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A study has been carried out u\mg rclduvcly intact mature muscle fibers [mm the barnacle Balanus nubilus to sce whether
p-Ins(1,4,5)P; sti the itive Na cfflux foiiuwing ite ion and whether this is accompanied by ¢
contraction of the fiber. Part of the impetus for a study of this type came from the on-going debate between Vergara, Rojas and
co-workers and Lea and co-workers, the former group holding the view that skinned barnacle fibers and skeletal fibers in general
are responsive to this isomer. The evidence brought forward indicates that the injection of np-Ins(1,4,5)P; in concentrations in the
range of 1072 M to 10°° M into lated unskinned fibers p d with ouabain fails to increase the residual efflux, and
additionally fails 1o clicit a contraction. A similar picturc emerges with 1he use of non-hydrolyzable pi-Ins(1,4,5)P[S]; analog
ing its i jon in a ion of 0.5 uM. Higher concentrations of the analog were unavailable for use. This work also
involved verification of the idea that an effect might be obtainable in depolarized fibers. However, doubling or tripling K, and
injection of the isomer or the analog simulmnconsly failed to support this idea. Since nothing is known as to whether
-Ins(1,4,5)P; 1nfluenves the behavior of the Na*-Ca®* exchanger when operating in the reverse mode, experiments were done
to check this possibility. ATPNa, which is thought to activate Nd *Ca®* cxchangc was injected prior to the isomer or the analog
but no significant results were obtained. A similar line of was foll d, that of ing the L-type Ca?* channel by
injecting. GTPNa, which in addition is known to activate adenylate cyclase. Again, neither the isomer nor the analog were
effective Thus, the only conclusion possible is that in relatively intact, maturc barnacle fibers there is no coupling between the
phosphoinositide signalling pathway and two other key systems, viz. the Na*-Ca®* cxchungcr whcn operating in the reverse
mode and the L-type Ca®* channel. Equally clear is that for some unk reason the ouab: itive Na cfflux and the
pp are i itive to b-Ins(1,4,5)P;[S],.

introduction ATPNa, cr put differently. the uoeration of the Na™-
Ca®* exchanger in the reverse maar. {11 And fourth, to
arswer the question whether the isomer or analog

the stimul of the Na cfflux to

‘The nbject of the present work was four-fold: First,
to find out whether the cffect of injection of b-

Ins(1,4,5) P, into ouabain-poisoned fibers mimics Ca®*
by increasing the remaining Na efflux and eliciting a
contraction. Second, to find out if depolarisation of the
fiber membranc with high K{j renders the isomer and
its non-hydrolyzable anzlog pL-1ns(1,4,5)Py{S]; more
cffective. Third, to determinc whether or not the iso-

Yy
the injection of GTPNa, if the nucleotide does in fact
activate L-type Ca** channels in addition to the adeny-
late cyclase system (sce, for example. Refs. 2 and 3).
The following communication has a direct bearing
on the controversy between Vergara, Rojas and co-
workers [4.51 and Lea and co-workers [6,7] over the

mer or analog infl the bet of the resp
of the ouabain-insensitive Na efflux to the injection of

Abbreviations: Hepes, 402 hyl)-1-pi I
acid: Ins(1.4.5)P;, inositol 1.4.5-trisphosphate: Ins(1.4. S)P\Isl. inosi-
! 14,5-tris(phosphorothioate),

C d E.E. Bittus, D of Physiols University
of Wisconsin, 1300 University Avenue, Madison, W1 53706-1532,
USa.

her Ins(1,4,5)P, acts as a major second

mcssengcr for the release of Ca’* from the sarco-
iculum (SR) in skeletal muscle such as bar.

nach. muscle fibers, Rojas and coworkers, for sxample,
have produced evidence that the injection of
Ins(1,4,5}P; in a concentration as low as . 2-8 nM
into fibers from the giant harnacle Megabalanus psitta-
cus induces strong contractions. However, the applica-
tion of this isomer by Lea and coworkers to skinned
fihers from Balanus nubilus fails to induce contracture.
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This is also the case with frog muscle. Since this
controversy impinges on a related one, namely that the
isomer causes the release of Ca®* from isolated SR [8]}
or that it fails to cause Ca releasc [9], it cannot be
simply ignored.

