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Tonically and phasically active crayfish motor terminals have 
well-characterized differences in synaptic physiology. Dur- 
ing repetitive activation, the tonic terminals show facilitation 
and no depression, while the phasic terminals show dramatic 
synaptic fatigue. It has been proposed that this greater ca- 
pacity for transmitter release from tonic terminals may be 
largely due to the presence of large synaptic varicosities 
along tonic terminals that contain large mitochondria, syn- 
apses, and numerous synaptic vesicles. In addition, a recent 
study indicates that in viva tonic stimulation of a phasic 
terminal in young animals increases the fatigue resistance 
of the neuromuscular synapses and increases the number 
of synaptic varicosities, as well as the size of mitochondria 
and synapses. Because these previous morphological stud- 
ies of crustacean motor terminals were performed using 
transmission electron microscopy, only short lengths of ter- 
minal were observed, and changes in synaptic varicosity 
frequency and size could not be thoroughly examined. In 
order to examine the synaptic varicosities along the terminal, 
motor terminals were injected with HRP, and the morphology 
of contrast-enhanced light microscopic images was exam- 
ined. We report here that tonic terminals have much larger 
and more numerous synaptic varicosities than phasic ter- 
minals. In viva stimulation of a phasic motoneuron results in 
an increase in the frequency of synaptic varicosities. This 
represents an increase in the total number of varicosities 
because terminal length appears to remain constant. These 
synaptic varicosities appear to form along preexisting ter- 
minals and persist for days after the final in viva stimulation. 
The results indicate that the greater transmitter-releasing 
capabilities of tonic terminals compared to phasic terminals 
are due to their larger and more frequent synaptic varicos- 
ities. In addition, the development of these synaptic vari- 
cosities is activity dependent. 

Activity-induced changes in synaptic physiology occurring dur- 
ing development, as well as during learning, may be largely 
dependent on changes in synaptic morphology. Evidence has 
indicated that changes in synaptic morphology result from al- 
tered experience during development (Greenough et al., 1985; 
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Tieman, 1985; Turner and Greenough, 1985; Sirevaag and 
Greenough, 1987) as well as underlie learning in the adult (Bailey 
and Chen, 1983, 1988; Greenough and Bailey, 1988). At the 
crustacean neuromuscular junction, the physiological differen- 
tiation of tonically and phasically active neuromuscular syn- 
apses appears to be influenced by electrical activity (Lnenicka 
and Atwood, 1985b). Phasic terminals release large amounts of 
transmitter initially but fatigue rapidly and thus have a reduced 
capacity for transmitter release compared to their fatigue-resis- 
tant, tonic counterparts. Tonic in viva stimulation of a phasic 
motoneuron results in a decrease in initial transmitter release 
and increased fatigue resistance of its neuromuscular synapses 
(Lnenicka and Atwood, 1985a,b, 1989), transforming its phys- 
iology into one more similar to a tonic motoneuron. 

These physiological differences between phasic and tonic mo- 
tor terminals may be largely due to ultrastructural differences. 
Tonic motor terminals appear to contain large synaptic vari- 
cosities with large synapses, and a high mitochondrial and syn- 
aptic vesicle content, as indicated by studies in crayfish (Lne- 
nicka et al., 1986) lobster (Hill and Govind, 198 l), crab (Atwood 
and Johnston, 1968; Atwood and Jahromi, 1978), locust (Tit- 
mus, 198 l), and moth (Rheuben, 1984). In addition, serial- 
section electron microscopy has indicated that tonic in viva stim- 
ulation of a phasic motoneuron produces synaptic varicosities 
containing enlarged mitochondria and synapses (Lnenicka et 
al., 1986). These changes transform the synaptic terminal phe- 
notype to one more similar to a tonic motoneuron and may be 
responsible for the observed physiological transformation, in 
particular, the increased fatigue resistance. 

