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In viva stimulation of a relatively “silent” phasic crayfish mo- 
toneuron changes the ultrastructure of its synaptic terminals to 
a more tonic phenotype. The closer muscle of the crayfish claw 
is supplied by only 2 excitatory motoneurons, one of which is 
phasic and the other tonic. The ultrastructures of conditioned 
phasic, unconditioned phasic, and tonic motor terminals were 
compared. The terminals of the tonic motor axon were larger in 
cross-sectional area, had larger mitochondria, greater synaptic 
contact area, and were more varicose than unconditioned phasic 
terminals. Following long-term tonic stimulation of the phasic 
axon, its terminals became more varicose, mitochondrial cross- 
sectional area more than doubled, and synapses and mitochon- 
dria came into closer proximity, although mean terminal cross- 
sectional area did not change. Thus, the conditioned phasic 
terminals became more similar to those of the tonic motor axon. 
These changes in ultrastructure correlate with, and may be 
causally linked to, previously reported changes in neuromuscu- 
lar synaptic physiology produced by in viva tonic stimulation of 
this motoneuron. We conclude that the ongoing level of impulse 
activity can affect the ultrastructural differentiation of synaptic 
terminals and synapses of the phasic motoneuron. 

Structural changes at synapses in response to long-term alter- 
ations in activity have been previously examined for their pos- 
sible role in synaptic plasticity (Bailey and Chen, 1983) and 
synaptic differentiation during development (Garey and Petti- 
grew, 1974; Greenough et al., 1978; Sirevaag and Greenough, 
1985). Many of these studies have not utilized a well-defined 
system in which the normal in viva activity ofidentified synapses 
can be monitored and specifically altered. For this reason, we 
have studied the crustacean neuromuscular junction. Crusta- 
cean muscles are supplied by relatively few identified moto- 
neurons; the activity of identified motoneurons can be moni- 
tored and altered in vivo; and crustacean peripheral synapses 
are similar in physiology to many central synapses. 

In general, crustacean motoneurons can be classified as phasic 
or tonic on the basis of their normal pattern of activity (Atwood, 
1973). Associated with these differences in activity are differ- 
ences in neuromuscular synaptic physiology and synaptic ter- 
minal morphology. Generally, phasic motoneurons release large 
amounts of transmitter initially but show dramatic synaptic 
depression during repetitive activation. Conversely, tonic mo- 
toneurons release less transmitter initially but show little depres- 
sion; facilitation of transmitter release usually occurs during 
repetitive activation. 

Differences in motor terminal ultrastructure have been re- 
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ported for tonic and phasic motoneurons in lobster (Hill and 
Govind, 1981), locust (Titmus, 1981), and crab (Atwood and 
Jahromi, 1978; Atwood and Johnston, 1968). Some of these 
differences appear to be linked to the differences in synaptic 
physiology of tonic and phasic motoneurons. In particular, the 
greater mitochondrial content and synaptic vesicle population 
of tonic motor terminals could be related to their resistance to 
depression (Atwood, 1976; Atwood and Jahromi, 1978; Atwood 
and Johnston, 1968). 

We have previously reported that the neuromuscular physi- 
ology of a phasic motoneuron--the “fast” axon innervating the 
crayfish closer muscle- becomes similar to that of a tonic mo- 
toneuron after in vivo chronic stimulation. After 2 weeks of 
intermittent tonic stimulation, initial release of transmitter and 
synaptic depression during repetitive stimulation decrease 
(Lnenicka and Atwood, 1985a). In order to determine whether 
morphological changes could be responsible for this change in 
physiology, the ultrastructure of unconditioned and conditioned 
phasic axon terminals was quantified and compared, using se- 
rial-section electron microscopy. In addition, terminals of the 
tonic (“slow”) motor axon found on the same fibers were in- 
cluded in the comparison in order to quantify differences be- 
tween normally tonically active and phasically active motoneu- 
rons innervating the same muscle fibers. We found that tonic 
stimulation of the fast axon shifts the structure of its motor 
terminals toward the phenotype of the slow axon. The relation- 
ship of these structural alterations to the previously reported 
changes in physiology is discussed. 

A brief preliminary report has been presented (Atwood et al., 
1985). 

Materials and Methods 
Stimulation and recording electrodes were implanted into claws ofcray- 
fish (Procambarus clarkii) for in vivo stimulation and monitoring of the 
fast axon as previously described (Lnenicka and Atwood, 1985a). 

