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Abstract

Žw 2qx .Intracellular free magnesium concentration Mg was measured in enzymatically isolated rat skeletal musclei
w 2qxfibers using the fluorescent dye mag-indo-1. The change in Mg produced by a local intracellular microinjectioni

Ž .of magnesium pidolate magnesium pyrrolidone carboxylate was measured at a given distance from the injection
site. In one series of experiments this protocol was tested on isolated fibers that were completely embedded into

w 2qxsilicone grease: under these conditions, the injection produced an increase in Mg that reached a steady leveli
w 2qxsome time following the injection. The time-course of the Mg change could be well accounted for by a model ofi

2q Ž . 2 y1 Ž .longitudinal diffusion. The mean apparent Mg diffusion coefficient D was 188"9 mm s ns16 ,app
approximately four times lower than the value measured in vitro. This reduction likely results from the effects of
cytoplasmic viscosity and of Mg2q binding to low affinity static sites. Another series of measurements was performed
on fibers that were either partially or completely free of silicone: under these conditions, the time course of the

w 2qxchange in Mg was in many cases more complex than predicted by simple diffusion. Q 2001 Elsevier Science B.V.i
All rights reserved.
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1. Introduction

Intracellular free magnesium plays a funda-
mental role in regulating the activity of numerous
enzymes and ion channels in various cell types
Ž w x.for review, see 1,2 . In skeletal muscle, the
w 2qxMg level is likely to influence different stepsi
of the excitation]contraction coupling process
Ž w x.see for instance 3 . However, the membranous
and intracellular mechanisms involved in the reg-

w 2qxulation of Mg are far from being well under-i
stood. For instance, in frog skeletal muscle, it
seems that elevation of extracellular magnesium

w 2qxinfluences Mg only on a very slow time scalei
suggesting either a very low Mg2q membrane
permeability, or the presence of an efficient trans-
membranous Mg2q transport system that remains

w xto be identified 4 . Along this line, data concern-
ing the potential role of a transmembrane Mg2q

transport, Naq-gradient-driven remain controver-
w xsial 4,5 . From a more general point of view,

there is thus strong interest in gaining informa-
tion about Mg2q behavior and properties within
the intracellular environment. In a previous study,
we demonstrated the effectiveness of the fluo-

w 2qxrescent dye mag-indo-1 for measuring Mg ini
isolated skeletal muscle fibers at rest, and the

w 2qx 2qchanges in Mg driven by a Mg entryi
w xthrough the plasma membrane 6 . In the present

w 2qxstudy, we measured the change in Mg in-i
duced by intracellular microinjection of a magne-
sium salt in isolated rat skeletal muscle fibers that
were completely embedded into silicone grease.
Experiments were performed so as to measure

w 2qxlongitudinal diffusion of Mg allowing de-i
termination of its apparent intracellular diffusion
coefficient. Determination of this parameter is of
particular importance as it should, for instance,
give insights into the properties of the my-
oplasmic compartment in terms of Mg2q binding
andror Mg2q sequestration mechanisms. At this
point, it should be mentioned that, while the
intracellular diffusion properties of Mg2q ions
remain so far obscure, there has been experimen-
tal and theoretical studies which addressed the
problem of Ca2q diffusion within the cytoplasm
of various cell types: more specifically, several

lines of work pointed out the complexity of this
phenomenon, due in particular to the interactions
between Ca2q and fixed and mobile ligands within

w xthe cytoplasm 7]9 . Also, it has been clearly
established that, when using an ion-selective opti-
cal probe for Ca2q diffusion measurements, the
affinity of the probe for Ca2q and the diffusion
coefficient of the probe are of critical importance,
since the diffusion velocity of Ca2q will be dif-
ferent whether it is free or bound to the probe.
Such reversible binding can either increase or
decrease the ion diffusion speed depending on
the relative diffusion coefficients of the ion and

w xprobe 10 , and such effects had to be considered
within the present work.

Finally, apart from measuring the intracellular
Mg2q diffusion rate in silicone-embedded fibers,
we also attempted to study the potential ability of

w 2qxthe fibers to regulate a cytoplasmic Mg rise
under more physiological conditions, by per-
forming the same type of measurements on fibers
that were either partially or completely free of
silicone.

2. Materials and methods

w 2qxThe methods used here for Mg measure-
ments were similar to those previously described
w x6 except that rat muscle fibers were used instead
of mouse. All experiments were performed at

Ž .room temperature 20]228C .

2.1. Isolation and preparation of the skeletal muscle
fibers

All experiments were performed in accordance
with the guidelines of the French Ministry of

Ž .Agriculture 87r848 and of the European Com-
Ž .munity 86r609rEEC . We used intact skeletal

fibers isolated from the flexor digitorum brevis
Ž . Žfdb muscles of Sprague]Dawley male rats Rat-

.tus nor̈ egicus . Rats were killed by an overdose
administration of sodium pentobarbital, and fdb
muscles were removed. Single fibers were isolated

Ž .from collagenase Sigma type 1 treated muscles
w xas previously described 11 . The mean length and
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diameter of the fibers that were used in the
present study were 1230"60 mm and 45"2 mm
Ž .ns29 , respectively.

When fibers were to be partially or fully em-
bedded into silicone grease, the bottom of the
experimental chamber, which consisted of a glass
coverslip, was covered with a thin layer of that

Žmaterial silicone grease 70428; Rhone-Poulenc,ˆ
.Saint Fons, France . The chamber was then filled

with culture medium containing 10% bovine fetal
Ž .serum MI199, Eurobio, France and the Collage-

nase treated muscles were gently triturated within
the chamber through the cut disposable tip of a
Pipetman. After ;10 min, the culture medium
was replaced by Tyrode solution. Fibers where
then either partially or completely embedded into
silicone grease using a previously described

w xprocedure 6,11 . These fibers will be referred to
as ‘partially insulated’ and ‘fully insulated’, re-
spectively. Intracellular dye loading was then per-
formed by local pressure microinjection of a solu-

Žtion containing mag-indo-1 pentapotassium salt,
.Molecular Probes Inc., Eugene, OR, USA dis-

solved at a concentration of 1.1 mM in an intra-
Ž .cellular-like solution see Section 3.6 , using a

ŽPicospritzer II apparatus General Valve Corp.,
.Fairfield, NJ, USA . The tip of the injecting mi-

cropipette was inserted through the silicone
grease, within one end of an isolated silicone-em-
bedded fiber. A dye microinjection was usually
performed at both ends of each fiber, except for
the experiments designed to measure dye diffu-
sion for which a single injection was performed
within one end of the muscle fibers. Fibers were
then left for ;60 min until the dye was homoge-
neously distributed within the fibers. For partially
insulated fibers, only a portion at both ends of the
isolated fibers was embedded into silicone so that

Ž .a large part of the fiber’s length 45]70% was
free. In these fibers, a dye microinjection was also
performed within the two silicone-insulated end
portions of the fibers.

