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

The present thesis deals with one of the two components of an organ which was 

discovered, ι e first described, about 400 years ago, and is known to be composed of two 

parts, vi/ the adrenal cortex and the adrenal medulla since the beginning of the 19th 

century The function of the component referred to, ι e the adrenal medulla, was un-

kown until its endocrine nature was established about the turn of this century Although 

at that time it was thought that just one hormone, ι e adrenaline, was secreted, about 30 

years ago evidence was provided that in most mammals noradrenaline was produced be

sides adrenaline 

Although the adrenal cortex and the adrenal medulla have different structures and 

functions, and are derived from different pnmordia, in adults a close topographical rela

tionship as well as vascular connections exist A functional relationship, particularly be

tween one group of hormones produced by the adrenal cortex, ι e glucocorticoids, 

and the synthesis of adrenaline has also been established 

Substantial evidence now available indicates that noradrenaline and adrenaline are syn

thesized and stored in separate cells of the adrenal medulla Efforts to identify these cells 

date back to the middle of the 19th century when it was found empirically that the adre

nal medulla stained brown after fixation with dichromate solutions However, conclusive 

prove for the presence of separate noradrenaline- and adrenaline-storing cells in the adre

nal medulla was not furnished until about 30 years ago Since then, improved histochem-

ical procedures were developed, enabling the identification of these cells by light and 

electron microscopy However, these procedures were rather insensitive or appeared to be 

unspecific, ι e stained related substances as well About 1970 this situation markedly im

proved by the introduction of immunohistochemical techniques employing antibodies to 

enzymes catalyzing consecutive steps in the biosynthesis of noradrenaline and adrenaline 

In the present thesis the noradrenaline- and adrenaline-storing cells were identified by 

the immunohistochemical procedure mentioned above as well as by a recently developed 

technique based on the use of antibodies to the hormones themselves Both techniques 

were used to examine the development of the noradrenaline- and adrenaline-storing cells 

of the rat adrenal medulla, and the cellular localization of a closely related substance, ι e 

serotonin, in the adult adrenal In both studies staining results were combined with data 

obtained by biochemical assays 
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In brief, this thesis is composed of the following chapters: 

Chapter 1 describes the structure and functional aspects of the mammalian adrenal gland, 

and in particular the adrenal medulla. It also describes the epithelial cell system of which 

the adrenal medulla is part. 

Chapter 2 represents a detailed account of the immunohistochemical techniques applied 

and also reports on some further applications in biology and pathology. 

Chapter 3 contains the results of an immunohistochemical study on the prenatal develop

ment of the adrenal medulla of the rat, as revealed by antibodies to enzymes involved in 

the biosynthesis of noradrenaline and adrenaline. 

Chapter 4 describes the results of a combined immunohistochemical and biochemical stu

dy on the rat adrenal medulla during the pre- as well as the postnatal period. In this stu

dy both antibodies to the synthesizing enzymes as well as antibodies to noradrenaline and 

adrenaline were used, allowing the precise localization of the cells producing and storing 

these hormones , respectively. 

Chapter Ь concerns the presence of serotonin in the adult adrenal medulla. Immunohisto

chemical as well as biochemical evidence is provided, indicating that serotonin is proba

bly stored in the adrenaline-storing cells, only. 

The final chapter, chapter 6, contains some concluding remarks. 
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CHAPTER 1 

Morphological and physiological aspects 
of the mammalian adrenal gland 
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- THE MAMMALIAN ADRENAL GLAND, A DUAL ENDOCRINE OR
GAN 

- COMPOSITION AND FUNCTION OF THE ADRENAL GLAND 
- THE ADRENAL MEDULLA AS PART OF A CATECHOLAMINE-SYN-

THESIZING EPITHELIAL CELL SYSTEM 

12 



THE MAMMALIAN ADRENAL GLAND, A DUAL ENDOCRINE OR
GAN* 

The first description of the adrenal glands (glandulae suprarcnales sive adrenales) was fur
nished by Bartholomeus Eustachius in 1563 who named them "glandulae rcnibus incum-
bentes". In the English literature the organs are referred to as the "suprarenal capsules" 
(capsulae suprarenales), a term introduced in 1629 by the French anatomist Riolan. 

The subject of the present studies, the adrenal medulla, is one of the two components 
of the mammalian adrenal gland. The two distinct components, adrenal cortex and adre
nal medulla, were first described by Cuvier in 1805, and the terms introduced by Kölliker 
and others about 1850. The distinct nature of the adrenal medulla was confirmed by "his-
tochemical" investigations about the middle of the 19th century. In 1856 Colin observed 
that ferric sulphide stained this part of the organ blue, and in the same year Vulpian ob
served that both the medulla and fluid contained in the veins of the gland stained blue-
green with ferric chloride. The latter regarded this as supportive of the opinion that the 
adrenal had what later became known as an endocrine function. Shortly thereafter (1865) 
Hcnlc observed that the medulla is stained brown by dichromate containing solutions 
(chromaffin reaction). However, the functional significance of the adrenal medulla, as al
so that of the whole gland, was not clear. Thus, we read in Kölliker's "Handbuch der 
Gewebelehre für Aerzte und Studirende", third edition, 1859, p. 513 and following: 

"Ich halte die Rinden- und Marksubstanz für physiologisch verschieden. 
Die erste kann vorläufig zu den sogenannten Blutgefassdrüsen gestellt und 
ihr eine Beziehung zur Secretion zugeschrieben werden, während die letzte
re ihres ungemeinen Nervenreichthums halber als ein zum Nervensysteme 
gehörender Apparat bezeichnet werden muss, in dem die zclligen Elemente 
und die Nervenplexus entweder in ähnlicher Weise aufeinander einwirken 
wie in grauer Nervensubstanz oder in noch ganz unermittelten Beziehun
gen zu einander stehen". 

And further, a visionary thought: 

"Vielleicht dass eine genaue chemische Untersuchung des Organes be
stimmtere Aufschlüsse liefern wird". 

* Much of the information m thii paragraph is taken from Hachmann <Ί9^4). Bourne fl949J, Kranenburg (1906J and RolleUon 

(ІШ). 
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It was only towards the close of the 19th century that greater insight into the function of 
the medulla was gained by the discovery by Oliver and Schäfer (1894, 1895a, 1895b) that 
extracts of the medulla increased the blood pressure and accelerated the heart beat. In 
1901 Takamine and Aldrich succeeded independently of each other to isolate the active 
principle of the extracts in crystalline form and to elucidate the chemical structure. Ta
kamine called the isolated compound "Adrenalin". Thus, adrenaline became the first 
chemically defined hormone. In the same year (1901) Blum showed that adrenaline also 
increases blood sugar levels. In 1904 Stolz succeeded in the synthesis of adrenaline, but it 
was more than 40 years later that noradrenaline (arterenol) was recognized as a medul
lary hormone (von Euler and Hamberg, 1949; Goldenberg et al., 1949; Holtz and Schü
mann, 1948; Holtz et al., 1947; Tullar, 1949). 

The second component of the adrenal, the cortex, synthesizes hormones with clearly 
different structures and functions. The adrenocortical hormones are steroids and regulate 
the fluid and electrolyte balance (mineralocorticoids), as well as carbohydrate, protein, 
and fat metabolism (glucocorticoids). A minor portion of the cortical hormones has oes-
trogenic or androgenic activities. The functional significance of the adrenal cortex was 
elucidated as late as the 1930's. It was at that time that the isolation, chemical analysis, 
and functional characterization of the different cortical steroids was accomplished. Nev
ertheless, important attempts to elucidate the function of the cortex were made as early 
as the middle of the 19th century. The clinician Thomas Addison noted alterations of the 
adrenals in patients with "bronzed disease", recorded in his book "On the constitutional 
and local effects of disease of the supra-renal capsules" (1855). Addison's observations 
stimulated further research, and the first results of experimental animal research by 
Brown-Sequard appeared in 1856. He observed that extirpation of both adrenals proved 
lethal within a few days and concluded from this and other experiments that the adrenal 
plays a part in the neutralization of toxic substances. It became clear only later as a result 
of enucleation experiments (Houssay and Lewis, 1923) that the phenomenon described 
by Brown-Sequard was due to the elimination of the cortex, since the function of the me
dulla can be taken over by the orthosympathetic nervous system and the extra-adrenal 
chromaffin tissues (paraganglia). 
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COMPOSITION AND FUNCTION OF THE ADRENAL GLAND 

