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Lysophospholipids inlubited mitochondrial Ca®* uptake, induced a met Ca®* efflux, and thereby imcreased the
extramitochondrial Ca?* concentration The inhibitory potency decreased in the order lysophosphatidylcholine (LPC) =
lvsophosphatudyiglycerol (LPG) > lysophosphatidylinositol (LPI) > lysophosphatidylserine (LPS) >e- lysophosphatidyl-
ethanolamine (LPE) This relative order is in inverse relation to the ability of the various phospholipid head-groups to
build up intermolecular hydrogen bonds with neighbouring membrane lipids This indicates that changes in Ca®*
transport induced by lysophospholipids are mediated by the interaction of the lysophospholipids with the mitochondrial
membrane bilayer structure. The mitochondrial membrane potential, which 15 the main driving force for mitochordrial
Ca®* uptake, was affected in the same order by the various lysophospholipids This reduction of the mitochondrial
membrane potential may be the underlying cause for the inhibition of the mitochondrial Ca** uniport and the resulting

release of Ca** from the mitochondria,

Introduction

The generation of phospholipid-dependent second
messengers via activation of phospholipase C has proved
to be a pivotal step in cellular signalling Inositol 1.4,5-
tnsphosphate (and other inosiiol phosphates) raises cy-
toplasmuc Ca®* levels by efflux from the endoplasme
reticulum [1,2], wiule diacylglycerol activates protein
kinase C by decreasing its requirement for Ca®* [3,4]
However, receptor-mediated changes i phosphohpd
metabolism during cell stmulation do not always -
volve an acuvation of phospholipase C but, as has been
recently shown for several tissues, an activation of phos-
pholipase A, (PLA,) [S-8], providing support for the
exastence of a PLA ,-mediated signalling pathway 9]

PLA; comprises a famuly of enzymes which are either
secreted or resident 1n the cell [10] In Inver, PLA; 15

Abbreviations LPC  lysophosphatdylcholine, LPG, lysophosphati-
dylglvcerol LP1  lysophosphatidylinositol, LPS, lysophosphau-
dylserine, LPE. Ivsuphosphatidviethanolamune, PLA,, phospholipase
A, (EC 3114) TPP*, etraphenylphosphonium
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ubiquitous m the membrancs, mitochondna displaymg
a hipher activity than mucrosomes, which have mainly a
PLA, [11,12] Since by the action of PLA, lysaphos-
pholipids and fatty acids are generated in the mner
mitochondrial membrane [13], 1t can be assumed that
the membrane transport sy<tems can be affected by the
resulting changes 1n the lirid bilayer structure Micro-
somes have also been reported to release Ca®* upon
exposure 10 lysophosphohpids [14] But apparenatly, m-
crosomes contribute far less to the increase m the
ambient free Ca®* concent ation than do mitochondna,
as was recently shown mn studies with permeabilized
fwver cells as well as 1solated and cowncubated subceliu-
lar fractions from liver [15]

In the present study we invesbgated the effects of
vanous lysophospholipids on nutochondnal Ca?* trans-
port 1n order to elucidate their mechanism of action and
evaluate a possible second messenger role of these sub-
stances The effects of faity acids are described 1n a
second paper [28]

Materials and Methods

Chenucals All lysophospholimds (either palmatoyl or
stearyl form) were obtained from Sigma **CaCl, was
from Amersham International All other chemcals of
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analytcal grade were from Sigma (St Lows, MQO),
Boehringer (Mannheim, F R G), Serva (Hewdelbersg,
F R G), or Merck (Darmstadt, FRG)

Preparanion of mitochondnial fractions Liver was ob-
tamed from Wistar rats, homogemzed in homogemiza-
tion medium (210 mM manmiol/70 mM sucrose/20
mM Hepes, adjusted to pH 70 with KOH) and main-
tamned on 1ce [16,17] The sediment obtamed after
centnfugation for 15 min at 660 x g was discarded The
mitochondnal pellet was obtained by centnfugation of
the supernatant for 15 nun at 4000 X g at 4°C [16,17]
After resuspension and recentrifugation the pellet was
resuspended in test medmm (125 mM KCL/2 mM
KH, PO, /5 mM succinate,/0 3 mM MgATP?~ /25 mM
Hepes, adjusted to pH 70 with KOH) [17-19] Protemn
was determuned according to McKmight [20] The pro-
tein content of 1 pl of the resuspended mutochondnal
fractions was 36 £ 1 pg (N=2382)