For measurements performed on fibers that
were completely free of silicone, the coverslip at
the bottom of the chamber was coated with poly-

Ž .L-lysine Sigma at 0.1% to favor adherence of the
fibers. Again, a dye microinjection was performed

at both ends of each fiber. These experiments
were more difficult than in fully insulated and
partially insulated fibers because silicone-free
fibers also had to undergo three microinjections
Ž .including the Mg-pidolate one which in some
cases produced local damage and subsequent
contracture of the fibers. Only fibers that did not
show any sign of damage at the injection sites
were kept for analysis.

3. Measurement of Mg 2H diffusion within the
fibers

Following intracellular dye equilibration, fibers
were locally pressure microinjected with an in-

Žjectable solution of Mg-pidolate 337 mM magne-
sium pyrrolidone carboxylate, Mag-2, Rhone-ˆ

.Poulenc Rorer, Paris, France . Mg-pidolate was
used rather than any other more classical magne-
sium salt for the following reasons. First, chloride
was not used because, since a large concentration
of a magnesium salt was to be present at the
injection site, we wanted to avoid any possible

Žeffect of a high intracellular chloride level dif-
.fusing rapidly within the fiber , on the putative

mechanisms of Mg2q transport and regulation.
Also we wanted to use a non permeant anionic
specie in order to prevent any possible conse-
quence of Cly transport across the plasma mem-
brane on intracellular Mg2q regulation. Pidolate
was used because of its high molecular weight
and thus low mobility, and also because it is used
in human therapeutics and was thus expected to
have no toxic effect on the muscle fibers. The
injection was always performed with the pipette
inserted within one near-end of the fiber. Care
was taken to maintain the injection duration as

Ž .short as possible typically less than 5 s . When
the injection was completed, the pipette was re-
moved and fluorescence measurements were
taken at regular time intervals at a set distance
Ž .usually between 200 and 800 mm from the mag-
nesium injection site. The length and diameter of
the fibers and the distance between injection site
and fluorescence detection site were measured
with an eyepiece micrometer.
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3.1. Measurements and calibration of mag-indo-1
fluorescence signals

The optical set-up used for fluorescence mea-
w xsurements was described previously 6,11,12 . The

light beam from a high pressure mercury bulb
placed on the top of a Nikon Diaphot epifluores-
cence microscope, went through a 335-nm inter-
ference filter for mag-indo-1 excitation, and was
focused onto the preparation through a quartz
aspherical doublet. The emitted fluorescence light
was collected by the 40= objective and detected

Ž . Ž .at 405 F and 470 nm F with a 10-nm405 470
bandwidth by two photomultipliers. Fluorescence
signals were digitized and stored on disk using a

Žcommercial software Biopatch Acquire, Bio-logic,
.Claix, France driving an ArD, DrA converter

ŽLab Master DMA board, Scientific Solutions Inc.,
.Solon, OH, USA . The fluorescence measurement

field was 40 mm in diameter. Mag-indo-1 microin-
jected fibers were only UV illuminated while tak-
ing measurements in order to minimize photo-
bleaching. Cell autofluorescence was negligible
and not different from the fluorescence measured
when no cell was present in the field. Background
fluorescence at both emission wavelengths was
measured next to each tested fiber and then sub-
tracted from all measurements.

w 2qxThe Mg andror mag-indo-1 percent satura-
Ž .tion were calculated from the ratio R of the

background corrected fluorescence at 405 and
Ž . w x470 nm F rF as previously described 6405 470

using the standard procedures developed by
w xGrynkiewicz et al. 13 , with the parameters R,

Ž . ŽR R in absence of Mg , R R in presencemin max
. Žof a saturating Mg concentration , K the ap-D

parent binding constant for the mag-indo-1-Mg
.complex and the ratio of F in absence of Mg470

to F in presence of a saturating Mg concentra-470
tion. The value for K was assumed to be equalD

w xto 5.1 mM 6 . Values for R and R weremin max
determined from fully insulated, mag-indo-1
loaded fibers that were microinjected either with
a solution containing 100 mM K -ATP, 5 mM2
Hepes, pH 7.20, or 1 M MgCl , respectively.2
Mean values for R and R were 0.31"0.04min max
Ž . Ž .ns6 and 2.72"0.1 ns17 . The value of the
ratio of F in the absence of Mg to F in the470 470

presence of a saturating Mg concentration was
w xcalculated as previously described 6 from the

slope of plots of F vs. F measured while470 405
w 2qxMg was increasing following Mg-pidolate in-i

Žjection. This gave a mean value of 2.8"0.1 ns
.27 .

3.2. Modeling of Mg 2 q longitudinal diffusion within
the muscle fiber

3.2.1. Principles
An ion migrates within a cell under the influ-

ence of diffusion forces derived from its local
Ž .chemical potential passive transport and can

bind to any fixation site according to its affinity.
Both processes are of stochastic nature and occur
simultaneously. In addition some ligands may be
mobile, leading to transport of the bound ion
through ligand diffusion. In order to get a con-

Ž .centration profile C x, y, z,t of the migrating ion
in any point of a given closed volume at time t
following a perturbation, a set of differential
equations taking into account both diffusion
Ž .Fick’s second law and binding kinetics has to be
solved, either analytically or numerically. Crank
was the pioneer in such studies and presented
analytical solutions of Fick’s second law under
different geometrical and perturbating conditions
Ž w x.see 14 . He also considered diffusion and simul-
taneous binding of the ion to a non-mobile buf-
fer, and showed that, provided that the ion diffu-
sion coefficient D is replaced by an apparent ion
diffusion coefficient D , Fick’s law remains valid.app

In their study concerning Ca2q diffusion, Wag-
w xner and Keizer 10 started from general diffusion

and ionic equilibrium equations. They took into
account mobile ligands and obtained a second
order differential equation analogous to Fick’s
law. This also led to the definition of an apparent
diffusion coefficient D which depends on theapp
concentrations, equilibrium constants and diffu-
sion coefficients of the Ca2q ligands. A non-dif-
fusive term involving the square of the calcium
gradient produces a transient effect, mostly im-
portant at the time of injection, and which then
rapidly vanishes. This model gave a very general
differential equation for the concentration pro-
file. However, some assumptions had to be made
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in order to obtain analytical solutions: in particu-
lar, geometrical considerations such as axial
symmetry and transversally uniform distribution
of the moving ions and ligands, and also binding
kinetics that would be much faster than diffusion
processes, i.e. instantaneous at the diffusion time
scale.