Because the prevalence of synaptic varicosities may be an 
important morphological feature differentiating phasic and tonic 
terminals and may be involved in the activity-dependent trans- 
formations of terminal type, we wished to examine the synaptic 
varicosities along tonic, phasic, and conditioned phasic termi- 
nals. In the previous study comparing terminal morphology, 
thin-section electron microscopy was used, by which terminal 
shape could not be extensively examined (Lnenicka et al., 1986) 
and therefore we wished to examine these changes with the light 
microscope. Phasic and tonic terminal morphology has not been 
previously compared using light microscopy, largely because of 
the lack of specific markers for the terminals. Utilizing tech- 
niques that allow the motor axons to be penetrated near the 
motor terminals (Wojtowicz and Atwood, 1984), the terminals 
were injected with HRP, and tonic and phasic terminals, as well 
as conditioned phasic terminals, were analyzed using videomi- 
croscopy and digital contrast enhancement. The results dem- 
onstrate that the tonic terminals have a larger size and frequency 
of synaptic varicosities than do phasic terminals. The devel- 
opment of these synaptic varicosities appears to be activity de- 
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pendent, because there is a 3-fold increase in the frequency of 
varicosities in phasic terminals after tonic stimulation. These 
synaptic varicosities apparently form along previously existing 
terminals and, once established, persist for a number of days. 
These results demonstrate a strong correlation between the 
transmitter-releasing properties of the terminals and the number 
and size of synaptic varicosities, as well as the role of activity 
in the development of synaptic varicosities. 

A preliminary report on these findings has previously ap- 
peared (Lnenicka and LePage, 1988). 

Materials and Methods 
In vivo conditioning of the phasic synaptic terminals. The implantation 
of electrodes for long-term stimulation of the phasic axon to the claw 
closer muscle was performed as previously described (Lnenicka and 
Atwood, 1985b). The phasic axon was stimulated at 10 Hz for 1 set 
every 2 set for 2 hr/d. The phasic axon in 1 claw was stimulated for an 
average of 10.9 d (range, 7-14 d) in the 9 conditioned crayfish examined 
in this study. Claws were examined at various intervals after the final 
conditioning period. One to 6 d after the final stimulation period, both 
claws were removed, and HRP was injected into both the control and 
the conditioned phasic axons. Only juvenile crayfish (Procambarus clarkiz] 
with symmetric claws 1.0-l .2 cm in length and carapace lengths of 2. l- 
2.6 cm were used in this study. All experiments were performed on 
animals collected in Louisiana (Atchafalaya Biological Supply Com- 
pany, Raceland, LA) during the winter and spring. 

Dye injection. The opener muscle was removed to expose the dorsal 
surface of the closer muscle. In order to penetrate the axon, the nerve 
bundle containing the tonically active slow closer excitor and the phasic- 
ally active fast closer excitor was carefully lifted with a hook (see Fig. 
1). Using optic fiber lighting, the axons could normally be visualized 

attached to an Olympus BH-2 microscope using bright-field illumina- 
tion. The video signal was processed with an Intellect 100 Image Pro- 
cessor (Quantel Ltd., Kenley, Surrey, UK) and displayed on an Elec- 
trohome monitor (Electrohome Ltd., Kitchener, Ontario, CAN). Using 
this video system, previously described by Tieman et al. (1986), the 
image was contrast enhanced, and the background noise was subtracted. 
Microscopy was performed using either an Olympus 100 x objective 
(NA, 1.25) or 60x objective (NA, 1.40). Measurements of terminal 
morphology were made from the monitor screen using a mouse-con- 
trolled cursor. 

Measurements of terminal morphology were performed only on distal 
terminal branches (i.e., those that underwent no further branching). 
Beginning at the distal end ofrandomly selected branches, lo-pm lengths 
were analyzed for the number of varicosities, the length and apparent 
maximum diameter of varicosities, and the maximum and minimum 
apparent diameters of the terminal branch. Two or 3 sequential IO-wrn 
lengths were measured per distal terminal branch. In several animals, 
the number of varicosities was measured for the entire terminal branch, 
and the branch length was determined. All measurements were per- 
formed blind, and values are expressed as mean f  standard error, where 
n refers to the number of claws. Comparisons for significance were 
performed with a 2-tailed t test using mean values from individual claws. 

Comparison of synaptic terminal morphology revealed by HRP and 
Lucifer yellow. In 2 cases, Lucifer yellow (Stewart, 198 1) was pressure 
injected into the tonic axon, and terminal morphology was examined 
after fixation in formaldehyde. This technique gave similar values for 
varicosity frequency and size as the HRP injections. However, it was 
generally found that the HRP-filled terminals were preferred because 
the Lucifer yellow fills faded quickly during examination with high-NA 
objectives and did not allow the shape of fine processes to be as easily 
resolved. Thus, all measurements of terminal shape were performed on 
HRP-filled terminals except for 2 measurements performed on tonic 
terminals filled with Lucifer yellow. 

