
Fig. 4. Inhibiton of FN-p-stimulated transcr~pt~on of an 
ISRE reporter plaslnd n cells expressng domnant neg- 
ai~ve 42-kD MAPK. Pr~mary human f~broblasts \yere 
transfected as described ( 7  7) \vth an ISRE derwed frorn 
ttie FN-stimulated responsive gene S G l 5  Inked 5' to a 
thyrni~dm k~nase mi~ i~ma;  promoter-uciferase reporter 
(9). 111 addto l l  to the reporter construct. pasniids cot?- 
taining complementary DNAs (cDNAs) correspolid~ng to 
ether\vd-type MHPK (hT) cr MAPK n wti~cti Thr'e3 and 175-ng plasmid 400-ng plasmid 

TyrlS5 were replaced w th  either gluiamc acd  (TEYEj or aanne and phenyalanine (THYF!. These plasmds 
a contaned a cytomegalov~rus (CRIIV) promoter To norlnalize for DNA n the transfecton a CMV-drven 
p-galactosidase cDNH (GAL) was ~ic luded when the MAPK k~nase plasmicis were not present. The 
plasmds \yere used at ether 175 ng.'ml or A00 lng~ml I ?  ttie transfecton. Twenty hours after iransfecton. 
FN-P (1 O~nnts /ml !  was added to the cells for 6 hours before preparation of cell ysates and assay of 
lucferase activty. The amount of lucferase acivty n the cells iralisfected \viih p-gaactos~dase and treated 
w~ th  IFN-p (ivhich was cons~stenty f \ / e  to sixfold that of untreated cells) was normalized to 1 O033. The 
reporter construct \vthoui the ISRE showed no Increased Iucferase acii\/ty it1 the presence of FN-P. The 
standard deviations for these experiments are denoted by error bars. 

4 0 Coamon c e i  al.. t'lAol Cell B'ol 14  81 33 (1 C04; 
5. 0. R. Colamon~c er a1 , J B'ol C/?e.>? 269, 3518 

(10041 S. N. Constantlnescu etal., Proc, /Ai l .  Azan 
Sc'. LI S.A. 91, 9602 (1 9% 

6, h4 Davd et a1 . unpubshed data 
7 H C \V!ang et a1 ;1/;ol. Biol Cell 3, 1329 ilCC2;. 
8 J.-P Her er a l .  Btoz~:ei-- J. 296. 23 (1003) 
0 R Prle e i  a;.. r":fB0 J 13 158 (1 09L1. 

1 C. X Ztiang e i  a{.. Szjerze 267. 1990 (1 CC51 
11 D. S. F~nbloom and A. C. Larner. ~ ~ n p ~ ~ b l ' s h e d  data 
12 N C Re~cti and L. M P'efer. P,roc :.!at{. Acan Sc;. 

LI S.A 87 8761 i l990).  
13. Cells ,::ere d ~ t e d  ;!,th ce-cold phosphate-buyered 

sal'ne (PBSl and centriz-lged at 13CCg fol 10 m n  at 
4'C ivasliecl ivlth PBS, and resuspended In lys's 
b 3 e r  con-anng 2C mivl Hepes ~pl-; 4) 1 mM \!an- 
adate 10 mh4 P-gycero-phosphate 100 mivl NaCl 
50 mh4 NaF lC3 Trton X-100 and 1 mM plienyl- 
methyls~~l'onyl fIk~orde The ysate was mxed n c ~ -  
bated on ice for 10 m n ,  and centrif~~ged at 18,000g 
'or 10 m n  at L3C 

14 G Uze, G. Lutfalla. I. Gresser, Cell 60, 225 (199C) 
15, K garasti et a1 J Btol. C1:em. 269. 1'333 il9C4) 

q ~ ~ i r e d  to be phosphorylated for activity were i ~ O t e  L,d&d in ~ r O o f  ~ ~ ~ ~ ~ ~ 1 ~ .  wen ,,[ CIl ,  16 The MBP ;l'!as added to a bJTer conra'n'ng 20 KM 

replaced \ \ ~ t I i  either glutamic acid (TEYE) (18) reporteil that Ser"' ATP 20 lnivl Pepes ipH 7 41 1C mM ivlgCl, l C  mM in S ta t l  1s phos- p-glycero-phosphate, 1 mM ,!anadate, 5 mh4 EGTA. 
or alanine and ullenvlalanine ITAYF), ren- chorvlated, hlasirnal transcri~~tional activa- and 1 ILC' ; v - ~ ~ P ~ A T P .  