Measurement of free Ca’* concentration Ca** uptake
and efflux by 1solated mitochondna were measured in
test medium at 25°C with a newly desigmed Ca*
1on-sensttive uniclectrode and mucromcubatwon cham-
ber (40 pl volume) as described recently in detal [16]
Addition of lysophospholiprds to the test medm cid
not affect electrode recordings 1n conirol expenments

Measurement of *Ca®* fluxes *Cal* uptake by
1solated mitochondmna meubated for 30 s tn 20 pl labelled
test medism at 25°C was measured at a free Ca®*
concentration of 10 uM as descnbed [21] The free
Ca?* concentration 1n the medium was adjusted with
the Ca?* electrode Separation of mitochondna from
meubation medium for measurement of **Ca’* uptake
by Liqud seintillation counting was performed with a
newly designed mucrofiliration device [21]

Measurement of mutechondrial Ca’™ content Mito-
chondnal Ca®* content was measured by atomic ab-
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sorption spectroscopy with a Massmann cuvetie from
Beckman [nstruments {16]

Measurement of nutochondrial membrane potentral
Membrane potential of 1solated mutochondnia was de-
terrmned from the distribution of the hpophulic cation
TPP™* (Aldrick) between the incubation medium ard the
mutochondnal matnx [19] Measurement of the TPP*
concentranon in the wcubation medium was performed
in a mcromcubation chamber [16] using a TPP* 10n-
sensitive membrane [22] mounted on the tp of the
exchangeable membrane support inset of the mim-
electrode which has also been used for free Ca’* ion

measurements [16} and calculated as recently descnbed
n7

Results

Effects of lysuphosphatidhichobkine on mitochondnal Ca**
transport

Isalated liver mitochondna (9 6 £+ 1 6 nmol /mg pro-
tem Ca’* content) incubated 1n a test medium of an
lome compositton sumulating the composition of the
cytosol [17-19] are able to maintan a steady-state free
Ca?* concentranon well below 1 pM (Fig 1A) Ad-
dion of lysophosphatidylcholne (50 pM) to the n-
cubation medium ncreased the free Ca®* concentration
to values above 1 pM The effect of LPC was sponta-
neously reversible (Fig la) Subsequent additon of
spermme (400 pM) an activator of the mutochondral
Ca’* uptake [19], further decreased the ambient free
Ca®* concentration well below 05 uM through stmula-
tion o. uutochondnal Ca®* uptake

Addinen of Na* (5 mM). an activator of matochon-
dnal Ca?” efflux via Na*-Ca®* exchange [23] (Fig. 1B),
as well as Ruthenum red {250 nM) an inhibitor of the
autochondnal Ca?* umporter [24], to the incubation
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Fig. 1 Effect of LPC (50 pM) on the regulalion of the free Ca?* concentration by rat liver muochondna and 1ts modulation by Ruthenum red

(RR} (250 nM), Na* (5 mM), and spermune (400 uM) Mitachondria (suspended in 1-2 gl test medium) were added to the test medim with an

mte] Ca®* concentration of 5 gM i the nucromcubation chamber at min § LPC RR, Na™ spermune o7 test medium only (control) weze added
after 2 5, 5, 75 and 10 nun, respectively The curves represent typical recordings wh zh were repeated five imes
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medium induced the typical Ca®* efflux from lver
mutochondna (Fig 1C)y The latter effect of Ruthemum
red (250 nM) on Ca?* efflux was potentiated by Na* {5
mM) (Fig 1D} Addition of lysophosphatidylcholine
(50 pM) to the incubation medwm further increased the
free Ca®* conceniration m all three situations (Fig
1B-D) However, the effect of LPC (50 pM) was at-
tenuated when both Ruthemum red and Na*had been
added earlier to the mutochondnal incubaton mediam
(Fig 1D)

When spermune (400 pM) was added, its effect was
attenuated not so much after previous addition of Na™*
(5 mM) plus LPC (50 gM) (Fig 1B), but rather after
previous addition of Ruthenium red (250 nM) plus LPC
(5¢ uM) (Fig 1C) with or withou! concomtani presence
of Na* (5 mM}