In order to decide between the first two schools of
thought, it seemed well worthwhile to check whether
the injection of Ins(1.4,5)P; into ouabain-poisoned
fibers results in the stimulation of the ining Na
efflux, as well as contracture. The basis of this ap-
proach was the rule that the injection of Ca®* in a
concentration as low as 1 M into fibers poisoned with
ouabain causes not only a transitory contracture but
also a transitory rise in the remaining Na cfflux (e.g.
Ref. 10). If one assumes that the SR in barnacle
muscle fibers p 1P;-gated ch Is and that
they behave like SR vesicles reconstituted in planar
bilayers, it then follows tnai the injection of the isomer
into ouabain-poisoned fibers should lead to contrac-
ture and a rise in the Na effluy, at least in ouabain-poi-
soncd fibers. The aiternative to this suggestion is of
course the possibility that 1P;-gated channcls do not
exist in mature barnacle fibers or that they may be of
minor rather than major importance vis-a-vis the ryan-
odine receptor channels. i.e. the Ca®* release channels
of the SK.

Materials and Methods

The species of barnacles, the method of dissection,
cannulation, microinjection of these fibers and count-
ing of the Na activity in the cffluent and the fibers
were the same as those described at length by Bittar
[10). The ar:ificial seawater (ASW) used had the fol-
lowing composition (mM): NaCl, 465; KCl, 10; MgCl,,
10; NaHCO,, 10 and pH 7.8. Solutions containing 20
mM and 30 mM K ' were prepared by reducing NaCl

Sigma Chemical Company, St. Louis, Missouri. »- and
L-somers of Inst1,4,5)P; were purchased from LC
Services Corporation, Woburn, MA. p: -Ins(1,4,5)P4(S],
was a gift from Dr. Barry V.L. Potter whose present
address is School of Pharmacy and Pharmacology. Upi-
versity of Bath, Bath, UK.

Results

Little or no actior: by injection cf v-Ins(1,4,5)P,
Vergara and coworkers (e.g. Ref, 4), working with
chemically skinnza muscle fibess of the frog Rana
catesheiana were able to show that external application
of Ins(1,4,5)P; (from Sigma and C. Ballou of the Uni-
versity of California, Berkeley) causes these fibers to
shorten. Marked ceatractions were seen with concen-
trations of 300 uM. B electrical stimul in-
creases the concentrations of inositol phosphate iso-
mers, these workers drew the inference that
Ins(1,4,5)P, plays a key role in excitation-contraction
coupling. However, other workers such as Lea, Grif-
fiths, Tregear and Ashley [6] applicd Ins(1,4,5)P; to
skinned barnacle muscle fibers but saw no contrac-
turcs. This scemed all the more puzzling since Rojas
and co-workers [5] reported that the injection of
Ins(1.4,5)P; into fibers from the giant South Pacific
barnacle Megahalanus psittacus clicits contractures with
concentrations of the isomer as low as 0.2 M. These
were also seca in the nominal absence of external
Ca?*. Blinks, Cai and Lee [11] sought an explanation
for these contradictory results and suggested that in
skinned frog muscle Ca2* is only released in the pres-
ence of Ins(1,4,5)P; if the muscle fiber has its T-tub-
ules scaled off, a situation that would ailow the passage
of cuncent. rison sccms justified since mor-

is compr

in an osmoucally eguivaiciit ameount. Solutions for in-
jection were prepared using 3 mM Hepes (pH 7.2). The
volume of test solution or 3 mM Hepes solution in-
jected into these fibers was 0.3-0.4 . This is suppos-
edly diluted by the myoplasm by a factor of roughly
100. All experiments were carried out at an environ-
mental temperature of 22 to 24°C.

