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ABSTRACT 

The muscularis externa of the intestinal wall of frogs was fixed in osmium tetroxide, em- 
bedded in Vestopal-W, serially sectioned for electron microscopy, and stained with uranyl 
acctate. A method to obtain individually mounted and properly positioncd serial sections 
is described. Thc three-dimensional techniques used during the course of this investigation 
demonstrate that it is possible to examine carefully relatively large areas of dssue on in- 
dividual serial sections with the electron microscope and subsequently to construct mon- 
tagcs of electron micrographs of pertincnt areas from each section. Several carefully ren- 
dered interrelationships of nerve processes and smooth muscle cells in three dimensions 
are exhibited and dcscribed. Recent studies of other neuro-effector relationships are dis- 
cusscd in relation to the present status of thc nature and organization of the autonomic 
nervous system in visceral organs. 

I N T R O D U C T I O N  

Information concerning the ultrastructural inter- 
relationships of nerve and muscle in a variety of 
vertebrates has been revealed in recent years with 
the use of the electron microscope. Such informa- 
tion was first reported in skeletal muscle tissue (5, 
48, 49, 57) in which vesiculated nerve processes 
were found lodged within depressions of the sur- 
face of skeletal muscle fibers. Junctional folds were 
seen extending into the sarcoplasm of the fiber 
from the bottom of these depressions. Subsequent 
reports (1, 3, 12, 14, 50, 52, 80) have described 
these features in greater detail and with more 
clarity. Several reports (39, 44, 51) described the 
fine structure of neuromuscular relationships in so 
called tonus skeletal muscle. These relationships 
resembled those just mentioned, except that junc- 
tional folds were absent and the depressions were 
not so extensive. Several electron microscopic 
studies (4, 13, 23, 26, 71) have demonstrated a 

close relationship between nerve processes and 
cardiac muscle cells, but others (19, 29, 40, 46, 70, 
73) have indicated a more distant association. Re- 
cently, however, a preliminary report (69) has 
demonstrated intimate relationships of two types 
of vesiculated nerve processes with the surface of 
cardiac muscle cells. 

Information concerning the fine structure of 
neuromuscular relationships in smooth muscle 
tissue was not forthcoming until 1957 when 
Caesar, Edwards, and Kuska (11) indicated the 
presence of such relationships in the muscular wall 
of the mouse intestine. Since that time numerous 
reports (10, 17, 20, 22, 27, 32, 33, 35, 37, 41, 53- 
56, 64, 65, 67, 68, 77, 78) have described various 
features of neuromuscular relationships in smooth 
muscle tissue of different organs and animals, the 
most significant of which are the reports by 
Richardson (55, 56) on the ductus deferens of the 
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rat  and the iridial muscle of the rabbit ,  by 
Merrillees et al. (35) on the ductus deferens of the 
guinea pig, by Taxi (65) on the ductus deferens 
of the rat, nictitating membrane  and ciliary muscle 

of the cat, and the intestinal wall of the mouse, and 
by Thaemer t  (67) on the muscularis externa of 

the wall of the gastrointestinal tract  and the uri- 
nary bladder  of rats. These papers have described 

the existence of intimate relationships between 
vesiculated nerve processes and smooth muscle 
cells. 

The above-mentioned smooth muscle studies 
clearly indicate that  a great deal of additional in- 
formation is needed regarding the uhrastructure 
and distribution of the end formation of the auto- 
nomic nervous system. This is especially true for 
the gastrointestinal tract, for which this kind of 
information must be forthcoming in order to aid 
in the explanation of evidence obtained from elec- 
trophysiological and pharmacological experiments 
(2, 7-9, 21, 30, 38, 47, 58, 62, 66, 72). The present 

report  will describe a method whereby the rela- 
tionships of nerve processes to smooth muscle cells 
can be determined through the study of serial sec- 
tions of tissue with the electron microscope and 
through subsequent three-dimensional reconstruc- 

tion. This method is a modification of techniques 
previously used (I, 16, 34, 60, 61, 74). This report  

will also reveal some preliminary results obtained 
from a continuing three-dimensional study and 
demonstrate  additional two-dimensional relation- 
ships of vesiculated nerve processes with smooth 
muscle cells. A portion of this study has been 
previously published in abstract  (68). 

M A T E R I A L S  AND M E T H O D S  

All smooth muscle tissue used for this study was 
obtained from the muscularis externa of the wall 
of the gastrointestinal tract of frogs (Rana pipiens). 
l~v osmium tetroxide solution (pH 7.5), buffered 
with veronal acetate, was injected into the pleuro- 
peritoneal cavity immediately after severance of the 
spinal cord at the base of the brain. Shortly there- 
after, long segments of the gut (now stained with 
osmium) were removed from the opened pleuro- 
pcritoneal cavity and placed in cold fixative. While 
there, thesc long segments were subdivided into 
pieces 5 mm in length and fixed for 90 min. After 
fixation, the tissues were dchydratcd in ethyl alcohol 
and cmhedded in Vcstopal-W. 

