Fig. 4. Inhibition of IFN-B-stimulated transcription of an 120
ISRE reporter plasmid in cells expressing dominant neg- < 100
ative 42-kD MAPK. Primary human fibroblasts were QE 80 %
transfected as described (77) with an ISRE derived from S 60

the IFN-stimulated responsive gene ISG15 linked 5’ to a E 40
thymidine kinase minimal promoter—luciferase reporter g

(9). In addition to the reporter construct, plasmids con- R
taining complementary DNAs (cDNAs) corresponding to (GAL WT TEYE TAYF GAL WT TEYE TAYF
either wild-type MAPK (WT) or MAPK in which Thr'8% and 175-ng plasmid  400-ng plasmid

Tyr'8 were replaced with either glutamic acid (TEYE) or alanine and phenylalanine (TAYF). These plasmids
all contained a cytomegalovirus (CMV) promoter. To normalize for DNA in the transfection, a CMV-driven
B-galactosidase cDNA (GAL) was included when the MAPK kinase plasmids were not present. The
plasmids were used at either 175 ng/ml or 400 ng/ml in the transfection. Twenty hours after transfection,
IFN-B (10% units/ml) was added to the cells for 6 hours before preparation of cell lysates and assay of
luciferase activity. The amount of luciferase activity in the cells transfected with B-galactosidase and treated
with IFN-B (which was consistently five- to sixfold that of untreated cells) was normalized to 100%. The
reporter construct without the ISRE showed no increased luciferase activity in the presence of IFN-B. The

standard deviations for these experiments are denoted by error bars.

quired to be phosphorylated for activity were
replaced with either glutamic acid (TEYE)
or alanine and phenylalanine (TAYF), ren-
dering the proteins inactive (8). After trans-
fection fibroblasts were incubated with or
without IFN-f3, the cells lysed, and luciferase
activity assayed. Consistently, IFN-f stimu-
lated a five- to sixfold increase in the lucif-
erase activity in cells transfected with the
ISRE containing the luciferase reporter. Co-
transfection of wild-type MAPK with the
reporter had little if any effect on IFN-B-
stimulated luciferase activity, whereas the
mutant MAPK constructs showed a dose-
dependent inhibition of IFN-B-stimulated
luciferase activity (Fig. 4). Thus, it appears
that MAPK participates in the mechanism
by which IFN-B stimulates early response
genes that require activation of the STAT
transcription factors.

Interleukin 6 induces serine phosphoryla-
tion of Stat3, which is required for binding of
Stat3 homodimers to DNA (10). Although
we have not observed a requirement of
serine phosphorylation for ISRE binding of
Statla, treatment of U266 cells with IFN-3
does stimulate serine phosphorylation of the
protein (I1). The serine-threonine kinase
inhibitor H7 can selectively inhibit [FN-«
activation of ISRE-dependent genes without
affecting Statl and Stat2 binding to the
ISRE (6, 12). These data, together with
those of Zhang et al. (10), would suggest that
IFN-a— or IFN-B-stimulated phosphoryla-
tion of both serine and tyrosine on Statla is
required for transactivation.

[t remains to be established whether ac-
tivation of MAPK is required to stimulate
tyrosine phosphorylation of Statl and Stat2
by IFN-a and IFN-B. Our results indicate
that one target of MAPK is a conserved
phosphorylation site in the COOH termi-
nus of Statla, and possibly Stat3 and Stat4.
Mapping of the interaction sites between
the 42-kD MAPK and the STAT proteins
will elucidate the role of MAPK in tran-
scriptional activation of STAT-responsive
genes.

Note added in proof: Recently, Wen et al.
(18) reported that Ser’®” in Statl is phos-
phorylated. Maximal transcriptional activa-
tion by IFN-y requires that this serine be
present in Statl.
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Imaging Elementary Events of Calcium
Release in Skeletal Muscle Cells

Alexander Tsugorka,” Eduardo Rios,T 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*], gradients that were proportional to calcium release. In cells stimulated with small
depolarizations, the [Ca?*], 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),
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skeletal muscle control mechanisms appear to be fundamentally different.

For muscles to contract, Ca’* must be
released from the sarcoplasmic reticulum
(SR) rapidly and massively, through chan-
nels of the ryanodine receptor family (1)
present also in neurons (2), endothelial (3),
and other cells (4). In cardiac muscle, Ca®™
release is determined by the membrane po-
tential-dependent entry of Ca’* (5),
whereas in skeletal muscle release is con-
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trolled by membrane potential without
Ca®* entry (6, 7). In confocal images of
Ca’* from voltage-stimulated skeletal mus-
cle fibers, we found elementary events of
release apparently derived from the opening
of single SR channels.