and pen&rated with a microelectrode advanced with a-Burleigh Inch- 
worm (Burleieh Instruments. Fishers. NY). The axons was identified Results 
by stimulating the closer nerve with a suction electrode while recording 
EPSPs from the muscle fibers and determining if the intracellularly 
recorded action potential was coincident with the phasic or tonic EPSP. 
Pressure injection of HRP was performed by combining and modifying 
techniques previously employed by Muller and McMahan (1976) Wat- 
son and Burrows (198 I), and Bailey et al. (1979). The electrode tips 
were filled with 15% HRP (Sigma VI) in 0.1 M KCl. The barrel of the 
electrode was filled with 0.1 M KCl. Pressure was applied continuously 
for 30 min to 1 hr. Electrode resistance, typically 80-100 MB, was 
monitored to determine if the electrode was blocking, and the physio- 
logical condition of the preparation was monitored by observing the 
membrane potential and-the amplitude and duration of the action po- 
tential. After injection, the tissue was incubated at 15°C for 34 hr in 
order to allow the fine processes to be filled with HRP. For this study, 
a total of 26 axons were successfully penetrated and filled with HRP, 
including 9 conditioned phasic axons, 4 contralateral control phasic 
axons, 7 phasic axons from untreated animals, and 6 tonic axons from 
untreated animals. 

Tissue processing. The HRP-injected motor terminals were processed 
according to the technique of Itoh et al. (1979) which uses cobalt in- 
tensification (Adams, 1977) along with the coupled oxidation reaction 
(Lundquist and Josefsson, 197 1). This technique provided good labeling 
and preservation of ultrastructure in a previous study of these terminals 
(Lnenicka et al., 1986) and has been shown to provide good visualization 
of fine processes in the nervous system of insects (Watson and Burrows, 
1981). After glutaraldehyde fixation, the tissue was washed in 0.1 M 

phosphate buffer (pH, 7.4) with 5% sucrose followed by a wash with 
0.2 M Tris buffer (pH, 7.4). The tissue was soaked in 0.5% cobalt chloride 
in Tris buffer for 10 min (Adams, 1977) and then washed with phosphate 
buffer. The tissue was then incubated for l-2 hr at 37°C in 20 ml 0.05 
phosphate buffer containing 10 mg diaminobenzidine, 8 mg ammonium 
chloride, 40 mg P-o-glucose, and 10 U glucose oxidase (Sigma V). The 
tissue was observed during incubation, and when background staining 
began to increase, the reaction was stopped by rinsing with phosphate 
buffer. The tissue was then dehydrated, and the surface fibers were 
removed in a single slab of about 0.5 mm thickness. After clearing in 
xylene, the tissue was mounted in permount on a slide. 

The crayfish claw closer muscle is innervated by the phasically 
active fast closer excitor and the tonically active slow closer 
excitor (Wiersma, 196 1). Physiological measurements indicate 
that the muscle fibers on the dorsal surface of the closer muscle 
are innervated by both excitors. 

Morphology of phasic and tonic synaptic terminals. As the 
phasic and tonic axons enter the proximal region of the closer 
muscle, they branch in parallel, sending one branch deep into 
the muscle and a second branch to the dorsal surface of the 
muscle. The synaptic terminal arbors originating from this su- 
perficial branch were examined in this study. The superficial 
axon branch typically ran down the center of the muscle and 
formed a Y-branch (Fig. 1). HRP injection into the superficial 
branch just proximal to the Y resulted in the filling of only the 
terminal arbors originating from the superficial branch. In a few 
instances where both the tonic and the phasic axons were in- 
jected with HRP, the 2 axons were observed to branch in par- 
allel. 

Image processing and morphological measurements. The terminals 
were viewed with a Dage 65 (Dage/MTI Inc., Michigan City. IN) camera 

Observations of the phasic and tonic terminal arbors at low 
power revealed obvious differences in shape (Fig. 2). The tonic 
terminals were varicose, most terminals having a series of well- 
differentiated synaptic varicosities and bottlenecks. In contrast, 
the phasic motor terminals were generally thinner in diameter 
and lacked the large synaptic varicosities found in the tonic 
terminals. 

