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Citrate as an aluminum chelator and positive effector
of the sodium efflux in single barnacle muscle fibers
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The injection of citeate produccs comsiderably greacr stimulation of the Na cfflux in cuabain-poisoned fibers (from the
barnacle bulenis nubilys) than in unpoisoned fibers. When injected in oxcess togsther with Al into unpoisoned fibers it is
without effect. lts injection is also without effect on the decline in tiie Na cfflux ¢licited by injecting Al beforehand. Citrate
injection into ovabain-peisoncd fibers following peak stimulation by injecting Al produces a further rise which is a function of
the Al concentration. Al injection after »cah stimulation ef the vuabain-insensitive Na effiux by citrate is usually without
significant effact, Tofrevioo o T partaic folo puisoncd fiders causes a small rise in the remaining Na efflux and fails to prevent
the response to Al injecticn from oce iering. Takenl together, these obscrvations arc in keeping with the view thal citrate is it
only a powerful chelator of Al but also 4 powerful activator of reverse Na'/Ca’* exchange in ouabain-poisoned fibers,

presemably because of its ability to raise my~plasmic pMe.

This paper is a continuation of earlier papers [1,2]
concerning work on aluminum (A} chelators. Iis aim is
te bring forward evidence which strongly suggests: (i}
that citrate bipds Al inside barnacle fibers; (i) that
citrate injection into fibers in which the Na efflux is
appreciably reduced by Al injection (i.e., hypersensitive
filersy fails 10 reverse this untoward effect; and (i)
that aspartaie is a very weak chelator i ihis ieodel
system, The choice of citrate (pK, =3, 4.4 and 3.8, sce
Ref. 3) was based on the conditional log A" value for
citrate and AI** at pH 7.4 which (as reported by
Martin {3] and T.L. Macdonald and R.B. Martin
{private commaunication) is 1.6 log units more than thy
log K, for ATP and AF** at this pH. Thus. onc would
expect an organoligand such as citrate to promots the
formaticn in barnacle myoplasm (pH of 7.2, see Refs. 4
and 5) af ANOHNH _, Cit)*~ (see also Ref. 6). In other
words, citrate competes effectively with ATP for AI'Y,
apd hence allows ATPMg to remain in this form.
Furthermore, a5 pointed out by Martin [3] and Mac-
donald and Martin {7}, 2 mucii overlooked point of
clinical significance is that citrate whici. oceurs in blood
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plasnia in 2 concentration of about 3.1 sM may well
complex Al, resulting in the entry of the complex into
cells.

Materials and iethods

The species of barnacles, the method of dissection,
cannulation, microiniecticn and counting of % Na ac-
tivity in the effluent and the fiber were essentially the
same as those described by Bittar [8] and Huang and
Bittar [1}. The artificial scawater (ASW) used had the
following composition (mM): NaCl 465, KCI 19, MgCi,
10, CaCl,, NaHCO, i and pH 7.8. The solutions of
citrate and aspartate used for injection were prepared
using 3 mM Hepes (pH 7.2). Solutions of AICI; c.g.
0.065 M and 0.5 M were prepared using douhle-dis-
tilled, de-ionized water at a pH of 2.9 and 1%, respec-
tively. The pH of these solutions was lewered by adding
HCI and adiusted as necessary by adding KOH. Details
concerning speciation of Al at varying pH arc to be
found in the paper by Hrang and Bittar [1).

The volume of iest fluid, 3 mM Hepes buifer solu-
tion or water injected into a fiber was abouwt 0.4 pl
This is diluied roughly 100 times by the myoplasm. All
experiments were carried out at an environmental tem-
pe.awre of 27 ta 24°C,

The data are cxpressed as the mean value +5.E.
Staddent’s #tegt waz veed Lo compare the data statisti-
cally, Values for P <005 were considered as being



significant. Estimates of the size of the observed effects
on the **Na efflux were based on the rate ~onstant
plots {i.e., fracticn of 2Na lost per s vs. time).

All reagents used were analytical grade. Ouabain,
Hepes (4(2-hydroxythyl)-1-piperazineethanesulfonic
acid) and citric acid were obtained form Sigma Chenii-
cal, St. Louis, MO. AICI, was supplied by Fisher
Scientific Company, Fair Lawn, NJ.

