtained from the Sweetwater Company, Luxembourg), but
as part of the CaC{n a spicule. were not fed within 3 days of planned use in the experiments.
Even thoughL. virgulata can be maintained in a laboratory
environment for up to 8 months, all specimens tested in this
14CO, into carbonates and subsequently into mineralized hareiperiment were used within 2 weeks of their collection.
tissue. When glucose is taken uplbyirgulata the glucose
can be used in glycolysis and €®ill be generated as Media and chemicals
pyruvate is used by the citric acid cycle. Thex@converted Filtered sterilized sea water (FSW) served as the medium for
to HoCOs by carbonic anhydrase and ultimately to HC@s  all incubations. FSW was prepared using sea water siphoned
a consequence of the dissociation of the acid. This pathway hfiem the aquaria which was then passed throughr@.Bottle
been shown to be inhibited early on in glycolysis by iodoacetiéilters (Costar Scientific Corporation, Cambridge, MA, USA).
acid (Webb, 1966). Using these three classes of inhibitors, Kcetazolamide and DIDS (4:diisothiocyanato-stilbene-2;2
is possible to distinguish the influence of each of the pathwaydisulfonic acid) were prepared asxl€oncentrated solutions
on octocoral calcification. in FSW and required gentle heating and vigorous agitation to
Leptogorgia virgulatas an excellent organism for the study go into solution. This solution was diluted into FSW for use.
of calcification. First, there is a substantial body of biochemicalodoacetic acid was dissolved in 5mndlITris (pH7.8)
and morphological information available in the literatureprepared in FSW. Tris was required as a buffer because of the
(Kingsley and Watabe, 1984, 1985, 1987; Lucas and Knappjghly acidic nature of iodoacetic acid. Furthermore, a pH of
1996) upon which to interpret the results of physiological7.8 was chosen for the tissue incubations because it
studies on calcification. Second, unlike many other colals, corresponded to the pH of the sea water in the aguaria and in
virgulatadoes not contain zooxanthellae, symbiotic algae. Théhe estuary at the time of colony collection. All of the
lack of zooxanthellae means that any study of calcification imhibitory solutions were prepared freshly and subsequently
L.virgulata deals solely with the physiology of the coral. In filter-sterilized using 0.@m filters. All of the inhibitors as well
corals containing zooxanthellae, the contribution of the algaas B-phenylethylamine were obtained from the Sigma
to the regulation of calcification must be taken into accountChemical Company (St Louis, MO, USA).
The process of photosynthesis undergone by intracellularly 453CaCb, NaH“CQg, b-[U-14C]glucose and EcoLume were
resident algae complicates enormously the analysis of thebtained from ICN Biomedicals, Inc. (Irvine, CA, USA).
physiology of coral calcification. In fact, the debate continues

as to whether actively photosynthesizing zooxanthellae inhibit Microsopy
or stimulate the mineralization of their coral symbionts For light microscopy, 5mm pieces loéptogorgia virgulata
(Marshall, 1996,b; Carlon, 1996; Goreaet al. 1996). arms were fixed in modified Carnoy’s solution (Knagipal.