Morphology of conditioned synaptic terminals. The role of 
impulse activity in the differentiation of terminal shape for the 
phasic and tonic axons was examined by stimulating the phasic 
motoneuron in vivo (see Materials and Methods). The phasic 
axon was conditioned for l-2 weeks, a period of conditioning 
previously shown to be sufficient to transform the physiology 
of the synaptic terminals to a more tonic type (Lnenicka and 
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Figure 1. Schematic diagram showing the preparation used for pressure injection into the axon of the phasically active fast closer excitor or the 
tonically active slow closer excitor motor axons innervating the crayfish closer muscle. The dorsal surface of the closer muscle (shown here) is 
innervated by a superficial branch of the nerve bundle containing the phasic and tonic motor axons. The phasic and tonic motor axons typically 
run along the midline of the muscle until they form a Y-branch. Branches arise in parallel from the 2 axons, forming terminal arbors. Note that 
the full extent of the terminal arbors is not shown in this diagram because only the largest terminal branches are included, and, in addition, many 
of the terminals travel beneath the surface of the muscle. The axons were routinely penetrated with a microelectrode for pressure injection by 
supporting the bundle with a hook. The axons were physiologically identified before injection by recording from the axon during stimulation with 
a suction electrode (A) while simultaneously recording the EPSP in the muscle fibers (II; see Materials and Methods). The total length of the muscle 
is approximately 4 mm, though individual structures are not necessarily drawn to scale. 

PHASIC TONIC 

Figure 2. Representative camera lu- 
cida drawings of tonic, phasic, and con- 
ditioned terminal arbors after injection 
of HRP. Differences in the shape of the 
phasic and tonic terminals are appar- 
ent, with the tonic terminals having 
many more synaptic varicosities. The 
conditioned terminal arbor is from an 
animal in which the phasic axon was 

CONDITIONED 
stimulated for 1 week and HRP was 
injected 3 d after the final conditioning 
period. There is an obvious increase in 
the number of synaptic varicosities as 
a result ofthis conditioning regime. The 
proximal ends of the arbors, indicated 
with asterisks, are connected to pri- 
mary or secondary branches arising 
from the axon, as shown in Figure 1. 
Typical distal terminal branches sub- 
sequently examined at higher magnifi- 
cation are marked with arrows. Ap- 
proximate muscle fiber borders are 
represented schematically. 
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TONIC 

CONDITIONED 

Figure 3. Segments of distal terminal branches visualized at higher magnification. Phasic terminal branches were typically slender and uniform 
in diameter, containing few or no synaptic varicosities. Tonic terminal branches contained many synaptic varicosities, some of which were large 
and separated by more slender bottlenecks. Conditioned phasic terminal branches contained numerous synaptic varicosities compared to the control 
phasic terminals. In general, the varicosities of conditioned terminals were not as large as those found along the tonic terminals. Differences in the 
density of varicosities are probably due to differences in the amount of HRP injected into the axon. Terminals were observed with an Olympus 
100 x 1.2%NA lens, contrast enhanced, and photographed from the monitor. 

Atwood, 1985a,b). Conditioning was performed on the phasic 
motoneuron in one of the paired claws, and the contralateral 
claw was used as a control. Conditioning of the phasic terminals 
resulted in an increase in the number of synaptic varicosities 
seen along the terminal (Fig. 2). 

Quantification of the morphology of tonic, phasic, and con- 
ditioned synaptic terminals. In order to examine these differ- 
ences in synaptic terminal morphology more closely, terminals 
were examined at higher power using videomicroscopy and con- 
trast enhancement. The morphology of the phasic, tonic, and 
conditioned synaptic terminals was compared by examining 
distal terminal branches (i.e., those that underwent no further 
branching), which allowed us to sample similar regions of the 
terminal arbors and increased the probability that we were al- 
ways examining synapse-bearing terminals. Comparing the 
morphology of the phasic and tonic distal terminal branches 

revealed dramatic differences in terminal shape and size (Fig. 
3). The major difference was the greater number and size of 
varicosities along the tonic terminal branches. Conditioned ter- 
minal branches were intermediate in appearance; they were more 
varicose than phasic terminal branches but less so than tonic 
terminal branches (Fig. 3). 

These differences in morphology were quantified for the distal 
terminal branches. The following measurements were per- 
formed: the frequency of varicosities, the length and apparent 
diameter of varicosities, and the maximum/minimum apparent 
terminal diameter per lo-pm length of terminal branch. 

