
insulin action in isolated nuclear enve- 
lopes. In contrast, the nonmitogenic lec- 
tin wheat germ agglutinin is ineffective in 
this system. Our data therefore support 
those of Beachy et al. (14) showing that 
Con A and PHA, but not wheat germ 
agglutinin, stimulate the production of a 
mediator substance in lymphocytes that 
activates mitochondria1 pyruvate dehy- 
drogenase. 

It has been suggested that the binding 
of insulin to the plasma membrane recep- 
tor may be sufficient to initiate all of 
insulin's actions (25). However, since 
agents that mimic insulin are internalized 
and act on the nuclear envelope, it is also 
possible that insulin and agents that 
mimic it have direct effects in the cell 
interior. After internalization these 
agents may bind to the nuclear envelope 
insulin receptor, inhibit nuclear envelope 
phosphorylation, and thus initiate a se- 
ries of events leading to enhanced 
mRNA transport from the nucleus into 
the cytoplasm. 
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Calcium-Dependent Stress Maintenance Without 
Myosin Phosphorylation in Skinned Smooth Muscle 

Abstract. Stress development depended on calcium-stimulated myosin phosphor- 
ylation in an arterial smooth muscle preparation in which the concentration of 
calcium was controlled. However, developed stress was maintained at a concentra- 
tion of calcium that did not support phosphorylation. These results, in conjunction 
with other evidence, suggest that the interaction of two regulatory mechanisms with 
diferent calcium sensitivities regulate both stress and the rate and energetics of 
contraction. 

Biochemical studies of contractile pro- 
teins isolated from vertebrate smooth 
muscle have provided strong evidence 
that phosphorylation of the 20,000-dal- 
ton myosin light chain (LC 20) by myosin 
light chain kinase enables cross-bridges 
to attach to the thin filament and cycle 
(1). The hypothesis that cross-bridge 
phosphorylation is necessary and suffi- 
cient to regulate contraction is strongly 
supported by the dependence of force 
development on phosphorylation in 
smooth muscle in which the cell mem- 
branes are disrupted ("skinned") so that 
the concentration of calcium can be con- 
trolled in contractions produced by ex- 
ogenous Mg2+ and adenosine triphos- 
phate (ATP) (2). 

Murphy and co-workers (3) found that 
cross-bridge phosphorylation preceded 
contraction after stimulation of intact 
smooth muscle. However, Ca2+-depen- 
dent steady-state stress was maintained 
after phosphorylation decreased during 
sustained contractions. The steady-state 
stress was associated with low cross- 
bridge cycling rates, as shown by isoton- 
ic shortening velocities, and was termed 
"latch" (3). Further studies led to our 
hypothesis that a second Ca2+-depen- 
dent regulatory mechanism controls the 

formation of attached noncycling or 
slowly cycling cross-bridges characteris- 
tic of latching and that this system has a 
higher sensitivity to Ca2+ than does my- 
osin light chain kinase and phosphoryla- 
tion (4). 

The apparent absence of a latch state 
in skinned tissues (2) may reflect loss or 
inactivation of a Ca2+-dependent regula- 
tory mechanism producing latching. 
Alternatively, myosin phosphorylation 
may be required for Ca2+ binding to a 
second regulatory site. We report ca2+-  
dependent stress maintenance at concen- 
trations of Ca2+ below those required for 
myosin phosphorylation in skinned 
smooth muscle. Mild skinning proce- 
dures (5) were briefly applied to tissues 
whose contractile capacity had been de- 
termined. The preparation of thin 
(338 5 18 km) strips from the tunica 
media of swine carotid arteries, determi- 
nation of their optimum length (Lo) for 
isometric stress generation ( S )  in re- 
sponse to K +  depolarization, and mea- 
surement of phosphorylation after quick 
freezing have been described (4, 6). The 
tissues were treated for 60 minutes at 
22°C with a solution containing 5 mM 
EGTA, 20 mM imidazole (pH 6.7), 50 
mM potassium acetate, 0.5 mM dithio- 
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threitol, 150 mM sucrose, and 0.5 per- 
cent Triton X-100. The sucrose and Tri- 
ton X-100 were then replaced with 6 mM 
MgC12 and ATP for approximately 20 
minutes (relaxing solution). Stress and 
phosphorylation were measured in the 
first contraction-relaxation cycle pro- 
duced by changes in the concentration of 
Ca2+ induced by a buffer system with 5 
rnM EGTA and varied CaC12 (7). 