Much of what is known about calcification ireptogorgia  1991), dehydrated in alcohol and toluene, and embedded in
virgulata deals with the uptake and transport of calcium iongaraffin. 1Qum paraffin histological sections were cut using an
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AO microtome and mounted on acid-cleaned glass slideanomalous result, the incubation procedure was modified in all
Tissue sections were deparaffinized, rehydrated and mountedses involving the combination of these two inhibitors.
unstained under glass coverslips. Sections were viewed usiSgecifically, when used in combination, acetazolamide was
polarizing light microscopy on a Zeiss Universal microscopeadded first and allowed to incubate for 12 h, at which point
For scanning electron microscopy, dissected arms dPIDS was added to the incubation mix and the coral pieces
Leptogorgia virgulatacolonies were treated for 1 h in bleach were allowed to continue their incubation for another 12h.
(5% sodium hypochlorite) to dissolve organic materials and taikewise, when all three inhibitors were used, acetazolamide
release spicules and axes. Intact spicules and axes wevas added simultaneously with iodoacetic acid and allowed to
pelleted at 509 and the bleach was removed. Spicules weréncubate for 12 h before DIDS was added, and the incubation
separated from axial material, rinsed five times in distilledvas then continued for another 12 h.
water and oven-dried at 60°C for 1h. Dried spicules were
gently mounted on double-sided tape affixed to aluminum Statistical analyses
stubs, sputter-coated with gold and observed using a Hitachi Radioactive incorporation readings were normalized to
S-2500 scanning electron microscope. ctsmirrlg-1dry sclerites. Means were determined for each set
of experiments, and an analysis of variance (ANOVA) was
Measurement df°Ca and!“C incorporation into sclerites  ysed to distinguish the differences between the experimental
Pieces (1cm) of the growing tips of the yellow color morphgroups and controls, with<0.05 considered to be significant.
of Leptogorgia virgulata were washed with FSW and
preincubated, with moderate shaking, in 1ml of unlabeled
FSW with or without 5mmoft Tris (pH 7.8) or in one of the Results
following inhibitors or combinations of inhibitors dissolved in  In an effort to determine the potential sources of carbon for
FSW: 1mmoltl acetazolamide, 1.0mmol DIDS and spiculogenisis, double-labeling experiments were performed
1 mmol 1 iodoacetic acid for 30 min. Each experimental setusing>Ca and*“C, in the presence of a number of enzymatic
consisted of six tips incubated separately in 2ml microfugand metabolic inhibitors. Double-labeling witttCa was
tubes placed in an 81-space cardboard storage box so that tezessary since calcium incorporation is considered to be a
tubes were parallel to a shaker table platform. more reliable indicator of overall calcification rate than is
24h incubations began with the addition ofudi carbon incorporation (Barnes and Crossland, 1977). Tables 1
(3.7x103Bq) of 45CaCbk and either UCi of NaH“COz or and 2 present the numerical data, variance and statistical
1uCi of [*“C]glucose (3.810mmollL). After 24h of significance of incorporation of°Ca and4C under the
incubation, the tips were then incubated for 30 min in FSWexperimental conditions described below.
Each tip was then rapidly washed four times in FSW and
placed in 1 ml of bleach for a minimum of 30 min or until all Incorporation of**Ca and/C as carbonate
of the tissue was dissolved, leaving only the sclerites and the Fig. 3A shows4°Ca incorporation into sclerites in the
axis intact. Materials in solution and the axis were removegresence of a number of pharmacological agents and
and discarded. The sclerites were then washed three timesNaH4CQOz. Over a 24h period, the amount dfCa
FSW and absorbed onto preweighed Whatman 934-AH glagscorporated into sclerites in the presence of acetazolamide
microfiber filter circles (24 mm diameter), using a vacuumwas 45.5+10.9% of the FSW control, indicating the
filter apparatus, and washed briefly with double-distilled waterimportance of carbonic anhydrase in the calcification process.
The filters and sclerites were dried overnight in an oven aWhile not as impressive, the amount*eta incorporated into
37 °C. Once dried, the filters were weighed so that the dry masslerites in the presence of DIDS was 78.8+3.3 % of the FSW
of the sclerites could be determined. Each filter was then placedntrol. However, the combined effects of acetazolamide plus
in a scintillation vial and processed according to the method &IDS showed an incorporation value that was a substantial
Barnes and Crossland (1977). 34.7£11.0% of the control value. When compared with the
Briefly, 14C was evolved from the sclerites as 08y the  Tris-FSW control, coral tips incubated in iodoacetic acid
addition of 1 ml of 1 moH! HCI. The CQ was trapped using showed an incorporation value that was 67.2+11.0% of the
200ul of B-phenylethylamine absorbed onto two discs ofcontrol.Leptogorgia virgulatancubated in acetazolamide plus
Whatman no. 1 filter paper (22mm diameter) placed in @doacetic acid, DIDS plus iodoacetic acid and a combination
second scintillation vial and connected to the first by a rubbesf acetazolamide, DIDS and iodoacetic acid incorporated
sleeve stopper with a hole punched through the center of ti32.0+4.5%, 71.7+6.6 % and 28.8+10.4 % of the control value,
stopper. 5ml of EcoLume was added to both the HCI fractionespectively.
(**Ca fraction) and thé4C fraction, and radioactivity was  The double-label companion to Fig. 3A is Fig. 3B, which
measured as counts minin a Beckman LS-230 scintillation shows the amount of*C incorporated into spicules when
counter. NaHCOz was the labeled carbon source. In this case, in the
Initially, there was no significant effect orf®Ca  presence of acetazolamidéC incorporation was reduced to
incorporation when acetazolamide and DIDS were addef5.7+4.2% of the control value. In the presence of DIBGS,
simultaneous and incubated for 24 h. In order to overcome thiscorporation was a considerable 52.8+5.6% of the control
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Table 1.Mean, standard deviation and significance for
incorporation of*5Ca and“C into spicules in the presence
or absence of inhibitors

