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INTRODUCTION 

The effect of electrical stimulation on the ultrastructure of synaptic endings in the 
adrenal medulla was observed by DE ROBERTIS (1958, 1959). These studies revealed 
that after prolonged 400/sec stimulation there was a large depletion of synaptic 
vesicles in the endings while 100/sec stimulation resulted in a small increase in the 
number of vesicles. BIRKS et al. (1960) found no significant depletion of synaptic 
vesicles, however, following intense stimulation of neuromuscular synapses. MOUNT

FORD (1963) could find no changes in the size or number of synaptic vesicles at the 
rod/cone bipolar junction in response to changes in illumination. In our own labora
tory it was recently shown that biased rectangular currents capable of rendering 
animals unresponsive to peripheral stimuli have a marked effect upon the number of 
synaptic vesicles found in neuronal endings of the monkey cerebral cortex (SIEGESMUND 

et al. 1966). Previous studies have shown that these currents suppress cortical evoked 
potentials (LARSON et al. 1965; ZuPERKU et al. 1967). Following current cessation, 
the number of synaptic vesicles per ending returns to normal values. The present study 
reports the effects of biased rectangular currents on cortical synapses and compares 
statistically the number of synaptic vesicles per ending in control and treated monkeys. 

METHODS 

A total of 36 squirrel monkeys (Saimiri sciurea) weighing 0.6-0.8 kg were used in 
these experiments. Twelve of the monkeys were given a 20 mg/kg dose of Nembutal 
just prior to the experiment. Twenty-four monkeys were treated with electrical current 
while 12 were used exclusively for control studies. 7-mm cylindrical plastic wells 
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with screw caps were placed in trephine openings in the skull and were cemented with 
an acrylic resin to prevent a higher transcranial current density in the vicinity of the 
well Six wells were placed in each skull overlying the frontal, parietal and occipital 
cortices. The experiments were performed 48 h after the insertion of the wells. At 
least 1 of the wells in each of the electrically-treated monkeys served as a control. The 
dura was carefully removed and a biopsy approx. 8 mm3 was quickly taken from the 
top 1-2 mm of cortex and placed in a fixative consisting of2 % acrolein-1.5 % glutaral
dehyde solution buffered at pH 7.3 with potassium phosphate. After 30 min of fixation 
the sample was washed and fixation continued for another hour in 2 % osmic acid 
buffered at pH 7.4 with veronal-acetate. The tissue was embedded in Vestopal Wand 
sections were cut on an MT-Porter Blum microtome. 

The current used in these experiments was applied through 1 cm2 surface electrodes 
placed between the nasion and inion. After the control biopsies were taken 2.5 mA of 
direct current (DC) was applied for 1-2 min and a second biopsy was then taken. 
Rectangular 70 c/s current of 3.0 msec duration (in the same direction as the DC 
current) was then added and gradually increased at a rate of about 1 mA averaged 
rectangular (AR) current/min. At AR current of 2.5 m.A the animal was unresponsive 
to peripheral stimuli (tail pinch, absence of corneal reflex). A third sample was ob
tained at this time. Following 5 min of current application another biopsy was taken. 
The current was then turned off for approx. 60 sec and a fifth sample was taken. The 
sixth and final cortical biopsy was removed either 5 min or 30 min after the current had 
been turned off. The sampling sequence was changed in each animal to avoid regional 
and temporal differences. 

The method for studying changes in the number of synaptic vesicles per ending 
invoived counting a total of 150 synapses in the piece of tissue taken from each well. 
To standardize our measurements and to take into account only those synaptic 
vesicles which might be immediately available for transmission, we counted only those 
vesicles which were between the synaptic cleft and a region 0.3 µ back from the cleft. 
To ensure random examination of each tissue sample a section was cut from the upper, 
middle and lower surfaces. When examined in the electron microscope 25 random 
synapses were counted from each of 2 opposing corners of the section, giving a total 
of 50 synapses per level and 150 synapses per sample. 

RESULTS 

Control studies 
To determine population changes in the number of vesicles the number of synapses 

with various synaptic vesicles per ending was recorded. The first three categories of 
synapses examined included endings with 0-2, 3-5 or 6-8 synaptic vesicles. These 
categories contained endings in which the number of synaptic vesicles was less than 
minus one standard deviation from the mean. They were considered to contain less 
than a normal complement of synaptic vesicles. The next three categories, containing 
9-11, 12-14, or 15-17 vesicles were within plus or minus one standard deviation from 
the mean. Those endings with 18-20, 21-23 or more fell above one standard deviation 
from the mean distribution and were considered to have an overabundance of vesicles. 
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Standard statistical techniques were used to determine the standard error of the 
mean (FRY 1965). For a normal distribution 95 % of the time the true mean will fall 
within ± 2 standard errors of the mean (95 % confidence interval) or 5 % of the time 
the true mean will fall outside this interval. Similarly, the true mean of a normal 
population will fall within ± 3 standard errors of the mean 99 % of the time. Since the 
synaptic endings were chosen randomly and the samples were relatively large, the 
distribution would be expected to fit the normal criterion; however, it can be shown 
that for any distribution, 3 standard errors of the mean yield an 89 % confidence 
interval (GOODE AND MACHAD 1968). 

