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Abstract--Purified fractions of chromaflin granules from the adrenal medullae of cats 
have been prepared for an electron microscopic study of changes associated with the 
release of catecholamines. Fractions from unstimulated medullae consisted of electron- 
opaque, membrane-bounded spheroidal granules of about 4500 A maximum diameter, 
similar to those seen in situ. Fractions from animals whose adrenal medullae had been 
stimulated with acetylcholine and depleted of catecholamines consisted almost entirely 
of electron-translucent structures. It is concluded that during release of catecholamines 
from the chrorrmffin granules, the granules discharge their electron-opaque contents, 
but not their membranes, which remain in the cell as discrete structures. 

RECENT chemical evidence suggests that stimulation of the chromaflin cells of  the 
adrenal medulla causes catecholamines to be released directly from the well known 
chromaffin granules. Thus, in addition to catecholamines, two other constituents 
of  chromaffin granules have been found in the effluents from secreting #ands  in pro- 
portions similar to those found in the granules. These constituents are adenine nucleo- 
tides z-3 and proteins 4, 5 immunologically characteristic of  the granules. 

Since phospholipid and cholesterol, lipids present in abundance in the membranes 
of  chromaflin granules, do not escape into the effluents of  perfused adrenal glands 
during catecholamine release, 6, 7 and since there is no fall in the lipids in subcellular 
fractions f rom catecholamine-depleted glands, 6, s it seems likely that after the granules 
discharge their contents their membranes are retained by the cells. Moreover, since 
density gradient centrifugation reveals that upon catecholamine depletion these lipids 
are found in a lighter layer, it has been suggested that the lipids are retained as discrete 
structures with reduced specific gravity, and further that these structures are probably 
the electron-translucent granules prominent in electron micrographs of  stimulated 
chromaffln cells. 6, s The purpose of the present study was to examine this possibility. 
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Because representative sampling is a considerable problem in ultrastructural studies of 
changes in situ, we have adopted an alternative approach: we have compared the elec- 
tron microscopic appearance of subcellular fractions containing chromaffin granules 
prepared from unstimulated and stimulated adrenal medullae of cats. This procedure 
permits rapid comparisons of granules derived from large populations of cells and 
reduces the sampling difficulties of electron microscopy involving tissue sections. A 
preliminary report of our results has appeared. 9 

METHODS 
All experiments were performed on cats anesthetized with nembutal (45 mg/kg, i.p.) 

or with chloralose (80 mg/kg, i.v. after induction with ethyl chloride and ether). The 
animals that were used to provide unstimulated medullae were given hexamethonium 
(10 mg/kg) and atropine (1 mg/kg) i.p. along with the nembutal, or several minutes 
before inducing anesthesia with ethyl chloride. This was done to block the adrenal 
synapses. 10 

Perfusion of adrenal glands 
The adrenal glands were perfused in situ ix at room temperature (24--26 °) through 

a cannula inserted into the abdominal aorta with Locke's solution of the following 
composition (mM):NaCI, 154; KC1, 5.6; CaCI2, 2.2; MgClz, 1.0; NaHCO~, 6.0; 
glucose, 10. The solution was equilibrated with 5 ~o CO2 in 02. The venous effluent 
from the adrenal glands was collected, for assay of catecholamines, through cannulae 
inserted into the adrenal veins. To stimulate cateeholamine secretion, perfusion was 
switched for periods of 2-3 rain to an aliquot of this medium containing acetyleholine 
(10 -~ to 2 × 10 -5 g/ml). This process was repeated, with 4 rain between stimulations, 
for a total of 60 min. In a single experiment, the total perfusion time was limited to 10 
rain and a higher concentration of acetylcholine (ACh) (10 -4 g/ml) was present 
throughout. 

Cell fractionation 
After perfusion, both adrenal glands were rapidly removed, placed on ice, and the 

medullae dissected free from the cortices under a binocular microscope. The medullae 
(weighing together 10-25 rag) were homogenized in 1.5 ml ice-cold sucrose (0.3 M) 
with a teflon pestle. An aliquot of the homogenate was taken for catecholamine assay. 
The homogenate was then centrifuged at 600 g for 20 rain and the supernatant sus- 
pension filtered through a succession of membrane filters (Millipore Filter Corp., 
Bedford, Mass.) in order to isolate the chromaffin granules. The pore sizes of the filters 
used successively were 1.2, 0.65, 0.45 (followed sometimes by 0.3/z). The filtrate pass- 
ing through the last filter was centrifuged at 20,000 g for 20 rain and the resulting pellet 
(one from each cat) was used for electron microscopy. The isolation procedure is a 
modification of a method for obtaining bovine granules containing catecholamines 
recently mentioned in a preliminary report. 12 

Catecholamine determinations and drugs employed 
Catecholamines in perfusates and homogenates of adrenal medullae were measured 

by the trihydroxyindole spectrophotofluorometric method, x8 To estimate the depletion 
of catecholamines from the perfused glands, the amount recovered in the perfusate 
was expressed as a per cent of the total cateeholamines recovered in the perfusate 
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plus homogenate. Acetylcholine chloride (ACh), hexamethonium chloride, and atro- 
pine sulfate were the drugs employed. All doses are given in terms of the salts. 