We adapted the single muscle fiber volt-
age clamp (8, 9) to work synchronously
with a laser scanning confocal microscope.
In a cell at rest (—90 mV) containing the
Ca’" indicator fluo 3, the banded pattern of
fluorescence indicated greater access or
binding of fluo 3 to specific regions of the
sarcomere (Fig. 1A). Fluorescence along a
line was scanned every 1.39 ms and succes-
sive scans plotted in a line scan image (Fig.
1B). The periodic dye distribution resulted
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the fluorescence to increase, revealing Ca?*
release. Early in the first pulse, when the
release was large, the banded pattern re-

in bands in the line scan image at early
times, before pulses were applied. The ap-
plication of small depolarizing pulses caused

Fig. 1. Fluorescence_ sig- ik 3{; o 08 50mV 55mV

nals and macroscopic in- S ﬂ——\_
terpretation. (A) x-y scan

image; fluo 3 fluorescence G [Fluo 3:Ca®*] 190 um

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. (B)
Line scan image, formed
by 512 successive line
scans, shown in a gray
scale of fluorescence in-
tensity along the line
shown in (A), placed verti-
cally, and juxtaposed left
to right. One line scan
covered 512 spots placed
0.3 pm apart (154 um). Because scans were taken at 1.39-ms intervals, the horizontal dimension, representing
time, covers 712 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 Ca?*, [dye:Ca?*], with

[dyetca2+] = dyeT(F - Fmin)/(Fmax - Fmin)
where dye; is the total dye concentration and F,,,, and F,,, are the minima and maxima of fluorescence,
corresponding to Ca?*-free and Ca?*-saturated fluo 3 (24). (D) Spatial average of free Ca2* concentra-
tion, derived from the average fluorescence as

[(kon_1dF/dt + Kd(F —Fmin)]/(Fmax - F)

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

[Ca?*]

-55 mV E

50 mV

Ca?* release flux

5 mM/s -

300
Time (ms)

L 1
100 200 400

' 350 nM
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versed, which indicated that [Ca’*], in-
creased more in the regions of lower con-
centration of dye, which therefore corre-
spond to the triadic regions of the sar-
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 [Ca?*], (¢), a func-
tion of time only, was calculated from the
averaged fluorescence (Fig. 1D), and Ca?*
release flux was derived from [Ca®*]; (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 Ca?™*
release was obtained from single triad sig-
nals. As a function of space and time,
[Ca?*], was derived from the line scan im-
age, taking into account the known kinetics
and diffusion properties of fluo 3 (11) (Fig.
2). This calculation essentially removed the
banded pattern of the image before and
after the pulses, which indicated that
[Ca%*], 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 Ca?* were much smaller and
discrete.

On plots of [Ca?™], as a function of space
and time (Fig. 3A), triads were localized as
regions of higher [Ca?*], (9). Values for
[Ca%*] (t) for one of the scanned triads were
greater and had more noise than the aver-
aged [Ca?*].(¢) 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 Ca’* 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 Ca?*. Intracellular Ca®*
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. [Ca?*), was derived by solving
numerically the partial differential equation that
describes the evolution of [dye:Ca?*], namely

a[dye:Ca?*V/at = [dye][CaZ*Tkon

— [dye:Ca?*Jkoy + DayecaAldye:Ca®*]
where Dy o, is the diffusion coefficient of the
complex (0.2 X 1078 cm? s~ ") (77) and A is the
Laplacian (26).



Fig. 3. Analysis of [Ca?"];
gradients. (A) [Ca®*],as a
function of time and posi-
tion in the scan; data
from Fig. 2 are represent-
ed in gray scale. (B) Nois-
ier record: [Ca®*] is plot-
ted as a function of time
in one of the regions of
high concentration, a tri-
ad presumably. For the
smoother record, [Ca?*],
(t) was averaged in the
two regions of low con-
centration flanking the tri-
ad represented, presum-

ably centers of neighboring sarcomeres. (C) A triadic gradient, the D
difference of the records in (B). The dotted lines are 34 nM apart.
(D) Average of triadic gradients in all (45) sarcomeres covered by
the scan.

