
described above. The material having 
the R,., value of 0.27 was identified as a- 
ecdysone, by means of HPLC and gas 
chromatography of trimethylsilyl deriva- 
tive (12). Similar conjugates of 2-deoxy- 
a-ecdysone and of the compound having 
an RI, value of 0.35 were also found in 
extracts of ovaries in a comparable 
amount to the free forms. 

Assuming that the molecular extinc- 
tion coefficients of 2-deoxy-a-ecdysone 
and of a-ecdysone are the same as that of 
f,-ecdysone, and neglecting the loss dur- 
ing purification, the content of the com- 
pounds in ovaries and in embryos was 
calculated from the peak areas in the 
chromatograms of HPLC by comparison 
with a standard curve constructed with 
authentic f3-ecdysone (7). The content of 
free 2-deoxy-a-ecdysone in pharate adult 
ovaries is 0.31 ,/g/g, while that of the 
conjugated form is 0.46 kg/g. The con- 
tent of free 2-deoxy-a-ecdysone in 
emerged adult ovaries is 0.22 /Ag/g, while 
that of the conjugated form is 0.26 ,g/g. 
The content of 2-deoxy-a-ecdysone in 
diapausing embryos is 0.36 gxg/g in a con- 
jugated form. 

The discovery of 2-deoxy-a-ecdysone 
in insect material is significant, since it 
lends support to the hypothesis that 2- 
deoxy-a-ecdysone is the immediate pre- 
cursor of a-ecdysone (9). 

Reevaluation of the role of conjugates 
of ecdysones seems necessary. Con- 
jugates have been postulated to be in- 
activation products (13), but the pres- 
ence of the conjugates of 2-deoxy-a-ec- 
dysone and of a-ecdysone suggests that 
they are normal metabolic intermediates 
or storage forms, part of which may 
eventually be transformed into free a-ec- 
dysone during the course of embryonic 
development (7). 
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process involved in transmitter release. 

The amount of transmitter released 
from a synapse by each nerve impulse 
varies as a function of previous synaptic 
activity (1). The factors which give rise 
to this variation in transmitter release 
have traditionally been distinguished 
from one another by differences in the 
duration of their effects. On this basis at 
least four processes (2) have been shown 
to increase transmitter release at the syn- 
apse of the vertebrate neuromuscular 
junction: a first component of facilitation 
which decays with a time constant of 
about 50 msec (3); a second component 
of facilitation which decays with a time 
constant of about 300 msec (3); augmen- 
tation which decays with a time constant 
of about 7 seconds (4); and potentiation 
(post-tetanic potentiation) which decays 
with a time constant of tens of seconds to 
minutes (5). Some of the factors involved 
in facilitation, augmentation, and poten- 
tiation of transmitter release appear to be 
different (6), but until now it has been 
difficult to distinguish among these proc- 
esses except on the basis of their time 
constants of decay. We now report that 
Sr2+ and Ba2+, two ions that can substi- 
tute for Ca2+ in evoked transmitter re- 
lease (7, 8), have differential effects on 
the processes involved in transmitter re- 
lease. While Sr2+ selectively increases 
the magnitude and time course of the 
second component of facilitation, Ba2+ 
selectively increases the magnitude of 
augmentation. These differential effects 
of Sr2+ and Ba2+ provide a new way to 
distinguish among the processes which 
increase transmitter release during re- 
petitive stimulation and suggest that 
these processes can act relatively inde- 
pendently of one another. 
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End-plate potentials (EPP's) were re- 
corded from the sartorius nerve-muscle 
preparation of the frog Rana pipiens by 
means of intracellular and surface re- 
cording techniques (4). Surface record- 
ing sums the responses from many end- 
plates giving a good measure of average 
intracellular activity (3, 9). Standard frog 
Ringer (115 mM NaCl, 2 mM KCl, 1.8 
mM CaCl2, 2.16 mM Na2HPO4, 0.85 mM 

NaH2PO4, 5 mM glucose, 0.03 mM cho- 
line) was modified by reducing Ca2+ 
to 0.35 to 0.6 mM and adding 5 mM Mg to 
decrease transmitter release and thus 
prevent muscle twitch. The effect of Ba2+ 
on transmitter release was examined by 
adding 0.05 to 1.0 mM Ba2+ to this control 
bathing solution (10). The effect of Sr2+ 
was examined by adding 0.2 to 0.6 mM 
Sr2+ to the control solution or by replac- 
ing the Ca2+ in the solution with 0.6 to 1.5 
mM Sr2+. 

At the low levels of transmitter release 
in these experiments transmitter release 
is approximately proportional to EPP 
amplitudes (4). Facilitation, augmenta- 
tion, and potentiation are all defined by 
the fractional increase in EPP amplitudes 
that they produce (4, 11). The contribu- 
tion that each makes to increasing trans- 
mitter release was determined by suc- 
cessively peeling off the multiple expo- 
nentials used to describe the decay of the 
EPP amplitudes following the condi- 
tioning trains (4) or by using stimulation 
patterns which can test for each process 
during a conditioning train (6). 