The results given in this papu' are expressed as thc
mean # standard error. ’s t-test was cmploy
to p the data lly. Values for P <0.05
were considered as being significant. Estimates of the
size of the observed effects on the Na efflux were
calculated on the basis of the rate constant plots. For
those few instances where the isomer was injected
prior to the onset of peak stimulation by high K* the
peak effect was taken to be that recorded at the time
of injecting the isomer or analog.

All reagents used were analytical gracde. Quabain
and Hepes, ATPNa, and GTPNa, were supplied by

T gicatly speakii rtobrate and vertebrate mus-
cle closely resemble cach otner: :he‘,' have the same
foot structure with four rounded sutwunits and a central
depression [12].

The results obtained with ouabain-poisoned fibers
were as follows: (i) Injection of p-Ins(1,4,5)P; in con-
centrations as high as 1072 M produces a delayed but
small and in the residual efflux (viz.
76 + 16%. n = 4), as illustrated in Fig. { (lower panel).
Since identical kinetics are obtainable with the L-iso-
mer (viz. 56 + 10%, n =4) (upper panel), the effect
with the p-isomer was dismissed, more particularly
since its activity is said to be 2000-times that of the
w-isomer [13]. Similar experiments were donc using
much lower concentraticns, ¢.g. mi , but the
results were cssentially alike. In other experiments,
injection of L-Ins(1,4)P, in a concentration of 1 uM
was also found to be relatively ineffective. Experiments
carried out by injection of 1 pM p- or 1.-Ins(1,4,5).7,
also show small effects which can be dismissed (Fig. 2).
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Fig. 1. Upper panel: A negligible, delayed rise in the ouabain-insen-
sitive Na efflux, following the injection of 107 M 1-ins(1,4,5)P;.
Lower panel: A delayed and slight transitory rise in the ouabain-in-
sensitive Na efflux following the injection of 1072 M p-Ins(1,4.5)P;
{rate constant plais).
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FRACTION OF 22Na LOST/SECx 10°
o

Lack of ffect of pi-Ins(1,4,5)P,[S], injection

Strupish, Cooke, Potter, Gigg and Nahorski [13]
introduced an analog of Ins(1.4,5)P, that is resistant to
S-phosphatase action and only 3-fold weaker than
Ins(1,4,5)P,. The results of experiments show that the
injection of 0.5 uM bL-Ins(1,4,5)P,S}; into ouabain-
poisoned fibers (# = 4) is ineffective. In the represen-
tative experiment shown in Fig, 3, it can be seen that
there is a slight sustained rise in the residual efflux
some 20 min after injection. This type of experiment
was repeated more than once: the results were essen-
tially ncgative. Higher ions were not tested
because of their unavailability. It is worth mentioning,
in this conncction, that the ECq, for the pL racemate is
about 1 M in studies of Swiss 3T3 cells {13). And n
planar lipid bilayers loaded with heavy SR vesicles up
to 40% of the **Ca is released by pi-Ins(1.4.5)P{S; in
the 2-25 uM range [14]}.
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Fig. 2. Upper panel: Kinetics resembling those in the preceding
experiment obtained by injecting 1 oM 1-Ins(14,5F, into a
avabain-poisoned fiber. Lower panel: Slight, sustained stimulation of
ihe ovabain-insensitive Na efflux caused by injecting 1 uM b-
Ins(LA45)Py.
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Fig. 3. A delayed but slight and d rise in the ouabain-i
tive Na* efflux following the injection of 0.5 M br-Ins(1 45)PJSI\

Elevation of Ko and injection of ulns( 1, 45)P_, and
racemic ph i analog sii

Donaldson, Goldberg, Walseth and Huetteman [15]
put forward the suggestion that the voltage across
T-tubules may influence Ca2* releasc from the SR by
Ins(1,4,5)P;. In their experiments with skinned rabbit
fibers, they injected the isomer in a concentration of
0.5 pM. When the T-tubules were depolarized, the
response was found to be greater than that of polarized
tubules. This raised the possibility that a depolarized
condition augmerts the reicase of Ca** from the SR
following the application of Ins(1.4,5)P;. In order to
verify this possibility, experiments were undertaken
with hlgh K0 and the m;ecuon of p-Ins(1,4,5)P; or