Electron microscopy 
To select appropriate conditions of fixation and to provide a reference with which 

the isolated granules could be compared, blocks of medullary tissue (1 mm s) were cut 
from two unstimulated adrenal glands perfused with Locke's solution containing 
hexamethonium and atropine as described above. The most satisfactory fixation was 
with the method described by Karnovsky, 14 slightly modified as follows: formaldehyde- 
glutaraldehyde, 4 to 5½ hr (cacodylate buffer, final pH 7.2, without calcium chloride), 
buffer wash, overnight, post fixed in 1% osmium tetroxide, 60 min (veronal-acetate 
buffer, pH 7.4). The following procedures were unsatisfactory, since they resulted in 
poor tissue preservation and shrinkage: 1% osmium tetroxide, 15 2 % osmium tetrox- 
ide, 15 0"6~o potassium permanganate t6 (each for 60 min, veronal-acetate buffer, 
pH 7.3-7.5) and 4 ~o formaldehyde, 17 60 min (phosphate buffer, pH 7.3-7.5), postfixed 
in 2 ~o osmium tetroxide, 120 min (veronal-acetate buffer, pH 7.3-7.5). 

Pellets of adrenal medullary granules were fixed by the modified method of Karnov- 
sky 14 described above. Occasionally the pellets were repacked in conical microcen- 
trifuge tubes is at some step during fixation or ethanol dehydration. When the original 
pellet from one cat was large enough (about half the experiments), it was broken into 
smaller fragments, each of which was prepared for electron microscopy. All the origi- 
nal pellets or fragments thereof were embedded with random orientation with regard 
to original centripetal-centrifugal axes. Epon 19 was used for embedding the tissue 
blocks, original pellets, and pellet fragments in BEEM capsules (BEEM, Inc., Bronx, 
N.Y.). Sections of the material were stained with uranyl acetatC ° and lead citrate 2t 
and studied in the electron microscope (RCA EMU 3G) at 100 kV. Two or three 
pellet fragments were examined in each experiment that permitted fragmentation of 
the original pellet. No significant difference was discerned in the appearance of dif- 
ferent samples (pellet fragments) from one original pellet. 

RESULTS 
Adrena medulla in situ 

To provide a standard with which the isolated fractions could be compared, sec- 
tions were made of unstimulated adrenal medullae. The appearance of the chromatiin 
cells was similar to that of other mammalian chromaffin cells, 22, ~s including those of 
the cat.a4, ~5 Fig. 1 shows the variety of membrane-bounded granules seen in a section 
of a single chromattin cell of such a control gland. Both oblong and circular profiles 
appear. (We have observed elongated chromaffm granules in unperfused, freshly 
fixed medullae, also.) The granules vary in the extent to which they are filled with 
electron-opaque material and also in the electron opacity of this material. The elec- 
tron-opaque content or matrix itself shows a fine granularity. The maximum diameter 
of the granules is about 410(O. 

Purified granule fractions 
Table 1 summarizes the data on catecholamine depletion of glands from which 

fractions were prepared for electron microscopy. In the unstimulated glands, the loss 
of catecholamines during perfusion was small (3 and 11 per cent). In contrast, de- 
pletions ranging from 45 to 97 per cent were achieved with ACh. 
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Unstimulated (control) glands 
Electron micrographs of purified granule fractions prepared from the unstimulated 

adrenal medullae revealed, in each instance, a population of chromaffin granules 
resembling that present in chromaffin cells in situ with little, if any, contamination by 

TABLE 1. CATECHOLAMINE DEPLETION FROM ADRENAL GLANDS USED TO PREPARE 

PURIFIED CHROMAFFIN GRANULES 

Catechol- Perfusion schedule 
Expt. amine 
no.* depletiont Total ACh 

(%) duration 
(min) Time Cone. 

(min) (g/ml) 

1 3 60 
2 11 60 
3 45 60 20 10 -6 
4 77 10 10~ 10 -4 
5 83 60 20 10 -5 
6 84 60 20 2 × 10 -5 
7 97 60 27 2 x 10 -5 

* One cat used in each experiment. 
t Catecholamines in perfusate/Total catecholamines (perfusate + homogenate) x 100. 