The adrenals of mammals arc paired structures lying in the region of the upper pole of 

the kidneys They are surrounded by both white and brown adipose tissue and are 

contained within the renal fascia The gland may take various shapes For example, in 

man the right adrenal is described as pyramidal resembling a cocked hat, while on the 

left side it has a more crescentic shape Moreover, the ventral surface is flat and has a 

shallow groove from which emerges the suprarenal vein On the dorsal side a ridge is 

found flanked by two wing-like parts called alae by Dobbie and Symington (1966) Most 

sizeable adrenals, с g , the adrenals of man and other primates, show a folding of the sur

face ("gynfication") These folds extend through the cortex and include the outer rim of 

the medulla (see e g , Bourne, 1949) In other species, such as rat and mouse, both adre

nals are ovoid and have a smooth surface except for a small indentation ("hilum") on the 

ventro-medial side where the suprarenal vein leaves the organ 

In adults there is generally a distinct macroscopic demarcation between the cortical 

and medullary area Hemisections allow the identification of cortex and medulla as a yel

low outer zone and a grayish centre, respectively Near the hilum the medulla approaches 

the surface, and in species like rabbits there is a continuation between the adrenal medul

la and the extra-adrenal chromaffin tissue until a few weeks after birth In man a more 

complicated cortico-medullary arrangement is present A detailed description on this sub

ject was made by Dobbie and Symington (1966) with the help of three-dimensional re

construction models These studies showed that the human adrenal is composed of three 

parts In the medial part ("head") the adrenal medulla is well formed (cortico-medullary 

ratio 4 1), in the middle of the gland ("body") less medullary tissue is present (cortico-

medullary ratio 15 1), whereas in the most lateral part ("tail") little or no medullary tis

sue is found From these findings the above authors concluded 

"Thus the human adrenal may be considered as two organs, a combined one 

(cortex and medulla) in the head and body and as a purely cortical organ in 

the tail and in some alar regions" 

The relative proportion of cortex to medulla differs between the species, although the 

cortical volume always seems to exceed the volume of the medulla For example, in 

adults cortico-medullary ratios have been reported ranging from about 63 1 in the guinea 

pig to 40 1 in the rabbit (Elliott and Tuckett, 1906, see also Shepherd and West, 1951, 

and West, 1955) to 1 1 in the hamster (Meyers and Chanpper, 1956) In man the vol-
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urne of the medulla accounts for about 10% of the whole gland (Quinan and Berger, 
1933; Kreiner, 1982), though somewhat lower values were reported by Swinyard (1940). 
From the estimations by Donaldson (1919) and Jackson (1919) it might be inferred that 
in the adult rat the medulla is about 7-10% of the whole gland. 

Although the knowledge about the functional significance of the cortex and medulla 
was scarce and fragmentory, efforts to elucidate the microscopic structure of the adrenal 
date back to the 19th century. In most cases observations were based on unstained, teased 
or macerated sections of considerable thickness (the use of paraffin embedding and tissue 
fixation by formaldehyde were first introduced in histology in 1869 and 1892, respec
tively; see Bracegirdle, 1978). Real progress was not made until sophisticated and reliable 
optical systems and well-defined histological and histochemical techniques became avail
able in the 20th century. Presently, it is generally accepted that in spite of remarkable dif
ferences in the size and shape of the adrenals of mammals, there is a common structural 
organization composed of the cortical and medullary parenchyma, a connective tissue 
framework, an extensive system of blood vessels, and nervous elements. 
The main features of the composition and function of the adult mammalian adrenal 
gland will be discussed in the following (see also Fig. 1): 

FIBROUS CAPSULE 
The adrenals are covered by a fibrous capsule composed of elongated connected tissue 
cells as well as collagen and reticular fibres. Elastic fibres and smooth muscle cells have 
also been described (Bachmann, 1941, 1954). In species such as man, sheep, and cattle a 
thick capsule is found; in others such as rat and mouse, the capsule is rather thin. Tra
versing blood vessels and nerve fibres can be encountered in the capsule. On the outer side 
the capsule is joined by loosely arranged adipose tissue. On the inner side the capsule 
is continuous with the connective tissue framework of the adrenal cortex. It has been 
suggested that cells of the fibrous capsule can be transformed into parenchymal cells of 
the adrenal cortex (for references: Bachmann, 1941, 1954; Elias and Pauly, 1956). How
ever, in the rat such transformation seems not to occur (Pauly, 1957). 

ADRENAL CORTEX 
The adrenal cortex is composed of parenchymal cells, a connective tissue framework con
sisting of reticular and some collagen fibres, and thin-walled blood channels. These com
ponents are arranged in the concentric layers first described by Arnold (1866) in bovine 
adrenals and glands of man, pig, and some other species. Using teased and macerated tis
sues as well as vascular injection techniques, he was able to distinguish three cortical 
layers. The outer zone, the zona glomerulosa, was divided into rounded spaces by connec
tive tissue strands derived from the capsule. In the middle layer, zona fasciculata, the con
nective tissue strands were running parallel to each other from the zona glomerulosa in 
the direction of the adrenal medulla. Finally, the innermost layer, the zona reticularis, re
vealed a plexiform arrangement of the connective tissue framework. Injection of a colour
ed solution into the arteries supplying the adrenal gland revealed an extensive system of 
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blood vessels within the connective tissue strands. Apparently, these vessels were collaps

ed in uninjected adrenals. In the three cortical layers blood vessels and connective tissue 

showed a similar arrangement.* Studies by Gottschau (1883) employing paraffin sections 

of fixed tissues showed a corresponding, i.e. complementary, arrangement of the pa

renchymal cells themselves. Flint (1900), utilizing digested frozen sections of fresh adre

nals of the dog, leaving the connective tissue ("reticulum") intact, confirmed the descrip

tions of Arnold. 

Later reports showed differences between the three layers proposed by Arnold as re

gards the light and electron microscopic features of the parenchymal cells (see reviews by 

e.g. Bachmann, 1941, 1954; Chester Jones, 1957; Griffiths and Cameron, 1975; Idelman, 

1970, 1978; Malamed, 1975; Neville and O'Hara, 1979, 1982; Symington, 1962). The 

cells of the zona glomerulosa are described as ovoid to columnar in shape arranged in ir

regular clusters. The cells are relatively small with a large, dense nucleus. The zona fas-

ciculata shows long, radially arranged cords of one or two cells thick. The cells are larger 

than those of the zona glomerulosa and have a somewhat smaller nucleus. In the zona re

ticularis the parenchymal cells form an anastomosing network of cell cords. The cells arc 

smaller than those of the zona fasciculata and contain a dense, somewhat pyenotic nu

cleus. In the cytoplasm lipofuscin granules may be present. In all three layers the pa

renchymal cells contain large amounts of smooth endoplasmic reticulum and considera

bly less rough endoplasmic reticulum. They also possess numerous, typical mitochondria 

with tubular, finger-like invaginations of their inner membranes instead of the cristac 

found in other cell types. Mostly, in the zona glomerulosa mitochondria are elongated in 

shape, while in the zona fasciculata more rounded, and in the zona reticularis spherical to 

ovoid mitochondria are found. In all three layers parenchymal cells contain lipid droplets. 

Remarkable species differences have been reported (see Bourne, 1949 and Nicander, 

1952 and the above mentioned reviews). For example, the amount of connective tissue is 

pronounced in sheep and cow, less marked in man, while only composed of fine reticular 

fibres in rat and mouse. In bovine glands the zona glomerulosa is extremely prominent 

and sudanophilic. The zona fasciculata and zona reticularis form an uniform zone 

containing little stainable lipid. In man the zona glomerulosa is extremely variable in 

width. Mostly, the zona glomerulosa constitutes only a small part of the cortex in con

trast to the zona fasciculata which comprises most of the cortex. The cells of the zona 

fasciculata contain numerous lipid droplets appearing as empty holes in pataffi η-embed

ded tissues. The reticular zone is small, the cells are poor in stainable lipid. In the rat the 

zona glomerulosa is well-developed, contains large amounts of lipids, and is separated 

from the underlying cortex by a thin lipid free layer called the intermediary or sudano

philic zone. Next to this is the zona fasciculata containing abundant lipid. The width of 

the zona fasciculata varies considerably but usually constitutes half of the cortex. It passes 

abruptly into the zona reticularis which is poor in lipid. 

The above descriptions are based upon investigations of tissue sections. Three-dimen-

* In the outer zone the blood vessels were described as "Knäuel" or "Glamerult", i.e. convoluted vessels. Hence, the outer zone was called zona 
glomerulosa. 
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Fig. ι. Photomicrographs ot hum.in (A.B) and rat (С) adrenal gland. Sections stained according to Helden-

h.un's A/.in stain 7.G. /on.i glomcrulosa; ZF. zona fasciculata; ZR, /on.i reticularis; M, medulla; G. medullar) 

пиле cells B.irs 95 μπι (A). 2̂  μηι ( В) and -Ci μπι (( ι 
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sional reconstructions of the cortical layers in man (Elias and Pauly, 1953, 1956) and rat 
(Pauly, 1957) revealed that the parenchymal cells actually form a continuum from the fi
brous capsule to the medullary area, interrupted by blood channels. In the human adrenal 
seven types of spatial configurations were seen in the zona glomerulosa. The zona 
fasciculata and zona reticularis are composed mainly of connected cell cords. However, in 
the rat the architecture shown by three-dimensional reconstructions differs greatly from 
those disclosed by tissue sections. Actually, the adrenal cortex should be considered as a 
continuum of parenchymal cells tunnelated by blood vessels. Each cell seems to have ac
cess to the cortical circulation. No cell cords were present in the zona fasciculata and the 
zona reticularis. By scanning electron microscopy this assumption was confirmed, and al
so appeared to hold true for the cat and the pig (Motta et al., 1979). 