othioate 1y. Justificetion
for the use of 20 mM and 30 mM K} is 1o be found in
past work, e.g. Mason-Sharp and Bltﬁarﬂ 5] who showed
that the sudden ralsmg of K§ to such levels causes an
i in the ouabain-i itive Na efflux, and that
the minimal effective concentration is about 20 mM.
Under such conditions, the membrane potential is re-
duced since it is —40 mV, that is 13-16 mV below the
resting E,, of cannulated fibers [10]. A resting E,, of
~56 mV is still below that of intact, uncannulated
fibers since measurements indicate values of ~67 mV
(e.g. Ref. 17). These considerations arc particularly
relevani to such experiments since fibers suspended in
10 mM K*-ASW can be assumed to be in 2 depolar-
ized condition. The results obtained in these experi-
ments are as follows:

(i) Sudden doubling of K{ and injection of 10°2 M
p-Ins(1,4,5)P, simultaneously shows a prompt rise in
the residual Na efflux averaging 85 + 12% (n =3), as
compared with a value of 110 + 4% (n = 3) obtained by
injecting a 3 mM Hepes solution into companion con-
trol fibers and doubling K; simultaneously, The differ-
ence is not significant, P being > 0.1. In parallel
cxperiments Ki was suddenly tripled and 1072 M
p-Ins(1,4,5)P, injected simultaneously. The results ob-
tained show a stimulatory response of the order of
133 £ 19% (n = 3) vs. 136 + 8% in companion controls
(n=3). Another type of control experiment was to
inject L-Ins(1,4,5)P; and simultaneously double K*.
The results of such experiments indicaie stimulation in
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the ouabain-poisoned fibers of the order of 158 + 47%
(n = 3) as compared to a value of 227 + 18% (n=2)
obtained by injection of 3 mM Hepes and doubling K}
simultancously (P being > 0.2). Notice. however, that
these fibers are more sensitive to Kjj elevation than
the other batches tried — not an uncommon happening.
To be more certain that depolarization docs not play a
role, a scpdrate series of experiments were donc in
which 1072 M pi-Ins(1,4,5)P; was injected and K
tripled simultancously. Companion controls were in-
jected with 3 mM Hepes. The results show average
responses in each group which are practically the same,
viz, i33+£19% (n=23) vs. 136 + 8% (n =3). Taken
together, these results mean that Ins(1.4.5)P; exerts no
effect even when depolarisation of the fiber membrane
is increased.

(ii) In the third series of experiments, the cifect of
0.5 M pL-Ins(1.4,5)P; injection was tested by dou-
bhng K, simultancously. The injection of the racemic

and doubling K It sty led to a re-
sponsc the magnitude of which is 158 + 47% (n =3),
as compared with a vafue of 227 + 18% (n =2) ob-
tuined in companion controfs injected with 3 mM Hepes
and doubling K simultancously (# being > (1.2). The
kinetics of the response in both groups are strikingly
alike in that the onsct of the response is prompt and
reaches a peak within 20-25 min, and subsequently
decays rather slowly.

(iii) In the fourth scries. 0.5 M bL-Ins(1.4,5'P[S],
was injected and Kj tripled simultancously, while in
companion fibers Ko was triple¢ and 0.5 M bi-
Ins(1,4.5)P{S]; injected close to or after the onset of
peak stimulation by 30 mM K. Representative experi-
ments arc given in Fig. 4. The magnitude of ihe re-
sponses is practically the same (516 :+£82%., n =5 in
the case of simulianevus treatment and 508 + 45,
n =5 in the case of successive maneuvers). Here again
the values obtained are the same, gresumably because
the phosphorothioate is without effect.

The fibers used in the preceding experiments were
extremely sensitive to high K, and hence the cxpari-
ments were rep d using less i fibers. This
time, h , the ph sthioate was only injected
simnuitaneously when K, was tripled. The results show
112 + 22% stimulation (n = 4) vs. 125 + 16% in control
fibers (1 = 4). Taken together. then, these results fail
to substantiate the notion that reduced voltage ampli-
fies the cffectiveness of 1as(1.4,5)P; or the phosphoro-
thioate analog.