Using the same assumptions, Zador and Koch
w x15 showed that there is a good analogy between
diffusion and electrical conduction in a leaky
cable. The axial diffusion of Ca2q could then be
treated as an ionic current by applying the classi-
cal cable equations. Though based on a different
approach, this model led to similar formal results

w xas in Wagner and Keizer 10 : a diffusive term
defining D , and a non-diffusive transient termapp
vanishing with the Ca2q gradient.

The following derivation takes advantage of the
fact that, under our experimental conditions, the
non-diffusive term can be neglected very soon
after Mg2q injection. As a consequence, Fick’s
law can be applied with DsD . Therefore, weapp
refined the geometry of the simple diffusion model
Ž .along the main cylinder axis of the cell by con-
sidering a finite layer of injected ions, reflection
on the fiber’s ends and by integrating the concen-

Ž .tration C x,t over the observation volume. The
relationship between D and the true cyto-app

2q Žplasmic Mg diffusion coefficient D in theMg
2q .absence of any Mg binding will be considered

in Section 5.
The muscle was considered as a homogeneous

cylinder of length l and radius r, and was as-
sumed to be longitudinally and radially isotropic.
The ends and walls of the cylinder were assumed
to be fully reflective. As magnesium injection was
performed at one end of the cylinder, the initial
conditions right after the end of the injection
were assumed to correspond to an end section of
fiber of length h, uniformly filled with Mg2q ions
at a given molar concentration C The fluores-0.
cence intensity of the dye was measured perpen-
dicularly to the cylinder axis at a distance d from
the injection site, in a section of radius w equal to
20 mm, over which the Mg2q and dye concentra-
tions are averaged. This section actually corre-
sponds to a volume V defined by the intersection

Žof the optical collection figure rather conical but

assumed to be a cylinder of vertical axis and of
.radius w with the cell cylinder.

The diffusion model along the main cylinder
axis relied on Fick’s law with an extended initial
distribution.

We considered a homogeneous layer of Mg2q

ions, ranging from xsyh to xsh, starting to
diffuse at ts0 towards both sides of the cylinder.
The layer can be divided into an infinity of ele-
mentary sheets of thickness dh. At any point x of

Ž .the cylinder axis, the concentration C x,t can be
calculated as the sum of these elementary sheets

Ž w x .contribution see 15 for details .
Ž .After integration, this process gives Eq. 1 :

C hyx0Ž .C x ,t s erf½ ž /2 'Ž .2 D= t

hqx Ž .qerf 15ž /'Ž .2 D= t

In this expression, D is the translational diffu-
sion coefficient, and will be referred to as Dapp
when describing and interpreting experimental
data. The erf function is defined as usual:

z2 2Ž . Ž . Ž .erf z s = exp yh =dh 2H'p 0

According to the total reflection on the micro-
injected cell end at xs0, the actual diffusion
profile is obviously the same as above, since this
reflection leads to the superposition of two identi-
cal diffusing profiles.

Ž .The concentration C t averaged over the
observation volume V centered at a distance d
from the origin was computed through integra-

Ž .tion of C x,t inside this volume:

W1Ž . Ž . Ž . Ž .C t s = C dqy =S y =d y 3HV yW

The last important step was to take into ac-
count the end effects. The procedure consisted in
considering any membrane reflection as a reflec-
tion on a boundary at which the concentration is
maintained, while the sign of the movement is



( )J. Claude Bernengo et al. r Biophysical Chemistry 89 2001 35]5140

changed. Therefore, at the site of measurement,
the actual concentration is the algebraic sum of
all the contributions from incoming and reflected
waves.

Mathematically, these contributions correspond
Ž .to a series of terms such as Eq. 1 , in which

Ž . Ž . Ž .hyx and hqx are replaced by hy2klyx
Ž .and hq2klqx , k being an integer between 0

and infinity.

Ž .C hy 2=k= l yx0Ž .C x ,t s Ý erf2 ž /'Ž .2 D= t

Ž .hq 2=k= l qx Ž .qerf 4ž /'Ž .2 D= t

In practice, however, the erf terms vanish for
high k values, and the computation was stopped
when corrective terms did not contribute to more

Ž . Žthan 1% of the total C t term the shorter the
cell length l, the higher the number of terms,

.ns5 being a maximum .
The whole calculation is rather complicated,

Ž .since, instead of Eq. 1 , the above series has to
be inserted in the numerical computation of inte-

Ž .gral 3 for each step of the Romberg procedure.
It was computed in PASCAL, and operated on a
Pentium II processor.

3.3. Determination of the diffusion parameters

For a given experiment, the known parameters
are the fiber length l, the distance from injection
point to observation center d, and the radius of
the observation cylinder w, as illustrated in Fig. 1.
The unknowns are D and h, which have to be
determined from the experimentally measured
Mg2q concentration recorded at increasing times
after injection, through an adjustment procedure.
The actual value of h has to depend on the extent
to which the pipette Mg2q concentration gets
diluted within the injected portion of fiber. For
the calculation, the dilution factor was assumed
to be 1.5, and the amount of Mg2q taken up by
intrinsic buffers was neglected. This means that
the determined value of h corresponded to the
cell length multiplied by the ratio of the change

Fig. 1. Schematic representation of the parameters used for
diffusion modeling. The fiber is considered as a cylinder of
length l and radius r. w is the radius of the fluorescence
measurement cylinder. Injection is achieved within one end of
the fiber. d is the distance from injection point to observation
center and h is the length of fiber section assumed to be

Ž .uniformly filled with the injected solution see text for details .

w 2qx w 2qxin Mg at infinite time, to the initial Mg
Ž .assumed to be 220 mM within the injected por-
tion of fiber. In the fully insulated fibers, this led

Ž .to a mean value of 37"5 mm ns16 . Simula-
tions showed that, under our most typical experi-
mental conditions where the distance between

2q w 2qxMg injection site and Mg measurement site
w 2qxwas larger than 500 mm, the time course of Mg

diffusion would be very little affected if, for in-
stance, our assumptions had led to a five times

Ž .underestimation of the value of h not illustrated .
Due to the complex non analytical relationship

between the experimental data and the computed
concentrations, a straightforward adjustment al-
gorithm based on non-linear curve fitting could
not reasonably be envisaged, and, after many
trials, a semi-automatic determination of the best
fitting values was carried out. The iterations were
partly integrated in the calculation program, while
the final adjustment of the theoretical function to
the experimental data points was sought for by
hand.