In the adrenal cortex a large number of steroids are synthesized which can be grouped 
into three classes on the basis of their physiological effects: (1) mineralocorticoids regu
lating the water and electrolyte (sodium and potassium) household, (2) glucocorticoids 
which have effects on the carbohydrate and protein metabolism and (3) steroids with an
drogenic or oestrogenic activity. In the past it has been suggested that the mineralocor
ticoids are synthesized exclusively in the zona glomerulosa. The glucocorticoids and the 
steroids with androgenic or oestrogenic activity were supposed to be synthesized only by 
the zona fasciculata and zona reticularis, respectively (see Chester Jones, 1957). However, 
such a strict functional zonation of the adrenal cortex does not seem to exist (see e.g. 
Long, 1975; Neville and O'Hare, 1979, 1982; Vinson and Kenyon, 1978). Aldosterone, 
the main mineralocorticoid, is confined to the zona glomerulosa. On the contrary, other 
steroids with a mineralocorticoid activity, e.g. desoxycorticosterone, are produced mainly 
by the zona fasciculata and zona reticularis. Cortisol, the principal glucocorticoid in man, 
is synthesized in all cortical layers, except for the zona glomerulosa. However, cortico
sterone, the main glucocorticoid in the rat, and also present in man, is produced by all 
cortical layers. Scarce information on the steroids with androgenic or oestrogenic activity 
indicates synthesis by the zona fasciculata as well as the zona reticularis. 

ADRENAL MEDULLA 
The adrenal medulla is also composed of a connective tissue framework, parenchymal 
cells and blood vessels. In addition, nerve fibres and ganglion cells arc present. 
1. The connective tissue framework is a continuation of that of the cortex and forms meshes 
wider than those of the cortical layers, enclosing clusters of parenchymal cells. The me
dullary framework is connected with the connective tissue accompanying the medullary 
arteries, branches of the central vein, and nerve fibres. Detailed descriptions of the spatial 
arrangement of the medullary connective tissue, including differences between the spe
cies, were reported in a number of publications from the 19th century (e.g., Arnold, 
1866; von Brunn, 1872; Dostoiewsky, 1886; Gottschau, 1883; Joesten, 1864; Moers, 
1864). These findings were confirmed by Flint (1900), who summarized his observations 
on digested frozen sections of the adrenal cortex and medulla simply as: "The framework 
of the adrenal is made up of reticulum". The medullary framework is mainly composed 
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of reticular fibres, although in some species large amounts of collagen fibres have been 
described (Bourne, 1949). In the human adrenal some collagen fibres surround groups of 
medullary cells, whereas in rat, mouse, and other small animals collagen fibres arc hardly 
detectable. In some mammals (e.g. lion, giraffe and ant-eater) a well-defined layer of con
nective tissue ("medullary capsule") is present between cortex and medulla (Bourne, 
I949). In man and rat, as in most mammals, no medullary capsule is found (Coupland, 
1965a). 
2. Parenchymal cells are polyhedral or rounded in e.g., man, rat, and mouse, columnar in 
e.g., cat and rabbit; whereas both polyhedral and columnar cells are found in sheep and 
pig (Coupland, 1965a). The nuclei of the parenchymal cells are round and somewhat 
larger than those of the cortical layers. Their cytoplasm is mostly granular in appearance 
and basophilic in many species e.g., man and rat. Since the cytoplasm of the cortical cells 
is acidophilic, the demarcation line between cortex and medulla can easily be drawn in 
haematoxylin-eosin stained sections. For the same purpose the chromaffin reaction first 
described by Henlc (1865) can be used. He states: 

"Der frappanteste und am leichtesten zu bestätigende Unterschied zwischen 
den Zellen der Mark- und Rindensubstanz besteht aber darin, dass die erste-
ren, und damit natürlich die Marksubstanz im Ganzen, in chromsaurer Ka
lilösung und in Müller'scher Flüssigkeit als bald, d.h. innerhalb 12-24 Stun
den, tief dunkelbraun werden, viel dunkler als die Rindensubstanz, die sich 
in jenen Reagentien fast unverändert erhält." 

Applying the chromaffin reaction Henle noted mostly a straight corticomedullary demar
cation line parallel to the fibrous capsule. However, islands of medullary tissue could be 
found in the cortical layers, sometimes even reaching the capsule. Conversely, cortical 
cells were seen penetrating the medulla. Similar observations were reported in a variety 
of species (see e.g., Coupland, 1965a; Dewitzky, 1912; Gottschau, 1883; Flint, 19OO; Jack
son, 1919; Kreiner, 1982; Palacios and Lafarga, 1975). 

Aggregates of parenchymal cells are mostly described as compact, anastomosing cords 
surrounded by connective tissue and branches of the central vein. However, as indicated 
by Bennett (1941) these descriptions are generally based on immersion-fixed adrenals 
with collapsed blood vessels. In his study on the feline adrenal fixed by perfusion a differ
ent arrangement was observed, i.e., parenchymal cells arranged in columnar rows around 
veins. By three-dimensional reconstructions the human adrenal medulla appeared to be 
composed of a system of interconnected walls or sheets and irregularly arranged cell 
groups (Elias et al., 1978). In a recent scanning electron microscopic study on a number 
of mammals (rat, hamster, cat, pig, and cow) the adrenal medulla was described as "a cel
lular muralium tunnelled by vascular channels" that was much more irregular than that 
found in the cortex (Carmichael and Ulrich, 1983). Transmission electron microscopy of 
rat (Coupland, 1965b; Elfvin, 1965a) and human adrenals (Brown et al., 1971) revealed 
that the parenchymal cells were closely packed, separated by small interspaces. Between 
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adjacent cells interdigitations and desmosomes were observed, where three or more cells 

met wider spaces forming canahcuh were found These сапяіісиіі contained cilia, micro-

vilh-like processes of the parench)mal cells, and nerve fibres Abundant unmyelinated 

nerve fibres were seen in synaptic contact with the plasma membranes 

3 Besides organelles, such as cristate mitochondria, Golgi apparatus, rough endoplasmic 

reticulum, and some lysosomes in the cytoplasm, characteristic omwphilic, electron dense 

granula arc present These granules were first observed by Lever (1955) in the rat adrenal 

medulla Cold stress as well as denervation of the adrenal gland led to a reduction in the 

number of the granules and decreased electron density of the remaining ones From these 

observations he concluded that the osmiophilic bodies represent secretion granules stor

ing adrenaline (apparently, he was not aware of the fact that besides adrenaline, noradre

naline is secreted by the rat adrenal) In 1956 dense granules were also observed in mouse, 

guinea pig, and cat by Sjostrand and Wetzstein, who also introduced the term chrom

affin or phaeochrome granule Since then several studies confirmed the presence of 

electron dense granules in the cytoplasm of rat adrenal medullary cells (e g Coupland, 

1965b, 1971, D'Anzi, 1969, Elfvin, 1965a, Eranko and Hannmen, I960) or disclosed their 

presence in a variety of mammals, e g , hamster (Benedec/ky and Smith, 1972, Gryns/-

pan-Winograd, 1975, Michel-Bechct et al, 1963, Yates, 1963, 1964, Yates et al, 1962), 

rabbit (Coupland and Weakly, 1970, De Robcrtis and Va/ Ferreira, 1957) and man (Ben-

chimol and Cantin, 1977, Benedcczky and Lapis, 1968, Brown et al, 1971, Coupland, 

1971) 

Granules seen by conventional transmission electron microscopy mostly have a round 

or oval profile Hence, it is generally assumed that the granules are spherical However, 

by high-voltage electron microscopy on relative thick sections of cat adrenal medulla 

about 15 percent of the granules were found to be tubular (Carmichael and Smith, 

1974) 

It is now generally accepted that the contents of the chromaffin granules arc released 

by exocytosis, ι e fusion of the granule membrane with the plasma membrane, fission of 

the fused membranes, and subsequent release of the substances present in the granule to 

the extracellular space During this process the inner side of the granule membrane is 

"externalized", viz comes into contact with the environment of the cell Following the 

extrusion of the contents the granule membrane is retrieved into the cytoplasm, and the 

plasma membrane is closed Probably, some of the empty granules are degraded by lyso

somes, others may by used again Exocytosis in the adrenal medulla was first proposed by 

