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Hypotonic stimulation of the Na* active transportin frog
skeletal muscle: role of the cytoskeleton

R. A.Venosa

Centro de Investigaciones Cardiovasculares, Facultad de Ciencias Médicas, Universidad Nacional de La Plata, Calle 60y 120, 1900 La Plata,
Argentina

Hypotonicity produces a marked activation of the Na" pump in frog sartorius muscle. The increase in
net Na' efflux under hypotonic conditions occurs despite the reductions in [Na']; that are due to fibre
swelling and Na* loss. The pump density (ouabain binding) increases not only upon reduction of the
medium osmotic pressure (77) from its normal value (77 = 1) to one-half (77 = 0.5), but also in muscles
that are returned to 77 = 1 after equilibration in 77 = 2 medium. The equilibration in 77 = 2 medium
does not affect pump density. Ouabain-binding increments cannot be ascribed to a rise in the
Na'—K" exchange rate of a fixed number of pumps: they also occurred in the continued presence of a
saturating concentration of ouabain (50 M). Under those conditions, the 7 = 1 — 7 = 0.5 transfer
produced a 43 % increase in pump sites, while the 77 = 2 — 71 = 1 transfer induced a rise of 46 %.
Actinomycin D did not alter the stimulation of Na* extrusion elicited by hypotonicity, suggesting
that de novo synthesis of pumps was not involved in the increase of the apparent number of pump
sites. Disruption of microtubules by colchicine (100 xM) and intermediate filaments by acrylamide
(4 mMm) did not alter the hypotonic effect. Likewise, genistein (100 xM), a specific inhibitor of tyrosine
kinase, did not affect significantly the hypotonic response. Microfilament-disrupting agents like
cytochalasin B (5 uM) and latrunculin B (10 um) reduced the increase in Na* efflux induced by
7 =1 — 7 = 0.5 transfer by about 35 % and 72 %, respectively. Latrunculin B reduced the increases
in pump density generatedby7 = 1 — 7 = 0.5and 7 = 2 — 7 = 1 transfersby about 79 % and 91 %,
respectively. The results suggest that the membrane stretch due to hypotonic fibre volume increase
would promote a microfilament-mediated insertion of submembranous spare Na* pumps in the
sarcolemma and, consequently, the rise in active Na" transport.
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from measurements of ouabain binding, suggested that
hypotonicity increases the pumping activity by an increase
in both the number of pump sites and the rate of Na*-K*
exchange per site.

The Na* pump or Na*,K*-ATPase is an integral membrane
protein that, in most animal cells, plays a key role in the
maintenance of the transmembrane electrochemical
gradients of Na* and K*, which, in turn, are responsible for

the development of the membrane potential and osmotic . . .
P b The hypotonic effect was also found in brain synapto-

equilibrium.

More than 20 years ago it was found that hypotonic media
produce a marked, quick and reversible increase in Na*
efflux in frog skeletal muscle. This effect is independent of
external Na', not due to membrane depolarisation and
inhibitable by strophanthidin and ouabain (Venosa, 1978).
Thus, it was clear that, somehow, fibre swelling stimulates
the active Na' transport. Later on, this notion was further
strengthened by the findings that a concurrent rise in
active K" influx also occurs and that the increment in Na*
pump activity was accompanied by an increase in the
sarcolemmal pump density (Venosa, 1991). The fact that
the increase in Na'—K" transport was percentagewise
greater than the increase in pump site density, as judged

somes (Mongin et al. 1992; Aksentsev et al. 1994), cardiac
myocytes (Whalley et al. 1993; Sasaki et al. 1994), astro-
cytes (Mongin et al. 1994) and renal cells (Coutry et al.
1994; Niisato & Marunaka, 1999).