& ,  , , ,  , 
deri~ig the proteins inactive (8).  Aiter trans- l ion 'by IFK-y requlres that ' t h ~ s  sernle be 17. E F Petrcon era{., :'dfol. Cell. B'ol 12 '486 (1992, 

iection fibroblasts \\-ere incubated ~v i th  or present in S ta t l .  18. Z. N'en et al . Ce>h 82. 2'1 '1 933). 
19. Vie  than^ D. Finboom 'or h s cr't'ca ~readng of the 

without 1'2-(3, the cells lyseci, and luciferase man~sc rp t  and 0. Co alnonc ancl J. Kro le ivs~ for 
activity assayed. Consistently, IFF-(3 s t~mu-  REFERENCES AND NOTES the GST f~s ion  pro-ein constr~~cts.  ivl J WJ ac~nowl -  

lated a five- to sisfolil increase in the lucif- edges the s ~ p p o ?  o'grant GML7332 and R P ,!,as 

erase actix.ity in cells transfectecj \r,ltll the 1. A. C. Larner and C S. F~nbloom. B ~ o c ~ ~ ~ J T  B 'whys s~ppor ied by the A-thr~ts Fo~nda ton  and the L~lcllle 
Azta 1266. 278 (: C05;. P MarKe,, Char'table T r ~ ~ s t  

ISRE containing the luc~ferase reporter. Co- 2, J, N, ll,le r,,qds B ; ~ ~ ~ ~ , ~ ,  19, 222 (1 9 9 ~ ) .  
transfection of wild-type hfAPK w ~ t h  the 3 M Da\!'d e t a ' ,  in prepalaton. 20 June 1005, accepted 23 A ~ g ~ . s t  1993 

reporter hail little it any effect on IFN-P- 
stimulated luc~ferase act~vitv,  whereas the 
mutant h/IAPK constructs sho\ved a close- 
dependent inhihitioil o i  IFF-P-stimulated 
luc~terase activ~ty (Fig. 4) .  Thus, it appears 
that LIAPK participates in the mechanisin 
by which IFN-(3 stimulates early response 
genes that reilulre activation o i  the S T A T  
transcriptLon factors. 

Interleukin 6 induces serine phosphoryla- 
tion oiStat3,  which 1s required for biniling o i  
Stat3 homoillmers to D K A  (1 9). Although 
\ve have not o h s e ~ e i l  a requirement o i  
serine phosphorylation for ISRE biniling of 
S t a t l a ,  treatment of U266 cells with IFS-(3 
iloes stimulate serine phosphorylatlon of the 
protein (11).  The  serine-threonine killase 
inhibitor H7 can selectively inhil~it  1 '2-a  
act~vat ion of ISRE-dependent genes \v~thout 
affecting Sta t l  anil Stat2 h~nd ing  to the 
ISRE (6.  12).  These data, together lvith 
those of Zhang r t  01. (18), \vould suggest that 
IFN-a- or IFK-P-stimulate phosphoryla- 
tion of both serine anil tyrosine o n  S t a t l a  is 
recl~~lreil tor transactivation. 