Lack of effect of isomer and analog after ATFNa, or

The question now arisiag was: Does the isomer
modulate the Na*-Ca®* exchanger when it is operating
in the reverse mode? In order to activate this ex-
changer, ATPNa, was injected {1]. This approach was
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Fig. 4. Upper panel: lution of the ouabain-i

<fflux by injecting 0.5 M Ins(1.4.5) P{I$]; and simultancously r

external K© from 10 mM to 30 mM. Lower panel: Enjection of (.5

M Inst1A5)IPIS], into a ouabain-poisoned fiber shortly hefore

peak stimulation by a sudden clevation in external K* from 10 M

to 30 mM.

employed in view of evidence supporting the hypothe-
sis that ATPNa, is a positive cffector and that Mg**
injection leads to reversal of the stimulatory response
to ATPNa, injection into ouabain-poisoned fibers. Ex-
periments show a lack of effect of injection of 1072 M
p-Ins(1.4.5)P; (n = 4). This was repeated and the re-
sults were negative again. Thesce studies were extended
to include the injection of 0.5 uM pL-Ins(1.4,5)P,[S];.
As shown in Fig. 5 (upper panet), neither stimulation
nor inhibition ceeur. Since GTP is known to be a
positive effector of the Ca®* channel (L-type) in addi-
tion to the adenylate cyclase system (c.g. Refs. 2 and
3), and since the Ca®* channel in barnacle fibers is an
L-type channel i.c., DHP-sensitive (e.g. Ref. 18), 1072
M p-Ins(1,4,5)P; was injected following the onset of
peak stimulation by injecting 0.5 M GTP. As indicated
in the lower pancl of Fig. 5. there is ne effect (n = 4).
The upper panel confirms this result, namely that the
injection of 0.5 M vL-Jus(1,4,5)P(S]; also fails to mod-
ify the sustained nature of the response of fibers poi-
soned with ouabain to the injection of 0.5 M ATPNa,
(n = d4). Becausc of the weight attached to such results,
the experiments with ATPNa, were repeated. But this
time only the racemic phosphorothioate analog was
injecied, ilepes was injected into companion controls.
The results of these experiments indicate that the
analog had no effect in three of the four test fibers.
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concentrations into ouabain-poisoned fibers fails to
increase the remaining Na effiux and cause these fibers
to shorten. Since as a rule the injection of a 107" M
solution of Ca** stimulates the cuabain-i itive Na
efflux and this is cnough to elicit a contracture [7,10], it
is reasonable to conjecture that the sudden introduc-
tion into the myoplasm of the isomer fails to release
Ca’* from the SR or fails to releasc enough Ca®*,
because barnacle fivers cither lack IP;-gated channels
or have a sparsity of them. It is thus possible to posit
the idea that if Ins(1,4,5)P; acts at all, it then elicits
considerably less than 1 uM Ca** release. And if the
SR in these fibers icpresents one-tenth of the total
intrafiber volume [19], one is justified on the basis of
Ashley'’s data [20] viz. a myoplasmic free Ca®* of 0.2
1M in the steady state and a free Ca®* of 2 uM
following stimulation of these fibers by high K, to
infer that, if anything, Ins(1,4,5)P; adds little or no
Ca®* to the myoplasm. Furthermore, a case could be
made that the added isomer is either rapidly phospho-
rylated by a specific kinase to Inst1,3,4,5)P, [21] or
slowly degraded. The first is a tenuous argument, of
course, in view of the relatively high concentrations of
the isomer :njected.