The number of synaptic varicosities per lo-pm of terminal 
for tonic, phasic, and conditioned phasic motor terminals is 
shown in Figure 4. The frequency of synaptic varicosities for 
tonic terminals (1.93 + 0.14; n = 8) was significantly greater 
than for phasic terminals (0.39 f 0.06; n = 11; p < 0.001). The 
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Figure 4. Histogram of synaptic varicosity frequency for the distal 
terminal branches of control phasic, tonic, and conditioned phasic mo- 
tor axons. For each claw, either the control phasic, tonic, or conditioned 
phasic axon was injected with HRP, and measurements were performed 
as previously described (see Materials and Methods). An approximately 
400-pm length of terminal was analyzed per claw, and the mean value 
for each claw was determined. The frequency of varicosities was sig- 
nificantly greater for the tonic terminals compared to the control phasic 
terminals, while conditioning resulted in a significant increase in the 
frequency of varicosities in the phasic terminals. 

phasic terminal value includes control claws, which were con- 
tralateral to the conditioned claw, as well as normal claws from 
unstimulated animals. Because frequency values for the control 
claws (0.34 -t 0.14; y1 = 4) were similar to normal claws (0.42 
+ 0.06; IZ = 7), they were combined. For the remainder of the 
study, values for phasic terminals will include measurements 
from normal claws and contralateral control claws. 

As a result of conditioning, there was an increase in the fre- 
quency of synaptic varicosities along the phasic terminal branch- 
es (Fig. 4). The conditioned phasic terminals had 1.13 + 0.15 
varicosities per 10 pm of terminal (n = 9), which was signifi- 
cantly greater than for control phasic terminals (p < 0.001). 
Thus, tonic conditioning resulted in approximately a 3-fold in- 
crease in synaptic varicosity frequency, making the phasic ter- 
minals more similar to tonic terminals. However, the condi- 
tioned terminals still had significantly fewer varicosities than 
tonic terminals (p < 0.002). 

In order to confirm the changes in terminal shape indicated 
by the increase in synaptic varicosity number, the maximum/ 
minimum ratio per lo-pm terminal branch segment was com- 
pared for the control and conditioned phasic terminals. This 
ratio was determined from measurements ofapparent minimum 
and maximum terminal diameters for a lo-pm length of ter- 
minal. Consistent with the increase in varicosity frequency, the 
conditioned terminals also showed a significantly larger max/ 
min ratio (4.21 f  0.38; n = 9) than did the control phasic 
terminals (2.03 f 0.10; IZ = 11; p < 0.001). 

Finally, a comparison was made of the size of synaptic var- 
icosities in tonic, phasic, and conditioned phasic terminal 
branches. The length (L) and apparent maximum diameter (D) 
of synaptic varicosities in tonic terminals (D = 1.9 f 0.1 pm; 
L = 3.1 +- 0.1 pm) are significantly greater than in phasic ter- 
minals (D = 0.9 f 0.1 pm; L = 1.8 f 0.1 pm; p < 0.001). 
Varicosities seen along conditioned terminals (D = 1 .O f 0.13 
pm; L = 1.9 -t 0.1 Mm) were similar in size to those found along 
phasic terminals, but were more frequent. This can be seen quite 
clearly in Figure 3. 

Terminal length. In order to examine whether conditioning 
influenced terminal length and number, the length and number 
of terminal branches were measured from camera lucida draw- 
ings of terminal arbors. For each claw, the length of 25-30 distal 
terminal branches was measured. The length of the conditioned 
phasic terminal branches (61.2 f 6.4 pm; n = 9) was not sig- 
nificantly different from the control phasic terminal branches 
(60.0 f 11.8 pm; IZ = 10; p > 0.10). The total number of 
branches per terminal arbor was not significantly different com- 
paring control (10.1 -t 1.4; n = 11) and conditioned (9.1 + 1.1; 
12 = 9; p > 0.10) phasic axons. Similarly, the number of distal 
terminal branches per conditioned terminal arbor (5.1 f 0.6; IZ 
= 9) was not significantly different from control (5.6 f 0.8; IZ 
= 11); p > 0.10). Thus, there is no evidence that this condi- 
tioning regime influences terminal length. The increase in var- 
icosity frequency produced by conditioning represents an in- 
crease in the total number of synaptic varicosities per terminal. 

Do varicosities form along preexisting or newly formed ter- 
minals? In order to address this question, we examined whether 
synaptic varicosities form along all terminal branches uniformly 
or only along selective terminal regions. To that end, the var- 
icosity frequency was measured along the total length of indi- 
vidual terminals in some of the animals, rather than just the 
distal ends as in the previous measurements. If synaptic vari- 
cosities occur only on newly formed terminals, they might be 
expected at the ends of growing terminal branches. In this case, 
a lower value for varicosity frequency would be obtained from 
measurements of whole terminal branches compared to end 
regions. If whole terminal branches were newly formed, a bi- 
modal distribution of varicosity frequencies might be expected 
when comparing individual terminal branches. The varicosities 
appeared to be evenly distributed along all the terminal branch- 