Results

Injection af 0.5 M-citrase prior to 0.5 M AICl;

Previous studies showed that the injection of Al into
unpaisoned fibers cuuses a biphasic effect, Le., stimula-
tion followed by inhibition of the Na efflux or a
monaphasic inhibitory effect [9]. As illustrated in Fig.
1, the injection of 0.5 M AICI, 30 min after the
injection of G.5 M citrate exerts a triple effect viz,
prompt but transitery inhibition {the magnitude of
which is 17 & 10%, n =4), followed 10 min later by a
tuansitorv rise (the magnitude of which averages 22 +
13%, n=4) and thern 2 sustained fall which is of the
order of 31 + 5%, » =4. Notice that prior injection of
citrate is ineffective (n = 4).

Injection of 0.5 M citrate afier 0.5 M Al

Tnicction of 7.5 M AIC, into four fibers causcs a
fall in the restin, Na efflux of the order of 26 + 6%.
Injection of 0.5 M citrate 10 min latci is without effect
on the course of the efflux.

Injection of 65 mM AIC!; before and after 100 mM
citraie, as well as injection of a mirture of the two
Stown in Fig 2 are thiee representative experi-
ments. As seen in panel A, injection of 65 mM AlCI,
(pH 2.9) leads i a biphasic response of the res’ug M
efflux: stimulation is followed by inhibition (2 4 3%,
= 4), This is shown ir panel A of Fig. 2. Alsc to be
secn is that the subszquent injection of 100 mM citrate
(pH 7.2) causes a rise il the Na efflux which reaches a
peak some 10-15 min Later (the rise being of the order
of 54 £ 68%, n =4). Panc! B shows that the injection
of 100 mM citrate (oH 7.2) resuits in a rather siall rise
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Fig. 1. The Inphasic response of the resting Ma offius to the Kjeation
of 0.5 M AICI; Tollvwing the injection of 0.5 M cilrate (rate constast
plol,.
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Fig. 2. {Panei A) Biphasic aclion folloving the injection of 65 mM
AICL; into an unpoisoned fiber. Enjection of 100 mM citrate \pH 7.2)
al ¢ =100 min causes a transitory rise in the efflux. (Pancl B)
Tnjection of 65 mM AICI, shorily after 100 mM citrate elicits a
hiphasic response viz, stimulation followed by slow and persisient
inliibition, (Panel C) The lack of effect of injcction of a mixture of 65
mM AICI, and 100 mM citric acid (pH 2.2) on the resiing Na efflax.
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in the resting Ma efflux (of the order of 28 +25%,
= 4) which declines slowly, Injection of 65 mM AICI,
30 min iater elicits a biphasic response: stimulation (of
the order of 109 1 109%, r = 4) followed by inhibition
at (=130 min stif! persists and is smal! in sizc based
on extrapolating the last few points back to the time of
injecting Al (n = 4). These expetiments were repeated.
The results obtained show no effect with citrate injec-
tion in three fibers and a 30% rise in the fourth, whilst
Al elicits stimulation in two fibers viz, 43% and 28%
but none in the remaining two. Inhibition, however, is
of the order of 27 £ 207 (n =4). Panel C shows that
the injection of a mixture of 65 mM AICI, and 100 mM
citric acid (pH 2.9) is completely ineffective (n =4).
This i§ also the case upon repeating the experiments
(n=4)

Injection of 0.5 M citrate before and after 0.5 M AICL;
into ouabain-poisoned fibers

(i) Injection cf & 0.5 M citrate solfvtion (pH 7.2) into
fibers pretreated with 104 M ouahain causes a sharp
rise in the ouabaineinsensitive Ma eifiuy, as illustrated
by Fig. 3, which is a compaosite of four semilog efflux
plots. The magnitucs of the response averages 475 £
38%, Motice that the injection of 0.5 M AICL, (pH 1.9)
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Fig. 3. To ilnsirate the sharp but transitory rise in the ouabain-in-
sensitive Na efflux following the injection of D.5 M citrate (pH 7.2%
as well as the failure of the injection of 0.5 M AICl; afier the onsqt
of peak stimulation to reverse this response {composite of four
semilog plots).

following peak stiroutation fails to cause a step-down
but does somewhat reduce the raie at which the *Na
efflux is falling. Inspection of the rate constant plots
confirms thae Al slows down the decay of the response
to injected citrate. For example, the rate constant for
2Na loss at £ =175 min is still appreciably greater
than its value at ¢=55 min {n=4). This type of
experiment was repeated. The results obtained were
essentially the same (2 =5). But on repcating it again
it is found that injection of 0.5 M AlC, following peak
stimulation by citrate (458 + 147% stimuiation, # =5)
causes a 77 + 16% reversal in four of (he five test
fibers, as based on the analysis of the rate constant
plots.