Hyposmolar syndromes, where free water clearance is
compromised, like those caused by inappropriate secretion
of antidiuretic hormone, congestive heart failure, hepatic
cirrhosis and renal failure, are clinically important. Under
these conditions, muscles, which represent about half the
body mass, swell, thus promoting the stimulation of active
Na*—K" transport, which would tend to lower [K*],. This,
in turn, would reduce membrane depolarisation (caused
by K} dilution) and, consequently, the likelihood of an
impairment of excitability due to Na" channel inactivation.
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Early on, it was hypothesised that fibre swelling might be
translated, through membrane deformation, into the
observed increase in active Na* extrusion and K" uptake.
In addition, the swelling effect was also observed when
muscles that had been equilibrated in a medium of osmotic
pressure twice the normal (71 = 2) were transferred to an
isotonic medium (Venosa, 1991), a manoeuvre that
increases the sarcolemmal tension from a subnormal value
to the normal one.

In the present series of experiments it is shown that the
actin filaments of the cytoskeleton play a relevant role in
the hypotonic response of the active Na™—K" transport of
skeletal muscle fibres. Microtubules and intermediate
filaments, on the other hand, do not seem to be involved.

A partial account of the present results has been published
in abstract form (Venosa, 2001).

METHODS

Experiments were performed on isolated frog (Leptodactylus
ocellatus) paired sartorius muscles. Experiments were conducted
in accordance with the Guide for the Care and Use of Laboratory
Animals (NIH publication no. 85-23, revised 1996). Before
dissection, animals were chilled in an ice—water mixture to full
immobility. This procedure lasted 40 min even though the
animals were immobilised and did not react to stimuli after about
20 min. They were subsequently double pithed.

The normal saline had the following composition (mm): NaCl
115, KCl 2.5, CaCl, 1.8, Na,HPO, 2.15 and NaH,PO,, 0.85
(pH7.18). The isotonic medium used as reference was similar to
normal Ringer solution except that the NaCl concentration
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Figure 1. Estimate of the amount of ouabain bound to
specific sites

The experimental points show a semilog plot of the slow
monoexponential component of the release of ouabain (labelled
with [*H]ouabain) from a muscle that had been exposed to the
drug for 40 min. The extrapolation to time zero represents the
amount of ouabain bound to specific sites (pumps) at the end of
the exposure. Most of the initial points of the washout (not shown)
fall out of range and represent the release from the extracellular
space and non-specific binding sites.
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was reduced to 53 mM and in addition had 113 mM sucrose
(osmotically equivalent to 62 mm NaCl). Na'-free media had the
following composition (mm): TrisCl 59, KCl 2.5, CaCl, 1.8 and
sucrose 113 (pH?7.18). The relative osmotic pressure, 71, was
halved (7 = 0.5) by suppressing sucrose, and doubled (7 = 2) by
making the sucrose concentration 339 mu, so that regardless of 77,
all experimental solutions had the same ionic composition. A
Wescor 5100 osmometer was used to control the osmolarity of the
media.

Na' (*Na*) efflux was measured by exposing muscles to normal
Ringer solution labelled with the isotope for ~2.5 h. After that
period they were washed in a series of tubes containing 2.6 ml of
non-radioactive solutions. At the end of the run the preparations
were digested in tubes containing 0.4 ml of 70 % HNO;. After
digestion, distilled water was added to a total volume of 2.6 ml to
make their geometry similar to that of the washout tubes. The
radioactivity of all of the samples was assayed in a gamma counter.
The efflux is expressed in terms of efflux rate coefficient
(fractional loss per minute, min™"). *Na* was purchased from
New England Nuclear (Boston, MA, USA).

Net non-radioactive Na® efflux was measured by atomic
absorption spectrophotometry using a washout (into Na'-free
media) protocol similar to that employed for the determination of
radioactive fluxes. The Na* content of muscle fibres at any time
during the washout was obtained from the Na* content of the
muscles (digested in HNO3) at the end of the run and the back-
addition of the Na* released during that period.

