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A study has beetJ made in single barnacle musele fibers with the object of determining whether ATP is able to 
protect the resting Na emus from the effects of injected aluminum (.M) and whether A! is able to reduce or abolish 
the stimulatory action of ATP on the dllux. The results of the experiments show that neither ATPMs nor ATPNaz 
preinjection stops AI from reducing the basal Na efllux in unpoisoned fibers whkh undergo a large fall 
(hypersensitive fibers). Preinjection of A! into such fibers reduces or abolishes the stimulatory response of the Na 
efflux to ATP injection, In less hypersensitive fibers, however, ATPMg is protective. This is also true of ATPNu z 
preinjection in both classes of fibers sbowing stimulation. Injection of a mixture of AICI3-ATPNa z into unpebeaed 
fibers causes less inhibition than AICIs injection. The h3qpothesis that both ATPMg and ATPNaz are ~ is 
also supported by the results obtained with ouabaiu-poJsoued fibers: (i) AI injectJoa after ATP fails to reverse the 
stimulatory response to ATP, while ATP injection after A! exerts oul~ a small or ae elkct. (ii) Mg z+ injectioa fails 
to reverse the stimulatory response to AI injection in poisoned fibers. And (iii) Anti-protee~sis agents e.g. 
and pepstatin, upon preinjection, de not alter the kinetic results obtained by injecting A! into unpeismt, d and 
oeabain-poisoned fibers. 

Introduction 

The work of Bittar and Huang [1] provides evidence 
in support of the h~othesis that stimulation of the 
ouabain-insensitive Na efflux by injecting ATPNa2 into 
barnacle muscle fibers involves operation of the Na +- 
Ca 2÷ exchanger in the reverse mode and that .~ raised 
internal free Ca 2+ is not a prerequisite for the occur- 
rence of this response. It also provides evidence that 
Mg '+ is able to reverse this response to ATP injection, 
thus confirming the current view that internal free 
Mg 2+ is an inhibitor of this exchanger. The study of 
this exchanger has more recently become of particular 
interest for at least two reasons. One is the lack of 
information on the question whether it is a primary 
target of aluminum (At) and the other whether ATP is 
able to protect the Na effiux from the untoward effects 
of AI. Thus, the following communication represents in 
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some measure an examination of both questions. As 
will be recalled, GTP is protective against the in- 
hibitory effects of AI but not in hypersensitive fibers 
[2], i.e. fibers which show a great fall in Na efflux when 
AI is injected. Considering that the stability constants 
of ATP and AI, and GYP and AI are the same, that is, 
the log K, value is 10.9 [3,4], this being seven units 
larger than the log K~ of ATP and Mg a+ (e.g. see Ref. 
5), and considering that the ATP/GTP ratio in these 
fibers is quite high (e.g. ATP 4.4 mM and GTP 0.27 
mM [6]), it seemed worthwhile to verify the idea that 
ATP which is readily plentiful may be more protective 
than GTP as a chelator and hence stop AI from inhibit- 
ing the resting Na efflux. However, as will be shown, 
this is not the case. The evidence presented also sup- 
port; the idea that the ATPAt complex formed as the 
result of injecting ATP after At probably behaves as a 
'dead-end' substrate. This is also true of the GTPAI 
complex [9]. 

Materials and Methods 

The species of barnacles, the methods of dissection, 
cannulation, microinjcction and counting of ~Na activ- 
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ity in the effluent and in the fiber were essentially as 
described by Bittar [7]. The artificial seawater (ASW) 
used had the following composition (raM): NaC! 465, 
KCI 10, MgCI 2 10, CaCI~. 10, NaHCO.~ 10 and pH 7.8. 
The solutions of ATPNa 2, ATPMg and MgCI 2 used 
for injection were prepared using 3 mM-Hepes (pH 
7.2). Solutions containing AIC[ 3 were prepared using 
double-distilled, de-ionized water at a low pH e.g. a 0.5 
M AICI.~ solution, pH 1.9. Information about spccia- 
tion of AI in solutions with a varying pH is given by 
Huang and Bittar [2]. The volume of tes~ fluid, ~vatcr or 
a 3 raM-Hopes .solution injected into a fiber was 0.3-0.4 
p.i. This is diluted by the myoplasm by a factor of 
roughly 100. All experiments were carried out at an 
environmental temperature of 22°-24°C. 