Figure 1 shows that replacement of the 
Ca2+ in the bathing solution with Sr2+ 
leads to an increase in the magnitude and 
time course of the second component of 
facilitation. The motor nerve was stimu- 
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Transmitter Release During Repetitive Stimulation: 

Selective Changes Produced by Sr2+ and Ba2+ 

Abstract. The addition of Sr2+ or Ba2+ to the solution bathing the frog neuromuscu- 
lar junction leads to an increased release of transmitter by each nerve impulse during 
and following repetitive stimulation. The mechanisms by which Sr2+ and Ba2+ in- 
crease release are not the same. Each ion appears to act selectively on a different 
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lated with a series of conditioning and 
testing trials, each consisting of a condi- 
tioning train of 10 impulses followed by a 
single testing impulse. During the condi- 
tioning trains, EPP amplitudes increased 
to a greater magnitude in Sr2+ than in 
Ca2+ (Fig. 1, A and B), and after the con- 
ditioning trains the amplitudes of the 
testing EPP's decayed more slowly in 
Sr2+ than in Ca2+ (Fig. IB). Estimates of 
the magnitudes and time constants of the 
two components of facilitation (12) fol- 
lowing the conditioning trains in Sr2+ and 
Ca2+ are shown in Fig. IC. Strontium al- 
most doubled the magnitude of the sec- 
ond component of facilitation from 0.16 
to 0.30 and increased its time constant of 
decay about 1.5 times from 440 to 650 
msec (continuous lines). The Sr2+ had 
little effect on the first component of fa- 

cilitation (Fig. 1C, dashed line) or on 
augmentation (Fig. 2C). 

The Sr2+-induced increase in the mag- 
nitude and time course of the second 
component of facilitation was always ob- 
served, came on rapidly (within the 5 to 
10 minutes required to change solutions), 
was readily reversible, and was dose de- 
pendent over the tested range of 0.6 to 
1.5 mM Sr2+. The addition of small 
amounts of Sr2+ (0.2 to 0.6 mM) to a 
bathing solution containing 0.5 mM Ca2+ 
also gave rise to the Sr2s effect. Using 
stimulation patterns which tested for fa- 
cilitation during the conditioning train 
we found that the effect of Sr2+ on the 
second component of facilitation persists 
during 100 to 400 impulse conditioning 
trains. As was the case following the 
shorter conditioning trains, Sr2+ did not 

increase the magnitude of augmentation 
or potentiation following the longer con- 
ditioning trains (13). 

Figure 2 shows that the addition of a 
small amount of Ba2+ to a bathing solu- 
tion containing Ca2+ increases the magni- 
tude of augmentation. The EPP ampli- 
tudes increased to a greater magnitude 
during the ten impulse conditioning 
trains recorded in Ca2+ + Ba2+ than dur- 
ing those recorded in Ca2+ alone (Fig. 2, A 
and B). After the conditioning train the 
EPP amplitudes decayed more slowly in 
Ca2+ + Ba2+ than in Ca2+ alone, but the 
form of the prolongation of decay was 
quite different from that induced by Sr2+. 
Barium selectively increased the magni- 
tude of augmentation following the con- 
ditioning train about 1.8 times from 0.26 
to 0.47 as shown in Fig. 2C, but had little 
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Fig. 1 (left). Strontium ions selectively increase the magnitude and 
0.01 ,_ time course of the second component of facilitation. The nerve was 

0 200 400 600 800 1000 1200 stimulated at a rate of 20 impulses per second for 10 impulses. Single 
testing impulses were applied from 50 msec to 10 seconds following Time (msec) each conditioning train, and a conditioning-testing train was applied 

once every 30 seconds. (A) Tracings of surface recorded EPP's obtained in bathing solutions containing 0.55 mM Ca2+ and then with 1.2 mM Sr2+ 

replacing the Ca2+ (17). The conditioning-testing interval was 400 msec. (B) Normalized amplitudes of surface recorded EPP's obtained during 
(horizontal bar) and following a series of conditioning trains are plotted against time. Solid line: predicted EPP amplitudes in Ca2. Dashed line: 
predicted EPP amplitudes in Sr2+ (14). The Sr2+ data represent the average response of over 5000 conditioning-testing trials from six preparations. 
Data were collected for three to six solution changes between Sr2+ and Ca2+ for each preparation. The control solutions contained 0.5 to 0.6 mM 
Ca2+ which was replaced with I to 1.5 mM Sr2+ for the Sr2+ data (18). The Ca2+ data from this series of experiments and from those described in 
Fig. 2 appeared the same and were averaged together so that the data in Figs. 1 and 2 could be compared. (C) Estimates of the residual substance 
responsible for the first (dashed line) and second (solid lines) components of facilitation following the conditioning trains in Figs. 1B and 2B are 
plotted semilogarithmically against time (12). Fig. 2 (right). Barium ions selectively increase the magnitude of augmentation. Same stimulation 
pattern as in Fig. 1. (A) Tracings of surface recorded EPP's obtained in bathing solutions containing 0.5 mM Ca2+ and then with 0.5 mM Ca2+ + 0.15 
mM Ba2+. (B) Normalized amplitudes of surface recorded EPP's. Dashed line: predicted EPP amplitudes in Ca2+ + Ba2+ (14). The Ca2+ + Ba2+ 
data represent the average response of over 2500 conditioning-testing trials from three preparations. Data were collected for three to four solution 
changes between Ca2+ + Ba2+ and Ca2+ for each preparation. The control solutions contained 0.45 to 0.55 mM Ca2+; 0.15 to 0.25 mM Ba2+ was 
added to these solutions for the Ca2+ + Ba2+ solutions (18). (C) Estimates of augmentation following the conditioning trains in Figs. lB and 2B 
are plotted semilogarithmically against time. The Sr2+ data point at 2 seconds is high because of the prolonged time course of facilitation in Sr2+. 
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effect on the two components of facilita- 
tion (Fig. 1C). 