(ii) If, however, 0.5 M citrate is injected 30 min after
the injection of 0.5 M AIC|,, two distinct modes of
behavior are abhserved. These are itlustrated in Figs. 4A
and B where it will be seen thai in panel A citrate
elicits a monophasic stimulatory response, the magni-
tude of which is 118+ 59% (n=4). This valuc is
< gnificantly less than 455 + 38% (n = 4) - vidé supra -
P being < 0.01. The stimulation obtained by injecting
0.5 M AICL, is of the order of 116 + 12% (n=4), as
compared with 127 £ 19% (u = 4) which is obtained by
injecting it after a 3 mM Hepes solution. The second
mode of response to the injection of 0.5 M citrate
following 0.5 M AICH, injection is biphasic, as illus-
trated in panel B. Complete decay sels in 15 min after
the onset of peak sticnulation.

In order to be more certain that citrate is able to
inhibit the efflux, experiments were designed in which
a 1 M solution of AICL, (pH 1.5-1.9) was injected prior
to 0.5 M citrate. Shown in Fig. 5 is that citrate does in
fact cause a small reduction in the stimulatory re-
sponse to Al {n = 4). The size of this is hard to ascer-
tain, since Al itself does not produce sustained stimula-
tion.
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Fig. 4. (A) Stimulation caused by injecting 0.5 M citrate following the
onset of peak stimulation by injecting 0.5 M AICI;. {B} The bimadal
responses 1o the injectivn of 0.5 M citrate after peak stimulation by
injecling 0.5 M ALCI,. Notice that the siep-down indicates complete
seversal of the initial response to citrate.

Dose-response for Al ¢ffect using cirate i a fixed con-
centration

If the response ta citrate injection after AlCI, into
poisoned fibers is both promipt in onset and stimulatory
in natuse, it then seemed reasonable to raise the ques-
tion whether the magnitude of this response is a func-
tion of the concentration of Al pre-injected. Summa-
rized in Fig. 6 are the results obtained by injecting 0.5
M citrate 60 min after injecting Al in varying concen-
tration. Close to 5% reduction in the magnitude of
the response to citrate is abtained in fibers preinjected
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Fig. 5. A slight decline after injecting 0.5 M citrate into o poisoned
fiher pre-injected with 1 M AICI,. Notice the absence of a prompt
rise afler cilrate injection.
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with 0.5 M AICl,. Control fibers injected with 3 mM
Hepes after 1 M AICI, show no effect (n = 3).

Next, attempts were made to do the opposite, namely
inject 0.5 M AICI; after citrate in varying concentra-
tion (0.1 to 1 M) but the plots failed to yield any
meaningfu) relationship. However, some of the experi-
ments, e.g. injection of 0.5 M AICI, after 0.5 M citrate,
show 53 +26% stimulation {n=4), as compared to
394 + 104% stimulation obtained by injecting 0.5 M
AICl; into control fibers (n=4). The difference is
signiticant.

Injection of 0.5 M AIC; before and after 0.5 M aspartate

Inspection of both plots given in Fig, 7 which are
composites of four semilog efflux plots indicates that
the injection of 0.5 M aspartate after peak stimuiation
by injecting 0.5 M AICI, elicits a prompt but small
stimulatory response and that complete decay is not
seen at £= 130 min. Panel B substantiates the view
that the injection of 0.5 M aspartate leads to a small,
transitory rise in the ouabain-insensitive Na efflux and
that the response to 0.5 M AICI; obtained by injecting
it after aspartate does not readily decay as judged by
its continued presence at ¢ =150 min, Thus, unlike
citrate, aspartatc fails to exert a large effect upon
injection into poisoned fibers. Such a result is consis.
tent with evidence that it has pK, values of 3.9 and 10
(101 In other words, one would not expect it to be an
effective chelator of internal free Mg?*.