It remains to be establ~sheil n-hether ac- 
tivation of ?VfAPK is reiluired to s t~mulate  
tyroslne phosphorylation of S ta t l  and Stat2 
l ~ v  IFX-a and IFF-(3. Our  results indicate 
that one tarpet o i  h4XPK is a conserved 

Imaging Elementary Events of Calcium 
Release in Skeletal Muscle Cells 

Alexander Tsugorka," Eduardo Rios,-l- Lothar A. Blatter 

In skeletal muscle cells, calcium release to trigger contraction occurs at triads, specialized 
junctions where sarcoplasmic reticulum channels are opened by voltage sensors in the 
transverse tubule. Scanning confocal microscopy was used in cells under voltage clamp 
to measure the concentration of intracellular calcium, [Ca2+],, at individual triads and 
[Ca2-1, gradients that were proportional to calcium release. In cells stimulated with small 
depolarizations, the [Ca2-1, gradients broke down into elementary events, corresponding 
to single-channel currents of about 0.1 picoampere. Because these events were one-tenth 
to one-fifth the size of calcium sparks (elementary release events of cardiac muscle), 
skeletal muscle control mechanisms appear to be fundamentally different. 

F o r  muscles to contract. Ca2-  must be 
released iron1 tlie sarcoplasmlc reticulum 
(SR)  rapidly and massively, through c h a ~ i -  
riels of the ryanodlne receptor fanlily (1 )  
present also in neurons ( 2 ) .  endothelial (3). 
and other cells 14). I11 cardiac muscle. Ca2+  ~, 

release is iletermined by the melllhrane yo- 
tential-ilependent entrv o i  Ca" 15), 
whereas in skeletal muscle release is cou- 

trolled by melnhrane potential \vithout 
Ca" entry ( 6 ,  7). In  contocal images of 
Ca'+ from ~~oltage-stimulated skeletal mus- 
cle fibers, \ve found elementary events o i  
release apparently derived from the openi~ig  
o i  single SR channels. 

\Ye ailapted tlie single muscle iiber x.olt- 
age clanlp (8. 9 )  to work synchrono~~sly 
\\,it11 a laser scanlling confocal microscope. 
In  a cell at rest (-99 mV) contalninq the  
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in bands in the line scan image at early the fluorescence to increase, revealingCaZ+ versed, which indicated that [Ca2+], in- 
times, before pulses were applied. The ap- release. Early in the first pulse, when the creased more in the regions of lower con- 
plication of small depolarizing pulses caused release was large, the banded pattern re- centration of dye, which therefore corre- 

spond to the triadic regions of the sar- 

Fig. 1. Fluorescence sig- 
nals and macroscopic in- 
terpretation. (A) x-y scan 
image; fluo 3 fluorescence 
intensity (represented in 
gray scale, with black 
equal to 0) was recorded 
from an optical section 
through a fiber of the 
semitendinosus muscle of 
Rana pipiens. The fiber 
was voltage-clamped at 
-90 mV (23). The plot at 
right is the effective con- 
centration of dye along 
the line shown on the x-y 
scan, estimated from the 
fluorescence intensity. (6) 
Line scan image, formed 
by 51 2 successive line 
scans, shown in a gray 
scale of fluorescence in- 
tensity along the line 
shown in (A), placed verti- 
calhf, and iuxtaposed left 
to ;ight. one 'line scan 
covered 51 2 spots placed 
0.3 ILm apart (1 54 im). Because scans were taken at 1.39-ms intervals, the horizontal dimension, representing 
time, covers 71 2 ms. Two pulses, to -50 and -55 mV, were applied as shown at the top of the traces. (C) 
Spatial average of scanned intensity as a function of time. The average intensity was scaled to the average 
concentration of dye bound to Ca2+, [dye:Ca2+], with 

[dye:Ca2+] = dyq(F - Fmin)/(Fm, - F,,,) 
where dye, is the total dye concentration and F,, and F,, are the minima and maxima of fluorescence, 
corresponding to Ca2+-free and Ca2+-saturated fluo 3 (24). (D) Spatial average of free Ca2+ concentra- 
tion, derived from the average fluorescence as 

where kOn is the Ca2+:dye association rate constant and K, the dissociation constant; k,, and Kd were 
determined inside the fiber in simultaneous experiments with fluo 3 and a fast absorption dye (25). (E) 
Ca2+ release flux, determined from the Ca2+ record (D) (70, 15). 