Barium increased the magnitude of 
augmentation even more after longer 
conditioning trains of 100 to 400 impulses 
delivered at a rate of 20 per second. In 16 
experiments of this type the average 
magnitude of augmentation increased 
from 1.2 + 0.2 (mean ? standard error 
of the mean) in Ca2+ alone to 4.2 ? 0.9 in 
Ca2+ + Ba2+, for an average increase of 
3.5 times. Compared to the large in- 
crease in the magnitude of augmentation 
after the longer trains, Ba2+ had relative- 
ly little effect on the time constant of 
decay of augmentation or on the magni- 
tude or the time constant of decay of po- 
tentiation. The Ba2+-induced increase in 
the magnitude of augmentation was al- 
ways observed, developed slowly (over 
about 30 minutes), was slowly revers- 
ible, and was dose dependent over the 
tested range of 0.05 to 0.5 mM Ba2+ in 
the presence of 0.5 to 0.6 mM Ca2+. 

The selective effects of both Sr2+ and 
Ba2+ could still be obtained in the pres- 
ence of the other ion. The addition of 
Sr2+ to a solution containing Ba2+ in- 
creased the magnitude and time course 
of the second component of facilitation, 
while the addition of Ba2+ to a solution 
containing Sr2+ increased the magnitude 
of augmentation. As expected from these 
observations, the addition of both ions to 
the bathing solution led to a greater in- 
crease in transmitter release during re- 
petitive stimulation than with either ion 
alone. 

Changing the average level of trans- 
mitter release severalfold by adjusting 
the concentrations of Ca2+ and Mg2+ had 
little effect on estimates of facilitation, 
augmentation, or potentiation when 
compared to the dramatic and selective 
effects produced by Sr2+ and Ba2+. These 
results suggest that the effects of Sr2+ 
and Ba2+ are specific and do not arise 
from general changes in the concentra- 
tions of divalent cations or from changes 
in the average level of transmitter re- 
lease. The effects of Sr2+ and Ba2+ re- 
ported herein are of presynaptic origin 
resulting from changes in transmitter re- 
lease, because the average amplitude of 
miniature EPP's remained constant dur- 
ing and following the conditioning trains, 
indicating that postsynaptic sensitivity 
remained constant. 

The solid lines in Figs. lB and 2B are 
the predicted increases in transmitter re- 
lease during and following the condi- 
tioning trains, calculated by assuming 
that facilitation and augmentation accu- 
mulate and interact according to a model 
(14) that will describe transmitter release 
I JULY 1977 

under a variety of conditions (15). Using 
this model with data obtained from the 
analysis of the decays of EPP amplitudes 
following the conditioning trains (Figs. 
1C and 2C), we were able to describe ac- 
curately the increases in transmitter re- 
lease during the conditioning trains. 
While other models are also compatible 
with these data, we believe it is signifi- 
cant that the effects of Sr2+ and Ba2+ on 
transmitter release during the condi- 
tioning trains can be predicted (dashed 
lines, Figs. lB and 2B) by assuming that 
Sr2+ selectively increases the magnitude 
and time constant of the second com- 
ponent of facilitation, while Ba2+ selec- 
tively increases the magnitude of aug- 
mentation. 

Thus, while both Sr2+ and Ba2+ in- 
crease transmitter release during repeti- 
tive stimulation, they appear to do so 
through quite different mechanisms. 
Since both Sr2+ and Ba2+ can enter nerve 
terminals and release transmitter (al- 
though not as effectively as Ca2+) (8, 10, 
16), it is possible that they act directly on 
the components in the nerve terminal in- 
volved in transmitter release. Alterna- 
tively, Sr2+ and Ba2+ may affect release 
indirectly by, for example, altering the 
rates of sequestering or the rates of entry 
of ions that affect transmitter release. 
Whatever the modes of action of Sr2+ 
and Ba2+, the differential effects of these 
ions support the proposal that a number 
of presynaptic processes or factors medi- 
ate the effects of repetitive stimulation 
on transmitter release. Our results pro- 
vide a new way to distinguish among 
these processes, and suggest that these 
processes can act relatively indepen- 
dently of one another. 

JANET E. ZENGEL 
KARL L. MAGLEBY 

Department of Physiology and 
Biophysics, University of 
Miami School of Medicine, 
Miami, Florida 33152 
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