3.4. Measurement and modeling of mag-indo-1 and
Ca2 q diffusion within the fibers

In a few experiments, we attempted to estimate
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the dye and Ca2q diffusion coefficients within
fully silicone-insulated muscle fibers, using the
above described model. For dye diffusion, we
measured the fluorescence at both wavelengths
Ž .405 and 470 nm at regular time intervals fol-
lowing dye microinjection. As for Mg2q diffusion
experiments, measurements were taken at a given
distance from the injection site. Since none of the
two wavelengths were isosbestic for magnesium,
the estimation of the dye diffusion coefficient

w 2qxwith the model required assuming that no Mg i
change occurred during the diffusion process and
that the amount of injected volume did not inter-
fere with the time course of dye diffusion. No
attempt was done to calibrate the levels of fluo-
rescence in terms of actual dye concentration,
and the changes in fluorescence data were scaled
to an arbitrary value.

For Ca2q diffusion experiments, fibers were
pressure microinjected with a pipette containing

Žindo-1 0.5 mM in the same intracellular-like
.solution as mag-indo-1 . After dye equilibration,

the end of a fiber was microinjected with the
intracellular-like solution to which 20 mM CaCl2
was added and fluorescence measurements were
then taken at a given distance from the injection

w 2qxsite. Ca estimates were done using previouslyi
w xdescribed procedures 11 . The CaCl microinjec-2

tion inevitably produced a local contracture at the
injection site, but the silicone insulation allowed
maintenance of the fiber integrity.

3.5. In ¨itro measurements of mag-indo-1 and Mg 2 q

diffusion

In vitro measurements were performed on the
experimental set up, using glass capillary tubes
40]60 mm in diameter. The experimental proce-
dure for measuring diffusion was similar to the
one used for skeletal muscle fibers.

For measurements of mag-indo-1 diffusion,
capillaries were filled with the intracellular-like
solution and immerged within the silicone layer
covering the bottom of the chamber. The tip of a
micropipette filled with 1.1 mM mag-indo-1 dis-
solved in the intracellular-like solution was then
inserted within one opened end of the capillary,
through the silicone layer, and a short pressure

pulse was applied. Fluorescence measurements
were then taken at regular intervals, at a set
distance from the capillary end.

For measurements of Mg2q diffusion, the same
procedure was applied, except that capillary tubes

Žwere filled with mag-indo-1 0.1 mM in the intra-
.cellular-like solution and the micropipette con-

tained the Mg-pidolate solution. In vitro values
for R and R were obtained from capillarymin max
tubes containing 0.1 mM mag-indo-1 in a high
EDTA and high Mg2q containing solution, re-
spectively. The in vitro value for the ratio of F470
in the absence of Mg to F in the presence of a470
saturating Mg concentration was calculated from
the slope of plots of F vs. F measured while470 405
w 2qxMg was increasing.

3.6. Solutions

Ž .Tyrode solution contained mM : 140 NaCl, 5
KCl, 2.5 CaCl , 2 MgCl , 10 HEPES, adjusted to2 2
pH 7.20 with NaOH. Intracellular-like solution
contained: 120 K-glutamate, 5 Na -ATP, 5 Na -2 2
phosphocreatine, 5.5 MgCl , 5 glucose, 5 HEPES2
adjusted to pH 7.20 with K-OH.

3.7. Statistics

Least-squares fits were performed using a Mar-
quardt]Levenberg algorithm routine included in

ŽMicrocal Origin Microcal software Inc.,
.Northampton, MA, USA . Data values are pre-

sented as means"S.E.M.

4. Results

4.1. Mg 2 q diffusion in fully silicone-embedded
skeletal muscle fibers

Fig. 2 shows the time-dependent changes in
Ž .mag-indo-1 fluorescence top row and in the

corresponding mag-indo-1 percent saturation
Ž . w 2qx Ž .middle row and Mg bottom row due to a
Mg-pidolate injection in fully insulated, intact
skeletal muscle fibers. Data shown in a and b
were taken from two distinct fibers, respectively.
The first data point from each series corresponds
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to the value at the measurement site before mag-
nesium injection was performed. In Fig. 2, both
fibers were 1600 mm long and the fluorescence
measurement site was 750 mm away from the
magnesium injection site. Magnesium injection
was followed by a slow rise in F together with a405
simultaneous drop in F , in agreement with what470

w 2qx Žwas expected from an increase in Mg seei
w x.6 . The time course of relative change in fluo-
rescence was not identical at both wavelengths:
F increased to a more or less steady level405

Fig. 2. Effect of a magnesium injection on mag-indo-1 fluo-
Ž .rescence top row , corresponding mag-indo-1 percent satura-

Ž . w 2qx Ž .tion middle row and Mg bottom row in two distincti
Ž .fully insulated fibers panels a and b, respectively . Both fibers

were 1600 mm long and the distance d between injection site
and fluorescence measurement center was 750 mm. On the
top row, filled and open symbols correspond to the back-
ground corrected fluorescence at 405 nm and 470 nm, respec-

Ž .tively, in arbitrary units A.U. .

followed by a fairly slight decrease some time
after the injection, while F kept decreasing470
over the same period. This was likely due to dye
photobleaching, the effect of which was taken
care of by ratioing the fluorescence data, as shown
by the corresponding mag-indo-1 percent satura-

Ž w 2qx .tion and Mg which ended up reaching ai
stable steady level late after the injection. In Fig.

w 2qx2a, Mg rose from an initial level of ;1.3i
mM to ;4.6 mM while in Fig. 2b the change in
w 2qxMg was approximately twice as large, increas-i
ing from ;2.1 mM to ;7.8 mM. As the two

Žfibers were similar in size fiber diameter was 48
.mm and 43 mm in Fig. 2a,b, respectively , the

most likely explanation for this difference was
that the amount of fiber volume that was injected
with magnesium was larger in the fiber shown in
Fig. 2b than in the one shown in Fig. 2a.

4.2. Modeling of Mg 2 q diffusion in fully embedded
muscle fibers

w 2qxThe two panels in Fig. 3 present Mg i
changes induced by a Mg-pidolate injection in
two fully embedded muscle fibers, respectively.
The continuous line superimposed to the data
points corresponds to the best fit of the diffusion
model to the experimental data. It was achieved
by setting the values for the apparent magnesium

Ž .diffusion coefficient D and for the length ofapp
Ž .fiber portion that was injected h as described in

Section 2. In Fig. 3a, the curve was calculated
with a D value of 200 mm2 sy1. In Fig. 3b, theapp
value for D was 210 mm2 sy1. In Fig. 3a,b, theapp
full length of the two fibers was 1200 mm and
1780 mm, respectively, and in both cases, the
distance between the injection site and the mea-
surement site was 750 mm. In each panel, the
inset shows an enlarged view of the same data,
focused onto the first 5 min following the injec-
tion. The dashed curves correspond to the diffu-
sion profiles calculated with a change in D ofapp