De Robcrtis and Vaz Ferreira (1957) who examined rabbit adrenals under normal condi

tions and during induced secretion Morphological evidence of exocytosis (omega shaped 

profiles of the cell membrane) was also provided by Abrahams and Holtzman (1973) and 

by Coupland (1965b) in the rat, and by Grynszpan-Winograd (1975) in the hamster 

Further evidence was obtained from biochemical assays indicating that the substances 

present in the chromaffin granules were released simultaneously (quantal release, see re

views by Smith and Winkler, 1972, Trifaró, 1970, Viveros, 1975, Winkler, 1977) In ad
dition, recent immunohistochemical studies showed that the enzyme dopamine ß-hydro-
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xylase present on the inner side of the granule membrane appears on the outer surface of 
the plasma membrane during secretion (Dowd and Edwards, 1981, Dowd et al, 1983, 
Wildmann et al, 1981) These studies also provided evidence for the subsequent retrieval 
of the granule membrane into the cell, confirming previous reports by Abrahams and 
Holtzman (1973), and Nagasawa and Douglas (1972) based on the uptake of the exoge
nous markers horseradish peroxidase and thorium dioxide, respectively, following the re
lease of the chromaffin granules 

4 First reports on the chemical composition of the electron ckme granules date back to 1953 
when Blaschko and Welch, and Hillarp et al described efforts to isolate the intracellular 
particles storing noradrenaline and adrenaline from bovine adrenal medulla By ccntnfu-
gation of homogenates in isotonic sucrose solution a sediment was obtained containing 
the bulk of both substances Hillarp et al showed that the granules could be stain
ed by potassium dichromate ("chromaffin reaction") as well as by osmium tetroxidc and 
concluded that the storage granules were different from mitochondria This conclusion 
was confirmed in later studies, eg by Hagen and Barrnett (I960) who provided electron 
microscopical proof that the granules isolated were identical to the osmiophilic granules 
present in the tissue Improved isolation procedures mainly on bovine adrenals (Eade, 
1958, Hagen and Barrnett, I960, Terland et al, 1979, Winkler, 1969, see also review by 
Winkler and Carmichael, 1982) revealed the presence of two populations of granules sto
ring either noradrenaline or adrenaline The first quantitative analysis of the chromaffin 
granules, isolated from bovine adrenals, was reported by Hillarp (1959) who showed that 
the water content amounts to almost 70 percent The dry weight appeared to be compo
sed of protein (35 percent), lipid (22 percent), catecholamines (20 5 percent) and adeno
sine triphosphate (15 percent) A more detailed analysis was given in later studies which 
identified the presence of other compounds as well (for reviews sec Kirshner, 1974, 
Winkler, 1976, Winkler and Carmichael, 1982, Winkler and Smith, 1975, Winkler and 
Westhead, 1980) These studies revealed the distinct compositions of the granule mem
brane (water-insoluble part) and the granule contents (soluble fraction) Membranes can 
be isolated when chromaffin granules are lysed in hypotonic media In the membranes 
proteins, lipids, and glycosaminoglycans (mucopolysaccharides) have been identified 
The proteins of the membranes, called chromomembnns by Winkler (1971), represent 
about 30% of the total amount of protein present in the granules Approximately 25% of 
the membrane protein is comprised by the en/yme dopamine ß-hydroxylase (chromo-
membnn A according to Winkler, 1971) In addition, the presence of the enzymes Mg2+-
activated adenosine triphosphatase and cytochrome b-56l have been isolated Dopa
mine ß-hydroxylase seems to be localized on the inner side of the membrane Inside the 
granules several substances appear to be present, eg catecholamines, nucleotides, pro
teins, glycosaminoglycans, calcium and ascorbic acid The catecholamines are mainly re
presented by adrenaline and noradrenaline, only traces of dopamine were detected Ade
nosine triphosphate is the main nucleotide, although other nucleotides such as adenosine 
di and adenosine monophosphate were demonstrated as well A large amount of the sol
uble proteins, collectively named chromogranms by Blaschko et al (1967), consist of 
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chromogranin A (about 40 percent of the total soluble proteins). In addition, dopamine 
ß-hydroxylase (4-6 percent of the total soluble proteins) as well as other glycoproteins 
and some lipoproteins have been identified. Thus, dopamine ß-hydroxylase has been de
tected in the membranes as well as inside the chromaffin granules. In bovine adrenals 
about 50 percent of the total dopamine ß-hydroxylase activity is present in the membra
nes, whereas in the rabbit the fractions bound to the granule membranes is somewhat low
er (42 percent) and in the rat much higher (74 percent) (Winkler, 1976). As indicated 
by Hillarp (1959) and confirmed by others, outside the granules only small amounts of 
catecholamines are present in the cytoplasm. Leakage of catecholamines from the granu
les to the cytoplasm seems to be prevented by the formation of complexes made up of ca
techolamines, nucleotides and, probably, proteins. Such interactions also reduce the os-
molalilty to isotonicity, preventing lysis of the granules. In addition, it has been shown 
that the uptake of catecholamines through the granule membrane is energy-dependant 
and mediated by a carrier molecule able to transport dopamine, noradrenaline and adrena
line, as well as serotonin and tyramine (Carlsson et al., 1963; Kirshner, 1962; Slotkin and 
Kirshner, 1971; see also recent reviews by Ungar and Phillips, 1983; Winkler and Carmi-
chael, 1982). The energy required for the active uptake (uptake against a concentration 
gradient) is derived from the lysis of adenosine triphosphate by the enzyme Mg2 -acti
vated adenosine triphosphatase present in the granule membrane. Lysis of adenosine tri
phosphate is followed by the translocation of protons (H+) into the chromaffin granu
les, creating an electrochemical gradient driving the uptake of catecholamines and proba
bly also of other compounds concentrated inside the granules. 

5. Assuming that the contents of the chromaffin granules are released by exocytosis, it 
will be evident that the parenchymal cells of the adrenal medulla secrete nucleotides as 
well as other substances, including proteins in addition to catecholamines (noradrenaline 
and adrenaline). Or as stated by Winkler and Smith (1975): 

"Any static pictures that we have had of the chromaffin cell as a cell organi
zed only to make and release a low-molecular weight hormone must there
fore be discarded." 

Since they wrote these lines new data revealed that the chromaffin granules also contain 
bioactivepeptides ("regulatory peptides"). Thus, Viveros et al. (1979, 1980) provided eviden
ce for the occurrence of met- and leu-enkephalin, pentapeptides with opioid activity, in 
the chromaffin granules isolated from the adrenal medulla of a variety of species. Stern et 
al. (1979) were able to detect, in addition to met- and leu-enkephalin, the presence of the 
heptapeptide mct-enkephalin-Arg 6-Phe 7, which also showed opioid activity. Further 
studies on bovine adrenal chromaffin granules disclosed the presence of a number of 
small peptides (Kilpatrick et al., 1981; Stern et al., 1980) as well as of much larger pepti
des (polypeptides; Kilpatrick et al., 1982; Kimura et al., 1980; Lewis et al., 1980; Stern et 
al., 1981; see also recent reviews by Viveros and Wilson, 1983, and Udenfriend and Kil
patrick, 1983) possessing opioid activity, either directly or upon cleavage by enzymes. 

24 



The suggestion was made that both the small as well as the larger peptides were derived 

from a common precursor protein molecule Recently, this precursor molecule, called 

pro-enkephalin or pro-enkephahn A, has been identified and seems to contain four copies 

of met-enkephalin, one copy of leu-enkephalm, one copy of met-enkephalin-Arg6-Phe7, 

and one copy of met-enkephalin-Arg6-Phe7-Leu8 besides other peptide sequences (Comb 

et al, 1982, Gublcr et al, 1982, Noda et al, 1982) Probably, the precursor molecule is 

processed to active opioid peptides by proteolytic en/ymes also present in the chromaffin 

granules (Lmdberg et al, 1982) Recent assays on bovine adrenal medulla seem to indica 

te that peptides with opioid activity are present only in those chromaffin granules storing 

adrenaline (Lang et al, 1982, Roisin et al, 1983) The secretion of opioid peptides has 

been examined in isolated parenchymal cells, and in isolated perfused adrenals as well as 

in vivo These studies indicate the simultaneous release of opioid peptides and catechol

amines (for references see Viveros and Wilson, 1983) As regards the physiological signi

ficance of these recent findings, it has been suggested that the opioid peptides "play a 

more subtle role as "modulatory hormones, modifying the response of effector cells to 

catecholamines, other hormones, or to locally released transmitters" and "may contribute 

to the attenuation of pain during life-threatening stress" (Viveros et al, 1980) A some

what similar remark was made made by Udenfhend and Kilpatnck (1983) who also indicated 

that met- and leu-enkephalin are probably of minor importance In the first place some 

of the larger peptides seem to be much more stable and more active Secondly, the 

smaller peptides represent only a minor fraction of all opioid peptides detected 

In addition to the opioid peptides other bioactive peptides, e g substance Ρ, somato

statin, neurotensin, dynorphin, and vasoactive intestinal polypeptide have been detected 

in the adrenal medulla, cither biochemically or by immunohistochemistry Of these sub

stances only neurotensin seems to be stored in the chromaffin granules (Goedert et al, 