In preparation for a thrce-dimcnsional study, 
serial sections with dimensions of 1 mm 2 and larger 
are cut from blocks of embedded tissue with glass 
knives. Most of the sections display interference 

colors of silver or gold. Each section is separated 
from the adjoining one, picked up individually 
from the surface of the water with a sable-hair brush 
(Fig. 1), and transferred to a small drop of water 
which is supported by a carbon-coated parlodion 
membrane stretched across a ring x with a diameter 
of 5 mm (Fig. 2). The water is then slowly removed 
with tufts of filter paper (Fig. 3) while keeping the 
tissue section in the center of the membrane. After 
the water is removed, the ring with the membrane- 
supported section is picked up by a specially designed 
forceps which is fastened to the arm of the micro- 
manipulator (Fig. 4). A clean copper disc (specimen 
mount) with a diameter of 3 mm and a 0.5-ram 
hole in its center is placed atop a lucite stand which 
is just 3 mm in diameter at its top (Fig. 5). This 
stand with the copper disc is then moved beneath 
the 5-ram ring which is held at the end of the arm 
of the mlcromanipulator (Fig. 6). Adjustments of 
the position of the lucite stand in relation to the 5-ram 
ring with its tissue section are made so that the tissue 
section is directly above the 0.5-ram hole in the 
copper disc. A specific area of the muscularis externa 
is then placed over the hole in the disc with the use 
of the controls of the micromanipulator while view- 
ing this procedure through a dissecting microscope. 
After the section is in contact with the disc, the sup- 
porting membrane is then carefully broken around 
the circumference of the disc (Fig. 7). The disc with 
the affixed section, after staining with uranyl acetate, 
is then filed away for subsequent use (Fig. 8). The 
foregoing procedure is carried out for each succeed- 
ing tissue section in the series. The sections are then 
viewed in a Philips EM100-B electron microscope 
with a single condenser. A selected area of the muscu- 
laris externa is chosen. Numerous electron micro- 
graphs of this area are made from each succeeding 
section. Montages of these electron micrographs are 
constructed and all neuromuscular relationships 
within this area are followed from one section to the 
next. In this way, it is possible to visualize these in- 
terrelationships in three dimensions. However, in 
order to determine the detailed three-dimensionai 
status of these relationships it is necessary to recon- 
struct them carefully from each succeeding section. 

1 The parlodion membrane is applied to the rings 
by immersing a group of thirty rings, supported on a 
piece of window screen which is resting on a micro- 
scope slide, beneath the surface of water in a bowl. 
Two drops of a 3% solution of parlodion in amyl 
acetate are dropped on the surface of the water. 
After formation of the membrane, the water level 
in the bowl is lowered by siphoning the water with 
the use of a rubber hose until the membrane covers 
all the rings. After the rings with their membranes 
are dry, vaporized carbon is applied in a high vacuum 
evaporator in order to stabilize the membranes. 
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FIGURES 1 to 8 Illustrations depicting the procedure used for obtaining properly mounted serial sections 
for subsequent three-dimensional studies. 



This is done by tracing the pertinent structures from 
electron micrographs on vellum paper. These tracings 
are overlaid with a grid-plane and subsequently 
redrawn on a perspective grid-plane. These tracings 
are then connected to one another in the most logical 
manner  to form an illustration in perspective. This 
technique has been previously described (37). 

R E S U L T S  

An area, 55 by 100 #, of the inner  layer of the 
muscularis  externa of the duodenum of a frog, 
which  included a por t ion of the adjacent  myen-  
teric plexus, was followed sequentially f rom section 
to section on  electron micrographs.  These micro- 
graphs  were fitted together to construct  montages  
of this area. The  total  dep th  of the tissue cut, rep- 
resented by  all sections and  areas of missing sec- 
tions, amoun ted  to a total of 44 #. Some of the 
sections were lost dur ing  the transfer from the 
water  t rough of the micro tome to the copper  discs, 
and  others were lost by breakage of the tissue sec- 
tions and  their  suppor t ing membranes  while in the 
electron microscope. T h e  largest gap encountered,  
because of these losses, was 5 #. Despite these 
losses, it was possible to follow several neuro-  
muscular  contiguities for varying distances. 

In  Fig. 9, a nerve process, part ial ly enveloped 
by  a port ion of a Schwann  cell, is closely applied 
to the surface of a protrusion of a smooth muscle 
cell. This  relat ionship is more evident  in Fig. 10, 
in which  the i l lustration is divided into three un- 
equal  slices to show the three hor izontal  surfaces 
represent ing the corresponding electron micro- 
graphs in Figs. 11 to 13. T h e  i l lum'at ions and  the 
micrographs  clearly show tha t  the nerve process 
extends from a position 400 In# away from the in- 
ne rva ted  muscle cell to a position of in t imate  con- 
tac t  wi th  a protrusion of the innervated muscle cell. 
T h e  area of contac t  is 1.95 tt in length. Since there 
is a space of 1 t~ of missing sections 300 m #  below 
the lower horizontal  surface shown in Fig. l0 and  
Fig. 13, it is not  known whether  this nerve process 
is ending.  However,  beyond this space no trace of 
the nerve process or its Schwann  cell investment  
can  be detected. The  il lustration is cont inued for 
1.95 tt beyond the space of missing sections. T h e  
total  thickness of all sections and  areas of missing 
sections used in the construct ion of this i l lustration 
is 6.1 tt, which represents approximate ly  60 sec- 
tions. 