Ž .q10% upper curve from the data points or
Ž .]10% curve lower than the data points . Results

show that under these experimental conditions,
w 2qxthe time-course of the Mg change could ade-i

quately be reproduced by Mg2q diffusion within
the cytoplasm with no additional assumption. It
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2q Ž .Fig. 3. Result from modeling Mg diffusion in two distinct fully insulated fibers a and b, respectively . Open circles correspond to
w 2qxthe measured Mg . Arrows point to the value measured before Mg-pidolate injection was performed. In a and b, thei

superimposed continuous lines show the calculated diffusion profile with a D of 200 mm2 sy1 and 210 mm2 sy1 , respectively.app
Corresponding values for h were 23 mm and 38 mm, respectively. In each panel, the dotted curves show the diffusion profiles

Ž . Ž .calculated with a change of ]10% curve lower than the data points and q10% curve upper from the data points of the value of
D . In a and b, fiber length was 1200 mm and 1780 mm, respectively, and the distance d between injection site and measurementapp
site was 750 mm. In both panels, the inset shows an enlarged view of the first data points and associated modeled diffusion profiles.

can also be noted that in panel b of Fig. 3, after
w 2qxreaching a maximum value of ;7 mM, Mg i

tended then to slowly decrease. Such a slow late
w 2qxMg decrease was clearly observed and pre-i
dicted by the model when the distance between
the measurement site and the injection site was
shorter than half the full length of the fiber. This
phenomenon is clearly illustrated in Fig. 4a which
shows the result of a Mg2q diffusion experiment,
for which the distance between injection site and
fluorescence measurement site corresponded to
;25% of the full length of the fiber. It should
also be mentioned that in fully insulated fibers,
w 2qxMg reached an elevated level that remainedi
steady even at late time following the injection.

w 2qxThis is illustrated in Fig. 4b where Mg wasi
followed for approximately 2 h after the injection.
The graph presented in Fig. 5 shows the ampli-
tude distribution of D from 16 experimentsapp
similar to the ones illustrated in Figs. 2]4. There

was little scattering in the distribution and the
2 y Ž .mean D value was 188"9 mm s l ns16 .app

There was no correlation between the value of
w 2qxD and the resting Mg level within the mea-app

Žsured range 1]5 mM, mean value of 2.4"0.4
.mM . A linear fit to a plot of the value of D vs.app

w 2qx y1 y1resting Mg gave a slope of ]3 mm s mMi
Žand a correlation coefficient of ]0.15 not illus-

.trated . There was no more correlation between
the value of D and the value of any otherapp
measured parameter such as the length and di-
ameter of the fiber, the distance between injec-
tion and measurement site, and the maximum
w 2qx ŽMg level reached during the experiment data

.not shown . The mean maximum change in
w 2qxMg measured from this series of fibers wasi
7.2"1 mM. If we were to assume that, right after
the injection, 330 mM Mg2q was present within a
definite end portion of the full length of the
fibers, it would correspond to a mean injected
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volume of 2.8"0.6% of the total volume of fiber.
Of course, this estimation holds true only if all of
the injected Mg2q is assumed to be diluted into
the entire volume of fiber without any buffering
andror extrusion from the cytoplasmic compart-
ment. It may be noticed that the mean resting
w 2qx ŽMg measured here was larger 2.4"0.4 mM,i

. w xns16 than found in a previous study 6 in
Žmouse skeletal muscle fibers 1.5"0.2 mM, ns

.7 . This higher mean value results from four
w 2qxfibers which displayed resting Mg levels higher

than 3 mM. Excluding these four values would

w 2qx Ž .Fig. 4. Changes in Mg open circles and correspondingi
Ž .calculated diffusion profiles superimposed continuous curves

in two fully insulated fibers. In panel a, after reaching a peak,
w 2qxMg decreased to a sustained elevated level due to thei
short distance between injection site and measurement site
Ž . Žds275 mm as compared to the length of the fiber ls1075

.mm . Panel b illustrates stability over ;2 h of the elevated
w 2qxMg level reached after a Mg-pidolate injection. Fiberi
length was 1150 mm and d was 750 mm. In a and b, diffusion
profiles were calculated with D values of 191 mm2 sy1 andapp
180 mm2 sy1 , and h values of 18 mm and 22 mm, respectively.

Fig. 5. Distribution of the values of D in fully insulatedapp
fibers. Diffusion coefficients estimated from fitting the diffu-

w 2qxsion model to changes in Mg measured in distinct fibers,i
were sorted with a 40-mm2 sy1 increment.

give a mean resting Mg2q level of 1.6"0.1 mM
Ž .ns12 a value that is much closer to the previ-
ously published one. The reasons for which these
fibers displayed a high resting Mg2q level are
unclear. We cannot rule out the possibility that
they were either in somewhat hypoxic conditions,
or that they were damaged during the isolation
procedure. However, in the absence of any other
experimental indication of such possibilities, this
remains speculative and the results from these
fibers were thus kept for analysis.

4.3. Mg 2 q diffusion in partially insulated fibers and
in silicone-free fibers

Since experiments performed on fully insulated
fibers showed that the time course of the Mg2q

change induced by a magnesium injection could
be well accounted for by simple Mg2q diffusion
along the fiber, a series of measurements was
performed in fibers that were either left partially
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Žfree of silicone or completely free of silicone see
.Section 2 . Our goal was to test the possibility

that, under more physiological conditions, we
would be able to detect signs of operating of a
w 2qxMg regulatory mechanism. In this case, wei
were ready to expect that the time course of the
w 2qxMg change due to a microinjection would be
more complex than observed in fully insulated

Ž .fibers see above . Fig. 6 illustrates results from
w 2qxMg measurements following a Mg-pidolatei
injection, taken either from partially insulated

Ž .fibers Fig. 6a or from fibers that were com-
Ž .pletely free of silicone Fig. 6b . In both series,

there was obviously no way we could qualify any
result of ‘typical’ as the pattern of evolution of
w 2qxMg varied considerably from fiber-to-fiber. Ini
this respect, our expectations were fulfilled as the

w 2qxtime course of change in Mg was in manyi
cases not conform to simple diffusion. The time-

w 2qxdependent evolution of the change in Mg i
was, however, unpredictable. Out of nine partially

w 2qxinsulated fibers, the initial Mg increase wasi
followed by a slow decay in two fibers as exempli-
fied on the first row of Fig. 6a. In four partially

w 2qxinsulated fibers, the change in Mg reached ai
steady level and its time course could be well
adjusted using the diffusion model as illustrated
on the second row of Fig. 6a. Finally, in three

w 2qxpartially insulated fibers, an initial rise in Mg ,i
the time course of which was consistent with the
diffusion model, was followed by a totally unex-