1983) 

6 Of the compounds released into the circulation the functional significance of noradrenali

ne and adrenaline are the best known In brief (for detailed discussions see eg Blaschko 

et al, 1975), increased levels of noradrenaline or adrenaline produce an increased heart rate 

and a raised arterial blood pressure In addition, the motility of the gastro-intestinal 

tract is decreased, due to the relaxation of smooth muscle cells, except for the sphincter 

muscles Smooth muscle cells in the bronchi are also relaxed (bronchodilatation), and 

pupillary dilatation is observed Moreover, there are metabolic effects, eg increased oxy

gen consumption and raised blood glucose levels (due to increased breakdown of glyco 

gen, among others) Although the effects of the two catecholamines have much in com

mon, some differences have been noted For example, noradrenaline is more potent in rais

ing arterial blood pressure, whereas adrenaline is particularly effective as far as the carbo 

hydrate metabolism (raising blood glucose levels) is concerned The actions of noradre

naline and adrenaline are mediated by adrenergic receptors present on the surface of the 

target cells The activities of the two substances differ with respect to the receptor types 

described, explaining their different functional properties Release of noradrenaline and 

adrenaline m vivo was shown by estimating the levels of both substances in blood sam-
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pics taken from veins draining the adrenals of cat (Duncr, 1953, 1954, von Euler and Fol-
kow, 1953, Folkow and von Euler, 1954, Robinson et al, 1983), dog (Houssay and Rape-
la, 1953, Malmcjac, 1964, Rápela, 1956, Wurtman et al, 1968), pig (Sapira et al 1971), 
and man (Planz et al, 19^8, Sapira and Bron, 1971) A selective release of adrenaline dur
ing hypoglycacmia evoked b\ insulin was reported in cat (Dunér, 1954), dog, (Holz
hauer and Vogt, 1954, Wurtman et al, 1968), and man (Millar, 1956, Sapira and Bron, 
1971, Vendsalu, I960) In cat and rat adrenals selective depletion of adrenaline by insulin 
was confirmed by biochemical and histochemical techniques (Coupland, 1958, Eranko, 
1955c, Hillarp and Hokfelt, 1954, Hokfelt, 1951) Selective secretion of noradrenaline 
from the cat adrenal medulla was reported b\ Rubin and Miele (1968) using low concen
trations of nicotine Moreover, preferential release of either noradrenaline or adrenaline 
has been described in response to stimulation of certain areas in the hypothalamus (Fol
kow and von Euler, 1954, Redgate and Gellhorn, 1953, Robinson et al, 1983) and the 
ventral cerebral cortex (von Euler and Folkow, 1958) of the cat Other stimuli, such as 
hypoxia, hypotension, and electric stimulation of the splanchnic nerves (involved in the 
innervation of the adrenal medulla) mostly resulted in increased release of both noradre
naline and adrenaline, although some of the results described seem contradictory and dif
ficult to reconcile (for references see eg Callingham, 1975, von Euler, 1967, Malmcjac, 
1964, Pohorecky and Wurtman, 1971) From the above data one may conclude that nor
adrenaline and adrenaline are two different, though functional!) overlapping, hormones re
leased by the adrenal medulla This supposition is favoured by two additional observa
tions First, both synthesis as well as secretion of adrenaline appear to be separately con
trolled by steroids released from the adrenal cortex Thus, h)pophysectomy caused an al
most selective decrease of adrenaline content of the adrenal medulla in rat (Pohorecky 
and Rust, 1968, Wurtman, 1966, Wurtman and Axelrod, 1966), dog (Wurtman et al, 
1968), and man (Luft and von Euler, 1956), as well as a reduced secretion of catecholami
nes, especially adrenaline, which could be restored to normal by adrenocorticotropic hor
mone (experiments in dog, Wurtman et al, 1968) Secondly, in adult mammals species-
specific ratios of noradrenaline and adrenaline have been reported (see Table 1) The bio
logical significance of these differences is not known, although Goodall (1951) postula
ted that aggresive, hunting animals have a high relative proportion of noradrenaline, 
whereas adrenaline predominates in those who are hunted In addition, during early de
velopmental stages noradrenaline is the major catecholamine in the adrenal medulla, 
even in species were adrenaline is predominant in adults, eg rabbit (Padbury et al, 
1981, Roffì, 1968), rat (Chéoux and Roffi, 1965, Hokfelt, 1951, Kamoun et al, 1964, 
Roffì, 1968), and man (Hokfelt, 1951, Shepherd and West, 1951, West et al, 1951) Fi
nally, it is now generally accepted that noradrenaline and adrenaline are synthesized in 
two different parenchymal cell types containing either the noradrenaline or adrenaline 
storage granules described (see below) Although all evidence indicates that in mammals 
the adrenal medulla releases species-specific proportions of the two catecholamines, their 
precise contribution to the regulation of different organs is hard to assess without taking 
into account the orthosympathetic nervous system This system innervates most of the 
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Table 1. Relative concentration of noradrenaline in the adrenal medulla of some mam
mals (Adults). 

Animal Noradrenaline (%)* Reference 

64-70 Rastgeldi, 1951 
55 Goodall, 1951 
49 West, 1955 
41 West, 1955 
37 Ozaki, 1955 
33 West, 1955 
29 West, 1955 
27 West, 1955 
25 West, 1955 
20 West, 1955 
19 von Eu 1er, 1963 

15-20 Coupland, 1965a, 1971 
10-20 Westetal., 1951 

8 West, 1955 
0 Hillarp and Hökfelt, 1953 
2 Shepherd and West, 1951 

0 Hillarp and Hökfelt, 1953 
2 Shepherd and West, 1951 

Modified from Coupland (1975) and von Euler (1963) 

* Penmtage of the sum oj noradrenaline and adrenahm 

organs containing the adrenergic receptors, i.e. binding sites for circulating catecholami
nes. The close relationship between the adrenal medulla and the orthosympathctic ner
vous system was already recognized by Cannon who introduced the term sympathico-
adrenal system (see e.g. Cannon, 1928). He advanced the idea that both the adrenal me
dulla and orthosympathctic nervous system come into action in cases of stress (e.g. emo
tional excitement, pain, asphyxia, cold). After this concept was proposed noradrenaline 
was disclosed as the chemical mediator between the orthosympathctic nervous system 
and the effector cells (von Euler, 1946, 1951). Somewhat later it became evident that nor
adrenaline, too, ought to be considered as an adrenal medullary hormone. This finding, 
as well as those on the selective release of noradrenaline or adrenaline, necessitated a re
consideration of Cannon's original concept. Coupland (1965a) summed up his view as 
follows: 

Whale (blue whale) 
Lion 
Pig 
Cat 
Goat 
Sheep 
Cow 
Dog 
Mouse 
Horse 
Monkey (Macacus) 
Rat 
Man 
Hamster 
Guinea pig 

Rabbit 
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"It would now appear that if the emergency is associated with emotional 

changes, pain, stress or hypoglycaemia, the adrenal medulla is primarily in

volved and discharges large quantities of adrenaline, while if the emergency 

results in stimulation of baroreceptors the sympathetic nervous system is 

primanlv involved, and the adrenal medulla makes a minor contribution 

with a selective discharge of noradrenaline" 

However, such "minor contribution" might be high in some species (Table 1) In addi

tion, noradrenaline may be discharged from the extra-adrenal medullary tissue (sec be

low) 

7 According to the presently accepted view noradrenaline and adienalme are derived 

from common precursor substances, ι e, dopamine, dihydroxy-phenylalanmc (dopa) and 

tyrosine (Fig 2) This biosyntheticpathway was first proposed by Blaschko (1939, 1942) 

who, on indirect grounds, assumed that adrenaline (at that time the only catecholamine 

known to occur in the adrenal medulla) was synthesized from tyrosine, although the in

termediate stages were not known He showed that the en7yme dopa decarboxylase, first 

discovered by Holtz et al (1938) in the kidney of the guinea pig and other mammals, 

was not able to decarboxylate a number of amino acids, e g tyrosine, phenylalanine and 

tryptophan, except for L-dopa (1942) In this way he excluded the relevance of certain 

potential intermediates, e g tyramine (decarboxylation product of tyrosine) He conclud

ed 

"At least four reactions must occur in the process 

a) Introduction of the second phenolic hydroxyl group, 

b) Decarboxylation, 

c) Introduction of the side chain hydroxyl group, 

d) N-mcthylation" 

