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Fig. 3. (A) The effects of treatment with intrave- 
nous dextrorphan or an equal volume of phvsio- 
logical saline on behavioral outcome 2 weeks after 
moderate fluid percussion injury. Composite neu- 
rological scores reflect the summation of seven 
functional scores (each rated 0 to 5).  Dextror- 
phan-treated animals showed significantly im- 
proved behavioral recovery after trauma as com- 
pared to controls (Mann-Whitnep U test, 
P < 0.01). These are the same animals that were 
evaluated by MRS as shown in Fig. 2. Dots 
represent individual animal scores, and histo- 
grams represent median values. (6) Effects of 
treatment with the competitive NMDA antago- 
nist CPP or an equal volume of vehicle (artificial 
CSF), administered by intracerebroventricular in- 
jection before injury, on behavioral outcome after 
severe (2.85 aun) fluid percussion-induced TBI. 
Rats treated with CPP showed significantly better 
behavioral recovery 2 weeks after trauma than 
controls (Mann-Whitney U test, P < 0.005). 

Our studies demonstrate that levels of 
EAAs increase in the extracellular space after 
CNS trauma and that NMDA antagonists 
have beneficial effects in TBI, as reflected by 
metabolic and behavioral markers of injury. 
Taken together, our data indicate that TBI is 
associated with the release of EAAs, which 
contribute to neurological dysfunction after 
trauma through actions at NMDA recep- 
tors. Treatment with a noncompetitive 
NMDA antagonist improved the cellular 
bioenergetic state in the acute period after 
trauma and limited neurological dysfunction. 
Beneficial behavioral effects were also found 
with a competitive NMDA antagonist. 

The mechanisms by which EAAs contrib- 
ute to secondary tissue injury remain specu- 
lative, although increases in intracellular 
Naf and Ca2+ have been implicated in this 
delayed injury process (16). However, TBI 
causes a marked decrease in intracellular free 
Mg2' as well as a decline in total tissue 
Mg2+, the amount of which is correlated 
with injury severity (11, 14). Dextrorphan 
treatment reversed the decrease in Mgf 
found after trauma, which is consistent with 
recent findings showing that treatment with 

the noncompetitive NMDA antagonist 
MK-801 partially restores total tissue Mg2+ 
levels after traumatic spinal cord injury (1 7). 
The ability of NMDA antagonists to restore 
M ~ ~ +  levels after injury may be related to the 
improvement in cellular bioenergetic state ob- 
served after dextrorphan treatment and may, 
in part, underlie the protective effects of 
NMDA antagonists in brain trauma. 
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Regulation of Calcium Release Is Gated by Calcium 
Current, Not Gating Charge, in Cardiac Myocytes 

In skeletal muscle, intramembrane charge movement initiates the processes that lead to 
the release of calcium from the sarcoplasmic reticulum. In cardiac muscle, in contrast, 
the similarity of the voltage dependence of developed tension and intracellular calcium 
transients to that of calcium current suggests that the calcium current may gate the 
release of calcium. Nevertheless, a mechanism similar to that of skeletal muscle 
continues to be postulated for cardiac muscle. By using rapid exchange (20 to 50 
milliseconds) of the extracellular solutions in rat ventricular myocytes in which the 
intracellular calcium transients or cell shortening were measured, it has now been 
shown that the influx of calcium through the calcium channel is a mandatory link in 
the processes that couple membrane depolarization to the release of calcium. Thus, 
intramembrane charge movement does not contribute to the release of calcium in heart 
muscle. 