Žpected secondary slower rising phase as exempli-
.fied in the third row of Fig. 6a . In Fig. 6, the

curves superimposed to the data points corre-
Ž .spond to if we can call it this way the best

adjustment of the diffusion model to the data
points: for fibers that displayed either a secondary

w 2qxdecaying or rising phase of Mg , only thei

w 2qxFig. 6. Heterogeneity of the time course of change in Mg following a Mg-pidolate injection, in fibers that were either partiallyi
Ž . Ž .free of silicone panel a or completely free of silicone panel b . The continuous curve superimposed to each series of data points

w 2qx Ž .corresponds to the best attempt of fitting the diffusion model to the initial change in Mg see text for details . In panel a, fromi
Ž . Ž .top to bottom, fibers length l and distance between injection site and measurement site d were 1125 mm, 1190 mm, 760 mm, and

750 mm, 750 mm and 390 mm, respectively. Superimposed diffusion profiles were calculated with D values of 250 mm2 sy1 , 160app
mm2 sy1 and 170 mm2 sy1 , respectively. Corresponding values for h were 75 mm, 90 mm and 24 mm. In panel b, from top to
bottom, l and d were 975 mm, 1200 mm, 1280 mm, and 500 mm, 500 mm and 780 mm, respectively. Superimposed diffusion profiles
were calculated with D values of 170 mm2 sy1 , 290 mm2 sy1 and 230 mm2 sy1 , and h values of 15 mm, 22 mm and 9 mm,app
respectively.
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w 2qxinitial change in Mg was used. Values fori
D corresponding to these fits were within theapp
same range as estimated from fully insulated
fibers, ranging between 155 and 250 mm2 sy1

Ž . w 2qxns9 . Fig. 6b shows Mg changes followingi
a magnesium injection in three silicone-free fibers.

w 2qxAgain, the pattern of change in Mg wasi
variable, being either compatible with diffusion
Ž .first row or displaying a secondary rising phase
Ž .middle and lower rows . From top to bottom, the
curves superimposed to the data points were cal-
culated with D values of 170, 290 and 230 mm2

app
sy1.

4.4. Mag-indo-1 and Ca2 q diffusion in fully
insulated fibers

In order to compare our estimate of the Mg2q

diffusion coefficient value in skeletal muscle fibers
with that of other diffusing species of interest, a
few experiments were performed to measure
mag-indo-1 and Ca2q diffusion using similar

2q Ž .procedures as used for Mg Section 2 . One
other goal was that, since values for the diffusion
coefficient for Ca2q ions and for fluorescent dyes
similar to mag-indo-1 are available in the litera-
ture, we could compare our estimations with these
values and hopefully, further validate our model-
ing procedure. Fig. 7a shows the time-dependent

Ž .changes in fluorescence at 405 nm open squares
Ž .and 470 nm open circles due to a mag-indo-1

microinjection performed within one end of a
fully insulated muscle fiber. Fluorescence was
measured at the other end of the fiber, 1250 mm
away from the injection site. As dye diffused from
the injection site to the measurement site, fluo-
rescence gradually increased at both wavelengths.
In Fig. 7b, fluorescence data points at 405 nm
were normalized so as to reach the same maxi-
mum amplitude as the F data points, at the end470
of the series. The time course of change in fluo-
rescence was very similar at both wavelengths,
indicating that the increase in dye concentration
was mostly responsible for the observed changes
in fluorescence with little, if any, interference

w 2qxfrom Mg changes. In Fig. 7b the line super-i
imposed to the data points corresponds to the
best fit of the diffusion model to the experimental

Fig. 7. Mag-indo-1 diffusion in a fully insulated muscle fiber.
ŽPanel a shows the increase in fluorescence at 405 open

. Ž .squares and 470 nm open circles measured at one end of
the fiber, 1250 mm away from the mag-indo-1 injection site
located at the other end of the fiber. In b, fluorescence data
were normalized to the same maximum amplitude and the
superimposed continuous line shows the diffusion profile cal-
culated with a diffusion coefficient of 58 mm2 sy1 .

data. It was achieved with a dye diffusion coeffi-
cient of 58 mm2 sy1. Similar experiments per-
formed in two other fibers yielded a dye diffusion
coefficient of 50 and 72 mm2 sy1. Under our
experimental conditions, mag-indo-1 diffusion
thus appears to proceed at a rate approximately
three times lower than that of Mg2q. Fig. 8 shows
the result of a Ca2q diffusion experiment. The
fiber was 925 mm long and the distance between
the injection site and the measurement site was
500 mm. Following the CaCl injection within one2

w 2qxend of the fiber, Ca slowly increased withi
2 y1 Ža diffusion rate estimated to 18 mm s super-

.imposed curve . The actual change in free cal-
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Fig. 8. Ca2q diffusion in a fully insulated fiber loaded with
indo-1. A solution containing 20 mM CaCl was injected2
within one end of the fiber and indo-1 fluorescence was

Ž .measured 500 mm from the injection site see text for details .
w 2qxThe graph shows the calculated Ca change produced byi

the CaCl injection. The superimposed curve corresponds to2
the Ca2q diffusion profile calculated with a diffusion coeffi-
cient of 18 mm2 sy1 .

cium concentration was very small, increasing
from an initial level of ;45 nM up to ;70 nM

at the end of the records. A similar result was
obtained in one other fiber, yielding a Ca2q dif-
fusion coefficient of 20 mm2 sy1.

4.5. In ¨itro diffusion of mag-indo-1 and Mg 2 q

Fig. 9a shows the time course of fluorescence
changes at 405 and 470 nm measured in a capil-
lary tube following a mag-indo-1 ‘injection’, as

Ž .described in Section 2 in vitro measurements .
The capillary tube was 1180 mm long and the
measurement site was 730 mm away from the
‘injection’ site. Fluorescence data at the two
wavelengths were normalized to the same maxi-
mum amplitude. The line superimposed to the
data points corresponds to the diffusion profile
calculated with a diffusion coefficient of 530 mm2

sy1. Data from another capillary tube gave a
value of 480 mm2 sy1. Fig. 9b shows the change in
w 2qxMg induced by a Mg-pidolate ‘injection’ in a

Žmag-indo-1 containing capillary tube see Section
.2 . The tube was ;4400 mm long and the mea-

Ž . 2q Ž . ŽFig. 9. In vitro diffusion of mag-indo-1 a and Mg b . Panel a shows normalized intensities of fluorescence at 405 nm filled
. Ž .symbols and 470 nm open symbols measured in a glass capillary tube, following a mag-indo-1 ‘injection’ performed within one end

of the tube. Tube length was 1180 mm and distance from the injected end to measurement site was 730 mm. The superimposed
Ž . 2 y1 2qdiffusion profile continuous line was calculated with a diffusion coefficient of 530 mm s . Panel b shows the result of an Mg

diffusion experiment performed in a 4410 mm long capillary tube. Distance between the ‘injected’ capillary end and the
fluorescence measurement site was 1450 mm. The superimposed Mg2q diffusion profile was calculated with a diffusion coefficient

2 y1 Ž .of 730 mm s and a h value of 125 mm see text for details .
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surements were taken 1450 mm away from the
‘injected’ end. The diffusion coefficient calculated

Ž .from the modeling superimposed line was 730
mm2 sy1. The mean value from five capillary
tubes was 690"30 mm2 sy1, which is consistent

w x 2 y1with the value given in Lide 16 : 706 mm s at
258C.