comere (9). 
The graphs in Fig. 1 summarize a mac- 

roscopic analysis of the image. First, fluo 3 
fluorescence was averaged during each 
scan (Fig. 1C); average [Caz+], ( t ) ,  a func- 
tion of time only, was calculated from the 
averaged fluorescence (Fig. 1 D), and CaZ+ 
release flux was derived from [Ca2+], (t) 
(Fig. 1E) (10). Release during the second 
pulse was steady; a fast inactivating com- 
ponent was removed by the presence of 
the first pulse. 

A wave form proportional to local CaZ+ 
release was obtained from single triad sig- 
nals. As a function of space and time, 
[CaZ+], was derived from the line scan im- 
age, taking into account the known kinetics 
and diffusion properties of fluo 3 (1 1 ) (Fig. 
2). This calculation essentially removed the 
banded pattern of the image before and 
after the pulses, which indicated that 
[CaZ+], was homogeneous at those times. In 
contrast, during the pulses pronounced gra- 
dients appeared in every sarcomere. During 
the second pulse (to -55 mV), the local 
increases in Ca2+ were much smaller and 
discrete. 

O n  plots of [CaZ+], as a function of space 
and time (Fig. 3A), triads were localized as 
regions of higher [Caz+], (9). Values for 
[Caz+],(t) for one of the scanned triads were 
greater and had more noise than the aver- 
aged [Ca2+],(t) at the centers of both flank- 
ing sarcomeres (Fig. 3B). The difference of 
these (Fig. 3C), a measure of the local 
concentration gradient, should be roughly 
proportional to the flux of CaZ+ release 
from the individual triad. Indeed, the aver- 
age of this triadic gradient over the 45 triads 
in the scan (Fig. 3D) is a blunted version of 
the macroscopic release (Fig. 1E). 

Especially during the smaller pulse, indi- 
vidual triadic gradient records (Fig. 3C) 
show discrete events that might represent 
single-channel openings. The amplitude 
histogram of that record and similar records 
from 10 other triads was bimodal (Fig. 4). 

Fig. 2. Distribution of Ca2+. lntracellular Ca2+ 
concentration is represented as a function of time 
and position in the scan, derived from a line scan 
image (Fig. 1B). The inset expands the plot in a 
region where discrete events were visible during 
the second pulse. [Ca2+], was derived by solving 
numerically the partial differential equation that 
describes the evolution of [dye:Ca2+], namely 

a[dye:Ca2+]/at = [dye][Ca2+]ko, 

where D,,,, is the diffusion coefficient of the 
complex (0.2 x cm2 s-') (1 1) and A is the 
Laplacian (26). 
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The curve is the sum of a baseline Gaussian gradient corresponds to a preferred magni- 
curve centered near 0 and a second Gaus- tude of release flux from these triads (1 2). 
sian curve centered at 28 nM above the If this level corresponds to flux through 
baseline. This modal value of the triadic a single channel or an irreducible group of 

channels, it must satisfy criteria of voltage 
independence (because the SR membrane 
is not polarized) and superposition (increase 

-40 0 40 80 

[Ca2+1 (nM) 

Fig. 4. Two predominant amplitudes in the triadic 
gradient. Top: triadic gradients from Fig. 3Afor 10 
individual triads during the depolarization to -55 
mV. Bottom: amplitude histogram of all records 
during the pulse to -55 mV. Frequency density is 
the percent frequency of events per unit incre- 
ment in Ca2+ concentration. The continuous line 
is an unrestricted fit of the histogram as the sum of 