Effects of lysophospholiprds on mitachondrial Ca’* up-
take and Ca’* efflux

The rates of Ca®' uptake by hver mtochondna
which mcreased 1n dependence on the Ca®* concentra-
tion m the mcubation medium were decreased by the
different lysophospholipids (100 pM) to a vanable de-
gree (Fig. 2) Imual free Ca2* concentrations mn the
mcubation medmm which was supplemented wath 5
mM succinate as a nutochondnal substrate were ad-
Justed 100 5,10,2.5,50,7 5 or 10 pM Ca®* Uptake of
Ca?* by the mitochondna was mtiated by mjectian of
mtochondra into the microincubation chamber The
percentage reduction of Ca?* uptake remnaned constant
for each lysophospholipid at all Ca®* concentrations
tested The tnhibitory potency decreased 1n the order
LPC=LPG > LPl > LPS = LPE This corresponds to
reductions to 47, 49, 64, 76 and 94% of control uptake,
respectively (Fig 2) Control mutochondria rapadly de-
creased the free Ca* concentration wn the mcubation
medum, achieving a steady state n the range well
below 05 pM, which was reached after 10-20 s irre-
spective of the imutial free Ca** concentratson

LPC affected the kinetics of Ca?* uptake and Ca?*
efflux by solated rat hver mitochondna 1n a concentra-
tion-dependent manner Under control conditions
mutochondna decreased the imbial free Ca®* concentra-
tion of 10 gM wathin less than 30 s to vaiues well below
1 uM, thereby increasing the mutochondrnal Ca?* con-
tent from 96+16 nmol/mg proten to 292+ 41
nrol/mg protein (n=7) Up to concentrations of 25
#M, LPC shghtly reduced the amount of Ca** 1aken up
by mutochondna dunng a 30 s incubation penod This
resulted mn a higher steady-state Ca2* concentration,
which approached 2 pM at 25 pM LPC At higher
concentrations of LPC (50 and 100 gM), the abiiity of
the mitochondra to take up Ca®* gradually deteriorated
further After uptake of a reduced amount of Ca** with
a nadir after 5-15 s, mutochondna released Ca?*, so
that the imnal Ca’* concenirations of 10 pM were
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Fig 2 Effects of a single concentration {100 pM) of vanous
Iysophospholipius on Ca?* upiake by isolated rat Liver mutoshondna
at different tmual Ca®* concentrations The test medum 1n the

baton chambs d spermune (160 pM) and LPC
LPG, LPL, LPS or LPF at a concentration of 100 pM Before the

expenment the different Ca®* con e the b

chamber were adpusted (05 1 25 5 75 or 10 pM) These mutial
Ca?* concentrations under | cond: arc p d as ibal
Ca** offered to the hondna and cxp as nmol Ca?* per

mg protein (24, 47, 118, 235, 353 or 470 nmol Ca?* per mg
protei) At ume zero the expenment was started by addion of the
mutochondna (suspended 1n 05 pl test medora) The muumal Ca?*
concentration achieved after addition of the mutochondria during a 30
s incubation period was registered The difference between this value
and the iztial Ca** coneentration at the beginming of the expenment
was calculated and Ca?* uptake was expressed in nmol Ca?™ per mg
proten The amount of Ca?* taken up by mutechondna i control
experments al each mtial Ca?* was d with the
amonnt of Ca?* taken up by mitochondna under the influence of the
vanious lysophospholprds The values represent means+SE from
four or five expeniments The significant (P < GO01) (analysis of
vanance) increase in mitochondnal Ca®* uptake i dependence on
the Ca?* concentration was reduced by 6% by LPE, 24% by LPS, 36%
by LPI 51% by LPG and 53% by LPC when compared with the
control

achieved within less than 30 s of incubation with 100
gM LPC agan (Fig 3).