To study possible synaptic vesicle distribution changes arising from temporal effects, 
samples were taken from the first and sixth excisions of the frontal cortex of 14 
different animals. The distribution curves of synaptic vesicles per ending versus the 
number of endings showed that the distribution of the first and sixth biopsies fell 
within the 95 % statistically-acceptable limits. This indicated that there was no sig
nificant difference in the populations. Similar findings were observed for other cortices. 

A statistical analysis was also performed on data from 12 animals to determine the 
amount of random variation which would_ be attributed to: (i) animal differences; 
(ii) differences in levels of the cortex; (iii) technique error and (iv) day-to-day variations. 
Tissue was taken only from the frontal cortex. A moderate random variation was 
observed. The standard deviation was used as an index of random variation. The 
standard deviations for each vesicle grouping are: S.D. 11.8 for the 0-8 group, S.D. 
12.4 for the 9-17 group, and S.D. 7. 7 for the 18 or above group. 

To compensate for possible positional effects an equal number of wells were 
examined from the frontal, parietal and occipital cortices for each treatment. Since the 
same monkeys served for both control and electrical treatments, changes in the number 
of synaptic vesicles per ending were not caused by "differences between monkeys". 

Electrical current treatments 
When a composite current of 2.5 mA DC plus 2.5 mA AR current was reached a 

sample of the tissue revealed a slight increase in the number of synaptic endings 
containing more than 17 synaptic vesicles. When the composite current was main
tained for 5-7 min, however, the number of synaptic endings with more than 17 
synaptic vesicles (Fig. 1) showed a significant increase over the control (Fig. 2). The 
number of such endings was almost 4 times greater than in the control sample (Table 
1). Frequency polygons for 6 control and 6 treated monkeys are shown in Fig. 3. The 

TABLE J 

AVERAGE NUMBER OF SYNAPTIC VESICLES DEPLETED AND ABUNDANT ENDINGS (PER 150 SYNAPSES) FROM 
6 CONTROL AND 6 TREATED (5-7 MINUTES COMPOSITE CURRENT) MONKEYSa 

Type Qf ending 

Depleted (0-8 vesicles) 
Abundant (18 or more vesicles) 

Control 

30± 4b 
8±4 

Treated 

29± 4 
31 ± 9 

Current off 5 minutes 

44± 6 
7±4 

a Each treatment represents the average of 6 different monkeys, with tissue taken from 2 frontal, 2 
parietal and 2 occipital cortices. 

b ± 2 times the standard error of the mean. 
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curves show that the two distributions do not overlap in the regions containing more 
than 18 vesicles per ending, which suggests that the true mean for the treated tissue 
would be expected to be higher than that of the control. The interaction of Nembutal 
and the composite current on the number of vesicles per ending is shown in Fig. 4. 
Cumulative frequency curves show that the composite current has a greater effect in 
producing synaptic-vesicle-abundant endings if the monkeys are previously given 
Nembutal. 

The number of such endings (more than 17 vesicles) returned to normal approx. 5 
min following current cessation (Table 1). The number of depleted endings (0-8 
vesicles) did not change significantly during the current application but showed a 50 % 

Fig. 1. Axo-dendritic synapse from the cerebral cortex of squirrel monkey. The tissue was re
moved from the cortex after the application of composite current (2.5 mA DC plus 2.5 mA AR) for 5 
min. A large number of synaptic vesicles can be seen in the pre-synaptic process; X 90,000. 
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increase after the current was turned off (Table 1 ). This increase in depleted endings 
was not considered significant at the 95 % confidence level since graphs of the "current 
off" sample and the control sample overlapped in the depleted (0-8 vesicles) range. 

DISCUSSION 

In spite of the moderate random variation observed in these experiments, certain 
differences still appeared. If these effects were not strong effects the random variation 
would have obscured their emergence. Since the same monkeys treated with the electric 
cal currents also served as the controls, any changes due to animal differences would 
be eliminated and there would be a further reduction in the total random variations. 