The results are given as the mean _+ S.E. Studen~:'s 
t-test for unpaired values was used to determine signif- 
icance levels. Differences between means were consid- 
ered significant at P < 0.05. Estimates of the size of 
the observed effects on the -"~ Na efflux were calculated 
on the basis of the rate constant plots (i.e., fraction of 
-nNa lost/s vs. time). For the case where two stimula- 
tory or inhibitory phases were present in succession, 
*,he size of the second response was computed by 
taking the difference between the two combined phases 
and the first phase. Moreover, two rules based on 
experience acquired with the technique of microinjec- 
tion are applicable here. The first is that the injection 
of a 3 mM Hepes solution or water alone in approxi- 
mately 0.4 #l volumes into control unpoisoned o," 
ouabain-poi.~oned fibers is often without effect on the 
Na efflux. ~lowever, a transitory rise of the order of 
10-20% is sometimes seen. This is attributed to a 
slight and temporary rise in internal free Ca 2÷ result- 
ing from injury caused by the insertion of the microin- 
jeetor down the axis of the fiber. Such results obtained 
with companion control fibers are not dismissed. For 
the case where the injection of a test solution elicits a 
transitory rise in the Na efflux of less than 20%, the 
result is regarded as significant, pioviding companion 
control fibers show a lack of effect with Hepes or 
water. As for the second rule, the injection of a 3 mM 
Hepes ,solution or only water never causes a decline in 
the Na efflux in both unpoisoned a:~d ouabain-poi- 
soned fibers. Thus, results showing a decline in the Na 
efflux following the injection of a test solution are 
considered significant. 

Some of the figures shown in this paper are compos- 
ites of several effiux plots. These are based or~ experi- 
ments carried out with fibers isolated from the same 
barnacle specimen. This is done in preference to show- 
ing a representative experiment solely because of the 
observed uniformity in behaviour of the Na efflux in 
these experiments. 

All reagents us;,! were analytical grade. Ouabain, 
4-(2-hydroxyethyl)-l-piperazineethanesulfonie acid 

(Hepes), ATPNa 2, ATPI~ Ig, leupeptin (hemisulfate salt) 
and pepstatin A were purchased from Sigma Chemical 
Company, St. Louis, MO. A[CI.~ was purchased from 
Fisher Scientific Company, Fair Lawn, New Jersey. 
Deferoxamine was a gift from Ciba-Geigy Corporation, 
Summit, NJ. 

Results 

AI b@ction before and after ATPMg into unpoisoned 
fibers 

Keeping in mind that Ihe effect of AICI 3 injection 
into unpoisoned fibers is either biphasic with inhibition 
of the resting Na efflux following transitory stimula- 
tion, or more commonI~, monophasic with inhibition 
occurring promptly and taking at least an hour to reach 
a maximum [8], experiments were first undertaken iu 
which the ATPMg complex was used. The results ob- 
tained show: (i)(a) Injection of 0.5 M AICl.~, as illus- 
trated in Fig. IA, c~erts a biphasic effect, viz. stimula- 
tion is followed by inhibition. This ~iir=,.~htory response 
is of the order of 49 + 4% (n = 5), while the inhibition 
is of the order of 47 _+ 19% (n = 5). The latter value is 
not different from 42 _+ 8% (n -- 4) inhibition obtained 
by injecting Al into ATPMg-enriched fibers (Fig. IB). 
Notice thai the inhibitory effect is not yet complete 
(Fig. 1A). Also shown is that the injection of ATPMg 
70 mins after Ai exerts a transitory and negligible rise 
in the efflux and that it fails to stop the decline in the 
rate constant for 22Na efflux. (b) As illustrated in Fig. 
I B~ injection of 0.5 M ATPMg produces a stimulatory 
response of the resting Na efflux (of the order of 
62 + 12%, n = 4) and that the subsequent injection of 
(1.5 M AICI.~ (at t---70 rains) produces a biphasic 
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Fig, I. CA) The biphasic re~,ponsc of the basal Na cfflux In Ihe 
injection of 0.5 M AIC|.~, Iolk~wed by a nel~ligihle transiel;t r~spon.~e 
io 0,5 M ATPMg injection, tB) The hiphusJc response of the Na 
efflux to the inicclion of 0.5 M AICI 3 in a fiber preinjecled with 0.5 