The Journal of Neuroscience, April 1991, 7 f(4) 1045 

Phasic 

6 

ned 

0 1 2 

Varicosities/ 10 pm Term 

3 

in al 

Figure 5. Histogram of synaptic varicosity frequency for entire distal 
terminal branches from control phasic and conditioned phasic motor 
axons. In order to determine if the varicosities form either uniformly 
along all the terminals or only along a select subpopulation of terminals, 
the distribution of synaptic varicosity frequency for individual terminals 
was examined. The number of synaptic varicosities was measured along 
the entire terminal length, and the mean frequency was determined. 
Varicosity frequency was determined for 40 conditioned distal terminal 
branches from 9 claws and 33 control distal terminal branches from 7 
claws. The increase in synaptic varicosity frequency appears to occur 
uniformly in all terminals because the conditioned terminal branches 
form a normal distribution. These results support the activity-induced 
formation of synaptic varicosities along preexisting synaptic terminals. 

Morphology of phasic, tonic, and conditioned phasic motor ter- 
minals. This study demonstrates that one of the major mor- 
phological differences between phasic and tonic invertebrate 
motor terminals is the shape of the synaptic terminals. Tonic 
terminals are organized into varicosities separated by thin bot- 
tleneck regions, while phasic terminals are thin and uniform in 
diameter with only occasional varicosities. In vivo stimulation 
of the phasic motor axon results in a transformation of the 
terminal shape towards a more tonic type: there is an increase 
in the number of synaptic varicosities per length of terminal. 

es. This was verified by measurements that showed that the 
frequency values obtained from the whole terminal branches of 

This light microscopic investigation supports the findings of 
an earlier electron microscopic study. In the previous study, in 

the conditioned phasic axon (1.02 -t 0.1; n = 9) were very which a total of 202 km of terminal was examined in 4 claws, 
similar to those previously reported for the terminal branch end the frequency of varicosities per IO-pm length of terminal for 
regions of the conditioned phasic axon (1.13 f 0.15; n = 9). In phasic, tonic, and conditioned phasic terminals was estimated 
addition, the varicosities do not appear to occur exclusively to be 0.4, 1.4, and 1.3, respectively (Lnenicka et al., 1986). In 
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Figure 6. Synaptic varicosity frequency measurements made at vari- 
ous intervals after the final in vivo conditioning period. The conditioned 
claws were removed l-6 d after the final conditioning period, and HRP 
was injected into the conditioned phasic axon. The varicosity frequency 
values obtained indicate that the morphological change persists over a 
period of days because there is no trend for a decrease in varicosity 
frequency. 

along a subpopulation of newly formed terminal branches be- 
cause there is no evidence of a bimodal distribution of terminal 
branch varicosity frequencies (Fig. 5). 

Persistence of morphological changes. Is this morphological 
change long lasting or transient? The previously reported phys- 
iological changes probably persist for weeks (Lnenicka and At- 
wood, 1985a,b). In order to examine the persistence of the ac- 
tivity-induced synaptic varicosities, measurements were made 
at various intervals after the final conditioning period. For in- 
tervals up to 6 d, the frequency of synaptic varicosities appears 
to remain stable (Fig. 6). Values for days 3-6 (1.26 f 0.25; n 
= 5) were not less than values for days 1 and 2 (0.96 * 0.14; 
n =4) and were significantly greater than the control phasic 
terminals (0.39 f 0.06; n = 11; p -C 0.001). 

Discussion 



1046 Lnenicka et al. * Activity-Dependent Development of Synaptic Varicosities 

the present study, in which a total of 10,925 Km of terminal was 
measured in 28 claws, the frequency values for phasic, tonic, 
and conditioned phasic terminals were 0.4, 1.9, and 1.1, re- 
spectively. Given the small sample size of the earlier study, the 
results are remarkably similar. 

This activity-induced increase in synaptic varicosity frequen- 
cy represents an increase in the total number of synaptic vari- 
cosities per terminal. Conditioning did not alter the length or 
number of distal terminal branches, and therefore the number 
of varicosities per terminal increased approximately 3-fold. Thus, 
individual muscle fibers apparently receive 3-fold more synaptic 
varicosities after conditioning. 