T h e  Schwann  cell process, as seen in Figs. 9 to 
13, is slender and  closely applied to the nerve 
process in the upper  port ion of the  il lustrations; 

then, as the  nerve process makes contac t  wi th  the 
protrusion of the smooth muscle cell, the Schwann  
cell process expands and  almost completely sur- 
rounds  the nerve process except for the area of con-  
tact  wi th  the protrusion. T h e  origin of the nerve 
process could not  be determined.  T h e  expanded  
port ion of the Schwann  cell process also prevents  
the nerve process f rom making  contac t  wi th  the  
expanded port ion of a dendri te  which is si tuated 
between the Schwann  cell- invested nerve process 
and  the smooth muscle cell in the left port ion of the 
illustrations and  micrographs.  T h e  dendr i te  is con- 
t inuous with the per ikaryon of a neuron  which lies 
in the periphery of the myenter ic  plexus approxi-  
mately 10 /~ away. T h e  dendr i te  is identified as 
such because it  contains characterist ic cisternae of 

FmvaE 9 This three-dimensional illustration was 
drawn in perspective from serial sections of the inner 
layer of muscularis externa of the duodenum of a frog. 
A vesiculated nerve process (np) with a Schwann cell 
investment (so) and a dendrite (d) are situated between 
two smooth muscle cells (sin). The sections and the 
areas of missing sections responsible for this illustration 
amount to a combined thickness of 6.1 ~. 
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FIGURE 10 This three-dimensional illustration depicts the result of horizontally dividing the illustration 
of Fig. 9 into three slices. These three slices were then moved out of register with respect to each other 
and separated so that  each slice is situated above the other. This permits the demonstration of three 
surfaces, sin, smooth muscle cell; np, vesiculated nerve process; sc, Schwann cell investment; d, dendrite; 
p, protrusion of smooth muscle cell. 

FIGURES 11 to 13 Electron micrographs which represent the three horizontal surfaces of Fig. 10. The 
scale in the lower right corner of the micrographs indicates 1 it. 
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FmvaE 14 This three-dimensional illustration resulted from the same procedure as used in the con- 
struction of Fig. 10. If one imagines the slices of tissue one on top of the other a composite illustration 
would be mentally contrived, similar to the illustration of Fig. 9. A vesiculated nerve process (np) without 
a Schwann cell investment is closely applied to the surface of a protrusion (p) of a smooth muscle cell 
(sin). This illustration was drawn in perspective from serial sections of the inner layer of the muscularis 
externa of the duodenum of a frog. The sections and areas of missing sections responsible for this illustra- 
tion amount to a combined thickness of 1.9 g. 

FIGVRES 15 to 17 Electron micrographs which represent the horizontal surfaces of Fig. 14. The scale in 
the lower right corner of the micrographs indicates 1 it. 

slightly granular  endoplasmic re t iculum and  free 
r ibonucleoprote in  granules which are p rominen t  
in m a n y  other  short  and  long processes of neurons  
within the myenter ic  plexus and  between the 
per ipheral ly  located smooth muscle cells of the 
inner  layer of the muscularis  externa. Even though  
this dendr i te  and  m a n y  others are contiguous with 
the surface of smooth muscle cells, it is not  known 
whether  such dendri tes  act  as receptors for af- 

ferent stimuli. T h e  appa ren t  semit ransparency of 
the nerve and  Schwann  cell processes in Figs. 9 
and  10 permits  the visualization of the edges of 
bo th  the smooth muscle cell and  the Schwann  cell 
process. 

T h e  i l lustration in Fig. 14 and  the suppor t ing 
electron micrographs  in Figs. 15 to 17 demonst ra te  
the  in t imate  contact  of a nerve process (without  a 
Schwann  cell investment)  with  a protrusion of a 
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smooth muscle cell. Despite the irregulari ty of the 
surface of the nerve process, it remains  int imately  
associated wi th  the smooth muscle cell. T h e  total  
thickness of all tissue sections and  areas of missing 
sections represented in the i l lustration of Fig. 14 
is 1.9 #, or approximate ly  20 sections, and,  there- 
fore, the nerve process is in contac t  with  the surface 
of the smooth muscle cell for at  least tha t  extent. 
The  uppermost  surface in the i l lustration of Fig. 14 
represents the first section cut  f rom a block of 
tissue. A 1-/z gap of missing sections exists benea th  
the lowest border  of the i l lustration; therefore, the 
total  extent  of the nerve-muscle contac t  is not  
known. 