The observation of a lack of effect is strengthened
by the results obtained with the 5-phosphatase resis-
tant synthetic analog, pL-Ins(1,4,5) P;{S],. Though 3-fold
weaker than the isomer {13] but not degradable, the
observations made are taken to mean that this race-
mate analog neither increases the ouabain-insensitive
Na efflux ror beh as a of excitation-

107*M OUABAIN -
05uM Inst18,518,[s ], N0
O5M ATPNay i

2les,
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Fig. 9. Upper pancl: A control experiment showing the injection of 3
mM Hepes following 0.5 M ATPNa,. Lower panei: Partial reversal
by the injection of 0.5 uM Ins(14,5)PyIS); of the sustained rise of
the ouabain-insensitive Na™ efflux caused by the injection of 0.5 M
ATPNa,.

However, in the fourth a slight reduction in the re-
sponse was observed. This is shown in Fig. 6 (lower
panel). This type of experiment, however, was not
repeated.

Discussion

‘The evidence brought forward here shows quite
clearly that the injection of Ins(1,4,5)P, in iow or high

ion coupling in these fibers. The fact that only
a (.5 uM concentration was used for injection is not
objectionable for at least two reasons. One is that it
exerts an effect on Swiss 3T3 cells in the nanomolar
range, the ECy, being about 1 #M [14]. Second, and
more importantly, its regional concentration along the
axis of the fiber shortly after refease by the micro-injec-
tor would be expected to be quite high, ¢.g., in the high
nanomolar range.

The notion that the voltage across the fiber mem-
brane plays a role in the ability of Ins(1,4,5P; to
release Ca®* is atractive yet untenable according to
the data obtained with high K§. This applies to both
the isomer and synthetic analog. Further, attempts at
clarifying this problem using photolysis have revealed
disappointing results, viz. low sensitivity and slow onset
of contractions in skinned frog muscle [22]. Tc make
things more confusing, unskinned frog fibers are feund
hy Blinks, Cai and Lee [11] to be irresponsive to the
injection of Ins(1,4,5)P,. Ca®* release also fails to
occur when 5 or 10 uM Ins(1,4,5)P; is applied to SR
isolated from lobster or rabbit skeletal muscle [23].

But a problem remains. This concerns experiments
done with skinned muscle and SR vesicles, especially if
the vesicles are placed in planar lipid bilayers (e.g. Ref.
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24). Both systeras behave in a similar manner in that
the Ca?* is free, and the vesicles readily release iso-
tope upon application of the isomer (¢.g. Ref. 14). ThlS
is the case too when the ry di is block
wxm ryanodine (e.g. Ref. 24). Thus. the paraliclism

kinned (and d d) fibers and isolated SR
vesicles lying in lipid bilayers is striking. The question
then immediately to be asked is: Does the bound
fraction disappear in both preparations and is it likely
that the total free Ca** in skinncd (and damaged)
fibers is somewhat larger than that present in the intact
fiber? It will be remembered that more than half of the
total Ca®* of a skelctal muscle fiber is located in the
SR (c.g. Ref. ?5a and b), the remaining two iarge

being drial and nuclear, and that it
occurs in the SR in two phases: frce and bound.
Whether this applies to both the ryanodine-receptor
pool and the Ins(1,4,5)P;-gated pool is not yet known.
But in barnacle fibers there seems to be an addiiional
factor which cannot be overlooked. This is that these
fibers fall into two classes: those containing about 1
mM Ca®* and those with twice this amount [26.27].
How this influences the distribution of Ca®* in the SR
in situ is far fiom known.

The final point is rather stmightforwn.‘d It stems
from the that r di ive ptors
are plentiful in fetal tissue, e.g. heari muscie, but
sparse in mature muscle {28]. One might thus conceive,
by analogy, that a similar situation cutains in respect of
the Ins(1,4,5)P;-gated channel and that such channels
are sparse in mature muscle. It is then casy to sce how
the Vergara-Ashley debate could have arisen and that
variation in the age, maturity and condition of the
fibers investigated may have contributed to the dis-
puted discrepancy. The alternative possibility is that a
reduced myopiasmic pCa inhibits the release of Ca*
from the Ins(1,4,5)P;-gated channel pool [29] especially
when the internal free Mg2* is high. However, this is
vendered umiikely ir view of the observation that the
preinjection of GTPNa, or ATPNa, does not enable
Insti,4,5, injection to raise the Na efflux.
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