Table 2.Mean, standard deviation and significance value for
incorporation of45Ca and4C into spicules in response to
concurrent or sequential addition of inhibitors

Treatment Mean S.D. P Treatment Mean S.D. P
45Ca incorporation Control  2.68(° 5.65<1(P Incorporation of*®Ca  Control 2.0810F 5.65x10°
into sclerites Ac 9.2810° 2.210° 0.0006 in the presence AD 1.890° 5.00<10* 0.431
when NaH4CO; D 1.60x10°  6.79%10* 0.0005 of NaH!“CO3 A+D 7.04<10°  2.24x10P  0.004
Is the labeled AD 7.040°  2.2410° 0.004 Incorporation of*®Ca GControl 2.0810° 3.6%%1(P
carbon source Tcontrol  1.880° 4.11x10P ;
in the presence GAD 1.8a0° 2.2%10* 0.335
! 1.331¢°  2.1%10° 0.003 of [1“C]glucose GA+D 5.8810° 1.51x10° 0.0041
Al 1.03x10°  8.8%10* 0.009 9 ' ’ ’
DI 1.42x10F  1.31x10P 0.001 Incorporation ofl4C  Control 1.2%10° 4.5%108
ADI 5.70x10° 2.06x10° 0.0001 in the presence AD 7.990* 7.510° 0.011
14C incorporation Control  1.240° 4.5%10° of NaH-“COs A+D 28710°  2.5310° 0.0014
into sclerites Ac 7.98104 5.08108 0.022 Incorporation oftC  GControl 5.3%10* 2.46x1(3
when NaH4CQO;z D 6.3%10* 6.76x103 0.0004 in the presence GAD 3xa0* 5.50<10° 0.027
is the labeled AD 287104  2.5%10* 0.0041 of [*“Clglucose GA+D  3.5%¥10" 2.65¢<10° 0.009
carbon source Tcontrol  1.%00°  2.65<10%
| 7.47<10¢ 1.32x10¢ 0.006 Filtered sterilized sea water (FSW) (Control); acetazolamide and
Al 6.47x10%4 1.86x10* 0.017 DIDS added concurrently (AD); acetazolamide added 12h before
DI 7.08x10¢  1.41x10* 0.009 DIDS (A+D), in the presence of Oz FSW (GControl);
ADI 3.42x10%4  7.40x10® 0.003 acetazolamide and DIDS added concurrently (GAD); acetazolamide
45Ca incorporation Control 2.600° 3.6%10P ad\?gﬁj;sz grzerfr? éZnD(I:ItDSSm(ﬁC;_A; SD)ié::JTet_r,]\le_g resence'@fplucose.
into sclerites Ac 1.0610F  1.24x10° 0.002 picule, =0
when [“C]glucose D 1.6810° 1.16x10° 0.015
is the labeled AD 5.88.0° 1.51x10° 0.0014
carbon source Tcontrol  2.810°  9.90<10%
[ 1.43x10°  1.54x10° 0.006 Incorporation of45Ca and!“C as glucose
Al 1.0810F  8.30<10' 0.0005 A second group of double labeling experiments was
DI 1.36x10°  1.41x10° 0.0053 . . .
ADI 6.47x10F  2.0%10F 0.0098 performed in order to determine whether metabolic sources of
_ _ carbon end up as calcite lieptogorgia virgulatasclerites. In
1€ incorporation Control 53410  2.46<10° this case, tips were incubated wiffitaCbk and f4C]glucose.
into sclerites AC 3.1810% 4'79‘1833 0029 Fig. 4A shows the amount ¥Ca incorporated into sclerites.
When [“Clolucose D 4.781%  5.06<1 0.171 Under these conditions, the values for those incubated in
is the labeled AD 3.5910* 2.65¢<10° 0.009 ) X
carbon source Teontrol  5.870F  1.96¢10° acetazolamide alone, DIDS alone and acetazolamide plus
Al 210x10¢ 2.64<10® 0.0008 control value, respectively. When incubated with iodoacetic
DI 3.77x10¢  4.96x10° 0.0063  acid, the value was 71.1+7.7 % of the Tris—FSW control value.
ADI 2.12x10*¢ 3.16x103 0.0034 lodoacetic acid combined with acetazolamide resulted in a