Rates of mutochondral Ca®* uptake (Fig 4A) and
Cal* efflux (Fig 4B) were measured in dependence on
the concentration of the different lysophospholipids
according to the protocol described n Fig 3 for
lysophosphatidylchohne In Fig, 4A, the amount of
Ca®** mamxmally taken up by the isolated lver
mttochondria during a 30 s incubation period (1, at
the mumimum of the curves) under the mfluence of
mcreasing lysophospholipid concentrations 1s expressed
1n percentage of the Ca** uptake value obtamned in the
absence of any lysophospholipid, All lysophospholipads,
with the exception of LPE, showed a sigmficant con-
centration-dependent decrease in mutochondnal Ca?*
uptake The concentrations at which mitochondnal Ca®*
uptake was inmbited by 50% were 76 £ 3 pM (n=12)
for LPC, 73+ 4 pM (n=4) for LPG, 97 £ 4 pM (n=
13) for LP1 and above 100 pM (n = 5) for LPS In Fig
4B the amount of Ca®" released agan dunng the 30 5
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Fig 3 Concentration-dependent ¢ffects of LPC on the kunetws of
Ca?* uptake and Ca®* efflux b, 15olated rat hiver mitochondna. The
test medium i the micromcubation chamber contaned sperrmne {100
pM) and LPC cor 1ons {5, 10, 25, 50 or 100 uM)
The matial Ca2* concentration 1 the mcubation medum was adjusted
to 10 pM at the bepnming of the expenment Al tme zero the
expenments were started throngh addmon of mitochondnia (sus-
pended 1n 0.5 ul test ) to the test medium 1o the ba-
tion chamber The values represent means+SE from eght to ten
experments

CaZ*Concentration (M}
™
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tncubation period by the solated hiver mitochondna
under the influence of increasing lysophospholipd con-
centrations 15 expressed as a percentage of the maximal
amount of Ca®* taken up durmg the first 10-20 s of the
mcubation period. All lysophospholipids, with the
exception of LPE, also induced a potent release of Ca®+
from mitochondna, so that the initial Ca®* concentra-
trons of 10 pM were reached again withun less than 30 s,
as shown in Fig. 4B

When the palmitic acid i the LPC molecule was
replaced by other fatty acids, the wnhubitory potency
decreased 1n the following order palmiuc acd > steanc
acid > laune aad = oletc acid Replacement by caproc
acid caused a complete loss of acuvity (data not shown)

Effects of lysophospholiprds on mitochondrial ¥Ca”* up-
take

The different lysophospholipids (100 gM) also
reduced the rate of **Ca®* accumulation by isolated
hver mitochondtia to a vanable degree {Table 1) Ths
mdicates that the lysophospholipids nhabited Ca®* up-

143

take rather than that they wnduced Cal* efflux by
unspecific leakage from mitochondna 1f sumulauen of
Ca?" efflux were the primary effect of iysophosphoh-
puds, an ncreased cycling of *Ca?* would result n an
mncreased **Ca®* content of the mutochendna due to
fast egmlibration of labelled Ca®* wih unlabelled
mtiamitochondnal Ca’* The degree of inlubtory
potency also decreased wn the order LPC = LPG > LP]
> LPS > LPE (Table I}

Effects of lysophosphohpids on mutochondnial membrane
potential

The lysophospholipids reduced the membrane poten-
tial «.f 1sotated hiver nutochondna 1n a concentration-de-
pendent manner as determned from the distnbution of
the hpophalic cation TPP* (Fig 5) The reduction of the
mutochondrial membrane patential by the lysophospho-
Lipids was accentuated by mncreasmg the wmnal free
Ca™" concentration 1n the mcubatton medum (Fig 5}
but was sull clearly visible wath the lowest imual free
Ca®™ concentration of 001 M The lowest value to
which mitochondnal membrane potennal was decreased
by the action of lysophospholipids was 150 mV (Fig 53,
whereas uncouphng by dinitrophenol caused a complete
breakdown of the membrane potential (less than 40 mYV,
determunation lamut, unpublished observaton)

The degree of membrane potential reducing potency
decreased n the order LPC=LPG > LPI=> LPS LPE
did not sigmbcantly reduce the mitochondrnal mem-
brane potential at any of the free Ca** concentrations
studied {not shown  Fig 5)

The concentrations at which 50% of the TPP* uptake
by the mitochondna at an imtial Ca?* concentration of
10 pM was inhubited were 74 + 4 pM (n == 6) for LPC,

TABLE [

Effects of various (ysophosphohiprds an **Ca®* accumulanon by isefated
rat liver rutochondria

The test medium contauned spermune (100 pM) and 100G gM vi LPC,
LPG, LP], LPS or LPE. The imbial Ca?* concentration was adjusied
10 10 pM After a 30 s t penod, mitockondna were sep-
arated from incubation medium by mucrofiltration and *3Ca®* con-
tent was determuned by sonullanon countng The rates of **Ca?*
accumulation by the mitockondna are expressed as nmol “*Ca®* per
mg protem and are means-=S E. with the number of expenmenis
given 1o parentheses. * P <005, ** P < 001 compared with coniral
(Student’s test)