The  total  thickness of all sections and  the area 
of missing sections in Fig. 18 is 1.05 #, or approxi-  
mately 10 sections. This  i l lustrat ion shows two 
vesiculated nerve processes in ter twined one with 
the other,  one of which lies near  the surface of a 
smooth muscle cell. In  the electron micrograph of 
Fig. 19, basement  m e m b r a n e  mater ia l  is a p p a r e n t  
on the surface of the nerve process which is near  
the smooth muscle cell on  the  right. 

Three  slender nerve  processes, shown in the 
i l lustration of Fig. 20 and  in the suppor t ing elec- 
t ron micrographs  of Figs. 21 to 23, make  in t imate  
contac t  with  a protrusion of a smooth muscle cell. 
The  electron micrograph  in Fig. 21 was taken from 

a section which  was slightly compressed. T h e  
uppermost  surface of the corresponding i l lustrat ion 
in Fig. 20, however,  was d rawn  in such a way as 
to compensate  for this compression so tha t  it 
would fit the succeeding sections. The  lower 
horizontal  surface in the i l lustrat ion of Fig. 20 
and  the electron micrograph  of Fig. 23 show tha t  
the slender nerve process on  the left is emerging 
from or re t rea t ing into a groove provided by  the 
Schwann  cell investment.  T h e  large nerve process, 
which  is no t  in contac t  wi th  the  smooth muscle cell 
and  which  is completely sur rounded by  the  
Schwann  cell investment,  is shown to divide into 
two smaller processes. T h e  a p p a r e n t  semitrans- 
parency of the Schwann  cell inves tment  an d  the 
nerve processes permits the visualization of the 
position of the nerve processes and  the relation- 
ship of one to the  other.  T h e  total thickness of all 
tissue sections an d  areas of missing sections in 
Fig. 20 is 1.9 # or approximate ly  20 sections. This  
corresponds to the total  thickness of the illustra- 
tions in Fig. 14, since they were all derived from 
the same sections. 

T h e  electron micrographs  of Figs. 24 to 29 show 
various types of in t imate  relationships of vesicu- 
lated nerve processes and  smooth muscle cells. 
They  represent  several types of nerve processes, in 
addi t ion to those previously described in three di- 

FIGOR~ 18 This three-dimensional illustration was drawn in perspective from serial sections of the inner 
layer of the muscularis externa of the duodenum of a frog. The sections and areas of missing sections re- 
sponsible for this illustration amount to a combined thickness of 1.05 tt. np, vesiculated nerve process; 
sin, smooth muscle cell. 

FIGURE 19 An electron micrograph which represents the top surface of the illustration of Fig. 18. 
Notice the abundance of vesicles within the two intertwined nerve processes. Some of the vesicles contain 
granules. The scale in the lower right corner of the micrograph indicates 1 ~. 
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FIGURE £0 This  three-dimensional il lustration resulted from the same procedure used in the  construction 
of Figs. 10 and 14. If one imagines the  slices of tissue one on top of the  other a composite illustration would 
be mental ly contrived, similar to the  illustration of Fig. 9. Three slender nerve processes (rip) make inti- 
mate  contact  with a protrusion (p) of a smooth muscle cell (sin). Inp, large nerve process; ~np, small nerve 
process; so, Schwann cell investment .  This  illustration was drawn in perspective from serial sections of 
the  inner layer of the muscularis  externa of the duodenum of a frog. The  sections and  areas of missing 
sections responsible for this illustration a m o u n t  to a combined thickness of 1.9 g. 

Fmvar~s ~1 to ~S Electron micrographs which represent the  horizontal surfaces of Fig. ~0. The  scale 
in the lower right corner of the micrographs indicate i g. 



F r a m E S  24 to 29 These electron micrographs demonstra te  the various types of neuromuscular  rela- 
tionships observed in the inner layer of the  muscularis externa of the duodenum of a frog. The  scale in the  
lower right corner of the  micrographs indicate 1 ~. 
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mensions, which occur in the smooth muscle tissue 
of the wall of the gastrointestinal tract of frogs. A 
single vesiculated nerve process in Fig. 24 is situ- 
ated within a deep depression. Fig. 25 shows three 
vesiculated nerve processes, which are contiguous 
with one another, lying within a relatively deep 
depression of the surface of the muscle cell. 
Elongated "caveolae intracellulares" can be seen 
streaming from the contact area within the pe- 
riphery of the muscle cell. The  vesiculated nerve 
process in Fig. 26 is situated within a shallow de- 
pression. In  Fig. 27, the vesiculated nerve process 
is merely apposed to the surface of the muscle cell. 
Several vesiculated nerve processes in Fig. 28, 
which are in the periphery of a small nerve 
bundle, are positioned within a shallow depres- 
sion. A small invaginafion of the plasma mem- 
brane of the muscle cell occurs opposite a nerve 
process. 

The  vesiculated nerve processes just described 
vary in size and in the number  and kinds of vesi- 
cles which they contain. In  Figs. 11 to 13, 15 to 17, 
21 to 23, 25, and 29 the nerve processes in contact 
with muscle cells contain relatively fewer vesicles 
than the nerve processes in the electron micro- 
graphs of the remaining figures. A number  of 
granular vesicles are present within the nerve 
processes of Figs. 19 and 27, whereas in the other 
figures the vesicles are all agranular with just a few 
exceptions. Schwann cell association is lacking in 
Figs. 15 to 17, 19, 24, 25, and 27. 