The density of Na* pump sites was measured by [H]ouabain
(New England Nuclear) binding following the technique
previously described (Venosa & Horowicz, 1981; Venosa, 1991).
It has been shown that for a saturating concentration of ouabain
(40 uM), the binding time constant is in the order of 16 min in
7 =1 medium and about 10 min in 7 = 0.5 medium (Venosa,
1991); this means that a 40 min exposure to the glycoside at that
concentration would saturate more than 90 % of the pumps. In
the present experiments the exposure periods to 50 gM ouabain
were at least 40 min. On the other hand, the washout of ouabain
from frog muscle has two distinct components, the initial release
that is relatively fast (washout of the extracellular space and non-
specific binding sites), followed by a very slow one, which is
monoexponential and represents the release of the glycoside from
specific binding sites. In 70 determinations, the time constant of
the slow component was 1073 £ 54 min with a mean correlation
coefficient for a single exponential fitting of 0.990 £ 0.002.
Washout periods lasted 540 min and the tonicity of the unlabelled
solution used was that of the medium to which the muscle had
been exposed last during the binding period. The amount of
ouabain bound to specific sites (pumps) at the end of the loading
period is given by the extrapolation of the slow component of the
washout to time zero (see Fig. 1). The content of [*H]ouabain in
the washout samples and the muscle (digested in 1 ml of Protosol
from New England Nuclear) was assayed by liquid scintillation
counting. In this way the muscle ouabain content at any time
during the washout period could be easily obtained. Internal
standards were used to account for the quenching difference
between washout samples and digested muscle. Washout curves
were obtained from the amount of ouabain bound to the muscle at
the end of the washout and the back addition of the amounts of
glycoside released in the washout tubes.

To monitor twitch tension, the pelvic tendon of a sartorius muscle
was fastened to the lower end of a vertical holder, while the distal
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tendon was connected to a UFI 1030 force transducer (Morro Bay,
CA, USA) whose output was recorded with an EasyGraf TA240
recorder (Gould, Valley View, OH, USA). The muscle was held at
normal frog body length and stimulated supramaximally with
pulses of 0.5 ms in duration delivered through a pair of platinum
electrodes attached to the holder and connected to a Grass S48
stimulator (West Warwick, RI, USA).

Cytochalasin (Cyto) B (Cyto-B), latrunculin B (Lat-B) and
actinomycin D were obtained from Biomol Research Laboratories
(Plymouth Meeting, PA, USA), acrylamide was from Bio-Rad
(Hercules, CA, USA) and colchicine and genistein from Sigma (St
Louis, MO, USA).

Experiments were performed at room temperature (20-22 °C).

Student’s ¢ test was used to estimate the statistical significance of
differences. Values are expressed as means + S.E.M.

RESULTS

It is generally accepted that the extrusion of Na* by the
pump increases as [Na']; rises. Therefore, it might be
expected that under hypotonic conditions, the decrease in
[Na']; due to cytoplasmic dilution would produce a
reduction in the active Na* efflux. At variance with this
notion, hypotonicity actually stimulates Na® pumping
(Venosa, 1978). To account for this behaviour of the Na*
pump, it seems appropriate first to know how the active
Na" efflux and [Na']; change as fibres swell in muscles
exposed to half the normal osmotic pressure (77 = 0.5).

To estimate the changes in active Na* effluxand [Na'];as a
function of time in 77 = 0.5 medium, the ouabain-sensitive

Figure 2. Effect of hypotonicity on net ouabain-
blockable release of Na* into Na*-free (Tris) media,
determined by atomic absorption
spectrophotometry