T HE EXCITATION-CONTRACTION COU- 

pling mechanisms may be qualita- 
tively different in skeletal and cardiac 

muscle (1). In skeletal muscle, the signal for 
the release of calcium is associated with 
charge movement at the junction between 
the transverse tubule (T) and the sarcoplas- 
mic reticulum (SR). Thus, the intramem- 
brane charge movement (Z), the intracellular 
Ca2+ transient (3 ) ,  the development of ten- 
sion (4), and the intrinsic birefringence sig- 
nal associated with ca2+ release ( 5 )  all show 
sigmoid voltage dependence. By contrast, in 
mammalian myocardium, the voltage de- 
pendence of intracellular ca2+ transients 
( 6 ) ,  development of tension ( 7 )  and cell 
shortening ( 8 ) ,  and the intrinsic birefrin- 

gence signal (9) are bell-shaped and reflect 
the voltage dependence of the Ca2+ current 
(ic,) rather than the voltage dependence of 
the charge movement (10). Furthermore, 
Ca2+ may be released by repolarization from 
positive potentials (6), a finding inconsistent 
with release triggered by intramembrane 
charge movement. Recently, however, Can- 
nell et al. (11) suggested that the release of 
Ca2+ from the intracellular pools in rat 
ventricular myocytes may be in part regulat- 
ed by a charge-coupled release mechanism. 
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Philadelphia, PA 19104. 

*To whom correspondence should be addressed. 

SCIENCE, VOL. 244 



Here we show that it is exclusively ca2+ 
influx through the ca2+ channel rather than 
intramembrane charge movement that regu- 
lates ca2+ release in cardiac myocytes. 

Rat ventricular myocytes were enzymati- 
cally isolated (12) and were voltage-clamped 
with the whole-cell patch-clamp technique 
(13). Cells were dialyzed with 100 mM 
CsCI, 5 magnesium adenosine triphos- 
phate, 0.02 to 0.1 mM adenosine 3',5'- 
monophosphate (CAMP), 20 rnM tetraeth- 
ylammonium chloride, and 20 mM Hepes, 
pH 7.2. Intracellular ca2+ was partially 
buffered either with small concentrations of 
BAPTA [1,2 bis-(0-aminophenoxy) ethane- 
N,N,N1,N'-tetraacetic acid] (50 to 100 pM) 
in experiments where cell shortening was 
measured or with fura-2 (200 to 400 pM) in 
experiments where the intracellular Ca2+ 
activity was measured. Addition of BAPTA 
or hra-2 to the dialysate increased the buff- 
ering capacity of the myocytes. However, 
Ca2+ signals were not significantly affected 
since we saw uniform values of ca2+ tran- 
sients (500 to 800 nM) when buffer concen- 
trations varied from 50 to 400 pM. In 
addition, Ca2+ release induced by caffeine 
caused significant Ca2" extrusion current via 
the Na+-Ca2+ exchanger (see for instance, 
Figs. 1A and 2). 

The control external solution contained 
140 mM NaCI, 5.4 mM KC1 or 10 mM 
CsCI, 2 or 3 mM CaC12, 0.02 rnM tetrodo- 
toxin, 10 mM glucose, 10 mM Hepes- 
NaOH, p H  7.4 at room temperature (21 to 
23°C). Cell shortening was monitored with 
a 256-element linear photodiode array (14). 
Intracellular Ca2+ transients were measured 
with hra-2 and a dual wavelength excitation 
system (15). External solutions were ex- 
changed rapidly (20 to 50 ms) around the 
voltage-clamped cells with a multibarreled 
pipette with a common opening large 
enough to prevent turbulence of flow (16). 
The measurements of intracellular ca2+ 
transients and of cell shortening were per- 
formed in two parallel series of experiments. 
Each record of the intracellular ca2+ activity 
is representative of experiments with three 
to five cells. Recordings of cell shortening 
are representative of experiments with five 
to eight cells. 