level of incorporation that was 53.7+4.1 % of the control value.

Filtered sterilized se_a water (FSW) (Contro_l); _acetazolamide (Ac)lodoacetic acid combined with DIDS gave a value that was
DIDS (D); acetazolamide and DIDS (AD); Tris in FSW (Tcontrol); 67.7+7.0% of the control and, when combined with both

iodoacetic acid (I); acetazolamide and iodoacetic acid (Al); DIDS ang,setazolamide and DIDS. the result was 32.2+10.4% of the
iodoacetic acid (DI); acetazolamide, DIDS and iodoacetic acid (ADI)Control value

Values are mean cts mirg~1 spicule;N=6.

With [4C]glucose as the only available labeled carbon
source (Fig. 4B), the values fd¥’C incorporation in the

value. The combined effects of acetazolamide plus DID$®resence of either acetazolamide or DIDS were 60.1+9.0 % and
generated a value that was 23.7+20.9 % of the control valu89.1+9.5% of the control value, respectively. The value for
In comparison, tips incubated with iodoacetic acid had a valu@corporation in the presence of DIDS alone was not
that was 67.9+12.0% of the Tris—FSW control. Thesignificantly different from the control value. When
combination of acetazolamide and iodoacetic acid had a valweetazolamide was combined with DIDS, the amourt‘of

that was 58.8+£16.9% of the control. When combined, DIDSncorporated into sclerites was 67.2+5.0% of the control
and iodoacetic acid had a value that was 64.4+12.8% of trmount. Tips incorporatindC from glucose in the presence
control. The triple combination of acetazolamide, DIDS andf iodoacetic acid, acetazolamide plus iodoacetic acid, DIDS
iodoacetic acid had a value that was 31.1+6.1 % of the contrplus iodoacetic acid, and the triple combination of
value. acetazolamide, DIDS and iodoacetic acid had values that were
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Fig. 3. (A) Incorporation of®Ca expressed as counts per minute per gram of spiculeslvepégorgia virgulatatips are incubated with
45CaCh and NaH4CQOs for 24h in the presence of the following: FSW (Control); 1 mmobicetazolamide (Ac); 1 mmofl DIDS (D);
1mmol?! acetazolamide plus 1mmaot DIDS (AD); 5mmolf! Tris in FSW (Tcontrol); 1 mmott iodoacetic acid (I); 1 mmott
acetazolamide plus 1 mmotliodoacetic acid (Al); 1mmott DIDS plus 1 mmolt! iodoacetic acid (DI); and a combination of 1 mmdl|
acetazolamide, 1 mmofi DIDS and 1 mmoli! iodoacetic acid (ADI). Values are given as measiot, N=6. All treatments are significantly
different from the control value$€0.05). (B) Incorporation of4C expressed as counts per minute per gram of spicules vepéogorgia
virgulata tips are incubated witfPCaCk and NaH4CO;s for 24 h in the presence of the same conditions as in A. Values are given as mean +
s.D., N=6. All treatments are significantly different from the control val&(05).