D I S C U S S I O N  

The  three-dimensional techniques used during 
the course of this investigation demonstrate that 
it is possible to carefully examine relatively large 
areas of tissue on individual serial sections with the 
electron microscope and subsequently to construct 
montages of electron micrographs of pertinent 
areas from each section. Together with the ad- 
ditional procedure of carefully rendering the in- 
terrelationships of nerve processes and smooth 
muscle cells in three dimensions (37), these tech- 
niques will help to determine the complex nature 
of the terminal ramifications of the autonomic 
nervous system in the wall of the gastrointestinal 
tract, the complete knowledge of which has eluded 
the efforts of scores of investigators for many years 
(28). These procedures are not entirely new. They 
have recently been used, in a modified form, by 
several investigators (1, 16, 60, 61, 74). Their  
methods, however, differed from the present tech- 

niques in that they depended upon the use of 
serial sections of small dimensions so that many 
sections could be placed on one and the same 
specimen mount  (grid). Such methods have the 
advantage of permitting the investigator to view 
and study many sections without changing speci- 
men mounts in the electron microscope and, there- 
fore, will save valuable time and effort. On  the 
other hand, those methods are limited because 
only a very small and restricted area of tissue can 
be followed sequentially from one section to an- 
other. Therefore, in the present study, in which 
nerve processes must first be located and then 
traced for lengths of several microns, the multiple- 
section technique is not feasible. 

Even though the nerve processes in the smooth 
muscle tissue of the muscularis externa of the 
gastrointestinal tract do not seem to be so numer-  
ous as those found in the wall of the ductus def- 
erens (10, 35, 55, 65), in the iris (17, 41, 56) and 
ciliary body (27, 65), several nerve-muscle contact 
regions in the inner circular layer of the muscu- 
laris externa were traced for varying distances. In 
each of the three-dimensional illustrations and 
their accompanying electron micrographs of these 
nerve-muscle contacts, it is shown that these con- 
tiguities extend for several microns. The  paucity 
of nerve processes in the intestinal wall is very 
evident when studying many tissue sections, but  it 
is premature to state that each smooth muscle ceil 
is not innervated or that intimate contact of nerve 
and muscle is not necessary in the propagation of 
the nerve impulse. Perhaps the greatest dispute in 
recent literature, regarding the nature and organi- 
zation of the neuro-effector relationships in visceral 
organs, is concerned with these unknowns. 
Merrillees et al. (35), on the basis of their ultra- 
structural studies of the guinea pig vas deferens, 
contend that close apposition between nerve proc- 
esses and smooth muscle cells occurs in only 1% 
of the muscle profiles. They concluded, therefore, 
that " i t  seems improbable that an axon makes 
passing contact with, or supplies a lateral branch 
or ending to, every muscle fiber in its vicinity." 
Richardson (55), in a report of his work on the 
wall of the rat  vas deferens, infers that each and 
every smooth muscle cell possesses an ending from 
a nerve process, since he encountered many neuro- 
muscular contacts. In  a comparative study of the 
intestine, the vas deferens, the ciliary muscle of the 
eye and the retractor muscle of the nictitating 
membrane,  Taxi  (65) contends that the innerva- 
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tion of the intestine is not mediated by definite 
synapses of nerve and muscle, whereas the vas 
deferens and the ciliary muscle are innervated by 
definite neuromuscular junctions and the re- 
tractor muscle of the nictitating membrane per- 
haps represents an intermediary type. Merrillees 
et al. (35) also stated that "the occurrence of 
spontaneous miniature junct ion potentials and the 
presence of vesicles in the axons of the ground 
plexus suggest that the transmission processes in 
the vas deferens and the skeletal neuromuscular 
junct ion are essentially similar. In  this smooth 
muscle, however, junct ion potentials and minia- 
ture junct ion potentials can be recorded in every 
cell throughout the tissue. This implies that each 
cell must have its own nerve ending or be coupled 
electrically to a neighboring innervated cell." 
Since they observed no cytoplasmic bridges and 
virtually no intermembranous contact or nexuses 
(2) between smooth muscle cells of their prepara- 
tions, they concluded that "transfer of excitation 
from cell to cell must be by electrotonic spread of 
current in a 'functional '  electrical syncytium, 
through the large areas of 500- to 800-A inter- 
cellular space filled with basement membrane."  
Taxi  (65) assumes that only certain smooth muscle 
cells exhibit a close relationship (less than 500 A) 
with a nerve fiber within the wall of the intestine 
and that many smooth muscle cells are stimulated 
either by a substance diffusing from nerve bundles 
or by a direct transmission from one smooth 
muscle cell to another. Electrophysiological 
studies have indicated that propagation of the 
wave of excitation or action potential occurs be- 
tween smooth muscle cells (2, 9, 21, 38, 47, 72 and 
others). Recently, however, Sperelakis and Tar r  
(62), as the result of an important  investigation 
using double microelectrodes, reported a weak 
electrotonic interaction between neighboring 
visceral smooth muscle cells in cat intestine and 
therefore they concluded that "current  flow 
through one cell does not have substantial effect 
on the t ransmembrane potential of adjacent cells." 
This electrophysiological evidence supports the 
view that each intestinal smooth muscle cell must 
be influenced directly by nerve processes or the 
transmitter substances from these processes. 