The previous electron microscopic study of these terminals 
indicated that the varicosities contain a large synaptic contact 
area, large mitochondria, and numerous synaptic vesicles (Lne- 
nicka et al., 1986). Are the varicosities viewed with the light 
microscope the same as those previously examined with the 
electron microscope? As previously mentioned, they appear to 
occur at a similar frequency for both studies. In addition, they 
are similar in size: the apparent maximum diameters of the 
varicosities in this study are 1.9 and 1 .O pm for tonic and con- 
ditioned terminals, respectively; the varicosities viewed with 
the electron microscope were 1.7 and 1.2 Km, respectively. Thus, 
it appears that the varicosities examined in this study are likely 
the synaptic varicosities described previously. 

Correlation of synaptic physiology and morphology. Previous 
physiological measurements indicate that phasic terminals re- 
lease more transmitter during initial or low-frequency stimu- 
lation than do tonic terminals (Lnenicka, 1988). However, in 
this case, low-frequency stimulation is not a good measure of 
“synaptic strength,” because higher-frequency stimulation for 
prolonged periods shows that the tonic terminals are capable of 
releasing much more transmitter than are phasic terminals. 
Indeed, given the normally higher activity levels of the tonic 
motoneurons, its synapses release more transmitter under phys- 
iological conditions (Lnenicka, 1988). The greater transmitter- 
releasing capability of the tonic terminals is correlated with a 
more robust morphology and larger and more frequent synaptic 
varicosities compared to phasic terminals. The larger population 
of synaptic vesicles and large mitochondria found in the tonic 
synaptic varicosities may be responsible for their ability to re- 
lease large amounts of transmitter for prolonged periods. After 
conditioning of the phasic terminals, one of the major changes 
in physiology is an increase in the fatigue resistance of the ter- 
minals. The increased number of synaptic varicosities resulting 
from conditioning may be responsible for this increased fatigue 
resistance. This is further supported by the findings that both 
the morphological transformation reported here and the phys- 
iological transformation (Lnenicka and Atwood, 1985b) result 
in properties intermediate between the phasic and tonic ter- 
minals. Recent evidence lends additional support to this cor- 
relation between synaptic varicosity frequency and fatigue re- 
sistance. Animals collected during the summer, when they are 
presumably more active, have more fatigue-resistant phasic axon 
synaptic terminals and a greater frequency of synaptic varicos- 
ities compared to winter animals (Lnenicka and Zhao, 1990). 

While the formation of synaptic varicosities may be respon- 
sible for the increased fatigue resistance produced by condi- 
tioning, what is responsible for the decrease in initial transmitter 
release? Thus far, there are no observed morphological changes 
that could account for this physiological change. One possibility 
as yet unexamined is that there are changes in the number or 

organization of calcium channels. The organization of the large 
intramembranous particles thought to be calcium channels found 
at the active zones of a variety of animals, including crustaceans 
(Pearce et al., 1986) appears to be related to initial transmitter 
release (Walrond and Reese, 1985). Another possibility is that 
there are biochemical changes such as phosphorylation of chan- 
nel or synaptic proteins underlying the reduction in initial trans- 
mitter release. 

Activity-induced morphological changes. In this study, 7 d of 
conditioning was sufficient to induce the formation of synaptic 
varicosities. Currently, we do not know the minimum time 
required for this morphological change. It does appear that for 
the rate of stimulation used in this study the maximum change 
occurs by 7 d, because the results from 7 and 14 d of stimulation 
were similar. Recent evidence has shown that terminal vari- 
cosities can be induced within 24 hr during learning in Aplysia 
(Bailey and Chen, 1989) and after the application of CAMP to 
Aplysia sensory neurons in organ culture (Nazif et al., 1989). 
The time course of the formation of these synaptic varicosities 
is presently not known. 

The evidence indicates that the synaptic varicosities form 
along preexisting terminals. Synaptic varicosities form uniform- 
ly along the distal terminal branches and probably form along 
the entire terminal arbor (see Fig. 3). Thus, there is no evidence 
for their formation at sites of terminal growth. In fact, distal 
terminal branch length or number does not change as a result 
of conditioning, indicating that activity is not influencing ter- 
minal growth. 

This change in terminal shape represents a dramatic change 
in the location of neuromuscular synapses. Varicosities in con- 
ditioned phasic terminals contained a concentration of synapses, 
while in control phasic terminals, synapses were evenly distrib- 
uted along the terminal (Lnenicka et al., 1986). Thus, synapses 
go from a uniform distribution along the terminal to an uneven 
or “clumped” distribution. This requires the movement of syn- 
aptic membrane or the loss and reformation of synapses. Evi- 
dence from studies of the hippocampus indicates that synapses 
can form within minutes (Lee et al., 1980; Chang and Gree- 
nough, 1984). 