M ATPMg, 
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response, viz. stimulation followed by inhibition. The 
reason for the stimulation has been tentatively eluci- 
dated by Bittar and Huang [9]. The delayed inhibition 
averages 42 + 8% (n--4)  in magnitude, as already 
mentioned. I! is thus quite clear that in the case of 
hypersensitive fibers, the injection of ATPMg after Ai 
is rather ineffective. This is also the case with the 
preinjection of ATPMg. (c) In additional parallel ex- 
periments, 0.5 M deferoxamine was injected 30 mins 
before 0.5 M AICI 3. This completely stops AI from 
exerting an inhibitory effect on the resting Na efHux 
(n -~ 4). In sharp contrast, companion controls injected 
with 3 mM-Hepes, followed by 0.5 M AIC[ 3 show 
40 +_ 25% inhibition (n - 4). (ii) In less sensitive fibers, 
however, prior injection of ATPMg is found to prevent 
the inhibitory effect of AI from occurring. For example, 
fibers isolated from the same bundle of fibers exhibit- 
ing a fall of 20 :E 6% (n = 4) in the resting Na efflux 
following the injection of 0.5 M AICI.~ fail to show a 
fall when AI is injected 60 mins after 0.5 M ATPMg 
(n --4~. By "less sensitive' is meant a reduction in the 
resting Na efflux by AI injection of about 20% or less. 
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Fig. 2. (A) The monophasic inhibilory ac:ioJ~ of 0,5 M AICI.~ injec- 
lion on lhe basal Na efflux. (B) The  monophaslc inhibilory action of 
injecting a solution of  0.5 M AICI~, 0.5 M ATPNa 2 in a companion 

tc,,;t fib¢). 

reducing the basal Na efflux and that AI preinjection 
stops ATP from exerting its full st!mulate.%' effect. 

A! injection before and after ATPNa 2 into unpoisoned 
fibers 

It is known that the injection of ATPNa 2 into un- 
poisoned fibers produces a larger response than 
ATPMg [1]. This difference is attributed to the ability 
of the ATPNa, complex to raise myoplasmic pMg as 
the result of chelating internal free Mg 2+. !t therefore 
seemed of special ir, z~rest to see if the prior addition of 
AI to the myoplasm would reduce the response to the 
injection of ATPNa 2. The results obtained are ~ fol- 
lows: (a) Injection of 0.5 M NfPNa 2 after 0.5 M AICI 3 
producus stimulation of the order' of 32 + 11% (n -- 4), 
a value significantly less than 114 + 21~, (n = 4) ob- 
tained by injecting 0.5 M ATPNa2 (prior to AICI 3) and 
91 :L 15% (n = 4) obtained by injecting 0.S M ATPNa 2 
after water (pH 1.9). (b) Injection of 0.5 M AgCI 3 after 
ATPNa 2 produces stimulation of the order of 28 :t: 9% 
(n--4). However, this value is the same as that ob- 
tained by injecting water (pH 1.9), viz. 28 :l: 10% (n = 
4). Thus, when stimulation in unpoisoned fibers occurs 
following the injection of AI, preinjection of ATPNa 2 
is protective. Further, it is noteworthy that A! injection 
after ATP fails to produce any inhibition (n -- 4). (c) in 
parallel experiments, injection of 0.5 M AICi 3 into 
companion controls produces a biphasic effect, viz. 
stimulation of the order of 41 + 4% (n = 4), followed 
by inhibition of the order of 17 + 9% (n = 4). However, 
the significance of the observed stimulatory phase is 
dismissed, since the injection of water (pH 1.9) into 
companion cont"rols causes a transitory rise of the 
order of 42 + 6% (n = 4). Together, then, these results 
indicate that the preinjection of ATP prevents AI from 

Injection into unpoisoned fibers of a solution of 0.5 M 
AICI.)-0.5 M ATPNa 2 (pH 1.9) 

The idea that ATP does act as a chelator of free 
Ai ~+ was put to the test in a rather direct way, namely 
by injecting a solution of a mixture of 0.5 M AICI3-0.5 
M ATPNa 2 (pH 1.9) into unpoisoned fibers to see 
whether it reduces the Na efflux and whether the size 
of such an effect is smaller than that of injected AICi 3 
alone. The results of experiments reveal that injection 
of the mixture causes a fall in the resting Na efflux, the 
magnitude of which averages 32 + 11% (n -- 4). This is 
to be compared with a 70 + 3% fall (n = 4) caused by 
injecting 0.5 M AICI 3 into companion controls. The 
difference is significant. A typical experiment of each 
type is given it. Fig. 2A and B. Sensitivity to A! of this 
magnitude is unusual. Hence it seemed important to 
include less hypersensitive fibers, and further experi- 
ments were done, the results of which show that the 
mixture causes 13 + 6% inhibition (n = 12), whilst in- 
jection of 0.5 M AICI~ causes 35 + 8% (n = 12) inhibi- 
tion. The difference is significant, P being < 0.05. 
Such results are interpreted as strongly suggesting that 
ATP does act as a powerful chelator of AI when both 
are introduced into the myoplasm simultaneously and 
that the phenomenon of hypersensitivity is rather un- 
likely to be the result of the direct addition of the 
ATPAI complex to the myoplasm. 

