
to a receptor density of only about 
1.5 X 103 receptors per square microm- 
eter of surface in both the nonend- 
plate regions of adult denervated muscle 
fibers and in skeletal muscle in tissue 
culture (4). Thus, the receptor density 
at neuromuscular junctions is much 
higher than in extrajunctional mem- 
branes that are extremely sensitive to 
ACh. This difference has implications 
for the appraisal of denervation super- 
sensitivity to ACh and of development 
and functioning of neuromuscular 
junctions. 
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Morphologic Alterations of Synapses in Electrically 
Stimulated Superior Cervical Ganglia of the Cat 

Abstract. Prolonged preganglionic stimulation produces marked ultrastructural 
changes in presynaptic endings, which develop larger zones of contact with post- 
synaptic dendrites. Profiles of such endings, compared to controls, have fewer 
synaptic vesicles, similar areas, and greater circumferences. These results are 
compatible with the hypothesis that synaptic vesicles become incorporated into 
the plasma membrane during stimulation. 
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the plasma membrane during stimulation. 

Biochemical and physiological data 
suggest that synaptic vesicles may be 
involved in the mechanism of transmit- 
ter release, altnough direct morphologic 
evidence is circumstantial (1). We in- 
vestigated the morphology and amount 
ot cholinergic vesicles at neuroneuronal 
synapses under conditions known to 
produce marked depletion of neuro- 
transmitter substance. The preparation 
used was the intensely stimulated su- 
perior cervical ganglion of the cat, 
which had been treated with the drug 
hemicnolinium-3 (HC-3) (2). We ob- 
served, in addition to changes in num- 
bers of vesicles, unexpected changes in 
tne morphological relation of presyn- 
aptic endings to postsynaptic processes 
in superior cervical ganglia subjected to 
prolonged electrical stimulation. These 
data suggest the mechanism of trans- 
mitter release that results from stimula- 
tion. 

Both cervical sympathetic trunks of 
anesthetized cats were surgically ex- 
posed low in the neck, with one side 
serving as a sham-operated control 
while the other was placed upon a 
stimulating electrode. Saline or HC-3 
was administered intravenously 5 min- 
utes prior to stimulation. Supramaximal 
stimulation (as judged by contractions 
of the nictitating membrane) with mono- 
phasic rectangular pulses of 0.3-msec 
duration and 5- to 10-volt amplitude 
continued in interrupted trains at 20 to 
32 hz for 150 to 190 minutes (3). At 
the end of experiments, stimulation 
was continued while cats were perfused 
intraaortically for 10 minutes with an 
aldehyde fixative (4). The ganglia (con- 
trol and stimulated) were excised, proc- 
essed simultaneously, and examined 
by electron microscopy (5). 

Axodendritic synapses in nonstimu- 
lated superior cervical ganglia, in cats 
treated with saline or HC-3, had a 
typical ultrastructural appearance. Pre- 
synaptic processes were bulbous in 
shape with a smooth contour, contained 
spheroidal vesicles, and possessed char- 
acteristic membrane specializations 
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(Fig. 1A). Our observations of control 
ganglia closely agree, qualitatively and 
quantitatively, with the interrelations 
reported for axon terminals and den- 
drites in normal superior cervical gan- 
glia; these interrelations were derived 
from serial sections examined by elec- 
tron microscope (6). 

Visual examination of electron micro- 
graphs of synapses in stimulated gan- 
glia, with or without HC-3, disclosed 
striking alterations in the ultrastructure 
of a subpopulation of axon terminals 
(7). Profiles of such axon terminals 
were irregular and crescent-shaped, 
contained fewer vesicles, had greater 
zones of apposition with postsynaptic 
dendrites, and had greater circumfer- 
ences but similar areas (Fig. 1, B and 
C). These ultrastructural features ap- 
parently resulted from encircling of 
dendritic profiles by projections of axon 
endings. In some instances, axon ter- 
minals completely encircled dendritic 
profiles, increasing the zone of appo- 
sition to 100 percent. These larger 
zones of apposition were produced by 
increases in the nonspecialized portion 
of the plasma membrane with no obvi- 
ous increase in the length of synaptic 
densities. Stimulation did not seem to 
alter the presynaptic profiles of smallest 
diameter (0.8 /um). 