Lysophosphohmd ** Ca?* accumulauen

Q00 ™) nmol /mg pr % 1nhab
Central 211+0137 (28)

LPE 202:0%7 {1 4
LPS 112021 12} 47

LPI 0871020 * (15) 59
LPG N69+018 ** (24) 67
LrC 0531019 "" (16) 73
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Fizg 4 Companson of the concentration-dependent effects of vanous lysophuspim!splds on €a?* uptake {A) and Ca”" efflux (B) by 1solated rat

liver mutochondrra. The lysophospholipeds shov o n this gure are LPC, LPG, LPI, LPS and LPE In (A), mitochondnal Ca2*

uptake 1s presented

in deperdence on the lysophaspholpid concentration (10, 25, 50 or 100 gM) and expressed as percent of control The tesl medwm m the

mucroincubation chamber was supplements with spermmne (100 p M) and the mrial Ca?*

hondna i the

cancentration was adjusted to 10 uM at the begimning of

DA

the expennmeat In wntrol experuments (sez Fig 3)
pM The amount of Ca®*

decreased the Ca?* concentration wathun 30 s below 0 5

laken up m these control expenments was 39 6 nmul Ca“ per mg protein This amount was set 100% and compurncl

with the amount of Ca®* laken op by the m
d 1n d d on the lysoph d

1 at

{10, 25, 50 or 100 pM) and d as p of
(an 3) muachondna in the incubation chamber did not release Ca?* dunng a 30 s wcubauon penod Therefore Ca**
mutochondnia was set at 0% end compared with the amount of CaZ*

pid concentrations In (B) mutochondnal Ca?* efflux 1s
tral In c.ontro] Bxperiments
release of these

released by the mulochondna at the imcreasing lysophospholpid

concentrations The values represent means+ S E. from 4-12 expenments All lysophospholipads with the exweption of LPE sigmifreantly decreased
mitochondnal Ca®* uptake (P < 0 001) and sigmficantly increased Ca®* efflux (P < 0001) (analysis of vanance)

84 + 4 pM (n = 4) for LPG, 97 £ 5 pM (rn = 7) for LP1,
and > 100 pM (n=4) for LPS

Discussion

Addition of lysophospholipnds to isolated hver
mutochondria leads to a reducthon m the imnial veloaty
of uptake and 10 a dimunished accumulation of Ca* 1n
the nutochondna resulting 1n a et Ca* efflux from the
mitochondria The effictency of the lysophosphohipids
10 induce these effects depends oa the structure of the
polar head-group The relative potency decreased in the
order LPC = LPG > LPI > LP§, while LPE was virtu-
ally meffectve This relative order 15 1 1Bverse corre-
lation with the abibiy of the vanous head-groups to
builld uo intermolecular hydrogen bonds [25,26] For
example, boith LPE and LPC are zwitteriome phos-
pholipids, but the ethanolamune head-group can par-
ticipate . hydrogen bonds with neighbourmg mem-
brane hip.ds, whle the choline head-group cannot par-
ticipate [25.26] Furthermore the glycerol head-group
which conld theoretically bmld up such bonds does not
do so 1n membranes, according to differential scanmng
calorimelne data, where 1t behaves hke a chohne head-
group [25,26] Ths fits again mto the structure—activaty
relationshup which we established for the influence of
Iysophospholipids on nutochondrial Ca®* transport
Thus, 3t 15 not surprising that we could not confirm 1
our expenments a potent effect of LPE on mitochondnal
Ca®* transport as reported by Dalton et al [27] In view

of thas good correlation with the biophysical properues
of the vanouns lysophospholipids, the alternative ex-
planation, that the potency 15 dependent primarily on
the extent of incorporation nto the mitechondnial mem-
branes, 15 less Likely.