According to his opinion the conversion of L-dopa to dopamine as catalyzed by dopa de

carboxylase represented the second step in the biosynthesis of adrenaline Since then, by 

biochemical studies on intact animals, perfused adrenal glands, tissue slices, homogen-

ates, or subcellular fractions employing с g radioactive tracers, the sequential order of the 

proposed pathway has been established (for references see eg Kirshncr, 1975, Nagatsu, 

1973) These studies showed that although tyrosine is the main precursor another amino 

acid also present in the diet, ι с phenylalanine, can be converted to noradrenaline and ad

renaline In this case phenylalanine is converted first to tyrosine by the enzyme phenyl

alanine hydroxylase which is mainly localized in the liver (Goodwin, 1979) Since tyrosine 

hydroxylase shows some reactivity to phenylalanine, some tyrosine also is probably form

ed in the adrenal medulla itself (Ikeda et al, 1965) However, the main function of tyro

sine hydroxylase is to catalyze the hydroxylation of tyrosine to dopa This enzyme was 

first identified in bovine adrenal medulla by Nagatsu et al (1964) and has also been 

found in the brain as well as in sympathetically innervated tissues Only L tyrosine and 
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Fig. 2. Biosvnthetit pathway of noradrenaline and adrenaline 

L-phenylalanine can bc hydroxylated. The second enzyme, dopa decarboxylase, has a 

much broader specificity. Several L-ammo acids, e.g. L-Dopa and L-5-hydroxytryptophan 
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(precursor of serotonin) arc decarboxvlated Therefore, Lovenberg et al (1962) proposed 

the name L-ammo acid decarboxylase Its localization in the adrenal was first reported by 

Langemann (1951) in bovine glands His findings were confirmed by eg Fellman (1959) 

and Hagen (1962) in bovine adrenals, and in the rat by Rahman et al (1981) Outside 

the adrenals decarboxylase activity has been detected in kidney, liver, intestine, brain and 

"several other organs (Chnstenson et al, 1970, Holtz et al, 1938, Rahman et al, 1981) In 

all cases L-dopa was converted much faster than L-5-hydroxytryptophan Therefore, the 

question was raised whether a single enzyme protein or separate enzymes, ι e dopa decar

boxylase as well as 5-hydrotryptophan decarboxylase, exist Although in the past there 

was some controversy, biochemical and immunochemical evidence now available indicate 

that all enzymatic activities are associated with a single protein (Chnstenson et al, 1970, 

1972, Fellman, 1959, Hagen, 1962), though different isoenzymes might be present in dif 

ferent tissues (Rahman et al, 1981) The third step of the biosynthetic pathway, ι e hy-

droxylation of dopamine, is catalyzed by dopamine ß-hydroxylase This enzyme was first 
isolated from bovine adrenal medulla and subsequently characterized by Levin et al in 
I960 Dopamine ß-hydroxylase is also present in the brain and organs innervated by the 
orthosympathetic nervous system Besides dopamine a variety of phenylethylaminc deriv
atives can be hydroxylated (Crcveling et al, 1962) However, tn vivo only dopamine 
seems of importance Formation of adrenaline from noradrenaline by the adrenal medulla 
of cat and dog was first demonstrated by Bulbnng (1949) The enzyme catalyzing this re
action was first identified in monkey adrenal by Axelrod (1962) Small amounts of the 
enzyme were also detected in the brain As regards specificity only phcnylethanolarmnes 
are the substrates Hence, the enzyme was called phenylethanolamine N-mcthyltransfer 
ase (Axelrod, 1962) In addition to noradrenaline, other phenylcthanolamines can be 
N-methylated, eg octopamine, normetanephrme, and even adrenaline (Axelrod, 1962, 
Axelrod, 1971) 

Thus, by 1964, about 15 years after Blaschko's propositions, all steps of the biosynthet
ic pathway of noradrenaline and adrenaline were elucidated, and the corresponding en
zymes identified From the above data one may infer that all four steps are carried out if 
adrenaline is synthesized However, if noradrenaline is produced the pathway comprises 
only three steps Obviously, in the adrenal medulla noradrenaline might be released as an 
independent hormone (see 6 ) or serve as a precursor of adrenaline As will be discussed 
below, these two contradictory functions of noradrenaline are carried out by two different 
cell types 

It has been shown that the turnover rate of noradrenaline and adrenaline is rather 
slow Thus, in the rat adrenal medulla both have a half-life of about 9 days (Udenfnend 
et al, 1953, Udenfnend and Wijngaarden, 1956), indicating that one of the steps preced
ing noradrenaline might be rate-limiting Based on the work of Rosenfeld et al (1958) 
and Levitt et al (1965) it is now generally accepted that the conversion of tyrosine to 
dopa is the slowest, rate-limiting step Other steps proceed more rapidly and, therefore, 
concentrations of dopa, dopamine and noradrenaline in the adrenal medulla are low if ad
renaline is the end-product However, there is substantial evidence indicating that tyro-
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sine hydroxylase activity is not fixed at a certain level but can be adjusted to modify the 

amounts of noradrenaline required In acute situations enzyme activity seems to increase 

without an apparent increase of en/yme molecules This short-term regulation might be 

partly due to a reduced feedback inhibition by noradrenaline and adrenaline Evidence for 

such an end product inhibition was provided by Nagatsu et al (1964) and Udcnfncnd et 

al (1965) However, other mechanisms probably also play a role (see reviews by Ungar 

and Phillips, 1983, Werner, 1979) A second type of adaptation, ι e long-term regulation, 

is observed upon prolonged or repeated stimulation of the adrenal medulla Thus, 

increased tyrosine hydroxylase activity was observed following e g immobilization 

(Kvetnansky et a l , 1970a), cold (Chuang and Costa, 1974), insulin-induced hvpoglycac-

mia (Patrick and Kirshner, 1971, Viveros et al, 1969, Werner and Mosimann, 1970), or 

administration of pharmacological agents affecting the orthosympathetic nervous system 

(Joh et al, 1973, Thoenen et al, 1969) Under these conditions the number of enzyme 

molecules seems to increase (eg Chuang and Costa, 1974, Patrick and Kirshner, 1971, 

Werner and Mosimann, 1970), indicating de novo synthesis of tyrosine hydroxylase 

Since this increase can be prevented by denervation, long-term regulation is probably as

sociated with increased neural stimulation of the adrenal medulla ( e g Thoenen et a l , 

1969, Werner and Mosimann, 1970) Hence, the term trans-synaptic induction is used 

There is some evidence that the levels of dopamine β hydroxylase and phenyl ethanol-

amine N-mcthyltransferase can be increased by intense nervous stimulation as well (Ciara-

nello, 1978b, Qaranello et al, 1975, Kvetnansky et a l . 1970a, 1970b, Patrick and Kirsh

ner, 1971, Thoenen et al , 1970, Vivcios et al, 1969) However, the effects on increased 

synthesis of noradrenaline and adrenaline seem less important as compared to the increa

se of tyrosine hydroxylase activity 

In addition to short- and long-term regulation, hormones have profound effects on the 

cn/ymes involved in the synthesis of noradrenaline and adrenaline Thus, hypophysec-

tomy of rats reduces levels of tyrosine hydroxylase (Mueller et al, 1970, Wurtman and 

Axelrod, 1966), dopamine ß-hvdrox\lase (Qaranello et al 1975, 1976, Gewirt? et a l , 

1971, Weinshilboum and Axelrod. 1970), and especially of phcnylcthanolamine 

N-methyltransferase (Ciarancllo, 1978a, 1978b, Ciaranello et a l , 1976, Wurtman, 1966, 

Wurtman and Axelrod, 1965, 1966, see also review by Pohorecky and Wurtman, 1971, 

and Wurtman et al , 1972) Levels of all three enzymes can by restored to normal by the 

administration of adrenocorticotropic hormone However, only phenylethanolamine 

N-mcthyltransferase levels can be brought to normal by glucocoi ticoids, though extreme

ly high doses are required (dcxamcthasone was used) It has been suggested that doses of 

dexamethasone need to be so high in order to reach the, minimally diluted, corticosteroid 

levels normally found in the cortical effluent supplying the medullary cells Both sub

stances are not able to raise the levels of phenylethanolamine N-methyltransfcrasc in in

tact animals (Wurtman and Axelrod, 1965, 1966), ι с they only maintain the conversion 

rate of noradrenaline to adrenaline at a certain level and fail to induce new en/yme mole

cules 

As indicated, en/ymes involved in the synthesis of noradrenaline and adrenaline are 
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controlled by neural* as well as hormonal factors Neural factors mainly control tyrosine 

hydroxylase activity, whereas hormonal factors mainly affect the activity of phcnyletha-

nolamine N-methyltransferase Consequently, the amounts of both medullary hormones 

synthesized are mainly regulated via neurally mediated stimuli However, the proportion 

of noradrenaline to adrenaline seems to be regulated mainly by the adrenal cortex (glu

cocorticoids) 