Nerve processes of the autonomic nervous sys- 
tem may contain "synaptic" vesicles ranging in 
number  from a few to many. Such vesicles, rang- 
ing in size from 30 to 100 m/z in diameter, are 
described as agranular  or granular,  depending 

upon whether or not they contain electron-opaque 
cores. These cores may vary in diameter from 20 
to 80 m#. Granular  vesicles are prevalent in the 
nerve processes within the smooth muscle tissue of 
the vas deferens (10, 35, 55, 65), arterioles (32, 33) 
and dilator muscle of the iris (56), and within the 
adrenal medulla (79), pineal gland (15, 75) and 
cardiac muscle (4, 12, 26, 40, 69). Each of these 
tissues, however, also contains nerve processes with 
agranular vesicles. Within glands (6, 59, 76), pe- 
ripheral ganglia (22, 24, 63, 67), the smooth 
muscle tissue of the gastrointestinal tract (22, 53, 
54, 64, 65, 78), and the sphincter pupillae (17, 56), 
the nerve processes contain vesicles which are pre- 
dominantly agranular. Currently, only agranular  
vesicles have been reported to be present in the 
nerve processes of the smooth muscle tissue of the 
urinary bladder (67), ciliary muscle (27, 65), and 
lung (10), but  with further study it is possible that 
some granular vesicles may be detected. 

With the use of fluorescence methods (18, 25, 31, 
42, 43) for the histochemical demonstration of 
catecholamines, it has been determined that neu- 
rons and nerve processes which contain catechola- 
mines are present in various visceral organs. These 
methods have shown that the more intense the 
fluorescence the greater the amount  of catechola- 
mines present. This information, when compared 
with electron microscopic studies, implies that 
those organs whose nerve processes exhibit intense 
fluorescence are predominantly endowed with 
granular vesicles. Nerve processes containing 
granular vesicles are infrequently seen in the 
muscularis externa of the gastrointestinal tract. 
This finding correlates well with the fluorescence 
study of Norberg (42) in which it was found that 
fluorescent fibers were scarce in the muscle layers 
of the intestine. However, he did detect intense 
fluorescence within the myenteric plexus in which 
nerve processes with granular  vesicles are more 
frequently found. In  addition to the fluorescence 
methods for the identification of adrenergic fibers, 
the thiocholine method for the detection of cho- 
linergic fibers has been used with some success in 
the anterior segments of the rabbit  eye (31). Heavy 
staining for nerve processes containing acetylcho- 
linesterase was seen in the sphincter pupillae and 
ciliary muscle. According to electron microscopic 
studies, these structures contain nerve processes 
which are predominantly endowed with agranular  
vesicles (17, 27, 56, 65). 

In  a study by Potter and Axelrod (45), ho- 
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mogenates of heart, vas deferens, submaxillary 
salivary gland, and pineal body were made of 
these organs from rats injected with tritiated nor- 
epinephrine. I t  was subsequently determined that 
the endogenous and the tritiated norepinephrine 
in these tissues were primarily localized in particles 
associated with the microsomal fraction. In an 
electron microscopic study of the microsomal 
fraction of rat hearts by Michaelson et al. (36), it 
was determined that vesicles with diameters of 
50 in# were present within the fraction. A few of 
the vesicles contained electron-opaque cores. This 
evidence seems to implicate vesicles in the storage 
of catecholamines within the tissues of the heart. 
Wolfe et al. (75), with the use of autoradiography 
and electron microscopy, have shown that, after 
the injection of tritiated norepinephrine into rats, 
sections of their pineal glands revealed that only 
nerve processes containing granular vesicles ac- 
cumulated the injected norepinephrine. This ob- 
servation prompted these investigators to conclude 
that  norepinephrine resides in the electron-opaque 
core of the granular vesicle and that the presence 
of granular  vesicles can be used as one criterion 

R E F E R E N C E S  

1. ANDERSSON-CEDERGREN, E., J. Ullrastr~zct. Re- 
search, 1959, 1, suppl., 1. 

2. BARe, L., J. 7heoret. Biol., 1963, 4, 73. 
3. BARRNET% R. J., J. Cell Piol., 1962, 12, 247. 
4. BAXTER, M. I., and NISBET, R. H., Proc. ,~alaco- 

log. 5oc., London, 1963, 35, 167. 
5. I~E~S, H. W., and EVANS, T. C., Proc. Soc. Exp. 

Biol. and Med., 1953, 82, 344. 
6. BENCOSME, S. A., Lab. Inv., 1959, 8, 629. 
7. EULBRING, E., LIN, R. C. Y., and SCHOFIELD, 

G., Quart. J. Exp. Physiol., 1958, 43, 26. 
8. EURNSTOCK, G., and HOLMAN, M. E., Ann. 