Measurements were made on electron 
micrographs in order to specify the 
extent and frequency of occurrence of 
the morphological changes. The degree 
of synaptic apposition for each synapse 
was expressed as the percentage of the 
circumference of the dendritic profile 
in apposition to the axon ending. This 
measurment was made on random elec- 
tron micrographs, and frequency dis- 
tribution histograms were made. The 
histograms indicated the more frequent 
occurrence, in stimulated ganglia, of 
synaptic profiles with a large percentage 
of the dendritic circumference in appo- 
sition to the axon ending. Table 1 shows 
mean differences 'between stimulated and 
control ganglia for this measurement. 
The effect of stimulation is statistically 
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Table 1. Effects of electrical stimulation on superior cervical ganglia of the cat. Paired com- 
parison of stimulated and control ganglia in individual cats are given. Samples were approxi- 
mately 20 to 40 random synapses in each ganglion. 

Degree of synaptic apposition: Synaptic vesicles 
percentage of dendritic circumfer- a micrometer of 

ence in contact with profile of 
anxo~n ending (mean) profile of axon ending (mean) axon ending (mean) 

Non- Non- Non- 
Stimulated Stimulated stimulated gnglia Difference stimulated ganglia Difference 

ganglia ganglia 

Saline 
16.87 30.81 13.95 65.0 41.1 23.9 
24.63 46.92 22.30 66.0 27.2 38.8 

HC-3 (2 to 5 mg/kg) 
22.95 27.86 4.91 61.1 38.0. 23.1 
25.31 37.00 11.69 57.7 13.1 44.7 
25.29 40.06 14.77 66.3 29.8 36.5 
25.00 47.83 22.83 80.0 32.6 47.4 

HC-3 (1 mg/kg) 
24.57 37.86 13.29 
22.77 34.15 11.38 

Cumulative means 
23.42 37.80 14.39 66.0 30.3 35.7 

significant (P< .004, based on bino- 
mial probabilities) in experiments with 
saline or HC-3. Similar paired com- 
parisons indicate that circumferences 
of axon endings in stimulated ganglia 
(treated with saline or HC-3) were on 
the average 20 percent larger than those 
in the respective nonstimulated con- 
trols. 

To assess the decrease in synaptic 
vesicles, the number of vesicles in pre- 
synaptic profiles was counted and di- 
vided by the area of the profile. Table 1 
also shows the mean number of vesicles 

per square micrometer of axon ending 
for each ganglion and the difference 
between the means for control and 
stimulated ganglia for each animal. 
Stimulation results in a significant de- 
crease in the number of vesicles in 

animals treated with saline or HC-3 
(P < .02, based on binomial probabil- 
ities). Since similar paired comparisons 
demonstrated no significant differences 
in mean areas of presynaptic profiles 
of the various groups, these measure- 
ments indicate that stimulation produces 
an absolute decrease in the number of 
vesicles in presynaptic terminals. 

These observations made by electron 

microscopy demonstrate that pregang- 
lionic stimulation produces a marked in- 
crease in presynaptic axonal plasma 
membrane. This production of axonal 
membrane is specifically directed to- 
ward postsynaptic dendritic processes, 
and the added membrane engulfs den- 
drites and enlarges the zone of apposi- 
tion between pre- and postsynaptic 
processes. 

The resulting increase in the cir- 
cumference of the axon terminals was 
not accompanied by a commensurate 
increase in the area of the profiles. It 
is unlikely that this apparently directed 
change in the shape of axon endings 
without a change in area could be due 
to a nonspecific mechanism such as 
simple osmotic swelling. Instead, the 
production of new membrane must have 
another explanation. This study cor- 
relates an increase in terminal axonal 
plasma membrane with an absolute de- 
crease in synaptic vesicles (8-10). Our 
initial calculations indicate that the esti- 
mated quantity of vesicle membrane lost 
agrees with the amount of increase of 
membrane in axon endings, a result 
suggesting that stimulation produces 
fusion and incorporation of components 
of synaptic vesicles into presynaptic 
plasma membranes (11). 

In stimulated ganglia that were treated 
with saline, we observed a 48 percent 
depletion of synaptic vesicles, which 
correlated closely with a 45 percent 
decrease (below initial levels) in con- 
tractions of the nictitating membrane. 
In contrast, in stimulated ganglia that 
were treated with HC-3, we observed a 
59 percent depletion in vesicles but a 

considerably larger (98 to 99 percent) 
reduction in response of the nictitating 
membrane. Prolonged stimulation cou- 

pled with the administration of HC-3 

produces a progressive decrease in the 
size of transmitter quanta, as judged 
by declines in the amplitude of minia- 
ture end-plate potentials (12). There- 
fore, the greater reduction in synaptic 
transmission in stimulated ganglia 
treated with HC-3 may be due to in- 

complete charging of vesicles with 

acetylcholine. 