Initial contractions produced by high 
(7 pM) Ca2+ approximated the responses 
of the intact tissues. Isometric stress 
generation was 91.8 k 5.7 percent 
(mean * standard error; N = 15) of the 
control value elicited by K+ depolariza- 
tion. The lower temperature, coupled 
with dissection damage in the thin tis- 
sues (4), depressed maximum stress rela- 
tive to previous results (3). Steady-state 
phosphorylation values (Fig. 1) were 
comparable to peak levels transiently 
attained in intact tissues (3, 4). The time , . 
courses of stress development and phos- 
phorylation were similar (Fig. lA), as 
was the Ca2+ dependence of steady-state 
stress and of phosphorylation (Fig. 2A) 
during contractions elicited by increas- 
ing the concentration of Ca2+. These 
results confirm the earlier finding (1, 8 )  
that myosin phosphorylation is associat- 
ed with develovment of isometric stress. 
They also show that high stresses ap- 
proximating those attained by intact vas- 
cular smooth muscle are associated with 
high values of phosphorylation [up to 0.8 
mole of inorganic phosphate (Pi) per 
mole of LC 20 in some preparations]. In 
contrast to other studies (8, 9), there was 
no evidence for cooperativity in the con- 
tractile response to phosphorylation 
(Fig. 2A). 

Dephosphorylation in 1.8 x 10-'M 
Ca2+ occurred more rapidly than the 
decline in stress (Fig. 1B). Although 
these rates were affected by diffusion of 
the Ca2+ buffer system, stress persisted 
at times when phosphorylation reached 
basal levels. Similarly, adenosinetri- 
phosphatase activity falls far more rapid- 
ly on reduction of the concentration of 
Ca2+ than does stress (10). The possibili- 
ty that stress could be maintained after 
the concentration of Ca2+ was reduced 
was tested under steady-state condi- 
tions. Skinned tissues were first con- 
tracted with 8 u,M Ca2+. The Ca2+ buffer 
concentration in the contracting solution 
was reduced 50-fold (total EGTA, 0.1 
mM). This facilitated equilibration to a 
lower level of Ca2+, and stress and phos- 
phorylation attained steady-state values 
in 15 to 20 minutes, in contrast to the 
situation illustrated in Fig. 1B. The data 
plotted in Fig. 2B show the resulting 
dependence of stress and phosphoryla- 

tion 30 minutes after ca2+  was reduced 
from maximum levels. 

The dependence of phosphorylation 
on the concentration of Ca2+, character- 
ized by the parameter K50, was not sig- 
nificantly reduced (P  > 0.1; t-test for 
means of two populations with increas- 
ing or decreasing Ca2+) (Fig. 2, A and 
B). However, the KSo for the depen- 
dence of stress on Ca2+ concentration 
was significantly (P < 0.005) reduced if 
the tissue was first contracted at a high 
concentration of Ca2+ with concomitant 
high levels of phosphorylation. 

In control experiments tissues were 
initially contracted with 7 pM Ca2+, re- 
laxed with 0.018 pM Ca2+, and then 
stimulated a second time with succes- 
sively higher levels of Ca2+. The maxi- 
mum stress obtained was 80 2 11 per- 
cent ( N  = 9) of that generated in the first 
response after skinning, and the maxi- 
mum phosphorylation (0.53 * 0.06 mole 

of Pi per mole of LC 20; N = 6) was 
decreased proportionally, although this 
difference was not significant (P  = 0.1). 
Deterioration of stress generation and a 
decreased Ca2+ sensitivity in skinned 
smooth muscle have been ascribed to a 
loss of calmodulin (11). However, the 
KSo for the Ca2+ dependence of stress 
under conditions of increasing Ca2+ in 
the second contraction (6.5 x 10-'hQ 
was the same as that obtained in the first 
contraction (Fig. 2A). This rules out a 
time-dependent increase in the Ca2+ sen- 
sitivity for stress as an explanation for 
the results shown in Fig. 2B. 

Figure 2B presents direct evidence for 
a regulatory mechanism with a high sen- 
sitivity for Ca2+ that allows stress main- 
tenance without proportional phosphor- 
ylation (latching), as inferred from stud- 
ies of intact tissues (4). Moreover, these 
results indicate that myosin phosphor- 
ylation or the resulting stress is a prereq- 

A Contraction B Relaxation 

Time (minutes) 

Fig. 1. (A) Time course of stress development (e) and of myosin phosphorylation (0) in carotid 
media strips when CaZ" was increased from 1.8 X lo-' to 7 X 10-% (means -+ standard 
errors; N = 4 to 5). (B) Stress and phosphorylation in individual tissues relaxing in a solution 
containing 1.8 x 10-'M Ca2" after 15 to 20 minutes in 7 x 10-% MaZ". The maximum stress 
was 6.9 F 0.7 x lo4 N/mZ (N  = 12). 