A, time course of the increase in active Na™* efflux (AJpump)
and internal Na* concentration ([Na*];) upon replacement
ofasolution of 7 = 1 by one of 7 = 0.5 attime = 0. A,y
rises, in spite of the reduction in [Na'];. Each experimental
AJpump Value represents data from four muscle pairs (one
member of each pair in the presence of 50 #M ouabain) and
is expressed per cm® of superficial sarcolemma using the
relationship 430 cm” g™' of muscle (Venosa, 1991). [Na*];
was calculated from the release of Na* into 77 = 0.5 medium
and the muscle Na* content at the end of the washout period
of muscles kept in ouabain-free medium. The inset shows
the time course of the increment in intracellular water
(AVy) in7 = 0.5 medium (#n = 8). The experimental values
were obtained from wet (drained but not blotted) muscle
mass determinations. In control experiments it was found
that the volume of the extracellular space (Na* space) is not
significantly changed by 7 = 1 — 7 = 0.5 transfer. Values
from this curve were used to calculate [Na'];. B, Al,umpas a
function of [Na*];. The numbers next to the experimental
points indicate time (min) in 77 = 0.5 medium. The plot
emphasises the fact that as fibres swell and [Na']; falls, the
active Na" extrusion increases. Near swelling completion,
when the hypotonic effect reaches a maximum, AJ,,m,asa
growing function of [Na']; starts to become apparent.
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net Na" efflux from muscles pre-equilibrated in isotonic
Na'-free medium (77 = 1/0Na’) and then exposed to
7 = 0.5/0Na” medium for 1h was studied. Figure 2A
illustrates the time course of the change in active net
Na® efflux (AJ,ump) and [Na']; during the exposure to
7 = 0.5/0Na” medium. [Na*]; was calculated at each point
from the Na* content and the corresponding intracellular
water volume (V,,) estimated from AV, as a function of
time (inset). AV, followed an exponential time course
(7 = 32 min). This water volume change is considerably
slow as compared with those seen in single fibres (Reuben
et al. 1963), mainly because of diffusion delays in the
extracellular space of the present multifibre preparation.

Clearly, in 77 = 0.5/0Na” medium, A/, increases while
[Na'*]; decreases with time in 77 = 0.5 medium. It should be
noted that [Na']; was already low (about 7 mm) at the
beginning of the run because of the pre-exposure to
71 = 1/0Na* medium. This fall of [Na']; is the result of both
fibre swelling and Na™ extrusion into a Na*-free medium.
The data in Fig. 2A suggest that the hypotonic effect is
underlined by a process that overcomes the reduction of
the Na" pump activity that might be expected due to the
steady decrease of [Na'];. Figure 2B shows a plot of AJpum,
as a function of [Na']; (data from Fig. 2A). The descending
limb of the curve illustrates the swelling effect on AJ,ymps
which, as the exposure to 77 = 0.5/0Na*” medium progresses
and the rate of volume increase slows down, reaches a
maximum. Under these conditions, as [Na*]; falls below
about 3.5 mM, AJ,um, becomes apparent as a growing

1.0
0.9
0.8
0.7

o) 10
0.6— \ 00 10 20 30 40 SO 60 70 80

0.5 Q\ Time in 7= 0.5 (min)
0.4 S~ 3

0.3 /
0.2

-
ool "

80
A -

AV, (%)

—o— Ay (PmMol cm? 87

—o— [Na*] (102M)

0.5 B
0.4 - 60 30

0.3 A

(pmol cm? s)
]

0.2 A

pump
>

0.1 4

AJ

004 o

0 1 2 3 4 5 6 7 8
[Na*].(mM)



5
S
S

(7%
i
A
s
=

-

~

3
~

454 R. A.Venosa

function of [Na*].. It should be noted that unlike the other
points, the point at the extreme left is not an experimental
one but is included because at [Na']; =0, AJ,um, must
equal zero. The dashed straight line is not meant to suggest
a linear relationship between AJ,,m, and [Na'], since it is
known that in frog skeletal muscle fibres (Mullins &
Frumento, 1963) as well as in guinea-pig cardiac myocytes
(Gao et al. 1995) at constant volume, the active Na* efflux
appears to be a saturable function of [Na*];’.