Biochemical as well as immunoelectron microscopic studies (for references see reviews 

by Ungar and Phillips, 1983, Winkler and Carmichael, 1982) indicate that in the adrenal 

medulla tyrosine hydroxylase, dopa decarboxylase, and phcnylethanolaminc N-mcthyl-

transferase are localized in the cytoplasm outside the chromaffin granules Dopamine 

β hydroxylase is only present in those granules which, as mentioned previously, store ci

ther noradrenaline or adrenaline Consequently, the synthesis of noradrenaline and adren

aline proceeds partly within and partly outside of the chromaffin granules (see Fig 3) 

Dopa and dopamine are synthesized outside of the granules, only Dopamine then enters 

the granules and, following conversion to noradrenaline, noradrenaline passes to the cyto

plasm (if adrenaline is produced) prior to methvlation Finally, adrenaline returns to the 

granules to be stored 

8 Efforts to identify the cells synthesizing and storing the "traditional" medullary hormones 

date back tot the 19th century The observations by Colin (1856) and Vulpian (1856) in

dicating the staining of adrenal medullary tissue by solutions of ferric sulphide and ferric 

chloride, respectively, as well as the application of chromium salts by Henle (1865) have 

already been mentioned Actually, the latter procedure, known as the 

chromaffin reaction, appeared suitable for the identification of the adrenal medulla and 

the extra-adrenal medullary tissue in mammals (eg Iwanow, 1930, 1932, Kohn, 1902, 

1903, Stilling, 1890, 1898) Following the discovery of adrenaline as the active principle 

of the adrenal medulla it was suggested that the brown reaction product obtained by fixa

tives (mostly formalin based) containing chromium salts was associated with that hor

mone Kingbury (1911) obtained brown precipitates when adrenaline solutions were 

treated with dichromate containing fixatives Ogata and Ogata (1923) showed that dif

ferences in staining intensity agreed with the amounts of adrenaline present in the tissue 

Moreover, brown precipitates produced in mixtures of adrenaline and potassium di

chromate could not be dissolved in xylene, alcohol, etc , as did the precipitates in the tis

sues They concluded that chromium oxide complexes were formed during fixation, jus

tifying the terms "chromophil" (Stilling, 1890, 1898) and "chromaffin" (Kohn, 1902, 

1903) However, Gerard et al (1930) disclosed that in vitro as well as in tissue slices 

brown precipitates were also produced by formalin containing other oxidising agents, с g 

potassium iodate Therefore, they concluded that staining was caused by oxidation prod

ucts of adrenaline or related compounds and not due to the formation of chromium oxide 

complexes Consequently, they suggested that the term "chromaffin" should be replaced 

* One may aswme that in mmt casa the ftimuli initiating short term regulation oft) rosine h)dn\ylme are mediated b) the nene fibres 

innen atm^ the adrena/ midulla 
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Fig. 3- Schematic drawing of a noradrenaline (NA)- and an adrenaline (A)-storing cell showing storage (secretory) granules (open circles), the nucleus (stippled) as well 

as the consecutive steps of the biosvnthetic pathway of noradrenaline and adrenaline As indicated only the conversion of dopamine (DA) to noradrenaline (NA) takes 

place inside the storage granules, all other steps proceed in the cytoplasm The content of the nor adrenaline- and adrenaline-storage granules are released into the blood 

stream by exocytosis 



by "pleochrome" Their observations were confirmed by Bennett (1941) on cat adrenal 

medulla who, for semantic reasons, proposed the term "fuscogemc reaction" (fuscus 

=brown) * He also indicated that the staining reaction could be intensified by the sub

sequent treatment of tissue sections with eg ammoniacal silver solutions On the contra

ry, employing a fixative containing radio active potassium dichromate Coupland (1954b) 

demonstrated chromium in tissue sections by microchcmical assay and by autoradio

graphy A similar observation was made by Hale (1958) on dichromate fixed medullary 

tissue, utilizing an X ray microtechnique By autoradiography Eranko (1957) showed 

that if adrenals were fixed in a radio-active iodate solution the brown precipitate contain

ed iodine From these and other studies (Coupland, 1954b, 1965a, Hillarp and Hokfelt, 

1953, 1955, Hopwood, 1971) it is now generally accepted that the brown staining of the 

adrenal medulla is based on a sequence of reactions, starting with the oxidation of adren

aline, followed by the formation of complexes containing chromium or iodide These 

studies also showed that besides adrenaline, other aromatic compounds such as noradre

naline, dopamine, and serotonin are stained, as was already indicated by Verne (1923) 

The adrenal medulla stains black when fixed in osmium tetroxide This phenomenon 

was first described by Schult/e and Rudneff in 1865 Mulon (1904) and Kingbury (1911) 

observed a similar reaction with adrenaline in vitro Cramer (1918) noted "adrenaline 

granules" in the adrenal medulla and "lipid globules" in the cortex after vapour fixation 

and paraffin embedding Distinct staining of the medullary granules ("chromaffin gran

ules") was only obtained when tissue sections were treated with turpentine Since os

mium tetroxide can be reduced by a variety of substances including lipids, it cannot be 

considered a specific histochcmical reagent for adrenaline or noradrenaline (Bennett, 

1941, Coupland 1965a, Hillarp and Hokfelt, 1953) However, its use as a "stain" for 

chromaffin granules is widely recognised (see below) 

Fresh adrenal medullary tissue is able to reduce silver salts to metallic silver (argentaf

fin reaction) as was shown by Kingbury (1911), Kutschera-Aichbergcn (1922), and Oga

ta and Ogata (1923) These authors also demonstrated that ammoniacal silver solutions 

is reduced by adrenaline in vitro The argentaffin reaction is preserved in medullary tissue 

fixed by formaldehyde (Bennett, 1941, Eranko, 1952, Falck et al, 1959, Gorgas and Bock, 

1976) or glutaraldchyde (Cannata et al, 1968, Chang and Bencosme, 1968, Gorgas and 

Bock, 1976, Jones, 1967, Tramezzani et al, 1964, Solcia et al, 1969) Since many sub

stances are able to reduce ammoniacal silver solutions, the argentaffin reaction is not spe

cific, either for adrenaline or noradrenaline 

A different procedure, not based on the formation of precipitates, was described by 

Eranko (1952) who observed that in the rat adrenal medulla small islets of parenchymal 

cells became fluorescent following fixation in formaldehyde solution ("formalin") Fur

ther improvement was achieved by treatment of free/c dried tissues with formaldehyde 

* Slnclfy ipeaking the term fuwgenic reaction π the moil correct in recent literature the adjectne chromaffin л ШІІ frequently med 

seeeg chromaffin cell chromaffin granule Less fretjuentl) the term phaeochrome is applied (this term was proposedhy Poll 1906 

phaeochrome = chrom braun ) lo prêtent further confusion in ihn text ue will uie the term chromaffin reoition 
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vapour (Eränkö, 1964, 1967; Falck and Owman, 1965; Falck et al., 1962). Under these 
conditions all parenchymal cells of the adrenal medulla become fluorescent. The chemical 
basis of the formaldehyde-induced fluorescence has been investigated thoroughly (see re
views by Björklund et al., 1975; Corrodi and Johnson, 1976; Jonsson, 1971). These stud
ies indicated that both adrenaline and noradrenaline react with formaldehyde to yield a 
tetrahydroisoquinoline derivative which is then dehydrogenated by formaldehyde. The 
improved fluorescence technique is much more sensitive in comparison with the 
previously described procedures. Thus, even cells containing low amounts of noradre
naline or adrenaline, i.e. noradrenergic and adrenergic neurons, can be demonstrated. 
However, besides adrenaline and noradrenaline, many other endogenous compounds, e.g. 
dopamine, dopa and serotonin become fluorescent also (Björklund et al. 1975 ; Jonsson, 
1971). Adrenaline, a secondary amine, is less reactive to formaldehyde than its corre
sponding primary amine, i.e. noradrenaline. This may be one of the reasons Eränkö 
(1952) could not show all parenchymal cells of the adrenal medulla, utilizing formalin. 
He actually revealed only parenchymal cells containing high levels of noradrenaline (see 
below). Since the first publications in the early sixties, additional modifications have 
been described. For example, the use of glyoxylic acid instead of formaldehyde (Axelsson 
et al., 1972, 1973; Björklund et al., 1972; Lindvall and Björklund, 1974; for additional ref
erences see Falck et al., 1982) and preperfusion of the tissue (Ajelis et al., 1979; Lorén et 
al., 1976, 1980). However, these modifications mainly increased sensitivity, while 
specificity was not improved. Therefore, induced fluorescence techniques arc of limited 
value as far as the differential demonstration of adrenaline and noradrenaline is concern
ed. 