In each of 2 crayfish (2.5 cm carapace length), the fast axon in one 
claw was stimulated daily at 5 Hz for 2 hr over a period of 2 weeks. 
Since crayfish claws are symmetrical, the other claw was used as a 
control. This regimen has been shown to decrease the low-frequency 
(0.01 Hz) transmitter release by 40-50% and to increase the fatigue 
resistance of the terminals during 5 Hz stimulation (Lnenicka and At- 
wood, 1985a). 

In order to identify unambiguously the fast and slow terminals for 
electron microscopy, they were labeled through HRP uptake during 
selective stimulation (Holtzman et al., 197 1; Thompson and Atwood, 
1984). Branches of the common inhibitor axon, which also supplies this 
muscle (Wiens, 1985), were identified from the irregular shape of the 
included synaptic vesicles and lightly staining synaptic membranes (At- 
wood and Morin, 1970; Uchizono, 1965). 

One day after the final in vivo stimulation, conditioned (stimulated) 
and contralateral control (unstimulated) claws were removed. The closer 
muscle was exposed and presoaked in the bathing medium (2% HRP 
in van Harreveld’s solution) for 30 min. In 1 animal, the slow terminals 
were labeled in both claws, while in another, the fast terminals were 
labeled. This was accomplished through selective stimulation of the fast 
or slow axon with a suction electrode placed against the nerve in the 
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Table 1. Measurements of synapses and terminals 

Terminal Synapses 

Total 
synaptic 
contact Synapses/ 
area/pm Individual pm length 

Varicosities/ length of synaptic of 
CSA Perimeter pm terminal terminal contact area terminal 
(rm? Gtm) length (rm*) Gm*) 04 

Fast control 

Fast conditioned 

Slow 

0.551 
+0.167 
(n = 9) 

0.553 
kO.141 
(n = 9) 

1.120 
?0.273* 
(n = 12) 

2.542 
kO.387 
(n = 9) 

2.666 
kO.374 
(n = 9) 

3.572 
kO.416 
(n = 12) 

0.04 
+0.03 
(n = 9) 

0.14 
+0.04* 
(n = 9) 

0.13 
kO.04 
(n = 12) 

0.247 
kO.044 
(n = 9) 

0.629 
+0.883 
(n = 9) 

0.958 
+0.247* 
(n = 12) 

0.414 
SD = 0.306 
(n = 31) 

0.872 
SD = 1.809 
(n = 40) 

1.189* 
SD = 1.061 
(n = 60) 

0.64 
+0.11 
(n = 9) 

0.60 
+0.06 
(n = 9) 

0.79 
+0.13 
(n = 12) 

All values except those for individual synaptic contact area were based on mean values determined for each series of 
sections. Mean and SEM are given, except for individual synaptic contact area, for which SD is given. Asterisk indicates 
the value is significantly different from the fast axon control at the 0.05 level according to a 2-tailed Mann-Whitney U 
test. 

meropodite. The stimulation was monitored by recording intracellularly 
the evoked synaptic activity in distal muscle fibers (strongly innervated 
by the fast axon) and proximal muscle fibers (strongly innervated by 
the slow axon). 

After this period of stimulation, the preparation was rested for 30 
min in the bathing solution. The muscle was then prefixed overnight at 
4°C in 2.51 glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. 
After prefixation, the surface layer of fibers in the distal third of the 
muscle was removed, processed for HRP reaction product (Itoh et al., 
1979), and postfixed in 2% osmium tetroxide. After embedding the 
fibers in Epon-Araldite, sections were cut and mounted on single-slot 
Formvar-coated grids; they were viewed with either a Philips 20 1C or 
Jeol 1 OOC x electron microscope. 

These muscle fibers were searched for synaptic terminals. When a fast 
axon terminal was identified, it was followed in serial sections and 
photographed. Terminal structures were measured using a digitizing 
pad. If  there was a slow axon terminal adjacent to the fast terminal, it 
was also measured. 