As already mentioned in the Introduction, the increased
activity of the pump in 77 = 0.5 medium is accompanied by
a significant increment in the number of pump sites; since
the stimulation of the pump is also observed when swelling
occurs in the subnormal fibre volume range (Venosa,
1991), it seemed appropriate to find out if under these
conditions (77 = 2 — 7 = 1 transfer), the number of pump
sites increases. It was found that the magnitude of the
ouabain binding in muscles that had been equilibrated in
77 = 2 medium is not significantly different from the value
found in muscles equilibrated in 77 = 1 medium. On the
other hand, when muscles equilibrated in 77 = 2 medium
are exposed to 7 = 1 medium, the swelling of the fibres
back to their normal volume is accompanied by an increase
in ouabain binding to values significantly greater than
those found in muscles in 77 = 1 medium that had not
been pre-equilibrated in 77 = 2 medium. This is depicted

400 -
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in Fig. 3A. It can be seen that the increase of binding
promoted by the 7 =2 — 71 = 1 transfer is close to that
generated by the7r = 1 — 77 = 0.5 transfer.

The increases in ouabain binding produced by lowering
the tonicity of the external medium could be due to an
increase in the density of pump sites in the sarcolemma,
but might also be induced by a rise in the Na*-K* exchange
rate of a fixed number of pumps (Hootman & Ernst,
1988). Previous data suggest that both mechanisms are at
work in the hypotonic response (Venosa, 1991). It was
reasoned that if we are dealing with a fixed number of
pump sites, one would expect that in muscles equilibrated
in a 77 = 1 medium containing a saturating concentration
of ouabain and then transferred to 77 =0.5 medium
containing the same concentration of the glycoside, the
magnitude of the ouabain binding should be similar to
that of their paired preparations exposed to 77 =1 and
ouabain throughout the experiment. At variance with this
possibility, it was found that in the continuous presence of
a saturating concentration of ouabain (50 M), muscles
that had been first equilibrated in 77 = 1 medium and then
transferred to 77 = 0.5 medium, exhibited a ouabain
binding (i.e. a density of pump sites) significantly higher
than that found in control companion muscles kept in
=1 medium containing the same concentration of
ouabain throughout. On the other hand, when a similar

A
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protocol was applied to muscles first equilibrated in 77 = 2
medium containing 50 #M ouabain and then transferred
to 71 = 1 medium, keeping the concentration of ouabain
constant, the binding was significantly higher than that in
the companion muscle kept in 7 =2 medium and the
same concentration of ouabain throughout. These results,
which are shown in Fig. 3B, suggest strongly that the
stimulation of the active Na* transport promoted by fibre
swelling in both 7=1—-7=05 and 7=2—>7m=1
transfers is mostly related to an actual increase in the
number of pump sites.

The increase in pump density promoted by hypotonicity
could be due to a rise of the synthesis of Na",K*-ATPase
a or a and g subunits. To evaluate this possibility,
experiments were performed in which protein synthesis
was blocked at the translational level by pre-equilibrating
muscles in 77 = 1 medium plus 4 mg 1™ of actinomycin D
for a period of 135 min. As can be seen in Fig. 4A, this
treatment produced no effect on the hypotonic response,
suggesting that de novo synthesis is unlikely to be the cause
of the increase in the density of sarcolemmal pumps.

Stretching of the sarcolemma could, through a deformation
of the cytoskeleton, be the trigger for the hypotonic

Figure 4. Stimulation of the active Na* efflux is not
the result of de novo synthesis of pumps and is
independent of the integrity of either microtubules
or intermediate filaments

A, the exposure of the experimental muscles to 4 mg 1™
actinomycin D (Act D) to inhibit de novo synthesis of Na*
pumps began 2 hbeforethe 7 = 1 — 7 = 0.5 transfer and
continued to the end of the run. The data represent the
means from four identical experiments performed in paired
muscles. B, colchicine (0.1 mM), a microtubule-disrupting
agent, did not alter the hypotonic response of Na™ efflux.
Mean data from four identical experiments performed in
paired muscles. C, acrylamide (Acryl, 4 mg1™"), a drug that
disrupts intermediate filaments, failed to affect the
hypotonic stimulation of Na™ efflux. Mean data from four
identical experiments performed in paired muscles.
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response. To test this possibility, the relevance of three
components of the cytoskeleton, namely microtubules,
intermediate filaments and microfilaments, was studied.
Colchicine (0.1 mM), a destabiliser of the microtubules,
did not alter the effect of hypotonicity on the active Na*
transport (Fig. 4B). Similarly, the exposure of muscles
to 4 mM acrylamide, a disrupting agent of intermediate
filaments did not alter the hypotonic response of the Na*
pump (Fig. 4C).