The curve is the sum of a baseline Gaussian
curve centered near 0 and a second Gaus-
sian curve centered at 28 nM above the
baseline. This modal value of the triadic
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Fig. 4. Two predominant amplitudes in the triadic
gradient. Top: triadic gradients from Fig. 3A for 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
two Gaussian curves; p, the mean, and o, the
standard deviation, were —4.7 and 5.5 nM for the
baseline and 23.3 and 21 nM for the second com-
ponent, respectively. The baseline before the
pulses was fitted with a Gaussian curve at —2 nM,
with o = 6.1 nM.
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gradient corresponds to a preferred magni-
tude of release flux from these triads (12).
If this level corresponds to flux through
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

REPORTS

in activity should result from the increase in
the number of events). The increase in
[Ca?*], 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 early burst of activity observed in
every pulse at —55 mV and at greater de-
polarization seemed in many cases to result
from the superposition of discrete events
(Fig. 3C). Thus, the early inactivating por-
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o
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[Ca?*] (nM)

Fig. 5. [Ca?"], at two voltages. Left, events at —58 mV; right, at —55 mV. (A and B) [Ca2*] derived from
line scan images. Because the activation of release is so low, bulk [Ca?*], hardly increases, and the
release events become visible without subtraction. (C and D) Amplitude histograms of triad gradient
records from (A) and (B), respectively. Frequency density is as in Fig. 4. Continuous curves are sums of
the Gaussian curves shown in dashed lines. Parameters for (C) are as follows: w = —2 and 19 nM; o =
7 and 13 nM. For (D) they are . = 0, 21, and 50 nMand ¢ = 7, 12, and 12 nM.
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tion of release may be an accumulation of
events of the same amplitude as those con-
stituting the maintained phase of release.
This would not support the idea that the
two phases of release correspond to two
different types of channels (13), unless both
had the same open channel current.

The elementary events are probably
caused by openings of single release chan-
nels. The confocal spot that scanned the
image was 300 nm in diameter, close to the
theoretical resolution of the microscope. It
should intersect in every triad about 15 tet-
rads of voltage sensors (14), which are some
40 nm apart on both sides of a transverse (T)
tubule. About 40 SR Ca’* release channels
are located in that space. Therefore, single-
channel activity should become noticeable
at levels of activation below 2 to 3% of the
maximum, approximately the activation
elicited by the pulses to =55 mV (15).

We estimated the release flux underlying
an elementary event by comparing the mac-
roscopic record (Fig. 1E) and the micro-
scopic average (Fig. 3D). The Ca’* release
flux from the whole scanned region was
about I mM/s during the small pulse (Fig.
1E). This corresponded to a local [Ca?"],
gradient of about 30 nM on average (Fig.
3D). The average number of event-produc-
ing units that are open or active per triad is
Np,, where N is the number of units in a
triad and p,, their average open probability.
Because the first open triadic gradient level
was also close to 30 nM (Fig. 3), the average
number of open units or channels was near-
ly one per triad during the pulse. Hence, 1
mM/s is the (macroscopic) Ca’" release
flux when one unit is open in every triad.
This corresponds to a flux per unit of ap-
proximately 107'8 mol/s, or 0.1 pA (16).
This current is much less than available
estimates for the current through a single
cardiac release channel (17). Therefore, the
event-producing unit is unlikely to be more
than one channel.

We have thus quantified the flux
through single Ca®* channels (or very small
groups of channels) not by the electric cur-
rent they carry, but by measuring the asso-
ciated ion gradient. Crucial to this proce-
dure was the observed similarity of average
gradient (Fig. 3D) and average release (Fig.
1E). Even though the uniquely regular pe-
riodicity of skeletal muscle made this aver-
aging possible, the basic procedure of esti-
mating flux through the concentration gra-
dient should be applicable to other Ca®*
channels.

For cardiac channels, Ca’™ sparks (18)
of rat and ferret heart myocytes (measured
with the same microscope and dye) were 5-
to 10-fold larger than the elementary events
shown here (19) and required no stimula-
tion (18). Because currents through single-
release channels from cardiac and skeletal
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muscle are similar in bilayer studies (1), it
appears that Ca?* sparks arise from multiple
channels. The stoichiometry of release
channels to voltage sensors (as revealed by
ratios of specific dihydropyridine to ryano-
dine binding) is about 10 times greater in
rat and ferret heart than in frog skeletal
muscle (20). Thus, channel clusters may
function in cardiac Ca’* release (21),
whereas control in skeletal muscle is appar-
ently based on individual channels. This
interpretation is strengthened by the sug-
gestion (14) of contact between tetrads of
voltage sensors and individual release chan-
nels in the skeletal triad, in contrast with
the presence of clusters and absence of de-
tailed matching between SR channels and
membrane particles in peripheral couplings
of cardiac muscle (22).

In spite of the differences, in both tissues
the increase of release with voltage occurs by
the spatial and temporal recruitment of ob-
servable unitary events (18). Studies of this
recruitment should help elucidate the basic
aspects of function, including the connec-
tion between the inactivating and steady
components of release flux and the manner
in which the gating of release is affected by
locally elevated [Ca®*].
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