Fig. 2. Synaptic ending from cerebral cortex of squirrel monkey. The tissue was removed before 
the application of current. A normal complement of synaptic vesicles can be seen in the ending; 

X 110,000. 
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The data indicate a marked increase in the number of endings with more than 17 
synaptic vesicles per ending and an even greater increase in the number of endings 

with more than 20 synaptic vesicles. In the electrically-treated tissue the last 5 points 
of the graph in Fig. 3, which illustrate this change, show that the 95 % confidence 

limits for control and electrically-treated tissue do not overlap in this range. This 
can be interpreted to mean that there is a 95 % probability that for these endings, 

the true mean for the treated tissue is consistently higher than the true mean for 
the control. 

The effect of the composite current in producing an increased number of endings 

with abundant synaptic vesicles could be explained as the result of an inhibition of 
synaptic transmission or a stimulation of the mechanism by which synaptic vesicles 
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Fig. 3. Changes in the number of endings (ordinate) with a specified number of synap'tic vesicles 
(abscissa) after 5 min of compo~ite current application. The 95 % confidence bands for 6 control 
(dotted areas) and 6 "full current" (lined areas) experiments are shown. The data from 2 frontal, 2 
occipital and 2 parietal wells of 6 different monkeys was averaged for each graph. A statistically
significant increase in the number of synaptic-vesicle-abundant (more than 17 vesicles} endings is 

observed. The monkey is unresponsive to pain during this current application. 
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Fig. 4, Cumulative percentage distribution of synaptic endings with between O and 30 synaptic 
vesicles per ending. Curves for the "full current" Nembutal and "full current" no Nembutal 
experiments are shown. Each curve is based on tissue taken from frontal, parietal and occipital 
cortices of 6 different monkeys. The Nembutal appears to intensify the effect of the composite 

current in producing more synaptic-vesicle-abundant endings. 

J. neural. Sci. (1969) 9: 89-96 

). 

' ' 



·" 

EFFECTS OF ELECTROANESTHESIA ON SYNAPTIC ULTRASTRUCTURE 95 

are produced. It should be emphasized, however, that it is not possible to deduce from 
purely morphological data alone that the build-up of vesicles in synaptic endings is 
the result of reduced synaptic transmission. A number of physiological studies have 
also suggested that similar electrical currents may interfere with synaptic transmission. 
The studies of LARSON et al. (1965), which show that the high-frequency pulses used 
for electrical anesthesia result in a disappearance of evoked response in the cortex, 
also suggest an interruption of synaptic transmission. The build-up of synaptic vesicles 
in the ending appears to be associated with unresponsiveness to peripheral stimuli. 
LARSON et al. (1965) have shown that the unresponsiveness produced by the composite 
current used in these experiments is accompanied by the disappearance of the evoked 
potential. When the current is turned off the animals become responsive within several 
minutes, which is consistent with our findings that the number of endings with more 
than the mean number of synaptic vesicles also returns to normal within 5 min. 
Whether these changes in responsiveness and in the number of vesicles per ending are 
coincidental or indicate a significant relationship cannot be determined from the 
available data. The findings do indicate, however, that the diffuse transcranial electri
cal currents reduce the number of vesicles in axon terminals and that the observed 
changes are reversible. Theoretical studies (HAUSE et al. 1967) have shown that the 
current levels used in our experiments are capable of producing several millivolts of 
pre-synaptic polarization. TAKEUCHI AND TAKEUCHI (1962) have shown that pre
synaptic polarization produces an exponential change in the post-synaptic potential 
which, according to EccLEs (1964), is a reflection of changes in the amount of synaptic 
transmitter in the ending. The 50 % increase in the number of depleted endings after 
the current was turned off might suggest that some of the synaptic endings fired more 
rapidly than normal after the cessation of the current, thus reducing the synaptic 
vesicle complement to well below normal values. This could be explained if the com
posite currents, in addition to inhibiting synaptic transmission, also facilitated the 
mobilization of "available synaptic vesicles". 
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SUMMARY 

The effect of biased rectangular currents on the ultrastructure of synaptic endings in 
monkey cortex was studied. The application of the diffuse currents, at levels that 
produce unresponsiveness to pain, produces an increase in the number of "synaptic
vesicle-abundant" (18 or more synaptic vesicles) endings. The monkeys become re
sponsive again and the number of "synaptic-vesicle-abundant" endings returns to 
normal almost immediately after the current is turned off. The number of "synaptic
vesicle-abundant" endings is greater in animals given Nembutal prior to the applica
tion of the current. It is suggested that the diffuse currents may inhibit synaptic 
transmission in some of the endings with the resultant build-up of vesicles in the pre
synaptic process. 
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