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of the sodium efflux in single barnacle muscle fibers 

E. E d w a r d  Bi t tar ,  Z h u z a i  X i a n g  and  Y a n k - P i n g  H u a n g  

Department qf Physiotogy, Uairersi~ of gr~scc~mn, Madi.~on, 1~7 (USA) 

(Received 4 February !992) 

Key words: Citrate: Aluminum: Sodium ion efflus; Barnacle fiber 

The injecti,~n of ultra::, produces considerably greater stimulation of the Na cfflux in ouabain-poisoned ,r.;h~:~ (from the 
barnacle buf~n,~ n,bi[us) than in unpoisnned fibcr~. When injected in c'~eess togclh:r with AI ~nto unpoisoned fibers it is 
withoa! effect. Its injection i~ 81so wirho~at ¢ffCCl on the decline in the Na cfflux elicited by injec~.ing A1 beforehand, Citrate 
injection into o'!abain-poisoncd fibers following peak sllmulation by injecting AI produces a further rig:' which is a function of 
the AI conc:,ntration. AI injection after ."oak ,aimulatio, of the. ouabain-inscnsitivc Ha effiux by citrate ig usually witho.t 
significant effect, P'i~-="':~ • r :~parla;~: i~:19 p~isonct I fii~¢rs cauls  a small rise in the remaining Ha effhlx and fails ~o prevent 
the response to bJ injection from no. Jrring. Tdkell together, these observations are in keeping with the view th~l citrate is nt~t 
only a powerful chelator of AI but also a p~v, vcrfnl activator of reverse Na ~/Ca '+ exchange in ouabain-po!soned fib~:., 
presumably because: of its ability to raise m!,.',plasm:'c pMg. 

This paper is a continuation of earlier papers [1,2] 
concerning work on aluminum (AI) chelators, I;s aim is 
to bring forward evidence which strongly suggests: (i) 
that citrate binds AI inside barnacle fibers; (i/) that 
citrate injection into iibers in which the Na offlux is 
apI'reciably reduced by A1 injection (i.e., hyp:,rsensitive 
fibers) fails to reverse this untoward effect; and (iii) 
that aspartate is a yew weak chelalor i~ this ,t:od¢l 
systein, The choice of citrate (pK~ = 3, 4,~ and 5,8, see 
Pet'. 3) was based on the conditional log K value for 
citrate and A] ~+ at pH 7.4 which (as reported by 
Martin [3] and T.L Macdonald and R.B, Martin 
(private cm'amunication) is 1.6 log units more than th~ 
log K c for ATP and AP + at this pH. Thus. one would 
expect an orgaooligand such as citrate to promote the 
formation in barnacle myoplasm (oH of 7.2, see gels. 4 
and 5) af  AI(OHXH_ i C i t f -  (sue also Rof. 6). In other 
words, citrate competes effecttvely w~th ATP '/or AP ~, 
and huc~ee allows ATPMg to remain in th;s form. 
Furthe,mc~,e, ,as pointe~ out by Martin [3] and Mac- 
donald and Marlin [7], a mUCiL ~,erlooked point of 
clinical significance is that citrate whig[, occurs in blood 
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pbsrna in a concentration Of a ~ u t  3,1 ram gay  well 
complex AI, resulting in th~ entry of the camp[us into 
cells. 

Materials and Methmts 

The species ~ff barnacles, the method of dissection, 
eannulation, microinjeeticm and counting of 2z Na ac- 
tivity in the effluent and tho fiber were essentially the 
same as those described by Bittar [8] and Huang and 
Bitrar [l]. The artificial seawater (ASW) used had the 
following composition (raM): NaCI 465, KCI 19, MgCI2 
1O, CaCI2, NaHCO 3 l0 and pH 7.8. The solutions of 
citrate and aspartat¢ us¢,'t |or injection were prepared 
using 3 mM Hepes (oH 7.2). Sotutions o f /dCI  3 e,g, 
0.065 M and 0.5 M were prcpared using double-dis- 
tilled, de-ionized water at a pH of 2.9 and 1,9, rcspcc- 
tlvely. The pH of these solutions was lowered by adding 
HCI god adjusted as necessa~ by adding KOH. Details 
concerning speeiation of AI at "~arying pH arc to be 
found in tire paper by Hriang and Bittar [i], 

The volume vl" t¢~t flui0, 3 mM Hopes buffer sotu- 
tion or water injected into a fiber was about: 0.4 #[. 
This is diluted roughly 109 times by the myophsm. All 
esp~rhncnts were carried out at an ¢~,vironme~,tal tem- 
perature of 22 t~ 2~.°C. 