In tctal, serially sectioned segments from 9 experimental (condi- 
tioned) fast axon terminals (649 sections) and 9 control fast axon ter- 
minals (530 sections), each located on a separate randomly selected 
muscle fiber, were measured. In addition, 12 serially sectioned slow 
axon terminals were measured (835 sections). Mean values of terminal 
cross-sectional area and mitochondrial cross-sectional area were deter- 
mined for each series. Because of the skewness of some of the distri- 
butions (especially of values from the control fast axon terminals), all 
statistical tests were nonoarametric. The Mann-Whitnev II test (MWU) 
was used to compare population means. The Wilcoxon matched-pairs 
test was used to compare the mean values of synaptic area and synaptic 
density for bottlenecks and varicosities found on the same series of 
sections. 

Terminal varicosities were defined by searching along each series until 
a point was reached in which a 5-fold change in terminal cross-sectional 
area (CSA) had occurred, this defined the beginning of a varicosity. A 
5-fold decrease in CSA denoted the end. In order to smooth out section- 
to-section variability along the terminal, CSA values were the mean of 
3 successive sections. 

Results 
The fast axon of the crayfish closer muscle is normally silent, 
firing approximately once every 2 hr in the laboratory environ- 
ment (Pahapill et al., 1985). Its synaptic properties are typical 
of a phasic motoneuron: Large amounts of transmitter are re- 
leased initially, and prominent synaptic depression occurs dur- 
ing repetitive stimulation (Lnenicka and Atwood, 1985a). In 

the region of the closer muscle selected for study, the slow axon 
produces small EPSPs at low frequencies (~0.5 mV at 1 Hz); 
however, during high-frequency activation these EPSPs strongly 
facilitate. This axon is often normally active at moderate (1 O- 
20 Hz) to high (100-200 Hz) frequencies for periods of seconds 
to minutes. 

Terminal morphology and organization 
The mean terminal cross-sectional area was significantly greater 
for the slow axon than for the fast axon (Table 1). This obser- 
vation is in agreement with previous studies of fast and slow 
motor axon terminals (Hill and Govind, 198 1; Titmus, 198 1). 

The mean terminal CSA and perimeter for conditioned fast 
axon terminals were almost identical with those of controls. The 
control fast axon terminals were relatively uniform in CSA, 
consistent with earlier studies of crustacean fast axon terminals 
(Atwood and Jahromi, 1978). However, the conditioned fast 
axon terminals were more varicose, resembling the slow axon 
terminals (Fig. 1). This difference was quantified by searching 
each series for 5-fold increases or decreases in CSA and dividing 
the terminal up into varicosities and bottlenecks accordingly 
(Table 1). 

The varicosities in conditioned fast axon terminals contain a 
substantial number of terminal mitochondria and synapses. 
Varicosities occupy only 42% of the terminal length but contain 
78% of the terminal mitochondrial volume and 66% of its syn- 
aptic area. The proximity of synapses and mitochondria is in- 
creased due to their concentration in varicosities (Fig. 1). This 
is further demonstrated by correlating the length of synaptic 
contact with total mitochondrial CSA for each section. In un- 
conditioned fast axon terminals, there is a poor correlation be- 
tween the length of synaptic contact in each section and total 
terminal mitochondrial CSA in the same section (r = 0.05, n = 
530). In conditioned terminals, this correlation is much stronger 
(r = 0.66, n = 649). 

The more frequent occurrence of synapses at varicosities re- 
sults in an uneven distribution of synapses along the length of 
both slow axon and conditioned fast axon terminals. The syn- 
apses of the control fast axon terminals appear to be more evenly 
distributed (Fig. 1). Synaptic spacing was quantified by mea- 
suring the distances between the centers of adjacent synapses. 
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Figure 1. Schematic representation of the organization and structure of control (C, D) and conditioned (A, B) fast axon terminals. The equivalent 
terminal diameter and equivalent total mitochondrial diameter per section are represented schematically (0 and 0, respectively). The horizontal 
lines immediately to the left represent the length of synaptic membrane per section for individual synapses. Equivalent terminal diameter was 
determined by calculating the diameter from the measured cross-sectional area, assuming a circular shape. Equivalent total mitochondrial diameter 
was found by summing all mitochondrial cross-sectional areas and then calculating diameter assuming a circular shape. The locations of bottlenecks 
(BiV) and varicosities (v), based on criteria presented in Materials and Methods, are shown. For terminal B, representative micrographs (B,, BJ, 



The Journal of Neuroscience Synaptic Terminal Morphology After Long-Term Stimulation 2255 

.02 .04 .06 .08 .lO .12 .14 .16 .18 .20 

Mean cross-sectional area Qwn2) 

Figure 2. Mean cross-sectional area of individual terminal mitochon- 
dria. Mitochondria were followed in serial sections and their profiles 
traced using a digitizing pad. Their individual mean cross-sectional areas 
were determined and plotted in a histogram. 