A Increasing c a 2 +  B Decreasing c a 2 '  

7 . 5  8 . 5  5 .5  7 . 5  8 . 5  5 . 5  
pca2+  

Fig. 2. Steady-state CaZf dependence of stress and myosin phosphorylation when Ca2+ was 
increased from 1.8 x 10-'M (A) or decreased from 8 X 10--'M (B) (means t standard errors; 
N = 4 to 6). Maximum stress was 9.3 t 1.2 x lo4 N/m2 ( N  = 10). The curves were calculated 
for the individual data points with a nonlinear curve-fitting program for the relation: relative 
stress = Ill + ( K ~ ~ I [ C ~ ~ + I ) " ,  where KSO and n are curve-fitting parameters (5, 17). The 
calculated concentrations of Ca2" for the half-maximal change in the responses (KSo)  are shown 
with their 65 percent confidence intervals (a). Values of n (65 percent confidence limits) are (A) 
stress, 1.56 (1.32 to 1.77); phosphorylation, 1.57 (1.23 to 1.92) and (B) stress, 1.83 (1.55 to 2.14); 
phosphorylation, 2.34 (2.06 to 3.19). 
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5. A. R. Gordon. Proc. Natl. Acad. Sci. U.S.A uisite for latching, because no increase in 
tissue stiffness or stress was observed 
without phosphorylation when the level 
of Ca2+ was increased from 1.8 x 
1 0 - ' ~ .  

The Ca2+ binding site regulating latch- 
ing is unknown. The regulatory light 
chains of all myosins have Ca2+ binding 
sites, some of which have a regulatory 
role in many invertebrate muscles (12). 
Such sites are attractive candidates be- 
cause phosphorylation of the regulatory 
light chain could alter its conformation 
and Ca2+ binding characteristics. It is 
also possible that cross-bridge attach- 
ment to the thin filament after phosphor- 
ylation enables a thin-filament protein to 
bind Ca2+ (I), leading to maintained 
cross-bridge attachment. A small hyster- 
esis in the stress-Ca2+ relation in skinned 
striated muscle has been attributed to an 
increased affinity of the regulatory site 
for Ca2+ because of active stress in the 
myofilaments (13). 

Vascular smooth muscle normally op- 
poses stress due to blood pressure with a 
rate of energy consumption some one 
three-hundredths of that required by frog 
striated muscle to maintain a comparable 
stress (14). Stimulation of arterial 
smooth muscle by agonists produces a 
transient increase followed by a decrease 
in myoplasmic Ca2+, as estimated from 
light emission by aequorin-loaded cells 
(15) and from myosin phosphorylation 
(3, 4). In previous studies (3) it was 
suggested that stress maintenance by 
nonphosphorylated cross-bridges is as- 
sociated with reduced cycling rates, as 
estimated from isotonic shortening ve- 
locities. On the basis of this study, we 
suggest that the high economy of stress 
maintenance in smooth muscle is due to 
an unidentified regulatory mechanism 
with a high sensitivity to Ca2+. This 
system appears to function only after the 
initial activation and caZ+ transient that 
lead to myosin phosphorylation and 
stress development. Relaxation is the 
result of further reductions in cell Ca2+ 
below the threshold for latching (16). 
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Electrical Synapse Formation Depends on Interaction of 
Mutually Growing Neurites 

Abstract. A neuron's competence to form electrical synapses depends on its 
growth status. Experiments in situ and in cell culture with identified neurons of the 
snail Helisoma demonstrate that active neurite outgrowth from both potential 
partners must be spatially and temporally coincident for electrical synapse formation 
to occur. 

Growing neurons can establish highly Specific connectivity could depend on 
predictable sets of connections during many mechanisms, including those gov- 
both development and adult neuronal erned by intrinsic properties of neurons 
plasticity. Equally important, many po- or by the nature of interactions between 
tential connections are never formed. neurons. Because highly reproducible 

sets of new electrical synapses can be 
triggered to form between neurons of the 

Fig. 1 .  Buccal ganglia with Lucifer yellow- 
injected (14) pairs of neuron s's,  shown after 
selective "zap axotomy" (where axon exits 
ganglion) of both neurons (A) or a single 
neuron (B). Mean coupling coefficients are 
0.29 * 0.05 ( N  = 8) and 0.03 t 0.01 (N = 8) 
for (A) and (B), respectively. The unper- 
turbed neuron 5 (on the right in B) retained its 
normal morphology. Cultures were 5 days old 
(4, 5). Scale bar, 100 pm. 

snail Helisoma (1, 2), it is now possible 
to determine why certain identified neu- 
rons reliably form connections while oth- 
ers do not. 

We tested the hypothesis that forma- 
tion of new electrical synapses requires 
spatially and temporally coincident neu- 
rite outgrowth from each of the potential 
partners. This growth-dependence hy- 
pothesis was initially suggested by ex- 
periments in which nerve crushing 
evoked neurite growth in buccal ganglia 
in situ (3). We now report two higher 
resolution experimental approaches 
which independently demonstrate that 
only growing neurons readily form elec- 
trical connections. 

Our first approach was to restrict 
treatment to individual neurons while 
preserving the in situ environment. We 
used a cultured ganglionic preparation 
known to have little or no central neuro- 
nal sprouting in the absence of axotomy 
near the cell body (3-6). Individual ax- 
ons were selectively severed by local- 
ized photoirradiation of injected fluores- 
cent dye ("zap axotomy") (6). When 
neurons 5R and 5L were zap-axoto- 
mized, they grew profusely and formed 
electrical connections that were qualita- 
tively indistinguishable from those 
formed when bilateral nerve crushing 
evoked growth (6). To test the require- 
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