Ai injection into poisoned fibers before and after ATPMg 
Bittar and Huang [1] found that ATPMg and 

ATPNa2 are equipotent following injection into fibers 
prepoisoned with 10 -4 M-o~;abain. They had also found 
that as a rule AJ injection into poisoned fibers leads to 
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stimulation of the remaining Na efflux [9]. The results 
of experiments show: (i) Injection of 0.5 M AICI 3 into 
fibers pretreated with 10 -4 M-ouabain causes a rise ia 
the remaining Na ¢ffiux of the order of 69 + 6% (n ~- 4), 
which is not significantly different from 102 + 20% 
(n = 4) obtail,e a by injecting A[ after 0.5 M ATPMg or 
106 + 20% (n = 4) obtained by injecting AI after 3 mM 
Hcpcs. (ii) However, injection of 0.5 M ATPMg causes 
a rise in the Na efflux of the order of 174+ 17% 
(n - 4), a value which is significantly Iargcr than 37 + 
27% (n = 4) obtained by injecting ATPMg after 0.5 M 
AICi~. Repetition. ~f thi:: ~'.pe of experiment confirmed 
these results It is thus quite clear that Ai preinjection 
reduces the size of the response to ATPMg, Such a 
result .¢uggests that Ai stops the Na+-Ca 2+ exchanger 
from responding or, as is more likely newly formed 
ATPAI is relatively ineffective as an effector or sub- 
strate. Alternatively, AI is able to stop the membrane 
adenylate cyclase system from responding to the sud- 
den addition of ATPMg as the result of the formation 
of ATPAI which then acts as a competitive inhibitor 
(e.g. Refs. 10 and 11). 

AI injection into poisoned jiig, rs before and after A TPNa 2 
The results of experiments carried out with fibers 

preexposed to 10 -4 M-ouabain show: (i) Whereas A[ 
injection prior to ATPNa2 causes a rise in the 
ouabain-insensitive Na efflux which averages 74 _+ 25% 
(n = 4), its injection after ATPNa 2 is completely with- 
out effect (n = 4). (ii) Whereas injection of ATPNa2 
causes a 422 + 106% rise in the ouabain-insensitive Na 
efflux (n = 4), its injection after AI causes only an 
86 4- 24% rise (n = 4). The difference is significant, P 
being < 0.02. Off) Injection of 3 mM Hepes before or 
after AI is without effect (n = 4 in each case). How- 
ever, AI injection before Hepcs is found to lead to a 
delayed decline in the ouabain-insensitive Na effiux, 
the magnitude of which averages 41 + 2% (n = 4). No 
prompt inhibition is seen when AI is injected prior to 
ATP (n -- 4). Such results are takga to mean that prior 
injection of ATPNa 2 is protective against the biphasic 
effect of A! on the ouabain-insemitive Na efflux but 
that prior injection of AI reduces the response to 
ATPNa 2. The latter finding is not unexpected in the 
light of the preceding results with ATPMg. 

(i) Shown in Fig. 3A is a composite of three scmiiog 
efflux plots illustrating that the injection of 0.5 M 
ATPNa z causes a prompt and sharp rise in the remain- 
ing Na efflux, and that the injection of 0.5 M AICI.~ 
following the onset of peak stimulation by ATP pro- 
duces a negligible transient rise in this efflux. In con- 
trast, the composite of four plots shown in Fig. 3B 
illustrates that the injection of 0.5 M AICI.~ after 3 mM 
Hepes into companion controls causes a transitory but 
sharp rise in the effiux. Such results constitute clear 
evidence in favor of the suggestion that if the injection 
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Fig. 3. (A) The injection of 0.5 M AICI~ into fibers poi~ned with 
10 -4 M ouabain shortly after the onset of peak stimulation of the 
ouabain-insensitiv¢ Ha efflux by injecting 0.5 M ATP (composite of 
three semilog efflux plots). (B) The injection of 3.10 -3 M Hepes 
into fibers poisoned with 10 - 4  ouabain, followed by the injection of 

0.5 M AICI.~ (composite of four scmilog ¢fflux plots). 

of ATPNa., leads to stimulation of reverse Na+-Ca 2+ 
exchange as suggested by Bittar and Huang [1], then 
the suddea introduction of AI into the myoplasm does 
not seem to disturb the operation of the exchanger :n :, 
significant way or the added AI is rapidly chelated and 
little or no free At "~+ is allowed to occur. 

Illustrated in Fig. 4 is that the injection of 0.5 M 
ATPNa 2 following peak stimulation by AI causes a 
rather small transitory rise in the efflux. Injection of 3 
mM Hepes after AI, as illustrated in Fig. 4B is without 
effect. 