5. Discussion

5.1. Mg 2 q diffusion in insulated muscle fibers

The present work shows that Mg2q diffuses
readily within isolated skeletal muscle fibers. The
value of the apparent Mg2q longitudinal diffusion
coefficient is ;190 mm2 sy1, which is 0.27 times
the one estimated in vitro. This ratio is twice less
than the one reported for Naq, SO2y and Kq

4
ions and also for non-electrolytes such as sorbitol
and sucrose, in skinned frog skeletal muscle fiber
w x 2q17 , indicating that myoplasmic Mg apparent
diffusion rate is twice reduced as compared to
that of these other species. Since the diffusion
coefficient is inversely proportional to the vis-
cosity and to the hydrodynamical radius of the

Ž .moving ion Stokes law , both the increased vis-
cosity of the cytoplasm as compared to water, and
the increase of size of the ion in the cytoplasm
Ž .due for instance to hydratation , have to be
considered. Concerning the first point, it is well
known that, due to high macromolecular concen-
trations, the cytoplasmic viscosity is ;2 cen-

w xtipoise 18,19 . Therefore, viscosity effects should
be expected to account for a factor of ;2 in the
reduction of D , as previously observed for theMg

w xdiffusion rate of other ionic species 17 . A change
of hydratation or in shape of the moving ions is
unlikely to occur in the cellular cytoplasm. The
Mg2q ion is hydrated in aqueous solutions with
six water molecules: at high ionic strengths such
as in cytoplasm, the electrostatic ion]dipole bonds
are screened by counter-ions, and therefore less
probable to occur. Moreover, from Debye]Huckel¨

Žtheory, the radius of the counter-ion cloud in-
.volved in the hydrodynamic radius is inversely

proportional to the square root of the ionic
strength. Consequently, the hydrodynamic radius

should be smaller in the cytoplasm than in dilute
salt solutions. From our in vitro value of 690 mm2

sy1 it seems thus reasonable to consider that,
taking into account the effects of viscosity, the
cytoplasmic D value is ;350 mm2 sy1.Mg

To account for the remaining two factors in
diffusion coefficient reduction, reversible binding
of Mg2q ions to cytoplasmic binding sites has to

w xbe considered 10,15 .
w xWagner and Keizer 10 investigated models of

Ca2q diffusion taking into account the effects of
both mobile and non-mobile binding sites. They
showed that ion binding to mobile sites can either
increase or decrease the ion diffusion speed, de-
pending on the relative mobilities of the ion and
of the sites. This was experimentally confirmed by

w x 2qGabso et al. 9 who observed an increased Ca
diffusion coefficient in axons of cultured Aplysia
neurons due to the indicator fura-2, the mobility
of which was higher than that of Ca2q. Under our
experimental conditions, since the value of the
mag-indo-1 diffusion coefficient is smaller than
the value of the Mg2q diffusion coefficient, Mg2q

binding to the indicator may slow down the Mg2q

diffusion speed.
w xAccording to Wagner and Keizer 10 , in the

presence of mobile and non-mobile buffers, the
apparent Mg2q diffusion coefficient is given by:

Ž . Ž .D sb= D qÝg =D 5app Mg m MgLm

with

w xK = L1 am Tms1qÝ 2b w w xx1qK = Mgam Ž .6w xK = Las TsqÝ s1qÝg qÝgm s2w w xx1qK = Mgas

with MgL, Mg, L , and K , referring to ligand-T a
bound magnesium, free magnesium, total binding
sites, and association constant of the binding re-
action, respectively. Subscript s and m refer to
static and mobile ligands, respectively.

These equations are valid for several static and
mobile ligands, under the assumptions that lig-
ands are homogeneously distributed throughout
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the diffusing volume, that binding is much faster
than any diffusion process, and that free and
Mg-bound mobile ligands have the same mobili-
ties. If we first neglect the effects of static buffers,
one can look at the importance of the mobile

Ž .term Ýg =D in Eq. 5 as compared tom MgLm
D . Inside the fiber, the main Mg2q mobileMg
ligands are ATP, inorganic phosphate, phospho-
creatine, to which should be added the fluores-
cent dye mag-indo-1.

Concerning ATP, assuming a total concentra-
tion of 6 mM and an association constant for

2q y1 w xMg of 13.5 mM 20 , ATP can be considered
as fully saturated at the resting Mg2q levels mea-
sured here, and it should thus not influence Mg2q

diffusion along the cell.
Ž .Phosphocreatine Pc is highly concentrated in-

Ž .side the muscle cells 25 mM and its K foram
2q y1 w xMg is given as 0.02 mM 20 . The corre-

sponding g value is 0.45 at the resting Mg2q
m

Ž .level measured here 2.4 mM , and less for higher
concentrations. With a D value for phospho-MgLm

2 y1 w xcreatine of 330 mm s 21 , the corresponding
g =D term reaches a maximum value ofm MgLm
150 mm2 sy1.

Ž .Concerning inorganic phosphate Pi , with a
K of 0.06 mMy1 and a total concentration ofam

w x4 mM 20 , the same calculation as above gives a
corresponding g value of 0.18 at the restingm
w 2qxMg level and smaller during the diffusion
process. Assuming a diffusion coefficient of 500

2 y1 Žmm s computed, in the absence of published
w xdata, from phosphocreatine D value 20 , multi-

plied by the cubic root of the ratio of molecular
.weights PcrPi , the g =D term for inor-m MgLm

ganic phosphate is 90 mm2 sy1 in resting condi-
tions.

For the mag-indo-1 probe, we measured a
D value of ;60 mm2 sy1, while the mag-MgLm
indo-1 association constant K for Mg2q isam

y1 w x;0.2 mM 6 . Under our experimental condi-
tions, considering a mag-indo-1 concentration of
0.2 mM, the corresponding g value can be cal-m
culated at any Mg2q concentration: g is verym
low at high Mg2q concentrations in the vicinity of
the initial magnesium pulse, and it increases as
Mg2q diffuses within the cell. At the mean rest-
ing Mg2q level measured here, the value for gm

is ;0.03, and consequently, the g =D termm MgLm
for mag-indo-1 is less than ;2 mm2 sy1, negligi-
ble as compared to the measured apparent Mg2q

Ž 2 y1.diffusion coefficient 190 mm s .
If one only considers the known, above de-

12qscribed, mobile Mg buffers, can be calcu-
b

lated as 1qÝg which gives a value of ;1.65.m
Ž .Under these conditions, using Eq. 5 with a DMg

2 y1 Žof 350 mm s which takes into account the
.effect of cytoplasmic viscosity , one can calculate

a D value of 360 mm2 sy1, similar to D .app Mg
Consequently, the known Mg2q mobile buffers
cannot be expected to significantly influence the
Mg2q diffusion coefficient within the cytoplasm.