Rev. PhyJiol., 1963, 25, 61. 
9. EURNSTCCK, G., HOLMAN, M. E., and PROSSER, 

C. L., Physiol. Rev., 1963, 43, 482. 
10. EURNSTOCK, G., and MERRILLEES, N. C. R., 

in Proceedings of the 2nd International 
Pharmacological Meeting, Prague, 1963, 
(Helena Raskova, editor) Oxford, Pergamon 
Press and Prague, Czechoslovak Medical 
Press, 1964, 6, 1. 

11. CAESAR, R., EDWARDS, G. A., and RUSKA, H.. 
J. Biophysic. and Biochem. Cytol., 1957, 3, 867, 

12. COUTEAUX, R., Exp. Cell Research, Suppl., 1958, 
5, 294. 

13. COUTEAUX, R., and LAURENT, P., Compt. rend. 
Acad. sc., 1957, 245, 2097. 

for the identification of adrenergic sympathetic 
axons in electron micrographs. 

I t  appears from the foregoing discussion that it 
may be possible to distinguish between sympa- 
thetic and parasympathetic nerve processes on the 
basis of their vesicular content. However,  since the 
essential details of the nature and organization of 
the autonomic nervous system and its relationship 
to effector cells have not as yet been determined 
by the studies discussed here and by the present in- 
vestigation, it is obvious that much more diligent 
work must be forthcoming. The  serial sectioning of 
visceral organs with subsequent three-dimensional 
reconstruction appears to be the best procedure to 
accomplish this task. 

This investigation was supported by Public Health 
Service Research Grant NB 03599-05, from the 
National Institute of Neurological Diseases and Blind- 
NeSS. 

The author is indebted to Miss Patricia Frenchik 
for her excellent technical assistance, to Mr. Howard 
Mitchell for the three-dimensional illustrations, and 
to Mr. Edward Briggs for photography. 

Received for publication 30 July 1965. 

14. DEHARVEN, E., AND COERS, C., J. Biophysic. 
and Biochem. Cytol., 1959, 6, 7. 

15. DERoBERTIS, E., and DEIRALDL A. P., 3". Bio- 
physic, and Biochern. Cytol., 1961, 10, 361. 

1C. ELFVIN, L. G., 3". Ultrastruct. Research, 19f3, 
8,403. 

17. EVANS, D. H. L., and EVANS, E. M., J. Anat., 
1964, 98, 37. 

18. FALCK, B., Acta Physiol. Scand., Suppl., 1962, 
55, 197. 

19. FAWCETT, D. W., and SELSY, C. C., or. Biophysic. 
and Biochem. Cytol., 1958, 4, 63. 

20. GANSLER, H., Acta Neuroveget. Vienna, 1961, 
22, 192. 

21. GILLESPm, J. S., in Proceedings of the 2nd Inter- 
national Pharmacological Meeting, Prague, 
1963, (Helena Raskova, editor) Oxford, Perg- 
amon Press and Prague, Czechoslovak Medical 
Press, 1964, 6, 81. 

22. GR1LLO, M., and PALAY, S. L., in 5th Interna- 
tional Congress for Electron Microscopy, 
Philadelphia, 1962, (S. S. Breese, J r . ,  editor), 
New York, Academic Press, Inc., 1962, 2, 
U-1. 

23. GRIMLEY, P. M., and EDWARDS, G. A., 3-. Bio- 
physic, and Biochem. Cvtol., 1960, 8, 305. 

24. HAOER, H., and TAFURI, W. L., Naturwissen- 
schaften, 1959, 46, 332. 

48 THE JOURNAL OF CELL BIOLOOY • VOLUME ~8, 1966 



25. HAMBERGER, B., and NORBERO, K. A., Internat. 
J. Neuropharmacol., 1965, 4, 41. 

26. HAYASHI, K., Japan. Circulation J., 1962, 26, 765. 
27. ISHIKAWA, T., Inv. Ophth., 1962, 1, 587. 
28. KAPPERS, J. A., Acta Neuroveget., Vienna, 1964, 

26, 145. 
29. KISCH, B., Exp. Med. and Surg., 1961, 19, 104. 
30. KOSTERLITZ, H. W., and LEES, G. M., Pharma- 

col. Rev., 1964, 16, 301. 
31. LATIES, A., and JACOBOWITZ, D., Inv. Ophth., 

1964, 3, 592. 
32. LEVER, J. D., and ESTERHUIZEN, A. C., Nature, 

1961, 192,566. 
33. LEVER, J. D., GRAHAM, J. D. P., IRVlNE, G., 

and CHICK, W.  J., J. Anat., 1965, 99, 299. 
34. LISON, L., Bull. histol, appliq, physiol, et pvth. et 

tech. micr., 1936, 13, 357. 
35. MERRILLEES, N. C. R., BURNSTOCK, G., and 

HOLMAN, M. E., J. Cell Biol., 1963, 19, 529. 
36. MICHAELSON, I. A., RICHARDSON, K. C., SNYDER, 

S. N,, and TITUS, E. O., Life Sc., 1964, 3,971. 
37. MITCHELL, H. C., and THAEMERT, J. C., Science, 

1965, 148, 1480 
38. NAGAI, W., and PROSSER, C. L., Am. J. Physiol., 

1963, 204, 910. 
39. NAKAJIMA, Y., in 5th International Congress 

for Electron Microscopy, Philadelphia, 1962, 
(S. S. Breese, Jr., editor), New York, Academic 
Press, Inc., 1962, 2, U-10. 