The question now asked was this: Does the sud¢ten 
addition of ATP to the myoplasm result in significunt 
splitting of this nucleotide, for example, to cAMP and 
PPi, and if so, is it then possible to explain why prior 
injection of ATP into unpoisoned fibers fails to protect 
the resting Na efflux from the inhibitory action of Ai? 
A similar question was asked in connexion with the 
study of tile nrotcctiv~ auiiu, of GTP [2]. However, 
bccau.~,~ of the lack of data on the time-course of 
injected ATP, as weli as internal cAMP, this question 
was examined in another way, namely by halving the 
concentration of the AICI 3 solution used for injection. 
The results of these experiments show that the injec- 
tioi: of 0.25 M AICI3 following 0.5 M ATPNa 2 into 
unpoisoned fibers produces 40 4-5% inhibitiGn in the 
resting Na efflux (n -- 8), a value not significantly dif- 
ferent from 49 + 5% inhibition obtained by injecting 
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four semilog efflux plots). (B)The injection of 3. t0 -3 M Hepes 
shortly after peak stimulation by injec,~ing 0.5 M AICl.~ (composite ~,f 

three semilog efflux plots). 

0.25 M AICI 3 into companion centrols (n = 7), or 44 4- 
5% inhibition obtained by injecting 0.25 M AICI 3 after 
3 mM Hepcs. Thus, the only conclusion possible is that 
ATPNa 2 injection into unp~isoned _fibers, as in the 
case of GTP, is not protective in fibers hypersensitive 
to the inhibitory effect of AI. 

Comparison of ATPMg with ATPNaz :~ng poisoned 
fibers 

To test the possibility of competition between AI -~ + 
and Mg 2+, experiments were done in which 05 M 
AICI3 was injected into ouabain-poisoned fibers be:~re 
and after 0. 5 M ATPMg and 0.5 M ATPNa2. The 
results are as follows: (i) AI injection into fibers subse- 
quently injected with ATPMg produces a rather dc- 
layed small inhibition in one of the four fibers tested 
(of the order of 27%), whereas A! injection into fibers 
subsequently injected with ATPNa2 produces d:layed 
inhibition in the four fibers, the magnitude of which 
averages 20 + 6%. However, the stimulatory responses 
observed after the injection of ATPMg and ATPNa 2 
into both groups of fibers are not significantly different 
from each other (viz, 20-1- 12%, n = 4 vs. 41 :i: 17%, 
n = 4), (ii) ATPMg injection before AI causes stimula- 
tion of the order of 123 4-26% (n =4), whereas 
ATPNa 2 injection causes stimulation of the order of 
362 ± 63% (n = 4). The difference is signifcant. Both 
values are significantly larger than those obtained by 
injecting ATPMg and ATPNa 2 after AI, viz. 20 ± 12% 
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and 41 ± 17%, respectively. Further, injcctmn of AI 
after ATPMg produces inhibition in one of the ~'our 
fibers tested (of the order of 33%), whereas AI after 
ATPNa 2 produces 24 -I- 8% inhibition in the four fibers 
tested. Such data suggests the possibility that fibers 
injected with ATPNa z are more wdncrab[e to inhibi- 
tion by AI than fibers injected with ATPMg. 

Repetition of the above experin:cnts led to the 
following data: (i) AI injection (before ATPMg) into 
poisoned fibers produces only a monophasic response, 
viz. stimulation of ihc urd=r of  197 :i: 38%, {n  = 4). 
This is the same as that obtained by injecting AI before 
ATPNa~ (viz. 167 + 19%, n = 4). Little or no response 
to the injection of ATPMg or ATPNa 2 after AI is seen 
in both groups of fi$.c.rs, whereas the injection of 
ATPMg and ATPNa 2 (before AI) produces stimulation 
of the order of 132+ 11% (n =4)  and 308±27% 
(n -- 4), respectively. And (ii) injection of 03 M AICI~ 
long after peak stimulation by. ATPMg injection pro- 
duces a prompt rise in the Na efflux averaging 115 + 
23% (n -- 4). However, injection of AI long after peak 
stimulation by ATPNa z produces a rise in the Na 
efflux in only two of the four fibers tested. This effect 
averages 208 + 49% in magnitude. A representative 
experiment from each group is shown in Fig. 5. Nolice 
the occurrence of a slight delay in the onset of the 
response io AI injection in both experiment~ 