64.3+3.8%, 39.845.0%, 71.5+9.4% and 40.2+6.0% of the Similarly impressive differences were seen whki@

control values, respectively. incorporation was examined (Fig. 5B). With N8Oz, the
_ - . concurrent and sequential values were 66.0+6.2 % and 23.7+2.1
Sequential addition of acetazolamide and DIDS % of the control value, respectively. WitH€]glucose as the

During the development of this procedure, a few minofabeled carbon source, the value for the concurrent addition of
problems were encountered. Most problematic and possibBcetazolamide and DIDS was 67.8+10.4 % of the control, while
most interesting was the likelihood of interactions between thfor the sequential addition of these inhibitors the value was
inhibitors acetazolamide and DIDS. Under the condition$7.2+5.0% of the control value.
described in the Materials and methods section, when Similar differences were recorded in both the incorporation
acetazolamide and DIDS were added concurrently, no effecf 4°Ca and 14C, regardless of carbon source, when
on 45Ca incorporation was observed. However, wheracetazolamide, DIDS and iodoacetic acid were added
acetazolamide was added first, followed 12h later by theimultaneously or when acetazolamide and iodoacetic acid
addition of DIDS, an additive inhibitory effect was seen.were added first, followed 12 h later by the addition of DIDS
Fig. 5A shows these results. With NH8O; as the labeled (data not shown).
carbon source, the value for concurrent addition was
93.1+2.5 % of the control value, indicating no inhibition. When
added sequentially, this value was 34.7+11.0% of the control. Discussion
Also shown in Fig. 5A is the amount $Ca incorporated into For a number of years, the potential sources of carbon for
spicules when1fC]glucose was the labeled carbon source. Ircalcium carbonate formation in corals has been debated
this case, when acetazolamide and DIDS were addd@oreau, 1959; Pearse, 1970). The current study was
concurrently or sequentially, the values 48€a incorporation  undertaken in an effort to shed some light on this issue. Key
were 95.0+1.1% and 29.4+7.6% of the control valueto the success of these experiments are the use of specifically
respectively, indicating that neither acetazolamide nor DID$abeled sources of carbon and the specificity of the
was effective when presented to tips simultaneously. physiological inhibitors in which the tips dfeptogorgia
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Fig. 4. (A) Incorporation of°Ca expressed as counts per minute per gram of spiculeslwepérgorgia virgulatatips are incubated with
45CaCb and [“C]glucose for 24 h in the presence of the same conditions as in Fig. 3A. Values are given as.meblx8: All treatments

are significantly different from the control valu@s0.05). (B) Incorporation of*C expressed as counts per minute per gram of spicules when
Leptogorgia virgulatdips are incubated witttCaCb and [“C]glucose for 24 h in the presence of the same conditions as in Fig. 3A. An asterisk
indicates a value that is not significantly different from the control value. Values are given as smeaN=6.

virgulata were incubated. Since the work of Goreau (1959), iaffected by exposure to 1 mmollacetazolamide for the 2—3
has been known that the enzyme carbonic anhydrase is centlalys over which such studies were carried out (data not
to the calcification process in corals. Through the use of theresented).