The synaptic intervals for the control fast axon terminals ap- 
peared normally distributed, with 48% of the intervals falling 
between 1 and 2 Mm, 17% less than 1 pm, and 25% greater than 
2 km. The frequency distribution of the synaptic intervals for 
the slow axon terminals was significantly different from the 
control fast axon terminals (x2 test, p < 0.05), with the highest 
frequency of intervals (44%) at less than 1 pm. Similarly, the 
conditioned fast axon terminals had a higher frequency (30%) 
of short synaptic intervals than the control fast axon terminals 
as a result of “clumping” of synapses at varicosities. However, 
the frequency distribution was not significantly different at the 
0.05 level (x2 test). 

Terminal mitochondria 
A comparison of mitochondrial measurements in fast axon con- 
ditioned, fast axon control, and slow axon terminals is presented 
in Table 2. Slow axon terminals have a 4.2-fold greater total 
mitochondrial volume per micron of terminal than control fast 
axon terminals. Chronic conditioning stimulation of the fast 
axon results in a 2.4-fold increase in total mitochondrial vol- 
ume. 

The increase in total mitochondrial volume is mainly attrib- 
uted to an increase in the CSA of individual mitochondria (Fig. 
2). In conditioned fast axon terminals and slow axon terminals, 
individual mitochondrial CSA is approximately twice that found 
in unconditioned (control) fast axon terminals. The number of 
mitochondria per micron of terminal is not significantly greater 
in the conditioned fast axon terminals than in controls. In slow 
axon terminals, the number of mitochondria is significantly 
greater than in control fast axon terminals. 

In control fast axon terminals, mitochondria occupy 4.5% of 

Table 2. Measurements of mitochondria 

Total 
mitochondrial Mean CSA of Mitochon- 
volume/pm individual dria/pm 
terminal mitochondria terminal 
(a? tm2) (4 

Fast control 0.0186 0.0310 0.23 
kO.0037 kO.0049 kO.05 
(n = 9) (n = 11) (n = 9) 

Fast condi- 0.0456* 0.0685* 0.29 
tioned *0.0152 kO.0126 +0.09 

(it = 9) (n = 16) (n = 9) 

Slow 0.0715* 0.0672* 0.44* 
+0.0190 kO.0076 +0.06 
(n = 12) (n = 32) (n = 12) 

To determine the total mitochondrial volume per micron of terminal, total 
mitochondrial volume was determined for each series and divided by the length 
of the series. The mean CSA was also determined individually for each 
mitochondrion found in the terminals. The number of synapses per unit length 
of terminal was determined for each series of sections. Thus, in columns I and 
3, values of n refer to the number of separate series of sections. In column 2, n 
is the number of mitochondria. Asterisk indicates the value is significantly different 
from the fast axon control at the 0.05 level according to a 2-tailed Mann-Whitney 
U test. Values represent means ? SEM. 

the total terminal volume, and the correlation between terminal 
CSA and mitochondrial CSA per section is relatively weak (r = 
0.38, n = 530). After conditioning, mitochondria account for 
9.2% of the terminal volume, and there is a stronger correlation 
between terminal CSA and mitochondrial CSA (r = 0.70, n = 
649). Thus, in conditioned fast axon terminals, relatively more 
mitochondrial material is found in varicosities than in bottle- 
necks. 

The number of mitochondria per length of terminal, and the 
percentage of sections containing 0, 1, or 2 separate mitochon- 
dria is very similar in conditioned and control terminals of the 
fast axon. Thus, it appears that the average length of individual 
mitochondria is not different in conditioned and control ter- 
minals. Mitochondrial length varies greatly: We observed mi- 
tochondria ranging in length from 0.5 to >8 pm. This is con- 
sistent with the size of mitochondria seen with light microscopy 
in the axon of the homologous neuron in the American lobster 
(Allen et al., 1982). Since only 2.5% of sections in control ter- 
minals, and 3.5% of sections in conditioned terminals contain 
2 mitochondria, it is clear that individual mitochondria rarely 
overlap. 