Lack of effect of Mg 2 + injection after AI in poi.so~d 
fibe.~ 

If it be true that AI does not act as an inhibitor of 
the Na+-Ca 2+ exchanger, then the question arises 
to whether or not the stimulatory response re, sulting 
from the injection of AI into ouabain-poisoned fibers is 
unaffected by Mg 2+. As shown in Fig. 6 (a composite 
of four plots), injection of 0.5 M MgCI, fails to inter- 
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Fig. 5, (A) Stimulation following the injection of AI into a poisoned 
fiber preinjected wilh AI?Mg. (B) Stimulation followin8 the injec- 

tion of A] after ATPNa2. 
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Fig. 6. The failure of 0.5 M MgCh injection to reverse the stimulu- 
ioJy tc.,pansc of |~:e eu::b'.in-[ns:rnsilive Na efflux to the injection of 

0.5 M AICI.I (composite ,ff four semilog efflux plots). 

rapt the response of the ouabain-insensitive Na efflux 
to the injection of 0.5 M AICI.v 

Leupeptin and pepstatin before A! 
It is now widely recognized that the activation of 

CaZ+-dependent proteases by Ca 2+ leads to cell injury 
e.g. hepatocytes (e.g. Ref. !2). Since barnacle fibers 
usually contract following the injection of AI, the ob- 
jection may be raised that the observed alterations in 
the response to ATP in fibers ore-injected with AI 
reflect the erdslcace ot cell injury rather than the 
abiiity of ATP to form a 'dead-end' effector in the 
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Fig. 7. (A) The biphasic response of the basal Na efflux to the 
i,jection of 11.5 M AICI.~ in ~, fiber pfcinjccted with 10-:  M LP and 
l0 -3 M PP. Notice the relative lack of effect of 10 -4 M ouahain 
when applied after the onset of the inhibilory phase of AI action. (B) 
The injection prO.5 M AICi~ into a fiber injected with lO -3 M PP, 
and then exposed to !0 -'1 M ouabain. (C) The injection of 0.5 M 
AICI 3 into a fiber injected with 10 -z M LP, and then exposed to 
10 -4 M ouabain. (D) The injection of I).5 M AICI 3 into a fiber 
injected with 10- " M LP and l0 -3 M PP, and then exposed to l0 -4 
M ouabain. In experiments of this type the fibers are isolated from 

the same muscle bundle. 

presence of free AI 3+. For this reason experiments 
were carried out in which two known inhibitors of 
Ca'-+-activated proteins, leupeptin and pepstatin [12,13] 
were tested by injecting them prior to AI. Briefly, the 
results obtained indicate that both protease inhibitors 
are unable to influence the behavior of the resting Na 
efflux toward AI injection. Notice the lack of effect of 
subsequent application of 10 -4 M-ouabain, a result 
confirming the observation of Huang and Bittar [2] that 
AI renders these fibers less sensitive to the glycoside. 
Fig. 7B shows that the preinjection of 10 -3 M PP fails 
to interfere with the inhibitory action of 10 -4 M- 
ouabain and that subsequent injection of 0.5 M AICI 3 
leads to a monophasic stimulatory response of the 
remaining Na efflux (viz. 207 + 34% stimulation, n = 4). 
Fig. 7C shows an identical response to AI injection into 
a ouabain-poisoned fiber prcinjected with 10 -2 M LP 
(viz. t83 4-50% stimulation, n = 4). And Fig. 7D con- 
firms these kinetic results in thai the preinjection of a 
mixture of LP and PP fail ~, to stop the stimulatory 
response to AI from taking place. Though the size of 
the response to AI appears somewhat small, viz. 87 _+ 
31% (n =3), it is not statistically different from the 
two preceding values, P being > 0.05 and > 0.2, re- 
specti,,ely. Experiments involving the injection of LP or 
PP ~,or both) followed by AI, and then ATP were 
considered but not carried out since this would mean 
more damage to these fibers by having to inject them 
thrice (counting the procedure of loading with 22Na). 

Discussion 

The present results p,'ovide support for the view 
that neither ATPMg nor ATPNa 2 protects hypersensi- 
tive unpoisoned fibers from the inhibitory effect of AI 
injection. As will be remembered, this is a!so true of 
GTP and Gpl:ffNH)p [2] whose mechanisms of action 
are largely different from those of ATP. In an effort to 
gain some insight into the significance of this mecha- 
nism, the powerful AI chelator, deferoxamine, was 
injected prior to AI and found to prevent the occur- 
rence of inhibition in such fibers. This was not unex- 
pected since deferoxamine is known to bind AI lfl m~ 
times more strongly than does ATP [14]. If for the 
moment one accepts that the data obtained with LP 
and PP suggest that the inhibitory action of AI is not 
the result of a Ca'+-mediated proteolytie reaction, 
then the simplest way of explaining AI hypersensitivity 
in unpoisoned fibers is to suppose that it is largely due 
to the binding by AI "~+ of not only KIP but also 
interna[ phosphates e.g. Pi. In this connexion, it is 
perhaps worth mentioning that the ZTAI-NMR evidence 
obtained by Jackson [15] reveals that in the presence of 
1 mM H,PO4 and 100 ~M AI the predominant species 
is [AI(PO4)zH] z- over almost the entire pH range. As 
it happens, the possibility of phosphate precipitation 



was considered by ltuan:~ and Bittar [2] when in a 
recent pilot study they, preinjected phosphate into hy- 
persensitive fibers and found it to almost completely 
abolish inhibition of Na efllux by At, This work is now 
in progress. 