We examined the effect of rapid removal 
of Ca2+ from the bathing solution in rat 
ventricular myocytes and measured the in- 
tracellular Ca2+ transients or cell contrac- 
tion. Voltage-clamp pulses were applied 
from -60 mV to 0 mV at 5-s intervals, and 
current through the ca2+ channel and intra- 
cellular Ca2+ transients were measured si- 
multaneously (Fig. 1A). In the presence of 
Ca2+, depolarizing pulses to 0 mV evoked a 
ca2+ current that was accompanied by intra- 
cellular ca2+ release (6) (Fig. lA, left pan- 

el). Exchanging the external solution for one 
containing no added ca2+ and 4 rnM EGTA 
500 ms before the next depolarizing pulse 
induced a large and slowly inactivating Na+ 
current through the ca2+ channel (Fig. lA, 
middle panel). Amplitude and time course 
of the Na+ current through the ca2+ chan- 
nel reached their final values in the first 
clamp pulse, indicating that the exchange of 
the external solution was complete in less 
than 500 ms. Nevertheless, the large influx 
of Na+ through the ca2+ channel failed to 
activate intracellular Ca2+ release. A short 
application of 5 mM caffeine was used to 
check whether the intracellular ca2+ stores 
were still intact during exposure to 4 mM 
EGTA. Addition of caffeine in 0 ca2+ solu- 
tion containing 4 mM EGTA induced a 
large intracellular ca2+ transient, which in 
turn activated a transient inward current, 
reflecting the extrusion of ca2+ by the Na+- 
ca2+ exchanger (17) (Fig. lA, right panel). 

Similar conclusions were reached in ex- 
periments where cell shortening was mea- 
sured (Fig. 1B). In the absence of external 

Fig. 1. Na+ current through the Ca2+ channel 
does not activate Ca2+ release in rat ventricular 
myocytes. (A) Intracellular Ca2+ transients (Cai) 
and membrane currents (i,) in a myocyte loaded 
with bra-2 and superfbsed with 3 mM Ca2+. The 
intracellular Ca2+ signal is the fluorescence signal 
measured with excitation at 410 nm but calibrated 
in terms of the intracellular Ca2+ concentration. 
The calibration of the Ca2+ signal in this panel 
and in Fig. 2 show Ca2+ transients that are typical 
of ratio measurements (335-nm and 410-nm exci- 
tation) in 11 cells. (Left panel) Control condi- 
tions, 3 mM Ca2+; (middle panel) 4 mM EGTA; 
(right panel) 5 mM caffeine. (B) Cell shortening 
(AL) and membrane current (i,) measured dur- 
ing three subsequent depolarizations from - 70 
mV to 0 mV. (Left panel) Control records, 2 rnM 
external Ca2+; (middle panel) 4 mM EGTA and 
no added Ca2+; (right panel) control conditions, 
2 mM Ca2+. 

ca2+, the influx of Na+ through the Ca2+ 
channel was unable to induce cell shortening 
(Fig. lB, middle panel). Because a selective 
depletion of the physiologically significant 
ca2+ pools by EGTA might not be detected 
by the use of caffeine, the integrity of the 
intracellular ca2+ stores was tested bv re- 
exposure of the myocytes to solutions con- 
taining normal external ca2+ concentra- 
tions. Calcium current and cell contraction 
recovered immediately to control levels 
(Fig. lB, right panel). Thus, in the presence 
of 4 mM EGTA, the intracellular ca2+ 
stores are intact and the influx of Na+ 
through the ca2+ channel is unable to gate 
the release of Ca2+ from the SR. 

These experiments were performed under 
conditions where most of the activator Ca2+ 
is released from the SR. This assertion is 
based on the findings that the ic, is insuffi- 
cient to account for the measured intracellu- 
lar ca2+ transients; that ryanodine, which 
blocks release of ca2+ from the SR, blocks 
80 to 90% of the intracellular ca2+ tran- 
sients (6); and that several beats are required 
to reestablish normal intracellular Ca2+ tran- 
sients or contractions once the intracellular 
stores have been depleted by repeated caf- 
feine exposures (see Fig. 3B). The absence 
of de~olarization-induced Ca2+ transients 
and contraction in the middle panels of Fig. 
1 therefore indicate that when there is no 
influx of ca2+ throuzh the surface mem- " 
brane, there is also no release of ca2+ from 
the SR. 