40. NAPOLITANO, L. M., WILLMAN, V. L., HANLON, 
C. R., and COOPER, T., Am. 3". Physiol., 1965, 
208,455. 

41. NILSSON, 0., Z. Zellforach u. Mikr. Anat., 1964, 
64, 166. 

42. NORBERC-, K. A., Internat. J. Neuorpharmacol., 
1964, 3, 379. 

43. NORBERG, K. A., and HAMBERGER, B., Acta 
Physiol. Scand., Suppl., 1964, 63,238. 

44. ORFANOS, C., Z. Zellforsch u. Mikr. Anat., 1962, 
56, 387. 

45. POTTER, L. T., and AXELROD, J., J. Pharmacol. 
and Exp. Therap., 1963, 142, 291. 

46. PRICE, A., EIDE, B., PRINZMETAL, M. and CAR- 
PENTER, C., Circulation Research, 1959, 7, 858. 

47. PROSSER, C. L., BVRNSTOCK, G., and KAHN, J., 
Am. 3". Physiol., 1960, 199, 545. 

48. REOER, J. F., Anat. Rec., 1955, 122, 1. 
49. REGER, J. F., Exp. Cell Research, 1956, 12, 662. 
50. REGER, J. F., J. Ultrastruct. Research, 1959, 2, 

269. 

51. REOER, J. F., J. Biophysic. and Biochem. Cytol., 
1961, 10, 111. 

52. REVEL, J. P., J. Cell Biol., 1962, 12, 571. 
53. RICHARDSON, K. C., Am. J. Anat., 1958, 13, 

99. 
54. RICHARDSON, K. C., J. Anat., 1960, 94, 457. 
55. RICHARDSON, K. C., J. Anat., 1962, 96, 427. 
56. RICHARDSON, K. C., Am. J. Anat., 1964, 114, 

173. 
57. ROBERTSON, J. D., J. Biophysic. and Biochem. 

Cytol., 1956, 2, 381. 
58. ROSENBLUETH, A., DAVIS, H., and REMPEL, B., 

Am. or. Physiol., 1936, 116, 387. 
59. SCOTT, B. L., and PEASE, D. C., Am. J. Anat., 

1959, 104, 115. 
60. SJLSTRAND, F. S., J.  Ultrastruct. Research, 1958, 

2, 122. 
61. SMITH, C. A., and SJ6STRAND, F. S., J. Ultra- 

struct. Research, 1961, 5,523. 
62. SPERELAKIS, N., and TARR, M., Am. J. Physiol., 

1965, 208, 737. 
63. TAXI, J., Compt. rend. Acad. sc., 1961, 252, 174. 
64. TAXI, J., Compt. rend. Acad. so., 1961, 252, 331. 
65. TAXI, J., Arch. biol., 1964, 75, 301. 
66. TEXTER, E. C., Am. 3". Digest. Dis., 1964, 9, 

585. 
67. THAEMERT, J. C., J. Cell Biol., 1963, 16, 361. 
68. THAEMERT, J. C. J. Appl. Physks, 1964, 35, 

3100, (abstract). 
69. THAEMERT, J. C., Fine structure of cardiac mus- 

cle and nerve contiguities, to be published. 
70. TORII, H., Japan. Circulation J., 1962, 26, 39. 
71. TRAUTWEIN, W., and UCHIZONO, K.,  Z. Zell- 

forseh u. Mikr. Anat., 1963, 61, 96. 
72. VAN HARN, G. L., Am. J. Physiol., 1963, 204, 

352. 
73. VmAOH, Sz., and PORTE, A., Z. Zellforsch u. 

Mikr. Anat., 1961, 55,282. 
74. WESTRUM, L. E., and BLACKSTAD, T. W., Or. 

Comp. Neurol., 1962, 119, 281. 
75. WOLFE, D. E., POTTER, L. T., RICHARDSON, 

K. C., and AXELROD, J., Science, 1962, 138, 
440. 

76. YAMADA, E., Okajimas Folia Anat. Japon., 1965, 
40,663. 

77. YAMAMOTO, T., Acta Neuroveget. Vienna, 1960, 
21,406. 

78. YAMAUCHI, A., Acta Anat. Nippon, 1964, 39, 22. 
79. YATES, R. D., Anat. Rec., 1964, 149, 237. 
80. LACKS, S. I., J. Biophysic. and Biochem. Cytol., 

1961, 10, 517. 

J. C. THAEMERT Interrelationships of Nerve Processes 49 