ACh infused continuously; in all other experiments in which ACh was used, it was given inter- 
mittently at 4-rain intervals. 

other cell structures. A typical electron micrograph is presented in Fig. 2, which shows 
a section through a pellet of chromaffin granules from the adrenal medullae of a cat 
whose adrenal glands were perfused for 60 min with the synaptic blocking drugs, 
hexamethonium and atropine. In this experiment the loss of catecholamines during 
perfusion was only 3 per cent. Final filtration was through a filter with pores of 0.45 t~. 
The preparation consists principally of granules that are full of electron-opaque 
material. It contains membranous debris but is free of mitochondria and other recog- 
nizable cell structures. The spheroidal shape of the granules is inferred from the 
great preponderance of near-circular profiles. The matrices of the granules vary in 
electron opacity. Although the granularity of the matrices is enhanced by the double 
staining used for the sections illustrated in this paper, it was also apparent in other 
sections stained singly with either uranyl acetate or lead citrate. A narrow electron 
translucent space (40-140A) separates the granule matrices from their membranes 
The largest diameter is about 4500 A. When a filter with smaller pores (0.3/z dia.) was. 
used for final filtration, the largest granule diameter was about 4100 A; however, 
many of the granules showed blebs where the membrane was elevated from the matrix, 
presumably due to their being squeezed through the small pores. 

Stimulated glands 
Electron micrographs of purified chromaffin granule fractions prepared from the 

adrenal medullae of the 5 cats exposed to ACh were different from those obtained 
from the unstimulated glands in that many electron-translucent structures appeared. 
Fig. 3 is representative of the results obtained from the three experiments employ- 
ing prolonged stimulation with ACh, 10 -5 or 2 x 10 -5 g/ml, where catecholamine 
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depletion ranged from 83 to 97 per cent (experiments 5, 6, and 7; Table 1). Although 
a few electron-opaque granules appear, the rest of the sample consists of electron- 
translucent spheroids ranging in diameter from 300-3700A The larger of these 
structures is similar in size to the electron-opaque granules seen in the chromaflin cells 
in situ illustrated in Fig. 1. 

The result obtained from an experiment (experiment 4, Table 1), where the total 
stimulation time was limited to 10 min and a higher dose of ACh was used resulting 
in catecholamine depletion of 77 per cent is illustrated in Fig. 4. Again there are few 
electron-opaque granules and many electron-translucent structures. 

DISCUSSION 
The morphological features of the electron-opaque granules obtained by membrane 

filtration from unstimulated adrenal medullae are similar to those of the classical 
chromaffin granules observed in medullary chromaffin cells in situ. The appearance 
of the isolated granules may therefore be used as a standard for comparison in the study 
of structural changes associated with catecholamine secretion. Fractions prepared in 
the same way from ACh-stimulated, catecholamine-depleted adrenal medullae show 
relatively few electron-opaque granules and many more electron-translucent structures. 
The coincidence of these two changes suggests that the empty structures are derived 
from the full granules. However, although the spectrum of sizes of the electron- 
opaque granules is similar to that observed in preparations from unstimulated glands, 
the electron-translucent structures range in size from a maximum that is about the 
same as that of the electron-opaque granules down to structures much smaller. Al- 
though it seems likely that the larger electron-translucent structures are emptied 
chromaffin granules, the origin of the abundant small electron-translucent structures 
is less obvious. One possibility is that they are fragments of emptied chromaflin 
granules. The fact that they are rare in preparations from unstimulated glands sup- 
ports this. Possibly, emptied chromaffin granules are more fragile than full granules 
and are thus more subject to breakage during the preparative procedures. The resulting 
membrane shreds might then round up to form small empty spheroids or vesicles, 
as has been reported for certain biological membranes in suspension. 26, 27 Alternatively, 
chromaffin granules that have been emptied of their contents may fragment within the 
chromaffin cell. 

If these interpretations are correct, then the present results support the view that 
medullary stimulation causes chromaffin granules to release their contents to the cell 
exterior while the membranous components remain in the cell, for some time at least, 
as discrete structures. 6, s Our results are in harmony both with the analyses of lipid 
efflux from and content of medullary tissue, to which reference was made earlier, 6-a 
and with some electron microscopical results obtained from stimulated medullary 
tissue in situ, which show a loss of electron-opacity in the chromaffin granules. 24, 28 

Two of the mechanisms that have been suggested for catecholamine release are 
consistent with retention of granule membranes in adrenal medullae depleted of their 
catecholamines. The first involves dispersion of the catecholamines from the granules 
to the cytoplasm and thence through the plasma membrane. 24, 2s, 29 Basically this 
means that the catecholamines would move peripherally while the granules do not. 
This hypothesis, however, is difficult to reconcile with the chemical evidence that the 
catecholamines escape with stoichiometric amounts of adenine nucleotides and with 
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"granule" protein, a bulky molecule. The second hypothesis 22, 2s, 30 accommodates 
the morphological and chemical results better. On this hypothesis a cateeholamine- 
loaded granule would move through the cytoplasm to the plasma membrane where it 
would extrude its contents by exocytosis, that is, through a common aperture at the 
site of fusion of granule membrane and plasma membrane. De Robertis e t  al. ~9 have 
suggested that after such a maneuver the granule membrane may be incorporated 
into the plasma membrane. However, the present results, showing what appear to be 
granule membranes after cateeholamine depletion, and the recent evidence that 
"granule" lipid is retained 6-s indicate that if exocytosis (reverse pinocytosis) does 
occur, then the attachment of the granule membranes to the plasma membrane does 
not involve long-term incorporation. 
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