in activity should result from the increase in 
the number of events). The increase in 
[Ca2+], in one fiber depolarized to -55 mV 
was two times greater than that at -58 mV 
(Fig. 5, A and B). The corresponding am- 
plitude histograms (Fig. 5, C and D) reflect 
the greater activation caused by the larger 
pulse, but the mode is in both cases at 21 
nM. which demonstrates that the average - 
size of the discrete events did not change 
with voltage. The broader distribution at ., 
the higher voltage seems to arise by super- 
position of discrete events, as the histogram 
at -55 mV was well fitted by the sum of 
three Gaussian curves (centered at 0, 21, 
and 50 nM). In five fibers, the "first open" 
level (the first nonzero mode in the histo- 
gram of triadic gradient amplitudes) ranged 
from 21 to 33 nM. In three of these fibers, 
multi-Gaussian distributions could be fitted 
at different voltages, and in all cases the 
first open level was independent of voltage. 
Thus, the increase of release with voltage 
appeared to occur by recruitment, rather 
than by an increase in the magnitude of the 
discrete event. 

The earlv burst of activitv observed in 
every pulse at -55 mV and at greater de- 
~olarization seemed in manv cases to result 
from the superposition of discrete events 
(Fig. 3C). Thus, the early inactivating por- 

two Gaussian curves; p, the mean, and u, the Fig. 5. [Ca2+], at two voltages. Left, events at -58 mV; right, at -55 mV. (A and 6) [Ca2+] derived from 
standard deviation, were -4.7 and 5.5 nM for the line scan images. Because the activation of release is so low, bulk [Ca2+Ii hardly increases, and the 
baseline and 23.3 and 21 nM for the second corn- release events become visible without subtraction. (C and D) Amplitude histograms of triad gradient 
ponent, respectively. The baseline before the records from (A) and (B), respectively. Frequency density is as in Fig. 4. Continuous curves are sums of 
pulses was fitted with a Gaussian curve at -2 nM, the Gaussian curves shown in dashed lines. Parameters for (C) are as follows: p = -2 and 19 nM; u = 
with u = 6.1 nM. 7 and 13 nM. For (D) they are p = 0,21, and 50 nM and u = 7, 12, and 12 nM. 
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tion of release may he an  accumulation i>f 
events of tlie sallie amplitu,le as those con- 
s t l tu t~ng the maintaineil pliase of releabe. 
This 1%-auld not support tlie idea that the  
t\vo phases of release correpond to t ~ v o  
.lifferent types of chanriels (1 3 ), rlnless both 
had tlie same open channel current. 

T h e  elementar\- events are pri~l~ahlv 
caused bl- openings of sirigle release c11ar-i- 
nels. The  contocal spot that scanned the 
image was 300 lirn In Jiameter, close to the 
tlieoretical resolrltio~i o t  the microscope. It 
should intel-sect 111 e17e~-l- tr~ail  about 15 tet- 
rads of ~.olta?e sensors ( 14 ). wliich are some 
40 11111 apart on both siiies o t  a transverse ( T )  
t ~ ~ h u l e .  L%bout 40 SR C a '  release channels 
are located In that space. Tliel-efore. binyle- 
clia~iliel ac t i~~ i ty  slin~~lcl hecome lloticeablz 
at levels of activ,ltion helo~v 2 to 3"o of tlie 
max i rn~~m,  approximately the activation 
ellcited 1-y the pulses to 5 5  mV (1.5). 

W e  estimated the release flus urider1~-ing 
a n  elementary event by coniraring the mac- 
roscopic record (Fig. 1E) ariLl tlie nlicro- 
scopic a \waqe (Fiy. 3D). Tlie Ca'+ release 
flrlx from tlie whole scannecl region wa 
about 1 ml\l/s dul-ing tlie s~llall prllse (Fi?. 
1E). This corresponLle<l to a local [Ca'+], 
gradient of abont 30 nhl  i)n average (Fig. 
3D).  T h e  average rlu~ilber of event-proiluc- 
ing ~ ln i t s  that are open or acti1.e per triacl IS 