To disrupt microfilaments, two agents were used: Cyto-B
(5 M) and Lat-B (10 pm). The effect of Cyto-B on the
stimulation of active Na® efflux by 7 = 0.5 medium is
illustrated in Fig. 5A. It can be seen that in muscles exposed
to this drug, the response to hypotonicity was appreciably
smaller than that of the controls, the difference being
about 35% towards the end of the period in 7 =0.5
medium.

The depolymerising capacity of Lat-B is 1-2 orders of
magnitude greater than that of cytochalasins (Spector et al.
1983). Figure 5B shows the effect of 10 um Lat-B. It can be
seen that the inhibition produced by this fungal toxin on
the hypotonic response of the Na* efflux was about twice
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(~72%) that of Cyto-B. It should be noticed that
colchicine, acrylamide, Cyto-B and Lat-B did not affect
Na" efflux per se in 7 = 1 medium. On the other hand,
in control experiments, half concentrations of Cyto-B
(2.5 pMm) and Lat-B (5 uM) produced effects similar to
those reported here. Furthermore, Fig. 6 shows that the
effect of Lat-B is not due to a non-specific disruption of

10 uM Lat-B 10 uM Lat-B

l T
59{

—_—

1h

Figure 6. Lat-B (10 4#m) and twitch tension

Twitch tension from a sartorius muscle. The record shows that the
inhibitory effect of Lat-B on the hypotonic response of the Na*
pump is not due to a non-specific disruption of muscle structural
integrity, since a prolonged exposure (117 min) to this toxin does
not generate any substantial change in twitch tension, which means
that this toxin produces no significant electrical and/or mechanical
disarray of the fibres. The two tension spikes are artefacts produced
by the solution changes: application (downward arrow) and
withdrawal (upward arrow) of the toxin. Frequency of stimulation:
0.1 Hz.

Figure 5. Microfilament disruption reduces the
hypotonic stimulation of the active Na* efflux
A, cytochalasin B (Cyto-B, 5 M), a depolymeriser of
microfilaments, reduced by ~35 % the rise of the Na*
efflux induced by 71 = 0.5. The dotted curve represents a
baseline obtained by fitting a single exponential to the
pointsin 77 = 1 medium. Mean data from nine identical
experiments performed in paired homologous muscles.
B, latrunculin B (Lat-B, 10 #M), a microfilament
depolymerising agent that is 1-2 orders of magnitude
more potent than cytochalasins, reduced the hypotonic
response of Na* efflux by ~72 %. Dotted curve as in A
(n = 4 muscle pairs).

fibre structure: prolonged exposure (~2 h) to this agent
did not affect muscle twitch substantially. In two other
experiments (not shown), the exposure to the toxin lasted
80 and 95 min, respectively. They also showed no major
effect of Lat-B on contractility. The mean twitch tension at
80 min from the beginning of the exposure to 10 gm Lat-B
was 88.5 £ 2.5 % (n = 3) of that just before the application
of the toxin. A decline in developed tension of this sort is
not unusual in sartorii twitching under control conditions.
Therefore, it may be concluded that at the concentration
used here, Lat-B neither impaired the generation of action
potentials nor destabilised the actin filaments of the
contractile apparatus.