The data aru expressed as the mean value +:LE. 
Stucteat's r te~t wa: t'~:', a to compare the data statisti- 
cally, Valnel~ for P < 0,05 were. c~nsidefed as being 
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significant. Estimates of the size of the observed effects 
on the :~Na efflux were based on the rate constant 
plots (i.e., fraction of 22Na lost per s vs. time). 

All reagents used were analytical grade. Ouabain, 
Hopes (4(2-hydror#:thyl)-t-piperazineethanesulfonie 
acid) and citric acid wcrc obtained form Sigma Chemi. 
cal, St. Louis, Me.  AICi.~ was supplied by Fisher 
Scientific Company, Fair Lawn, NJ. 

Results 

in#caoq of 0.5 M.citrate pHer to 0.5 M AI¢I) 
Previous studies showed that the injection of AI iron 

unpoisoned fibers causes a biphasic effect, i.c., stimula- 
tion followed by inhibition of the Na effiux or a 
monophasic inhibitory effect [9]. As illustrated in Fig. 
l, the injection of 0.5 M AIC]~ 30 min after the 
injection of 03 M citrate exerts a triple effect viz. 
prompt but transitory inhibition (the magnitude of 
which is 17 ± 10%, n =4), followed IO rain later by a 
t,ansitr~rv ris,: {the. mare, rude ef which ~veragcs 22 +_ 
13%, n = 4) and then a sustained fall which is of the 
order of 31 ± 5%, r~ = 4. Notice tha~ prior injection of 
citrate is ineffective (n = 4). 

lnjeclion of 0.5 M citrate after 0.5 M AI 
!ni¢cdon of ~,.5 M AICi 3 into four fibers causes a 

fall in the resting, Na efflux ~,f the order of 26 + 6%. 
[nj~:ction of 0..~ H citrate 10 rain I,=tci is wi;.hout effect 
on the course of the efflux. 

hJjection of 65 ram AICI 3 before and after iO0 ram 
c~.trale, as well as #qection qf a mi:rrur¢ Of the Iwo 

S h o ~  in Fig. 2 are three representative experi- 
ments. As seen in panel A, injection of  65 mM AICI~ 
(pH 23) leads t9 a hiphasie response of  the r~,,:,,~ N: 
efflux: stimulation is followed by inhibition r2 :L 3%, 
n = 4). This is showr, in pan~'l A of Fig. 2. AI'.'o to be 
seen is that the subseqt~ent injection of 100 mM citrate 
(pH 7.2) causes a rise i~t the Na ¢fflux which reaches a 
peak some 10-15 min hter  (the rise being of the order 
of 54 + 68%, n = 4). Panel B shows that the injection 
of 100 mM citrate (pH 7.2) resuit~ in a rather sinai[ rise 
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Fig. 2. (Panel ?j Biphasic action follm',inS the injccliun o. ¢ 65 rnM 
AICI~ into art unpoisnncd fiber, Injection of 10O mM citrata gpH 7,Z) 
at t-100 rain ca~tscs a transitotT rise in the el'flux. (Paa~-I B) 
Iaj=ction of 65 mM AICI a shollly after 100 mM cilrat¢ dicits a 
bipha~ic response viz. stimulation followed by dew and ~rsistent 
inhibition. (Pane[ C) The lack of effect of injection of a mialure of 65 
mM AICI~ and 100 mM citric acid (pH 2.9) on the resiln$ Na efflux. 

in the resting Na effiux (of the order of  28 + 25%, 
n = 4) wltich declines slowly. Injection of 65 mM AICI~ 
30 min later elicits a biphasic response: stimulation (of 
the order of 109 + 109%, r = 4) followed by inhibition 
at t = 130 rain still persist~ and is ~mal! in size based 
on extrapolating the last few points hack to the time of 
injecting AI (n = ,I). These experiments were repeated, 
The results obtained show uo effect with citrate injec- 
tion in three fibers and a 30% rise in the fourth, whilst 
AI elicits stimulation in two fibers viz, q3% and 28% 
but none in the remaining two. Inhibition, however, ;s 
of the order of 27 ± 20% (n = 4). Panel C shows that 
the injection of a mixture of 65 mM AICI~ and 100 mM 
citric acid (pH 2.9) [s completely ineffective (n = 4). 
This is also the case upon repe~ting the ¢xpcrime,ts 
(n  = 4), 

Injection of 0.5 At cicrate before and after 0.5 M AICtj 
into ouabain-poisoned fibers 

(i) Injection t:f a 0.5 M citrate solution (pH 7.2) into 
fibers prctreated '.'.dth !0 -4 M ouabain causes a sharp 
rise in the ouabain-insensitiv¢ Ha ¢fflux, as illustrated 
b~,, Fig. 3, which is a composite of four s~milog et'llux 
plots, The magnitude of  the response averages 455 :[: 
38%. Notice that the injection o f  0.5 M AICI 3 (pH 1,9) 
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Fig, 3. To illuslrate the sharp but Iransitur? rise in the ouabain-in- 
sensitive Na efflux fidhwing the in~eclitm of {).5 M citrate (pH 7.2~. 
as well a. ,  the failur~ of Iha ~njeclion uf 0,5 M AICIs ufler the oas,t,t 
of peak stimulation to reverse this response ~composite of four 

semilog pints). 