specific carbonic anhydrase inhibitor acetazolamide, at In terms of carbon sources, acetazolamide is able to reduce
concentrations up to 1 mmot| calcification inL. virgulatais ~ the amount of dissolved inorganic carbon incorporated into
effectively reduced to approximately 50% of control valuesspicules by 34.3%. Furthermore, acetazolamide inhibits the
This reduction in calcium incorporation does not corresponghcorporation of metabolically derived carbon by 39.9%.
to the results reported by Kingsley and Watabe (1987), but iBherefore, regardless of the carbon source, carbonic anhydrase
in agreement with the effects of acetazolamide on scleractinigaiays a pivotal role in the pathways involved in calcification.
corals (Goreau, 1957) and other gorgonians (Allemand and Carbonic anhydrase has been localized by the cobalt
Grillo, 1992). We were concerned that the uptake ophosphate method and immunolocalized using antiserum
acetazolamide into coral cells was limiting so, to overcome thigised against chicken carbonic anhydrase (Kingsley and
possible limitation, acetazolamide was used at the higheWVatabe, 1987) and, more recently, using antiserum raised
concentration utilized by Goreau (1959), 1 mmbliwhich  against purifiedLeptogorgia virgulatacarbonic anhydrase
was sufficient to inhibit calcification maximally, yet had no (Lucaset al. 1996). All of these techniques have localized
adverse effects on the survival of the organisms. This isarbonic anhydrase to the spicule vacuole membrane and to the
significantly more concentrated than the Sifoll~l  inside of electron-dense bodies, which are Golgi-derived
acetazolamide that has been shown to inhibit purified vesicles. The vesicles eventually fuse to the spicule vacuole
virgulata carbonic anhydrase completaty vitro (Lucas and and provide the materials needed to continue the growth of
Knapp, 1996), buh vivotreatment took into consideration the both the spicule and the vacuole. This places carbonic
possible restriction on transport of this inhibitor into theanhydrase in close proximity to the site of calcification.
scleroblast cells of the colony. It is interesting to note that, il€arbonic anhydrase is known to be important in the production
the presence of DIDS, 1mmotl acetazolamide added of hydrogen ions and bicarbonate ions and, thus, in regulating
concurrently has no effect on calcification (Fig. 5A,B). Thelocal pH. However, acidification tends to dissolve calcium
reverse was also true: DIDS was not effective in the presencarbonates (Simkiss and Wilbur, 1989), and an environment in
of acetazolamide. In addition, the long-term viability of which hydrogen ions are produced and retained would not be
octocorals, as measured by Trypan Blue dye exclusion, is nobnducive to calcification. Carbonate ions not utilized in the
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Fig. 5. (A) Comparison of°Ca incorporation in counts per minute per gram of spicules when acetazolamide and DIDS are added concurrently
(AD) and when acetazolamide was added 12 h before DIDS (A+D) in the preséhCa®§ and NaH4CQz. Similar results are obtained when
[*“C]glucose is the carbon source: glucose control (Geontrol), when acetazolamide and DIDS are added concurrently (GAD)theyd when
are added 12 h apart (GA+D). An asterisk indicates a value that is not significantly different from the control value. \gilters asemean

+ s.0., N=6. (B) Comparison of4C incorporation in counts per minute per gram of spicules when acetazolamide and DIDS are added
concurrently (AD) and when acetazolamide was added 12 h before DIDS (A+D) in the pres®aeCbfand NaH4COs. Similar results are
obtained whenlfC]glucose is the carbon source: glucose control (Gcontrol), when acetazolamide and DIDS are added concurrently (GAD),
and when they are added 12 h apart (GA+D). Values are given as ea/N=6. All treatments are significantly different from the control
values P<0.05).