Discussion

On the whole the present studies have brought to
light several points. The first is that the injection of
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Fig. 6. The response of the ouabain-insensitive Na efflux to the
injection of a ‘fixed’ concentration of citrate {0.5 M) 60 min after
injecting AIC1, in varying concentration. Each point represents the
mean value of three measurements. Vertical bars span+S.E. The
fibers used were isolated from the same barnacle specimen.
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Fig. 7. (Panel A) Injection of 0.5 M aspartae (pH 7.2) following peak
stimulalion by injecting 6.5 M AICl; causes slight stimulation of the
auabain-insensitive Na efflux. Notice that in these fibers, as in
previous anes {e.g., Fig. 6) the response to Al fails to completely
decay. (Pancl B} A small transitory tise in the ouabain-insénsitive Na
afflux abtained by injecting 0.5 M asp Motice, again, that the
response 10 AlCI injection is prompt and large, and that at ¢ = 150
min it hus not yet decayed,

citrate into unpoisoned fibers is without effect on the
resting Na efflux, This bears a striking resemblance to
what often happens when ATPMg rather than ATPNa,
is injected into such fibers [11). The second is that like
ATP, citrate fails to stop Al from reducing the resting
Na efflux in hypersensitive fibers. Since citrate is known
to bind Ca>* and Mg®* cqually well [12), and since
bamacle fibers possess considerably more free Mg2*
than free Ca®* in the myoplasm (e.g., 5 mM Mg (e.g.
Refs. 13 and 14) and 100 nM Ca®* (e.g., Ref. 15)), the
lack of a stimulatory response to the injection of 0.5 M
citrate is puzeling, in particular because the injection of
ATPNa, causes a transitory rise {11]. If, however, one
accepts the view that the concentration of citrate used
is too high, then the guestion arising is whether the
addiion of 100 mM citrate to the myoplasm elicits a
response. As shawn in Fig. 2, 100 mM citrate is able to
increase the resting Na ¢fflux, Such an effect can be
explained by assuming that citrate reduces the internal
free Mg?* concentration. Thus, the observed response
may reflect deinhibition of the Na-Ca exchanger,

The important piece of evidence in suppott of the
vicw that citrate is a powerful chelator of Al is that the
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injection of a mixture of 65 mM Al and 100 mM citric
acid fails 1o alter the course of the resting Na cfflux in
unpoisoned fibers, whereas the injection of 100 mM Al
separately leads to a decline in the efflux. In this
resnect a lack of effect is somewhat similar to that
obtain=d by injecting a mixture of AICI;-ATPNa, in
that it causes less inhibition than AICl, injection. 1t
thus seems likely that citrate is a more potent chelator
of Al than ATPNa,. Similar experiments using
ouabain-poisoned fibers were not done mainly because
the criterion of inhibition by Al of basal Na efflux is
considered to be a far more relizble onc than stimula-
tion by Al of the auabain-insensitive Na eftlux.

The experiments carried out with ouabain-poisoned
fibers support the hypothesis that citrate activates the
Nu-Ca exchanger in the reverse mode by raising my-
oplasmic pMg. The observed respense parallels that
seen when ATPNa, is injected into poisoned fibers
(sec Fig. 3JA). Moreover, the situation is not dilfercnt
when Al is injected after peak stimuiation. When cit-
rate or ATF is injected beforehand, Al fails to produce
the expected step-up in the Na efflux. The explanation
for this is that citrate rapidly chelates Al If Ohman’s
data concerning speciation are correct, then one can
supgest that at pH 3 shortly after injection of the AICI,
solution (pH 1.9) the following specics exist: AP*
(40%), AICit® {40%), AKH _,Cit) (5%) and AIHCit)~
(5% Aid subsequently at pH 7, more than 90% of the
Al occurs in the form of Al(OH}(H_ICit)z' and the
remainder as AI(H_,Cit}™. It is a striking fact, how-
ever, that th: injection of citrate following peak stimu-
fation by Al leads to a marked rise in the ouabain-in-
sensitive Na efflux, rather than an immediate step-down
or reversal of the Al effect. This raises the possibility
that the over-riding action of citrate is the activaticn of
the Na-Ca exchanger in the reverse mode as the result
of chelating internal free Mg?*. Earlier studies, as will
be recalled, revealed that preinjection of EGTA fails
to interrupt the rise in Na effiux elicited by ATPNa,
injection [11]. Use of EDTA was avoided in view of

evidence that it causes a rise in the Na efflux which to
a rather large extent involves activation of the Ca?t
channel [i6). The reason for a biphasic response such
as that observed in Fig. 4B is thought to be related tn
excessive remcval of internal free Mpg®* or to Al
action in view of the finding that the doubling of the
concentration of Al used is associated with a slight
decline in the Na efflux upon the injection of 0.5 M
citrate. As a general conclusion, therefore, it may be
sugeested that reverse Na/Ca exhange is stimulated by
the injection of citrate when the Na gradicit in these
fibers is reduced, e.g., by ouabain, because it is abie to
raise myoplasmic pMg.
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