following peak sthnu[atioJt fails to cause a step-down 
but does somewhat reduce the talc at which the 2:Na 
e[flux is falling. Inspection of the rate constant plots 
confirms that AI slows down the decay of the response 
to injected citrate. For example, the rate constant for 
2ZNa loss at t = 175 rain is stilt appreciably greater 
than its value at t =55 rain (n =4). This type ot 
experiment was repeated. The results obtained were 
essentially the same (n = 5). But on repeating it again 
it is found that injection of 0.5 M AICI.~ following peak 
stimulation by citrate (458 + 147% stimuiation, n = 5) 
causes a 77+ 16% reversal in four of the five test 
fibers, as based on the analysis of the rate constant 
plots. 

(ii) If, however, 0.5 M citrate is injected 30 rain after 
the injection of 0.5 M AICIs, two distinct modes of 
behavior are observed. These are illustrated in Figs. 4A 
and B where it will be seen that in panel A citrate 
elicits a monophasie stimulatory response, the magni- 
tude of which is 118_+59% ( n - 4 ) .  This value is 
significantly less than 455 + 38% (n = 4) - vide supra - 
P being < 0.01. The stimulation obtained by injecting 
0.5 M AICIs is of the order of 116+ 12% (,n =4). as 
c,'-mpan;d with 17.7 +_ 19% (n = 4) which is obtained by 
injecting it after a 3 ram Hopes solution, The second 
mode of response to the injection of 0.5 M citrate 
folhr~ing 0.5 M AICI3 injection is biphasic, as illus- 
trated in panel B. Complete decay sets in 15 rain after 
the onset of peak stimulation. 

In order to be more certain that citrate is able to 
inhibit the efflux, experiments were designed in which 
a 1 M solution of AICI~ {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- 
s t-,onse to AI (n = 4). The size of this is hard to ascer- 
tain, since A1 itself does not produce sustained stimula- 
tion. 
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Fig. 4. (A) Stimulation caused by injecting 0.5 M ¢iOale foltowing the 
onset of peak stimulation by injecting (i,5 M AICI~, ~B~' The bimodal 
rc~l~mSc~ to the injection of 0.5 M eilrate after peak stimulation by 
inj~:cling (15 M AtCI3, Notice that the .step-down indicales complete 

reversal of the initial response to citrate. 

Dose-response for AI effect using citrate m a freed con- 
eentration 

If the response to citrate injection after AIC[ 3 into 
pu t . n ed  fibers is both prompt in onset and stimulatory 
in nature, it then seemed reasonable to raise the ques- 
tion whether the magnitude of this response is a func- 
tion of the concentration of AI ore-injected. Summa- 
rized in Fig. 6 are the results obtained by injecting 0.5 
M citrate 60 rain after injecting AI in varying concen- 
tration. Close to 5(1% reduction in the magnitude of 
the response to citrate is obtained in fibers preinjeeted 
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Fig. 5. A siighl decline after in.~ecting 11.5 M ¢ilrutc into a ~i~oncd, 
fiher pro-injected wilh 1 M AICI 3. Nollce the absence of a prompt 

rise after eilrate injection. 
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with 0,5 M AIC%. Control fibers injected with 3 mM 
Hopes 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 (0A to 1 M) but the plots failed to yield any 
meaningful relationship. However, some of the experi- 
ments, e,g. injection of 0.5 M AIC% after 0,5 M citrate, 
show 53 + 26% stimulation ( .  ~ 4), as compared to 
394 + 104% stimulation obtained by injecting 0.5 M 
AICI.~ into control fibers (n=4) .  The difference is 
signitlieant, 

Injection of 0.5 M AICI ~ before and after 0.5 M asparfate 
Inspocdon of hath pints given in Fig, 7 which are 

composites of four semilog efflux plots indicates that 
the injection of 0.5 M aspartate after peak stimulation 
by injecting 0.5 M AICI 3 elicits a prompt but small 
stimubtor~ response and that complete decay is not 
seen at t = 150 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 ¢fflux and 
that the response to 0.5 M ,.',dC% obtained by injecting 
it after aspartate does not readily decay as judged by 
its continued presence at t = 150 rain, Thus, unlike 
ci~.rale, aspartat¢ fails to exert a large effect upon 
injection into poisoned fibers. Such a result is consis. 
tent with evidence that it has pK~ vatues of 3,9 and 10 
[1O], tn 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.insen~ilive Nn eifiux Io the 
injection n[ a 'f~ed' concentralion of citrale ~0.5 M} 60 min abet 
injecting AIC]~ in va~.,ins concenlratinn. Each point represcnls Ih¢ 
mean value of three measurements. Vertical bars span+S.E. The 