We also tested the effect of the absence of 
significant ca2+ influx through the Ca2+ 
channel by omitting external Ca2+ (Fig. 2). 
In such solutions, the contaminant Ca2+ 
concentrations (5 to 15 pM as measured 
with a Ca2+-selective electrode) were suffi- 
cient to effectively block Na+ influx through 
the ca2+ channel (18, 19). Both ic, and 
intracellular Ca2+ transients were eliminated 
within one beat (Fig. 2, middle panel). 
Once again, application of caffeine (5 mM) 
in nominallv ca2+-free solution induced a 
large release of Ca2+ and activated a tran- 
sient inward current, consistent with the 
assertion that intracellular ca2+ ~ o o l s  re- 
mained intact during the withdrawal of 
ca2+ (see also Fig. 1). 

In skeletal muscle, all of the cations of 
group IA and IIA of the periodic table 
(including Na+, K+, M ~ ~ + ,  ca2+,  and 
~ a ~ + )  support intramembrane charge move- 
ment in the T-SR junction (20), a finding 
consistent with observations that contrac- 
tions are retained in Ca2+-free solutions in 
skeletal muscle (21). In rat cardiac myocytes, 
the suppression of the Ca2+ current by 
omission of external ca2+ or the activation 
of a large Na+ influx through the Ca2+ 
channel in the presence of 4 mM EGTA 
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Fig. 2. ca2+ release requires significant flow of 
Ca2+ current through the Ca2+ channel. (Left 
panel) Membrane current (i,) and intracellular 
Ca2+ transient (Cai) in 3 mM external Ca2+. No 
significant Ca2+ current was flowing through the 
Ca2+ channel and Ca2+ release was not activated 
on depolarization (middle panel). Extracellular 
solution nominally Ca2+-free (Ca2+ contamina- 
tion, 5 to 15 pM) .  (Right panel) 5 rmM caffeine. 

does not support excitation-contraction 
coupling, even though the ionic constituents 
were appropriate to support charge move- 
ment (20). Thus, ca2+ release from cardiac 
SR is not regulated by intramembrane 
charge movement associated with depolar- 
ization or gating of the Ca2+ channel (Figs. 
1 and 2). 

Because Ba2+ is effectively transported by 
the Ca2+ channel (18) and also supports 
intramembrane charge movement related to 
excitation-contraction coupling in skeletal 
muscle (20), we tested whether Ba2+ could 
replace Ca2+ as the activator of ca2+ release 
in cardiac myocytes. Depolarizing pulses 
(200-ms duration) from -70 to 0 mV were 
applied at 5-s intervals and cell shortening 
and current through the ca2+ channel were 
measured simultaneously (Fig. 3). To en- 
sure ca2+ removal from the extracellular 
space, exposure to Ba2+ was preceded by 
superfbsion of the cell with 0.5 mA4 EGTA 
for 5 s. Depolarizing pulses in Ba2+ solution 
caused Ba2+ influx through the Ca2+ chan- 
nel (Fig. 3A, trace c), which led to main- 
tained and stevwise decreases in cell lenpth. w 

In the presenck of Ba2+, no significant relax- 
ation was observed between the depolariz- 
ing steps. On re-exposure to ca2+, regular 
contractions immediately resumed with an 
amplitude similar to control values before 
cxposure to Ba2+, even though the baseline 
ceil length was significantly decreased (Fig. 
3A). This result suggests that the Ca2+ 
stores were not released bv the influx of 
Ba2+ and that the stepwise cell shortening in 
Ba2+ was the result of a direct effect of Ba2+ 
on the myofilaments. The Ba2+-induced de- 
crease in.baseline cell length subsided very 
slowly over 5 to 6 min after re-exposure to 
Ca2+ -containing solutions. 