‘Whether a disturbance of the membrane polar head-
group regron and the attached Chapman Stern layer 1s
causative to the effects on mutochondnal Ca?* transport
or only a prerequisite to changes m the hydrophobic
membrane core whuch mn turn could influence the activ-
ity of an mtegral membrane protein cannot be decided
as yet. The latter assumption 1s supporied by the
observation that the activity of LPC depends on the
type of fatty acid estenfied to the C,-atom of the
glycerol backhone This latter hypothesis would nfer a
similar mechamsm of action for lysophospholipids as
for the unsaturated fatty acids {28] to explamn the n-
fluence on mutochondnal membrane potential

In fact, a reduction of mutochondrial membrane
potential 15 nduced by all lysophospholipids which
have an impact on mttochondnat Ca?* transport The
close correlation iflustrates that only one transport sys-
tem may be directly affected by the changes m the hipid
membrane and the other effect may be secondary As
the membrane potential 1s the mamm driving force for
mutochondnal Ca®* uptake [23,29,30] a reduction m the
membrane potential to such a degree as seen in owr
expeniments 15 sufficient 10 explamn 1he nses i the
ambient frex Ca?* concentration Mitochondnial Ca®*
efflux seen with the hugher concentrations of lysophos-
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Fig. 5 Concentration-dependent effect of vanous lysophospholipids on the mutochondnal membrane potental of isolated rat liver imtochondria at

Aufferent mtial Ca®*

concentrahions {0,001 @ 1 & 5 ® 10 pM) The test medium in the mucrmncubahion chamber was supplemented with 100

uM spermme, 8 uM TPP*, and LPC, LPG, LPI, or LPS m ricreasing concentrations {25 50 or 100 pM) The experiment was started by adrhon

of the nutechondna (suspended m 1-2 pl test medumy) to the 1est medwm n the micromcubanon chamber Shown are the mitochondnal

membrane potentiat values, which were measured dunng a 1 mmn incubation pennod The ponts represunt means + 5 E. of 4-b expenments LPC

LPG, LPl and LPS sigificantly (P <001} decreased the mutochondnal membrane potenual at all inetial Ca’* concentrations (anabysis of
vanance)

pholipids an the present study was considerably faster
than reported for the sodum-dependent and sodium-n-
dependent Ca’* efflux pathways [31] Lysophospholip-
w-induced Ca®™ release may thus mvolve a reverse
Ca®* umport, as suggested for uncoupler-mduced Ca**
release [32] Inlubition of *Ca* uptake through the
lysophospholipids also supports this conclusion How-
ever, lysophospholipids do not exert deletenious or irre-
versible effects on mutochondna m our expenments
The lowenny . { the muitochondnal membrane potential
1s bmuted (Fig. 5) and the effects on Ca®* transport are
spontaneously reversible, probably in paraltel to meta-
holic degradation in particular durmg prolonged 1n-
cubation (Fig 1b) The unchanged ability of spermune
to decrease the free Ca®* concentration by activation of
Ca®* uptake (Fig 1b) indicates that the mutochondria
return to a fully energized state

With regard 1o the physiolagical relevance, lysophos-
pholipids may be generated by ntracellular PLA, in
sufficient amounts to elicit effects such as descnbed
above, when assuming that dunng a short meubation
peniod of 30 5 only a fraction of these agents s mncor-
porated into the mutochondnal membrancs The effects
of lysophospholipids are seen 1n freshly wolated
mitochondnia without additional Ca>* loading (Fig. 2)
The Ca** content of our freshly 1solated mitochondna
15 well wathin the range reported for m situ mtochondna
by other mvestgators [33,34] In conjunction with the
hypothesis that actsvity of mitochondnal PLA, on the
phosphohimds of the inner mitochondnal membrane 15
dependent on the free intramitochondrial Ca™* con-
centration [35], our data mdicate the exstence of «
feedback loop by whith mitochondnia could be enabled
to infhubit further Ca?* uplake ar release Ca®* if free
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intramutochondnal Ca?* concentrations were to reach
crimcal levels Changes in the Ca®* concentranon which
can affect PLA, activity may be brought about by
mtiation of signal pathways such as the phospheinosi-
tide cascade {1,2], resulting 1n the mobilization of Ca®*
from the endoplasmic reticulum

The amounts of Ca®* released from the mitochondria
In our expenments are compatble with a physiologi-
cally relevant role for rutochondna in the regulation of
the cytoplasmic Cal* concentration [19,23,34,36], m
addition to 1ts ability to control the mitochondrial ma-
tnx Ca®" concentration [30,33,37] rather than just being
a smk for Ca?* [38]
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