In view of these results, it was further speculated that if the
apparent upregulation of the Na" pump sites produced by
hypotonicity (Venosa, 1991) was accomplished by a
microfilament-dependent insertion of spare pumps into
the sarcolemma, then, in the presence of Lat-B, the
increase of ouabain binding brought about by hypotonic
media should be reduced. Thus, experiments were
performed similar to those shown in Fig. 3B except that all
solutions contained 10 uM Lat-B. Figure 7 illustrates the
inhibitory effect of Lat-B on the increase in ouabain
binding that takes place upon fibre swelling in both
m=1—>m=0.5and 7 =2 — 7 =1 transfers. As in the
case of Na' efflux, Lat-B per se did not affect ouabain
binding. By comparison with data in Fig. 3B, Lat-B



5
S
S

(7%
i
A
s
=

=

~

3
~

J Physiol 548.2

reduced the increase in ouabain binding by ~79%
(m=1—>m=0.5 transfer) and ~91% (m=2—>m=1
transfer).

In cardiac myocytes, hypotonicity elicits a fast activation of
tyrosine kinase (Sadoshima et al. 1996) that appears to be
associated with Na" pump stimulation (Bewick et al.
1999). To test the role of this kinase in the hypotonic
response of skeletal muscle, sartorii were pre-equilibrated
(1h) in 77 = 1 medium containing genistein (100 xM), to
inhibit tyrosine kinase, and then transferred to 7 = 0.5
medium in the continued presence of genistein. After 1 h
in 7 = 0.5/genistein medium, the Na" efflux rate coefficient
was 0.0204 + 0.0009 min "', while in homologous control
muscles it was 0.0230 = 0.0015 min™ (P> 0.18; n=4
muscle pairs), suggesting that the hypotonic response of
skeletal muscle fibres, unlike that of cardiac myocytes, is
either slightly, or not tyrosine-kinase dependent.

DISCUSSION

When the activation of the Na" pump by hypotonicity was
first shown in frog skeletal muscle (Venosa, 1978), it was
clear that the effect is [Na'],-independent and, therefore,
not due to a net Na" influx, which would raise [Na*]; in the
neighbourhood of the pumps and, thus, stimulate the
active Na® extrusion. In the present study it is further
shown that in the absence of external Na*, the net ouabain-
sensitive Na* efflux increases as a function of time during
the exposure to 7 = 0.5, despite the continuous fall of
[Na']; produced by both Na* loss and dilution due to fibre
swelling. This means that hypotonicity raises the pumping
capacity of the fibres as they swell and, as shown in Fig. 2,
with a time course similar to that of the cell volume
increase. Clearly, the hypotonic stimulation of the Na*
pump must overcome the opposite effect of the [Na*]; fall.

Fibre swelling, whetheritoccursinthe7r = 1 — 7 = 0.5 or
the 7 =2 — 7 = 1 transfer, stimulates the Na* pump and
elicits an increase in the sarcolemmal density of pump

Hypotonicity, Na* pump and cytoskeleton 457

sites, which might be the result of an increase in the de novo
synthesis of pumps. However, the lack of effect of the
translational blockage of protein synthesis by actinomycin D
on the hypotonic response indicates that this mechanism is
probably not involved.

It is known that integral membrane proteins, including
Na*,K"-ATPase, are connected to the membrane cyto-
skeleton. The linkage would be mediated by ankyrins, a
family of proteins that bind to the o subunit of the
Na®,K"™-ATPase and to a submembranous spectrin—actin
network (Devarajan et al. 1994; Zhang et al. 1998). Based
on these structural relationships, it was thought that the
upregulation of pumps in swelling fibres could be related
to the stretch and deformation of the sarcolemma and its
associated cytoskeleton. Therefore, it seemed appropriate
to explore the participation of three well-characterised
components of the cytoskeleton, namely microtubules,
intermediate filaments and microfilaments. The hyposmotic
response of the Na" pump was unaffected by prolonged
exposure of preparations to either colchicine or acrylamide,
indicating that neither microtubules nor intermediate
filaments play a role in this phenomenon. On the contrary,
the depolymerisation of microfilaments by Cyto-B, and
particularly by Lat-B, produced a marked inhibition of
both the rise of active Na* efflux and the increase in the
number of pumps generated by hypotonicity.