To rule out the vossibilitv that the cell 
shortening during depolarizing pulses in 
Ba2+-containing solutions was caused by 
slow release of ca2+ from the SR, the 

Fig. 3. Effectiveness of ~ a ' +  as a A 0 mV 
substitute for Ca2+ in releasing v,J I I 1 1  I I I 1 1  I I  1 1  I  I I I I  I I 1 1  I I I 1 1  -70mv 

Ca2+ from the sarcoplasmic reticu- 
lum. (A) Chart recording of cell 2 ca2+ EGpi 2 ca2+ EGTA E12Ba2+12 ca2+ 
shortening (AL) of a myocyte su- 
perfused with the solutions indicat- 
ed above it. The uppermost trace is 
the voltage-clamp protocol (V,); *L I s m  
clamp duration was 200 ms at 5-s 
intervals. The lower traces are the - 

10 s 
corresponding current (i,), as 
marked in the chart recording; a, 2 im 
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EGTA and no added Ca2+; c, the 100 ms 
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intracellular Ca2+ stores were first depleted 
by short, repetitive applications of 5 mA4 
caffeine in 0.5 rnM EGTA-containing solu- 
tions. In the presence of Ba2+, depolarizing 
pulses still induced stepwise cell shortening 
similar to that observed in myocytes not 
pretreated with caffeine (compare Fig. 3B 
with Fig. 3A). Thus, the stepwise cell short- 
ening is probably related to the direct inter- 
action of Ba2+ with the myofilaments (22). 
In myocytes where the SR was depleted of 
Ca2+, ica recovered immediately upon re- 
exposure to Ca2+-containing solutions, but 
six to eight beats were required for full 
restoration of contraction (Fig. 3B), consist- 
ent with the recirculation hypothesis (1). In 
such a scheme, a fraction of the released 
ca2+ is resequestered by the SR as the 
remaining Ca2+ is extruded across the sarco- 
lemma. Thus, although Ba2+ substitutes ef- 
fectively for ca2+ as a charge carrier through 
the ca2+ channel, it fails to gate the release 
of Ca2+, suggesting the specificity of the 
release mechanism for ca2+.  

In cells dialyzed with fura-2 where extra- 
cellular ca2+ was replaced by Ba2+, these 
results were confirmed. That is, Ba2+ mark- 
edly suppressed the rate and magnitude of 
the fura-2 fluorescence signal. The rate of 
relaxation of the fluorescence signal was also 
extremely slow, resulting in stepwise in- 
creases in baseline fluorescence, quite similar 
to the pattern observed when cell length was 
measured (Fig. 3). Upon application of 
caffeine, a large change in fluorescence was 
observed that was accompanied by a tran- 
sient inward current, suggesting that the 
content of Ca2+ pools was intact. Consistent 
with the findings of Fig. 3, in vitro studies 

showed a strong affinity of Ba2+ for fura-2 
(23), indicating that the observed fluores- 
cence change was due to direct binding of 
Ba2+ to fura-2 and not to the release of Ca2+ 
from the SR. This idea was also supported 
by calculations showing that the Ba2+ cur- 
rent through the Ca2+ channel carries suffi- 
cient Ba2+ into the cell to produce the 
observed changes in fluorescence or cell 
shortening (22, 24) (Fig. 3). 

Our results indicate that ca2+ entry 
through the Ca2+ channel is required to 
trigger the release of Ca2+ from the SR. The 
absence of significant Ca2+ current or the 
influx of Na+ or Ba2+ through the Ca2+ 
channel do not support depolarization-in- 
duced release. However, the removal of 
ca2+ might inactivate charge movement by 
shifting its inactivation to more negative 
potentials. We do not think this is the case 
because in skeletal muscle, in the absence of 
external Ca2+, the inactivation of ca2+ re- 
lease shifts to more negative potentials by 29 
mV (25); although most of our experiments 
were carried out at holding potentials of 
-60 to -80 mV, in several experiments 
with holding potentials as negative as - 100 
mV, we did not find a qualitative change in 
the results. 