Branched mitochondria were frequently seen, especially in 
conditioned fast axon terminals (Fig. 1). The mitochondria of 
the conditioned fast axon terminals have more side branches 
(1.3/mitochondrion) than either fast axon controls (0.2/mite- 
chondrion) or slow axon terminals (0.3/mitochondrion). This 
increase in the number of branches is not totally responsible for 
the increased mitochondrial CSA, the mean CSA of the indi- 
vidual mitochondrial processes is significantly greater in con- 
ditioned (mean f SEM, 0.0500 f 0.0057 pm2, n = 37) than in 
control (0.0288 f 0.0036 pm2, n = 13) fast axon terminals (p < 
0.05; MWU). 

from which measurements were made, are shown at the region of a bottleneck and a varicosity. The single mitochondrion (m) at the bottleneck 
branches to form the 5 profiles seen at the varicosity. The location of a synapse is indicated by an urrow. Note the more varicose appearance of 
the conditioned terminals and the proximity of large mitochondrial equivalent diameters to synapses. This was a common feature of conditioned, 
but not of control, terminals. Calibration bars: Lower lej?, 2 pm for synapses; 1 pm for mitochondria and terminals: Upper right, 0.5 pm for 
micrographs B, and B,. 
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Synapses and dense bars 
Slow axon terminals have a significantly greater synaptic contact 
area per length of terminal than fast axon controls (Table 1). 
This is mainly due to greater synaptic contact area for individual 
slow axon synapses; the number of synapses per micron of ter- 
minal is not significantly larger. The conditioned terminals of 
the fast axon show a trend toward greater synaptic contact area 
per length of terminal and greater individual synaptic contact 
area; however, the differences are not significant. There is no 
significant difference in the number of synapses per length of 
terminal for the 3 classes of terminal. 

Slow axon terminals have a significantly greater percentage 
of their surface specialized as synaptic membrane (mean f SEM, 
26.4 f 4.8%, n = 12) than control fast axon terminals (10.6 f 
2.6%, n = 9; p < 0.05; MWU). Conditioned terminals of the 
fast axon also have a greater percentage of synaptic membrane 
(21.1 + 5.8%, n = 9) although the difference between values 
for conditioned and control terminals is not statistically signif- 
icant (p > 0.05; MWU). Thus, there was a consistent tendency 
for the measurements in conditioned fast axon terminals to be 
similar to those of the slow axon terminals, even though statis- 
tical significance was not attained in the samples analyzed. 

In conditioned fast axon terminals, synaptic area in varicos- 
ities is greater than in bottlenecks. However, the number of 
synapses per unit of membrane area is similar in varicosities 
(0.235 synapses/pm2 membrane) and bottlenecks (0.28 1 syn- 
apses/pm2 membrane). The greater membrane area per length 
of terminal results in significantly more synapses in varicosities 
(0.83 + O.l7/c(m of terminal, n = 9) than in bottlenecks (0.35 f 
0.1 l/pm of terminal, n = 10; p < 0.05; Wilcoxon matched 
pairs, n = 6). Individual synapses on varicosities are significantly 
larger (1.237, SD = 2.545, n = 17) than those on bottlenecks 
(0.520, SD = 0.444, n = 13; p < 0.05; Wilcoxon matched pairs, 
n = 6). 

Presynaptic dense bars [thought to be the equivalent of the 
synaptic “active zone” in vertebrate neuromuscular junctions 
(Dreyer et al., 1973; Wemig, 1976)] are small and occur infre- 
quently in all terminals. Possibly, some of these structures may 
have been difficult to distinguish in this material. The number 
of dense bars per micron of terminal for the slow (mean f SEM, 
0.40 f 0.08, n = 12) and fast axon conditioned terminals (0.48 f 
0.18, n = 9) is not significantly different from the control fast 
axon terminals (0.36 + 0.12, n = 9; p > 0.05; MWU). 

Discussion 

Terminal morphology and organization 
After in vivo stimulation the terminals become more varicose, 
and the synapses and mitochondria are largely located in these 
varicosities. It has been proposed that swellings in axons (Mar- 
tinez and Friede, 1970) and dendrites (Sasaki-Sherrington et al., 
1984) are produced by the accumulation of organelles, including 
mitochondria. Consistent with these earlier findings, we report 
that mitochondria enlarge after tonic in vivo stimulation and 
that a stronger correlation between mitochondrial CSA and ter- 
minal CSA is then observed. 