formation of calcite would act as a buffer potentially production of pyruvate and therefore effectively eliminates the
maintaining a neutral to alkaline environment in whichproduction of CQ@ that occurs upon the entry of pyruvate into
calcification would be supported. However, it remains to behe citric acid cycle. In other words, iodoacetic acid prevents
determined exactly how carbonic anhydrase is involved ithe breakdown of glucose into @@Gnd the concomitant
controlling the acid—base equilibrium affecting calcificationproduction of ATP.
and directly suppling HC for calcification. Tips incubated in iodoacetic acid show a decrease in calcium
The second inhibitor examined in this series of experimentsicorporation of approximately 30%. The two most likely
was the anion transport inhibitor DIDS. DIDS is known toreasons for this decrease are (1) that calcium uptake and
inhibit HCO3~ transport channels (Madshus, 1988). DIDSutilization are energy-requiring processes and that iodoacetic
decreased calcium incorporation by only approximately 20 %acid indirectly inhibits calcification by inhibiting the active
However, its effects od4C incorporation are much more transport of C#&, and (2) that, under these conditions, the
dramatic. DIDS decreases the amount of carbon accumulati®Oz?~ ion is the limiting ion in spiculogenesis and that
in sclerites from labeled NaHGCObhy 47.2%, but has no metabolically derived C&s normally a well-utilized substrate
significant effect when glucose is the labeled carbon sourcéor carbonic anhydrase. These are not mutually exclusive
This pattern of inhibition indicates that DIDS is specific forexplanations. It has been shown that calcium uptake and
plasma membrane anion transporters and therefore has mmbilization inL. virgulataare controlled, at least in part, by
effect on the uptake of glucose or on the intracellular formatio@e2*-ATPases (Kingsley and Watabe, 1984), which require
of HCOs™. sufficient ATP to operate. lodoacetic acid decreased the
The final inhibitor applied to the growing tips of incorporation of carbon from NaHGOy 32.1% and from
Leptogorgia virgulatawas iodoacetic acid. lodoacetic acid is glucose by 35.7%. The percentage decrease in incorporation
a specific inhibitor of the enzyme glyceraldehyde-3-phosphatef carbon from glucose is significant but relatively low,
dehydrogenase (Webb, 1966). This enzyme is responsible fordicating that iodoacetic acid may be taken up by coral cells
a crucial step in glycolysis, a step that occurs well before thenly to a limited extent or does not completely inhibit
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glycolysis. Another possibility is thdt. virgulatais able to  sources and pathways for carbon uptake and subsequent
utilize available organic carbon in ways other than byaccumulation as calcite lreptogorgia virgulatascleroblasts.
glycolysis. These inhibitor studies indicate that a substantial portion of
As a mechanism for elucidating further the pathways otarbon for calcification ih. virgulatais utilized through each
carbon incorporation into sclerites, the above inhibitors weref these pathways. While the contribution of metabolically
used in combination with each other. In almost all casegenerated carbon dioxide to calcification remains speculative,
combining inhibitors resulted in additive effects. When used iiit appears that, under the conditions of these experiments,
combination, acetazolamide and DIDS were expected tglycolysis and the citric acid cycle generate approximately
eliminate a large percentage of HEQitilization for calcite  33% of the carbon for spiculogenesis. The other 67 % comes
formation. In fact, this particular combination when addedrom dissolved inorganic carbon.
sequentially decreased calcium incorporation by almost 70%. In establishing the procedure used in this set of experiments,
It is not known whether incorporation can ever be decreaseal number of difficulties were encountered. First, dimethyl
by 100%. Issues of isotopic exchange and the naturasulfoxide and ethanol, both frequently used to dissolve
nonenzymatic conversion of28 and CQ to H* and HCQ~  acetazolamide and DIDS, proved problematic (data not
make this seem unlikely. When the amount of carboshown). Tips incubated in these solvents had significantly
incorporated from NaHC®is studied, the combination of higher than normal calcium incorporation. Presumably these
acetazolamide and DIDS added sequentially decreases carbaremicals perturbed the ability dfeptogorgia virgulatato