fibe~ used were isolated from the same barnacle specimen. 
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citrate into unpoisoned fibers i~ without effect on the 
resting Na efflux. This bears a striking resemblance to 
what often happens when ATPMg rather than ATPNa 2 
is injected into such fibers Ill]. The second is that fik¢ 
ATP, citrate fails to stop Ai from reducing the resting 
Na efflux in hypersensitive fibers, Since citrate is known 
to bind Ca a+ and Mg z÷ equally well [12], and since 
barnacle fibers possess considerably more free Mg 2" 
than free Ca z+ in the myopla~m (e.g., 5 raM Mg (e.g. 
Reg. 13 and M~ and 100 nM Ca :+ (e.g., Ref, 15)), the 
Iack of a stimulato~ response to the iniccdon of 0.5 M 
citrate is puzzling, in particular because the injection of 
ATPNa z causes a transito~ rise [11]. if, however, one 
accepts the view that the concentration of citrate used 
is too high, then the question arising is whether the 
addition of 100 mM citrate to the myop]asm elicits a 
response, As shown in Fig. 2, 100 mM cit,ate is able to 
increase the re~tiug Nu efflux. Such an effect can be 
explained by assuming that citrate reduces the internal 
free Mg :~ concentration. Thus, the observed response 
may reflect dcinhibitinn of the Na-Ca exchanger. 

The important Piece of evidence in support of the 
view that citrate is a powerful chelator of AI is that the 
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injeaion of a mixture ef 65 mM AI and 100 mM citric 
acid fa[la to alter the course of the resting Na efflux in 
unpoisoned fibers, whereas the injection of 100 mM A1 
separately leads to a decline in the efflux. In this 
respec~ a tack of effect is somewhat similar to that 
oblain-d by injecting a mixture of AICt~-ATPNa 2 in 
that it causes [ess inhibition than AICI 3 injection, It 
thus seems likely that citrate is a more potent chelator 
of At than ATPNa 2. Similar experiments using 
ouabain-poisoned fibers were not done mainly because 
the criterion of inhibition by AI of basal Na efflux is 
considered to be a far more reliable or.e than s~imu[a- 
tion by AI of the auabain-inseusilive Na efflnx. 

The experiments carried out with ouabain~poisoned 
fibers support the hypothesis that citrate activates the 
Na-Ca exchanger m the re,,ersc mode by raising m p  
oplasmie pMg. The observed response parallels that 
seen when ATPNa2 is injected into poisoned fibers 
(see Fig. 3A). Moreover, the situation is not different 
when AI is injected after peak stimulation. When cit- 
rate or ATP is injected beforehand, AI fails to produce 
the expected stepup in the Na efflux. The explanatian 
for this is that citrate rapidly chelates AI. If Ohman's 
data concerning speciation are correct, then one can 
suggest that at pH 3 shortly after injection of the AICI 3 
solution (pH 1.9) the following species exist: AI 3+ 
H0%), AICit* (40%), Al(H_lCit) (5%) and AI(HCit)- 
(5%), ,adJd subsequently at pH 7, more than 90% of the 
A1 occurs in the form of AI(OH~H_ lCit) 2- and the 
remainder as Al(H_lCit)-. It is a striking fact, how- 
ever, that th: injection of cilr~te following peak stimu- 
lation by AI leads to a marked rise in the ouabain-in- 
sensitive Na efflux, rather than an immediate step-down 
or reversal of the AI effect. This raises the possibility 
that the over-riding action of citrate is the activation of 
the Na-Ca exchanger in the reverse mode as the result 
of chelating internal free Mg 2 +. Earlier studies, as will 
be recalled, revealed that preinjection of EGTA hils 
to interrupt the rise in Na efllux elicited by ATPNa, 
injection [11]. Use of EDTA was avoided in view of 

evidence that it causes a rise in the Na efflu× which to 
a rather large extent involves activation of the Ca 2+ 
channel [16]. The reason for a biphasie response such 
as that observed in Fig. 4B is thought to be related m 
excessive remeva[ of internal free Mg 2~ or to AI -~+ 
action in view of the finding that the doubling of the 
concentration of AI used is associated with a slight 
decline in the Na effiux upon the injection of 0.5 M 
citrate. As a general conclusion, therefore, it may be 
suggested that reverse Na/Ca exhange is stimulated by 
the injection of citrate when the Na gradient in the~e 
fibers is reduced, e.g., by ouabain, because it is able to 
raise myoplasmic pMg. 
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