Synaptic as well as nonsynaptic membrane may move to re- 
gions of terminal enlargement during in vivo stimulation. In 
control fast axon terminals the synapses are fairly evenly spaced 
along the length of the terminal. In the more varicose slow axon 
and conditioned fast axon terminals, the density of synapses in 
varicosities is similar to that in bottlenecks and, thus, the syn- 
apses are less evenly distributed. Varicosities of conditioned fast 
axon terminals have synapses with a larger mean surface contact 
area than those in bottlenecks. The above observations suggest 
migration of membrane to selected areas of the terminal-pos- 
sibly toward sites of mitochondrial and/or synaptic enlargement. 

It is interesting to note that the mitochondria in the control 
and conditioned fast axon terminals only overlap in approxi- 
mately 3% of the sections. It appears that they sterically exclude 
one another from occupying the same portion of the terminal. 

The close proximity of the synapses and mitochondria after 
in vivo stimulation may permit a continuous supply of energy 
to be provided to synaptic regions. Also, removal of calcium 
by mitochondria during synaptic activity may be enhanced 
(Lehninger, 1970). 

The mean perimeter and CSA of the fast axon terminal does 
not increase after in vivo stimulation to values found in the slow 
axon. The amount of terminal membrane for the motoneuron 
may be genetically fixed or controlled by factors other than 
activity levels. This may limit the extent to which fast axon 
terminals can increase their intraterminal content of mitochon- 
dria, synaptic vesicles, and soluble proteins during increases in 
activity, thus limiting the range of physiological adaptation. 
However, the conditioning regimes employed in this study may 
not have extracted the maximal adaptive response from the 
phasic neuron. 

It has been proposed that the varicose structure of motor 
nerve terminals in the moth Manduca sexta may be induced by 
the muscle (Rheuben, 1985; Schaner and Rheuben, 1985). Our 
data indicate that varicosities are the result of high motoneuron 
activity levels, probably due to an increase in the intraterminal 
organelles. This is based on the observations that tonic terminals 
are more varicose than phasic terminals, even when found on 
the same muscle fiber, and that an increase in activity increases 
the number of varicosities in phasic terminals. 

Mitochondria 
The mitochondrial content of various cell types has been shown 
to be very dynamic. In some cases, changes in total mitochon- 
drial volume appear to correlate with changes in cellular energy 
demands (for review, see Smith and Ord, 1983). For example, 
chronic stimulation of fast-twitch skeletal muscle results in an 
increase in the mitochondrial volume fraction (Eisenberg and 
Salmons, 1980). Our results indicate that nerve terminals can 
also adjust their mitochondrial content to meet increased energy 
demands. This apparently accounts for the greater mitochon- 
drial content normally seen in tonic than in phasic invertebrate 
motor terminals, and possibly the greater oxidative enyzme ac- 
tivities reported for vertebrate tonic motoneurons (Sickles and 
Oblak, 1984). The greater mitochondrial volume per unit length 
of axon terminal should result in higher energy metabolism and 
therefore may be responsible for the resistance of tonic motor 
terminals and conditioned fast axon terminals to synaptic fa- 
tigue. 

Mitochondria are transported in the orthograde direction in 
the axon by fast axonal transport (Grafstein and Forman, 1980). 
The increase in mitochondrial CSA that we observe in the ter- 
minals could be produced by the transport of more mitochon- 
dria into the terminals and subsequent fusion with those already 
present. The greater number of mitochondrial branches in the 
conditioned fast axon terminals suggests mitochondrial fusion. 
Fusion of mitochondria to form large multibranched structures 
has been reported for many different cell types (Frederic and 
Chevremont, 1952; Smith and Ord, 1983). Alternatively, the 
branches could be a mechanism by which active mitochondria 
increase their surface area for more rapid exchange of metab- 
olites. 

Increased production of mitochondrial proteins is probably 
involved in the increase in mitochondrial mass. Changes in 
cytoplasmic protein synthesis likely occur, since the majority of 
the mitochondrial proteins are synthesized in the cytoplasm 
(Schatz and Mason, 1974). Since cytoplasmic protein synthesis 
is confined to the cell body (Lasek and Brady, 1982) regulation 
of such events probably occurs there. Involvement of the cell 
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body is supported by the finding that the change in physiology 
normally produced by long-term tonic stimulation does not oc- 
cur in decentralized fast axons (Lnenicka and Atwood, 1985b). 