Fig. 1. Electron micrographs of axodendritic synapses in superior cervical ganglia of the cat. A nonstimulated ganglion is seen in 
A, and stimulated ganglia in B and C (a, axon ending; d, dendrite; ", cytoplasm of Schwann cell). In stimulated ganglia, with or 
without HC-3, a subpopulation of axon terminals (B and C) were crescent-shaped, contained fewer vesicles, and had greater zones 
of apposition with postsynaptic dendrites. Profiles of axon terminals that were more severely depleted of vesicles (C) had clearly 
greater circumferences but similar areas compared to controls. The bar is 0.5 am. (X 21,000) 
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Thus, our data provide further evi- 
dence for a "vesicle hypothesis" (9, 13) 
and suggest that transmitter is released 

by exocytosis with at least temporary 
incorporation of vesicle components 
into plasma membranes (14). 

J. J. PYSH 
R. G. WILEY 

Departments of Anatomy and 
Pharmacology, 
McGaw Medical Center, 
Northwestern University, 
Chicago, Illinois 60611 
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Carbon monoxide is a pollutant of 
urban air that has recently begun to 
attract increased attention (1). Al- 

though the concern about this gas at 

present is associated with vehicular ex- 
haust, CO is not a new pollutant in 
man's environment. It is always pro- 
duced during incomplete combustion 
and has long been artificially present in 
man's environment. 

A number of studies of CO con- 
centrations in the air of New York City 
have been made during the last 50 

years (2-6). For purposes of compari- 
son, the data of Table 1, which sum- 
marize the results of studies made be- 
tween 1922 and 1967, are limited to 
those locations in the city at which 
vehicular traffic is heaviest. According 
to these data, the CO concentration 
near busy thoroughfares and intersec- 
tions in New York City is not increas- 
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ing and may actually have decreased 
since 1922. 

The predominant modern source of 
CO is the exhaust gases from the in- 
ternal-combustion engine. Approximate- 
ly 97 percent of the CO in the air of 
New York City is currently attributable 
to this source (7). Prior to the advent 
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New York City is currently attributable 
to this source (7). Prior to the advent 

of the internal-combustion engine, the 
major source was fuel burning for 
space heating, water heating, cooking, 
and the production of electrical en- 
ergy. The types of fuel consumed in 
New York City during the past sev- 
eral decades have changed radically, 
the predominant shift having been from 
coal and manufactured gas (8) to oil 
and natural gas. The exhaust gases from 
the combustion of fuel oil and natural 
gas do not contain CO in significant 
amounts. The various fuels consumed 
in New York City during 1934 and 
1965 are shown in Table 2 (2, 9). 

Concurrently with changes in the 
types and amounts of fuel being 
burned, there have also been improve- 
ments in the combustion efficiencies of 
heating units. The coal- and wood-burn- 
ing stoves that were present in many 
individual apartments 50 years ago 
have been replaced by larger, more 
efficient boiler units that provide heat 
and hot water for entire apartment 
buildings. Moreover, the coal furnaces 
that provided heat for tens of thousands 
of New York's private homes a half 
century ago have been replaced with 
oil or gas furnaces. 

As an example which illustrates such 
changes in fuel consumption patterns 
and the corresponding reduction in CO 
emissions, let us consider the effect of 
the elimination of anthracite coal as a 
space heating fuel in one- and two- 
family dwellings. In 1934, 4.6 X 106 
tons (4.1 X 106 metric tons) of anthra- 
cite were burned in such structures in 
New York City for space heating pur- 
poses (9). If we assume that 1 pound 
(454 g) of coal requires 8 pounds of 
air to produce 13,000 Btu (51,500 kcal) 
of heat (10), and that flue gas from 
coal-burning dwellings is approximately 
1 percent CO (11), we estimate that 
400,000 tons of CO were emitted from 
the one- and two-family dwellings that 
burned coal in 1934. The vehicular 
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Table 1. Carbon monoxide concentrations in New York City streets from 1922 to 1967. 

CO concentration Year Cconc n Sampling condition Reference 
(ppm) 

1922 100 Moderate-heavy traffic (5) 
1932 Range, 2-129; Heavy traffic (average: (6) 

average, 32 1900 cars per hour) 
1966 Peak hourly In-traffic sample, (2) 

average range, 19-95; very heavy traffic 
average, 32 

1967 Hourly average 45th St. and Park Ave., (3) 
range, 1-17; continuous samples, heavy 
average, 8 traffic flow (1000 to 3400 

vehicles per hour) 
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