In the light of the com;~arison drawn between the 
protectiveness of ATPMg and ATPNa20 it is well to 
keep in mind that AI seems to act by competing with 
Mg 2+. That is, removal of internal free Mg -'+ by inject- 
ing ATPNa 2 renders these fibers more sensitive to the 
untoward effect of AI. This is clearly illu~trated by 
poisoned fibers injected with ATPNa z or ATPMg. 
followed by Ah However, a less satisfactory solution of 
this problen~ presents itself when ouabain-poisoned 
fibers are examined. This is perhaps mainly because 
the inhibitory phase of AI injection is seen rather 
seldorn within the time-frame of experiments of this 
type. Nonetheless, a salient finding to emerge is that 
ATPMg and ATPNa, are protective insofar as the 
stimulatory phase of AI injection is concerue0. Both 
reduce or eliminate the stimulatoT.'y response of the 
ouabain-insensitive Na effiux elicited by AI bat this 
depends inter alia on how long after ATP injection AI 
injection is carried ou~ (rid6 Fig. 5). That the response 
itself is not likely to be related to a proteolytic reaction 
is suggested by the fact that LP or PP or both together 
fail to modify the behavior of the efflux toward AI (Fig. 
7). 

it is significant that the injection of AI shortly after 
peak stimulation of the ouabain-insensitive Na efflux 
by ATP injection fails to reverse this response to ATP. 
Such a result offers a powerful argument that little or 
no free A! 3+ is left in the myoplasm to inhibit the 
Na+-Ca z÷ exchanger. This is of course based on the 
assumption that ATP injection into poisone~ fibers 
stimulates reverse Na+-Ca 2+ exchange, as suggested 
by Bitter and Huang ill. Alternatively, this result can 
be simply explained by assuming that any free Al ~+ 
occurring in the myoplasm does not act as an inhibitor 
of the exchanger. Such an interpretation can readily be 
reconciled with the observatior~ that Mg 2. injection 
fails to reverse the response to AI injection, if both 
AP + and Mg 2+ are genuine inhibitors of the ex- 
changer. The question then is: Which is the preferred 
explanation.'? Clearly, the former, for it is not only 
straightforward but also supported by experiments 
which show that the injection of a mixture of AICI.~- 
ATPNa 2 is not as inhibitory as AICI 3 injection. Addi- 
tionally, it is attractive conceptually because ATPAI 
may be regarded as a dead-end eomplcx-i'or a wide 
range of enzymes, notably the Na+-K+-ATPase system. 
This is reminescent of the work of Womack and Colow- 
ick [10] and Viola et ah [I1] who investigated the 
actions of AI on yeast and brain hexokinase. They 
concluded that AI causes slow-binding inhibition as the 