Rosado & Sage (2000), using confocal microscopy,
have shown in human platelets that Cyto-D induced a
reorganisation of membrane skeleton actin filaments into
dense foci. It seems reasonable to assume that in skeletal
muscle, a similar reorganisation could be responsible for
the inhibitory effect of Cyto-B and Lat-B on the hypotonic
stimulation of active Na® efflux. Thus, it might be
imagined that spare pumps during the hypotonic response
would be pulled, perhaps due to membrane stretch,
towards the sarcolemma by the membrane skeleton
microfilaments, a process that would be abolished by the
formation of dense foci. Somehow at variance with the
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present results, it has been reported that unpolymerised
actin filaments stimulate the activity of rat kidney
Na*,K*-ATPase (Cantiello, 1995).

While in cardiac myocytes, inhibition of tyrosine kinase
blocks the hypotonic response of the pump (Bewick et
al. 1999), a prolonged exposure of sartorius muscles to
genistein, a specific inhibitor of tyrosine kinase, failed to
significantly affect the response. To this author, an
explanation for the apparent discrepancy, which certainly
deserves to be further investigated, is not readily available.

The present results are consistent with the idea that
membrane stretching in either the 77 = 1 — 77 = 0.5 or the
m=2—>m=1 transfer would elicit a microfilament-
mediated insertion of submembranous spare pumps into
the sarcolemma. A mechanism akin to this hypothesis has
been proposed in which the membrane surface area would
be modulated by its tension so that the stretch produced by
swelling would promote an addition of plasma membrane,
provided by a cytosolic pool through an exocytotic process
(for areview see Morris & Homann, 2001).

Interestingly, while in the 7 =1 — 77 = 0.5 transfer, the
effect on Na* efflux is sustained, in the m=2—=>7m =1
transfer it is transient (Venosa, 1991), as if the swelling
activation of the pump has two components: one
associated with the increase of membrane tension (T') as
a function of time (dT/dt> 0) and the other with the
constant degree of tension reached at equilibrium
(dT/dt = 0). Thus, in the 1 = 2 — 7 = 1 protocol we have
at the beginning in 77 = 1 medium a d7/d¢ > 0, and later
on, when d7T/dt = 0, the membrane tension is that which is
observed under normal physiological conditions. In muscles
pre-equilibrated in 77 =2 medium and then transferred
to 77 = 1 medium containing ouabain, the magnitude of
ouabain binding exceeds significantly that found in muscles
in 71 = 1 medium that had not been pre-exposed to 7 = 2
(see Fig. 3A), the difference corresponds to the previously
described transient increase in active Na* efflux observed
in this transfer (Venosa, 1991). Ouabain binding in frog
muscle is practically irreversible (Venosa & Horowicz,
1981), so that the extra glycoside bound during the
transient upregulation of pumps will remain attached to
them for many hours.

In the case of the 7 = 1 — 7 = 0.5 transfer, not only the
increase of T with time (d7T/dt > 0), but also the value of T
at equilibrium in 77 = 0.5 medium (d7/dt = 0), which is
greater than that in 77 = 1 medium, will contribute to raise
the number of sarcolemmal pumps. In fact, the increase
in pump density produced by hypotonicity was first
demonstrated by exposing muscles to [’H]ouabain after
prolonged equilibration in 77 = 0.5 medium (Venosa,
1991). Therefore, it seems as if dT/dt > 0 would always
increase the number of pump sites, while constant T'would
dosoifitis greater than Tat7 = 1.
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In summary, in frog skeletal muscle, the stimulation of
the active Na" transport elicited by hypotonicity seems to
be due mainly to an increase in the density of Na” pumps,
apparently produced by a microfilament-mediated
membrane insertion of submembranous spare pumps.
Although at present details of the role of microfilaments in
the hypotonic response are lacking, it probably involves a
series of reactions, for instance the secretion-like coupling
model type proposed for the store-operated Ca** entry
(Patterson et al. 1999; see Rosado & Sage, 2000 for a
review), at the end of which these components of the
cytoskeleton would be instrumental in the increase of
sarcolemmal pump density produced by hypotonicity.
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