In order to explain the reduced value of Dapp
Ž 2 y1.190 mm s , it is necessary to consider the
effect of static Mg2q ligands. Each static ligand

Ž .will account for a g term in Eq. 6 , so decreas-s
ing the value of b, and consequently decreasing
the value of the ratio D over D . For in-Mg app
stance, Mg2q binding sites to parvalbumin could
be considered. Due to its shape and weight par-
valbumin can be considered as static as compared
to small ions. However, with a total concentration
of parvalbumin binding sites of 0.7 mM and an

y1 w xassociation constant of ;5.2 mM 22 the cor-
Ž .responding g term is very small ;0.02 at thes

resting Mg2q levels measured here. Mg2q bind-
ing to parvalbumin should thus not affect the
Mg2q diffusion rate.

In order to explain the measured value of D ,app
it is necessary to consider that there are other
non-mobile cytoplasmic Mg2q buffers, the iden-
tity of which can only be speculative. To be re-
sponsible for the decrease in Mg2q diffusion rate
from 350 mm2 sy1 to 190 mm2 sy1, these sites
should exhibit Mg2q binding properties corre-
sponding to a Ýg value of ;1.45. If a singles
population of such sites was to be involved, this
could, for instance, correspond to a total concen-
tration of sites of ;40 mM with an affinity
constant of ;0.05 mMy1.

Table 1 summarizes the results from our mea-
surements of diffusion coefficients for Mg2q, Ca2q

and mag-indo-1. The reduction of D in theMg
myoplasm as compared to the in vitro conditions
is far less dramatic than what we observed for
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Table 1
2q 2qDiffusion coefficients for Mg , Ca and mag-indo-1

2 y1Ž .Diffusion coefficient mm s

In vivo In vitro

2q Ž . Ž .Mg 188"9 ns16 690"30 ns5
2q aCa 18, 20 790

mag-indo-1 50, 58, 72 480, 530

aw x25 , all measured values are given when less than four
experiments were performed.

mag-indo-1 and a fortiori for Ca2q ions. In the
capillary tubes the mag-indo-1 diffusion coeffi-
cient was ;500 mm2 sy1, a value which is consis-

Žtent with its size 439 mol. wt. for the tetra-valent
. w xform 17 . In comparison, within the muscle

fibers, the mean mag-indo-1 diffusion coefficient
2 y1 Ž .was 60"6 mm s ns3 . This value is similar

w xto the one reported by Konishi et al. 23 in frog
muscle fibers for furaptra, a Mg2q-sensitive fluo-
rescent dye with a size similar to mag-indo-1,
although these measurements were performed at
a temperature of 168C. Under our conditions,
myoplasmic mag-indo-1 diffusion appears to be

Žreduced to a greater extent by a factor of ;8
.with respect to a salt buffer as compared to the

results obtained with furaptra, where the reduc-
w xtion was only by a factor of ;4 23 . This likely

indicates that under our experimental conditions,
mag-indo-1 is heavily bound to myoplasmic con-

w xstituents of low mobility 24 .
The Ca2q diffusion coefficient has previously

been reported to be very much lower in frog
w xskeletal muscle fibers than in free solution 17 . In

two fibers, following a CaCl injection, we could2
w 2qxobserve a change in intracellular Ca display-

ing a time course consistent with an apparent
diffusion coefficient of ;20 mm2 sy1, a value 40

w xtimes lower than measured in free solution 25 .
Of course, this value is likely to be overestimated
since, as experimentally demonstrated by Gasbo

w xet al. 9 , the presence of a high affinity calcium
indicator is expected to speed up Ca2q diffusion.
In any case, our results at least confirm the heavy
slowing of Ca2q diffusion within muscle fibers
w x17 , an effect that is obviously related to the high
intrinsic calcium buffering capacity of this prepa-

ration. More evidence for it is the tiny level of
w 2qx Ž .measured Ca change tens of nanomoles

whereas millimolar levels were likely to be pres-
ent at the injection site. This property is definitely
not shared by Mg2q which under the same condi-
tions diffuses 10 times faster than Ca2q.

The determination of the Mg2q diffusion co-
efficient within muscle fibers has significant rele-
vance regarding the interpretation of earlier data
obtained in our laboratory: in a previous work, we
showed that the amplitude distribution of the

w 2qx 2qchanges in Mg brought by influxes of Mgi
through the nicotinic receptors, appeared incon-
sistent with what was expected from a simple

2q w xcytoplasmic Mg buffering mechanism 6 . This
led us to suspect that Mg2q diffusion within the
cytoplasm could be very slow, leading to local
cytoplasmic Mg2q accumulation and saturation of
the dye. Data from the present work do not
support this hypothesis.

5.2. Mg 2 q diffusion in partially insulated and in
silicone free muscle fibers

w 2qxFrom the observed time course of Mg i
change, we found no clear evidence that under
conditions more physiological than the full sili-
cone insulation, the muscle fibers were able to

w 2qxrapidly regulate the increase in Mg producedi
by the magnesium injection. As specified in Sec-
tion 4, only two fibers, that were partially free of

w 2qxsilicone, displayed a late decrease in Mg thati
followed the initial rise, which could be specu-
lated to indicate that a mechanism operates to

w 2qxbring Mg back to the resting level. Otheri
fibers either displayed similar results as fully insu-
lated fibers or showed a secondary increasing

w 2qxphase of Mg . Since mag-indo-1 is also sensi-i
tive to Ca2q ions, we considered the possibility
that this last observation could be due to a rise in
cytoplasmic Ca2q, though its origin would be quite
obscure. However, a rough approximation indi-
cates that the amplitude of secondary phases such
as shown in Fig. 6 could correspond to more than
10% of a change in mag-indo-1 saturation. As-
suming the mag-indo-1 affinity for Ca2q ions to

w xbe of the order of 30 mM 26 , this would corre-
w 2qxspond to a change in Ca of a few micromolar,i
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likely to be accompanied by a contraction of the
cell, which was not observed. Overall, the observed
heterogeneity of responses has to be taken as
evidence that, in fibers that were not fully embed-
ded within silicone, some yet unidentified
processes that may be of critical importance for
intracellular Mg2q regulation, do operate.
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