N,pc), where Ar, is the r-i~ulil-e~- of units in ,I 

triad and p , ~  their aT.erage open prolability. 
Recause tlie tirst open triadic ?raLlient level 
u-as also close to 30 nh l  (Fig. 31, the average 
nrl~llher of open units or c l ia~i~ie ls  n-as riea~-- 
1y one per triad .l~lring the pulse. I-Ience. 1 
mhljs is the ( r n a c r o ~ c o ~ ~ ~ c )  Ca'~'. release 
flux n-hen ~ n e  unit IS open in ever\- triad. 
This corresponds to a flux per r111it o t  ap- 
proximately I$-'' 11101/s, 31. 0.1 pX (16) .  
This current is m~lcl i  less than available 
estinlates for tlie current t h r o ~ ~ g h  a single 
cardiac rele,lse cha~iriel  (1 7 ) .  Tlierehre,  the 
e \ .ent-prod~~ci~ig  unit is  inl likely to lye more 
than one chanriel. 

W e  have tlirls quantified the flux 
tllrorlgli sin& Ca'+ channels (01- vel-\- slliall 
groups of channels) not by the e lect r~c cur- 
relit they carr!-, h r ~ t  by meas~~r ing  the asso- 
ciated ion gradient. Crucial to this proce- 
dure \vas the ohser~-ed similarity of average 
gradlent (Fig. 3D) anil average release (Fig. 
1E).  Even t l i o ~ ~ g h  the ~ ~ n i i ~ u e l y  segular pe- 
riodic~t! of skeletal ~llriscle made this a~-e r -  
aging possible, the basic procedr~re of esti- 
matlnq flux through the concentration gra- 
Llient should be applicable to otliel- Ca '~ ' .  

channels. 
For cardiac channels. Ca'- i p a r l ~  (18)  

o t  rat and ferret heart myocvtes (measured 
~ i - ~ t h  the same microcope and .lye) were J -  
to 10-fold larqer than tlle elementary events 
s1io1vr-i here ( 1  9)  and re;luired no  stimula- 
tion (18).  Because currents t l i r o ~ ~ q h  single- 
release chanriels from cardiac arlil skeletal 

muscle are silililar in b i lqe r  studies (1  ), it 
appears that C a '  sparks arise from multiple 
channels. Tlie stoic111omet1-y ot  release 
cliari~iels to voltage sensors (as re\-ealed hy 
ratios of specific d i l ~ v d r o ~ ~ ~ r ~ d i n e  to 1-yano- 
J ~ n e  binJing) is a l x ~ r ~ t  10 t i m e  greater in 
rat anLl ferret heart tliall in frog skeletal 
muscle (21'). Thus, c l~anne l  cluster5 may 
function in cal-diac Ca'-- release ( 2  1 ), 
~vhereaa co~i t rol  in sl<eletal m~lscle 1s apnar- 

L A  

eritly b:~seJ o n  iridi\-idnal channels. T l i ~ s  
i~lrerrretatiori is ,strengtlie~ied by tlie suy- 
oestion (14)  ~f C O I I ~ : I C ~  b e t w e n  tetra& of , , 

~yoltage sensol-s and indil-idual release clian- 
nels in tlie skeletal triail, in contrast with 
tlie presence o t  clr~sters anLl absence of de- 
tailed matching betn-een SR c h a ~ l ~ l e l s  and 
~liemhrarle particles in peripheral couplings 
of c, ~ I L  . j  la' , - m u c l e  (2.2). 

In s ~ ~ i t e  of the <lifferences, in hot11 tissr~es 
the iricreaie ot  release \\-it11 T-oltage occurs hy 
the spatial and temporal recrr~it~llent of ol7- 
servable ~ ~ n ~ t a r v  e v e n t  (18) .  S t~~ i l i e s  o t  t l i~s  , , 

recr~iitment should help elucidate tlie basic 
aspects of f~lnction. incl~l~l in?  the connec- 
tion bet~veen the i~iacti~.ating alicl steaLly 
co~nponents a t  I-elease flux and the lnanller 
in n-liicli tlie qating of release is afkcted by 
locall> elevated [Ca2-I,. 
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