result of competition b,'-:wcen ATPA! and ATPMg--a 
situation strikingly similar to that createJ by injecting a 
mixture of AiCI.~-ATP and finding that the Na efflux 
is, in fact, rc,luc,.~d by such a maneuver. Howe~,er, the 
problem might not be t!-,is simple, since allowance must 
be made for the pos'~ibi!!ty that myoplasmic ATPMg in 
some barnacle fibers might be low, e.g. 1.4 mM [16] 
and that such estimates carried out with the aid of 
firefly reflect an overall value of ATP occurring in 
micro-domains. Moreover, too much should not be 
made of ATPAi formation to the exclusion of se-4eral 
other considerations. One is that the Br6r.~ted theory 
dictates that there is a close relationship between a 
reaction rate and ionic strength but this problem is not 
amenable to independent study in this type of work. 
The other concerns systems having particularly high 
conditional log K values e.g. 2,3-diphosphoglycerate 
which has a value of 12 (Martin, B. and MaeEhmald, 
T., privatc communication). In other words, situations 
where free Mg 2+ is replaced by AI ~ are bound to 
involve inhibition of Mg z +-dependent proces,~s inclu.~J- 
ing many key reactions. A prime example is the slowin[: 
down of GTP hydrolysis by Ai '~' e.g. bovine brain 
mierotubules which involves GTPAI formation [17]. 
Another but less striking example is that provided by 
bovine retinal rod GTPase which appears to be a pony 
target of AI -~+ [18]. This is al.~ the case with liver fluke 
adenylate cyclase: though very active, the cyclase is not 
very sensitive to AI in high concentrations [19]. For 
example, 13-38% inhibition of basal cycla~ requires 
25 g.M AICI.~. The fact that ATP was prc~nt in the 
preincubation reaction mixture immediately suggests 
that inhibition of the enzyme by A! might well be the 
result of competition between dead-end ATPAI and 
ATPMg. Whether the observed inhibition of the rest- 
ing Na efflux by injecting AI into barnacle fibers is due 
to inhibition of basal adenylate cyclase by a mechanism 
involving competition beween ATPAI and ATPMg is 
not yet clear. Such a possibility remains real, despite 
evidence that the injection of PKI into these fibers fails 
to reduce basal Na efflux but stops injected cAMP 
from stimulating the Na efflux [20]. Altogether, if Ai 
ac, s as an inhibitor by precipitating internal free phos- 
phatgs, then ;he intriguing question is to understand 
how Pi precipitation in myoplasm having a high ArP 
(this is the phosphagen in invertebrates in lieu of CrP, 
e.g. 24 mM [21]) leads to a fall in the active extrusion 
of Na in the~ fibers. In order to understand this it will 
be necessary, to focus on the Mg 2 ~-deoendent arginine 
kinasc reaction [22] which if inhibited by AI -~ ÷ might b¢ 
unable to buffer myoplasmic ATPMg sufficiently. And 
more importantly, in hypersensitive unpoisoned fibers 
with a low myoplasmic ATPMg such a disturbance 
could turn out to be a key event leading to a fall in 
resting Na effiux. 



R e f e r e n c e s  '. 

] Biltar, E.E. and !tuang, Y-P. (P/gl) Biochim. Biophys. &cla, 
1070, 332-342. 

2 Huang, Y.P. and Billar, E.E. (1991) Biochim. Biophys. Acla. 
1062, 255-263. 

3 Martin, R.B. (1988l in: Mclal Ioas in Biological Systems (Sigel, 
H., ed.), Vol. 24, pp. 1-57, .~iarcel Dekker, New York. 

4 MacDonald, T.L. and Martin, R.B. (1988) TIBS 13, 15-19. 
5 Tu, A.T. and Heller, M.J. (1974) in: Metal Loss in Biological 

Systems (Sigel, H., ed.), Vot I. pp. 1-,19, Marcel Dekker, New 
York. 

6 BRiar, E.E., Chiang. L. and Sharp¢, T. (1983) Comp. Biochem. 
Physiol. 75B, 93-102. 

7 Biltar, E.E. (1983) Progr. Nearobiol. 20, 1-54. 
8 BiRar, E.E, Nwoga, J. and Huang, Y.P. (1990) Toxieol. Appl. 

PharmacoL 102, 174-185. 
9 Bittar, E,E, and Huang, Y-P. (1990) Toxicol. Appl, Pharmacol. 

106, 71-79. 
10 Womack. F.C. and Colowick, S.P, (1979) Prc,~. Natl. Acad. Sei. 

USA 76, 5080-51184. 

If Viola, R.E. Moirison, .I.F. and Cleland, W.W. (1980) Biochem- 
istry t9, 3131-3t37. 

12 Orrenius, S. and Nicotera, P. (1987) Arch. Toxicol. Suppl. II, 
it-1o. 

13 Rappay, G. (1989) Progr. Histoehem. Cytoch. VoL 18 [43, pp. 
1-68. 

14 Swartz, R.D. (1985) Am. J. Kidney Dis. 5 (5), 358-364. 
15 Jackson, G.E. (1983) Inorg, Chem. Acta 151,273-276. 
16 Bittar, E.E. and Keh, T. (1980)J. Physiol. 302, 73-88. 
17 MacDonald, T.L., Humphrey, W.G. and Martin, R.B. (1987) 

Science 236, 183-186. 
18 Kanaho, Y., Moss, J. and Vaughan, M. (1985) J. Biol. Chem 260, 

11493-11497. 
19 Mansour, J.M, Ehrlich, A. and Mansour, T.E. (1983) Biochem. 

Biophys. Res. Commun. 112, 911-918. 
2(I Bittar, E.E., Demaille, J., Fischer, E.H. and $ehutlz, R. (1979) J. 

Physiol. 296, 277-289. 
2t Hansen, J., Sharpe, T. and Bittar, E.E. (1986) Comp. Biochem. 

Physiol. 83B, 8"15-879. 
22 Ernor A.H. and Morrison, J.F. (1958) Phys. Rev. 38, 631-674. 