Synapses and dense bars 
The total synaptic contact per unit length of terminal was much 
greater for the slow than for the fast axon; this was mainly due 
to greater individual synapse size. Previous ultrastructural stud- 
ies comparing synapses with high initial transmitter output (at 
poorly facilitating terminals) and those with low initial trans- 
mitter output (at highly facilitating terminals) within a single 
excitatory crustacean motor axon have also shown that total 
synaptic area per length of terminal is greater in low-output, 
facilitating terminals (Atwood and Marin, 1983; Govind et al., 
1982). Thus, it appears that the total area of synaptic contact 
is not the limiting factor in the control of low-frequency trans- 
mitter release in these terminals. 

Our data represent a dramatic example of the lack of a positive 
correlation between synaptic membrane area and low-frequency 
transmitter release. The muscle fibers used in this study were 
removed from a region of the muscle in which slow axon EPSPs 
are less than 0.5 mV at 1 Hz. Yet, the slow axon has 2-3 times 
more synaptic membrane per unit length of terminal, and was 
found in 80% of the sections in which a fast axon terminal was 
present. Thus, the slow axon has at least twice the synaptic area 
of the fast axon per muscle fiber, yet releases only &, as much 
transmitter at low frequencies. Other factors-such as density 
and distribution of calcium channels, or possibly terminal ex- 
citability-are apparently responsible for the differences in low- 
frequency transmitter release (Atwood and Marin, 1983; Wal- 
rond and Reese, 1985). In fact, if increased synaptic size of 
conditioned fast axon terminals is not accompanied by a parallel 
increase in calcium channels, the decreased release of trans- 
mitter at low frequencies could be due to a lower density of 
calcium channels. 

Total synaptic membrane area appears to be more strongly 
correlated with the terminal’s maximal rate of transmitter re- 
lease than with low-frequency release. At high frequencies, ter- 
minals of the slow axon show facilitation and are actually ca- 
pable of releasing more transmitter over time than fast axon 
terminals. The greater synaptic area may provide more available 
release sites during periods of high activity. Areas of lower cal- 
cium channel concentration may be capable of supporting in- 
creased vesicle fusion only during periods of high electrical ac- 
tivity with consequent increased calcium entry. 

We found no significant difference in the number of dense 
bars in the 3 classes of terminal. However, presynaptic dense 
bars were not as dense and well-defined in these terminals as 
reported for some other crustacean preparations (Atwood and 
Jahromi, 1978; Govind and Chiang, 1979; Jahromi and At- 
wood, 1974; Phillips et al., 1982). They rarely spanned more 
than a single section and thus could easily have been missed. It 
is therefore difficult to say whether our data on dense bars ac- 
tually reflect the number of release sites, as has been proposed 
for some other preparations (Chiang and Govind, 1984; Govind 
and Chiang, 1979; Govind et al., 1982). 

What triggers the change in terminal morphology? 
The change in terminal morphology is probably caused by the 
increased activity of the fast excitor axon. The stimulation pro- 
cedure employed here may activate a few axons other than the 
fast axon and also causes a temporary increase in closer muscle 
activity, which subsides with synaptic depression. It could be 
argued that other axons (i.e., neurosecretory axons) or activity 
of the muscle fibers induces the changes observed in the fast 
axon terminal. The possibility that the active muscle provides 
feedback to the axon terminals to produce this effect appears 
unlikely, since the slow axon terminals do not change even 

though they innervate the same fibers as the fast terminals. 
Recently, we have found that direct stimulation of only the fast 
axon is sufficient to produce the alteration in neuromuscular 
synaptic physiology (unpublished observtions). This stimula- 
tion was achieved by implanting electrodes at the point of entry 
of the closer motor branch into the closer muscle and monitoring 
axon spikes during stimulation. Thus, the increase in fast axon 
activity is probably mainly responsible for the changes in ter- 
minal morphology. 

Increased fast axon spike production or increases in neuro- 
muscular synaptic activity are not required to produce the changes 
in synaptic physiology. Increased subthreshold synaptic input 
to the central processes of this motoneuron results in a change 
in neuromuscular physiology similar to that produced by in- 
creasing spike production (Lnenicka and Atwood, 1985~). Thus, 
some of the morphological changes reported here, especially 
increases in mitochondrial size, may be triggered by changes in 
the motoneuron’s central electrical activity (both sub- and 
suprathreshold). 
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