Rapid (20 to 50 ms) exchange of extracel- 
lular solutions allows for removal of extra- 
cellular ca2+ without significantly altering 
the Ca2+ content of the SR. Our results 
show the ca2+ requirement of the ca2+ 
release process and are consistent with the 
ca2+-induced ca2+ release hypothesis (26). 
The results do not support a contribution of 
a charge-coupled mechanism to the release 
of ca2+ in cardiac myocytes. 
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Induction of Mesoderm by a Viral Oncogene in (animal caps) form only ectodermal tissue 
when cultured in isolation, but these same Early Xenopus Embryos cells will form mesodermal tissue when 

MALCOLM WHITMAN AND D. A. MELTON 

During frog embryogenesis, mesoderm is specified in the equatorial region of the early 
embryo by a signal from the vegetal hemisphere. Prospective ectodermal cells dissected 
from the animal hemisphere can be respecified to form mesodermal tissues by 
recombination with vegetal tissue or by treatment with any of  several polypeptide 
growth factors or growth factor-like molecules. Together with the discovery that 
several developmental mutations in Drosophila are in genes with significant homology 
to mammalian mitogens and oncogenes, these observations suggest that early develop- 
mental signals may use similar transduction pathways to mitogenic signals character- 
ized in cultured mammalian cells. Whether mesoderm can be induced by activation of 
intracellular signal transduction pathways implicated in mitogenesis and oncogenesis 
has been investigated with the viral oncogene polyoma middle T. Microinjection of  
middle T messenger RNA into early embryos results in the respecification of isolated 
prospective ectodermal tissue to form characteristic mesodermal structures. Middle T 
in frog blastomeres appears to associate with cellular activities similar to those 
observed in polyoma-transformed mouse cells, and transformation-defective middle T 

placed in contact with vegetal (endodermal) 
cells (1). Several polypeptide growth factors 
or growth factor-like molecules [fibroblast 

factor (FGF), transforming growth 
factor-P2 (TGF-P2), and XTC mesoderm- 
inducing factor (MIF)] have been identified 
that cGmimic the actibn of vegetal tissue in " 
the induction of mesoderm in animal caps 
(3-6). Although the role of these growth 
factor-like molecules in the natural induc- 
tive process has not yet been directly dem- 
onstrated, maternal transcripts encoding 
FGF and a TGF-P homologous peptide 
(Vgl) have been identified in early embryos 
(5, 7) .  These observations suggest that 
membrane-associated signal transduction 
mechanisms associated with the mitogenic 
action of growth factors such as FGF may 
also be involved in early embryonic induc- 

mutants failto induce mesoderm. These results suggest that early inductive signals and tion. 
mitogenic and oncogenic stimuli may share common signal transduction pathways. Although pharmacological agents are 

available for the investigation of a few signal 

I NTERCELLULAR SIGNALS ARE IMPOR- normally forms from cells at the junction transduction pathways in Xenopus embryos, 
tant in establishing the fimdamental between the animal and vegetal hemispheres for example, 12-0-tetradecanoyl phorbol- 
body plan and controlling the forma- of the embryo (the marginal zone). Ex- 13-acetate (TPA) as an exogenous activator 

tion of organ systems during embryogene- planted cells from the animal hemisphere of protein kinase C (8) ,  microinjection of 
sis. These signals mediate early tissue-tissue 
interactions, called embryonic inductions, 
\vhich have been well defined in amphibians Table 1. Induction of mesoderm by middle T mRNA injection. Summary of mesoderm induction in 

isolated animal caps by microinjected middle T mRNA as distinguished by morphological elongation by explantation and of em- and histological identification of muscle and notochord. 
bryonic tissues (1, 2). The earliest of these 
interactions is the induction of mesoderm by 

Control Mutant 
an interaction between presumptive endo- Mected area middle T Wild-type 

(HzO) (NG59) middle T dermal and ectodermal tissues. Mesoderm 

Elongationiconstriction 31144 12%) 111152 17%) 571142 140%) ., 
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