Probably the simplest model for the formation of synaptic 
varicosities is that they are produced to accommodate the large 
mitochondria. There is evidence that swellings in axons (Friede 
and Martinez, 1970) and dendrites (Sasaki-Sherrington et al., 
1984) are accompanied by the accumulation of intracellular 
organelles. The size of the mitochondria after conditioning may 
prohibit them from occupying the preexisting terminals in the 
absence of varicosities. It will be necessary to examine the se- 
quence of morphological changes in order to test this hypothesis. 

The mechanism through which activity produces these mor- 
phological changes is currently unknown. In particular, it is not 
known if impulse activity, transmitter release from the synaptic 
terminals, and/or postsynaptic activity are required to induce 
these changes. Some of the physiological changes can be pro- 
duced by procedures that increase impulse activity exclusively 
in the central region of the motoneuron (Lnenicka and Atwood, 
1989) or through subthreshold depolarization of the motoneu- 
ron cell body (Hong and Lnenicka, 1990). In addition, there is 
evidence that the physiological changes produced by condition- 
ing require products from the cell body. Removing the cell body 
(Lnenicka and Atwood, 1985a) or blocking protein synthesis 
(Nguyen and Atwood, 1990) eliminates the physiological ad- 
aptation, including the increase in fatigue resistance. These re- 
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sults suggest that the morphological changes reported here may 
require the involvement of the cell body. 

Role of activity in synaptic terminal development. Is the dif- 
ferentiation of terminal morphology in phasic and tonic crus- 
tacean motoneurons solely due to their different activity levels? 
Evidence from this study demonstrates that the development 
of synaptic varicosities is definitely dependent on activity levels. 
However, the incomplete transformation of terminal type by 
imposed activity suggests that genetic predetermination, along 
with activity, may play a role in terminal development. We 
have not yet determined the extent to which activity regulates 
the development of these terminals. One might expect a greater 
effect of activity if either the activity levels were increased fur- 
ther or animals were stimulated earlier in development. Indeed, 
the physiological changes appear to be age dependent: old an- 
imals show less physiological change after conditioning than do 
young animals (Lnenicka and Atwood, 1985b). 

Additional evidence that activity levels during development 
play a role in the differentiation of these motor terminals is 
provided by studies in which animals were examined at different 
seasons. Young animals collected during the summer have more 
synaptic varicosities and greater fatigue resistance than do those 
collected during the winter (Lnenicka and Zhao, 1990). This 
may be due to the summer animals developing during a period 
of higher activity compared to winter animals. 

Relationship to other synapses. Results consistent with those 
presented here have been reported for other neuromuscular syn- 
apses. Tonic motoneurons in mammals have more fatigue-re- 
sistant neuromuscular synapses than do phasic motoneurons 
(Gertler and Robbins, 1978). There is some evidence that these 
physiological differences are activity dependent (Robbins and 
Fischbach, 197 1). Morphologically, mammalian tonic motor 
terminals are generally thicker, resulting in a greater surface area 
for tonic end plates than for phasic end plates (Dias, 1974; 
Waerhaug and Korneliussen, 1974; Fahim et al., 1984). Tonic 
stimulation of a mammalian fast nerve during ectopic neuro- 
muscular junction formation results in a partial transformation 
to a slow junction type, suggesting that the development of 
motor terminal morphology is partially dependent upon elec- 
trical activity (Lomo and Waerhaug, 1985). Recent evidence in 
Drosophila indicates that the frequency of synaptic varicosities 
along motor terminals in the larva is greater if impulse activity 
is increased during development (Budnik et al., 1989). 

Changes in the morphology of central synaptic terminals have 
been reported during learning and as a result of altered impulse 
activity during development. There is an increase in the number 
of synaptic varicosities along Aplysia sensory neuron terminals 
as a result of behavioral sensitization (Bailey and Chen, 1988). 
A reduction in impulse activity in the cat visual pathway during 
early postnatal development results in a reduction in the cross- 
sectional area and mitochondria size at retinogeniculate synaptic 
terminals (Kalil et al., 1986) and geniculocortical synaptic ter- 
minals (Tieman, 1985). Interestingly, these morphological 
changes are accompanied by increased fatigability of responses 
in the visual cortex to visual stimuli (Wiesel and Hubel, 1965; 
Ganz et al., 1968). The findings reported here may be applicable 
to the development and plasticity of synaptic terminals in a 
variety of vertebrate and invertebrate species. 
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