incorporation by 76.3%. However, the effect of thisregulate calcium uptake or accumulation, &@h was able to
combination is very similar to the effect of acetazolamide alonexchange directly with calcium in the calcitic spicule. Second,
on carbon incorporation from glucose, 39.9 %. as stated in the Results, when acetazolamide and DIDS were
When acetazolamide is combined with iodoacetic acidadded simultaneously, no effect was seen on calcium
calcification decreases by approximately 47%. This isncorporation. Since this is contradictory to the effects of the
essentially the same percentage decrease as is seen \viittiividual inhibitors, we speculated that the order of addition
acetazolamide alone. However, an additive effect occurs wheaf the inhibitors may be important. It was determined that
carbon incorporation is examined. This additive effect is smakcetazolamide had to be added first, since it must be taken up
when sodium bicarbonate is the labeled carbon source, 41.2 ¥y the cells to be effective, followed 12 h later by DIDS, which
but is substantial when glucose is the source, 60.2%. Théts extracellularly upon plasma membrane anion transporters.
particular combination essentially knocks out a large part ofhese two inhibitors have ring structures with multiple
the metabolic C® available for calcification. Even if potentially reactive components. In all probability, under these
glycolysis is not completely inhibited by iodoacetic acid, anyconditions, some interaction occurred between the two, making
COz produced by the citric acid cycle will not be available aseach of them ineffective when added simultaneously.
HCOs™ since carbonic anhydrase will be inhibited. Once again, While not unexpected, it is important to note that the amount
issues of isotopic exchange and the nonenzymatic conversiof 4°Ca incorporated was not equal to the amount4af
of carbon dioxide to bicarbonate probably prevent completacorporated into sclerites. A possible explanation for this is
inhibition of this apparent calcification pathway. that the mechanisms for calcium uptake and transport to the
The combination of DIDS and iodoacetic acid did not showsite of calcification are faster than those for carbon
any additive effects in comparison with these inhibitors usedccumulation. However, it has been suggested (Barnes and
separately. Regardless of which isotope is examined and fro@rossland, 1977) thafC incorporation does not necessarily
which source it came, the decrease in calcium and carbaorrelate with4>Ca incorporation because there are multiple
incorporation is approximately 30%. This indicates thafinternal pools of carbon that act to dilute out newly absorbed
bicarbonate transport is minimally involved in providing 14C. Presumably, dilution of labeled calcium with internal
anions for calcification and, therefore, that membranepools is not a significant factor affecting the incorporation of
permeable C®is probably a more important source of carboncalcium.
for calcification inLeptogorgia virgulata The present study involved large amounts of data using a
As expected, the greatest decrease in calcium incorporatioumber of inhibitors and combinations of inhibitors, and two
was caused by the addition of all three inhibitors:important conclusions can be drawn from this work. First,
acetazolamide, DIDS and iodoacetic acid. An approximatelgarbon for spiculogenisis can come both from dissolved
70% decrease in calcium incorporation was observed. Thisorganic carbon in the environment and from metabolically
value is matched by a decrease in carbon incorporation, 68.9 @#roduced carbon dioxide. While the latter has been theorized,
when NaHCQ is the labeled carbon source. However, whert has never been demonstrated in octocorals before. Second,
glucose is the radioactive carbon source, carbon incorporatioagardless of the carbon source, the enzyme carbonic
is decreased by 59.8%, a value very similar to the combineghhydrase plays a pivotal role in the physiology of spicule
effects of acetazolamide and iodoacetic acid. Since DID®rmation inLeptogorgia virgulata
should have no effect on glucose uptake or utilization, this is
considered to be a reasonable result. The authors wish to thank Mr Joshua Reeves for performing
Fig. 2 presents a simple diagrammatic model of the potentighe initial inhibitor studies in an effort to find lethal doses, Ms
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