Application of immunohistochemistry to localize adrenal medullary cells synthesizing 
adrenaline or noradrenaline was introduced by Geffen et al. in 1969- They were able to 
raise antibodies to two fractions isolated from the soluble proteins (chromogranins) pre
sent in the chromaffin granules of ovine adrenal medulla. One fraction had a high do
pamine ß-hydroxylase activity, the other "had some capacity to bind catecholamines". By 
indirect immunofluorescence both antisera stained parenchymal cells in the adrenal me
dulla, cell bodies of orthosympathctic ganglia, and nerve fibres of the autonomic nerve 
plexus. Further progress was made in the seventies by the development of antibodies to 
more purified enzymes, including the other enzymes involved in biosynthesis of adrenal
ine and noradrenaline (e.g. Fuxe et al., 1970, 1971; Grzanna and Coyle, 1976; Goldstein 
et al., 1971, 1972; Hartman and Udenfriend, 1970; Hökfelt et al., 1973a, 1973b; Nagatsu, 
1974; Pickel et al., 1975), improved fixation (Hökfelt et al., 1973c) or staining proce
dures (Hartman, 1973). Studies on rat adrenal medulla demonstrated the presence of ty
rosine hydroxylase, dopa decarboxylase, and dopamine ß-hydroxylasc in the cytoplasm of 
all parenchymal cells (Hökfelt et al., 1973c; Hökfelt et al., 1975; Verhofstad et al., 1979). 
Phenylethanolamine N-methyltransferase which catalyzes the conversion of noradre
naline to adrenaline was also confined to the cytoplasm of the medullary cells. However, 
small clusters of parenchymal cells were negative. Thus, most of the cells contained all 
four enzymes involved in the biosynthesis of adrenaline, the remaining cell groups con-
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tained only the enzymes synthesizing noradrenaline. A comparable observation was made 
in bovine and human adrenal medullary tissue, using antibodies to dopamine ß-hydrox-
ylase and phenylethanolamine N-methyltransferase (Livett et., 1982; Lundberg et al., 
1979a). 

By a variety of histological techniques early microscopists noted the presence of light 
and dark cells in the adrenal medulla of several mammals, (for references, sec Bachmann, 
1954). As regards the interpretation of these observations Bachmann states: 

"Im allgemeinen sind die Untersucher darüber einig, dass es sich bei den 
hellen und dunklen Zellen nicht um Zcllarten sui generis handelt, sondern 
um zwei Erscheinungsformen eines Grundelementes, eben der phäoehro-
men Markzelle". 

Search for the existence of separate noradrenaline- and adrenaline-producing cells was 
stimulated about 1950 by the discovery of noradrenaline as an independent medullary 
hormone. Apparently, Bänder (1950, 1954) was the first who attempted to correlate 
staining properties of the adrenal medulla with the levels of adrenaline and noradre
naline. He reported a staining procedure whereby he observed "picrinophil" and "fuch-
sinophil" cells in the adrenals of mouse, dog, and cat, which also contained both adrenal
ine and noradrenaline as estimated by bioassay. On the contrary, in rat, rabbit, and gui
nea pig only picrinophil cells and adrenaline could be detected. Therefore, he concluded 
that most probably ("einem starken Hinweis") adrenaline and noradrenaline are produc
ed by the picrinophil and fuchsinophil cells, respectively. However, in 1959 Eränkö and 
Palkama (1959) applied Bander's procedure and the iodate reaction (see below) on the 
rat adrenal, at that time known to contain adrenaline as well as noradrenaline. Like 
Bänder, they found only picrinophil cells in the adrenal medulla, whereas the iodate reac
tion revealed separate noradrenaline- and adrenaline-containing cells. Thus, Bander's 
technique does not reflect different levels of noradrenaline and adrenaline. 

Shortly after Bander's first publication evidence was provided that separate noradre
naline- and adrenaline-containing cells really exist. Hillarp and Hökfclt (1953, 1955) 
found that in vitro potassium iodate produced brown-black precipitates with noradre
naline, dopamine, and dopa, but not with adrenaline. On the contrary, potassium Chro
mate or potassium dichromate caused black-brown precipitates with noradrenaline, do
pamine, dopa, as well as with adrenaline. These solutions were also applied to adrenals of 
animals possessing different ratios of noradrenaline and adrenaline. In all cases, all medul
lary cells became brown when fixed in 'potassium dichromate or Chromate. However, in 
adrenals treated with potassium iodate brown cells were observed only if they contained 
substantial amounts of noradrenaline. Thus, in the guinea pig and rabbit, containing no 
detectable levels of noradrenaline, no iodate staining was obtained. In the rat, where 14-
16 percent of the total amount of catecholamines consists of noradrenaline, about 5-15 
percent of the medulla stained brown, while the remaining cells were negative or stained 
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very weakly. Similar correlations were noted for cat, cow, dog, and sheep. They conclud
ed: 

"Noradrenaline is apparently selectively stored only in certain, specific cells 
of the adrenal medulla. This cytological selectivity strongly suggests that 
noradrenaline is not only a precursor of adrenaline, but also an independent 
hormone". 

This conclusion was supported by experiments on cats and rats treated with insulin, in
ducing hypoglycaemia (Hillarp and Hökfelt, 1954). Under these conditions a selective 
loss of stainability of the adrenaline cells (chromate positive, iodate negative) and a selec
tive decrease of adrenaline were observed. They also noted (Hillarp and Hökfelt, 1953) 
that the iodate stained cells were mostly arrayed in well delineated clusters distributed 
throughout the medulla. On the contrary, in sheep and cow these cells were concentrated 
in the centre of the adrenal medulla. 

Further evidence for the presence of separate noradrenaline- and adrenaline-containing 
cells was provided by Eränkö in a series of publications. He was able to show that the 
fluorescing cell clusters first described in the rat (Eränkö, 1952) were also present in cat, 
hamster, mouse, and dog, but absent in rabbit and guinea pig. By comparing the 
distribution as well as the medullary volume occupied he showed that the formalin 
induced fluorescent islets were probably identical to the iodate positive cell groups 
discovered by Hillarp and Hökfelt (Eränkö, 1955a, 1955b, 1956). In addition, a "fairly 
good correlation between the noradrenaline content and the islet content" was observed 
(Eränkö, 1955a). He also examined the effect of insulin on the fluorescent cell clusters of 
the rat adrenal medulla and found a selective decrease of adrenaline without decrease in 
fluorescence (Eränkö, 1955c). These observations indicated that the fluorescent cells and, 
indirectly, the iodate positive cell groups represented the noradrenaline-containing pa
renchymal cells. Final proof was obtained from experiments on cat and hamster by esti
mating the concentrations of noradrenaline and adrenaline in medullary areas dissected 
from freeze-dried sections. Using adjacent sections treated with formalin, areas to be dis
sected out were selected (Eränkö, 1954). Areas containing fluorescing cell clusters 
contained high levels of noradrenaline with no or little adrenaline; in areas composed of 
non-fluorescent cell groups the reverse situation existed (Eränkö, 1955d, 1955e). 

Evidence for the presence of separate noradrenaline- and adrenaline-storing cells was 
also obtained from ultrastructural studies. Wetzstein (1957) recognized two types of pa
renchymal cells, i.e. chief- and accessory cells ("Hauptzellen, Nebenzellen") in osmium 
tetroxide fixed adrenals of mouse, guinea pig, and cat. The chief cells contained round, 
osmiophilic granules ("phäoehrome Granula") and comprised the majority of the medul
lary cells. Accessory cells, arranged in a limited number of small cell groups, contained 
fewer, mostly irregularly shaped, and more electron dense osmiophilic granules ("osmi-
ophile Körner"). Phaeochrome granules were not observed in the accessory cells, while 
osmiophilic granules were not found in the chief cells. Since no intermediate cells were 
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seen, Wetzstein considered the two cells as "zwei sich wesentlich voneinander un

terscheidenden Zellartcn", rather than two forms or phases of one cell type He also 

noted that the phaeochrome granules of the chief cells lost their electron density in mice 

treated with insulin From this observation and referring to the publications by Hillarp 

and Hokfelt, and Eranko, he suggested that the chief cells probably synthesi7ed and stor

ed adrenaline, whereas accessory cells might represent the noradrenaline containing cells 

However, against this association, in the adrenals of guinea pig only very low levels of 

noradrenaline seem to be present 

Shortly after its introduction in electron microscopy several authors reported that glu-

taraldehyde fixation was also very useful for studies on the adrenal medulla Thus, Coup-

land et al (1964), Coupland and Hopwood (1966), and Elfvin (1965a) demonstrated 

distinct staining of the chromaffin granules in the adrenal medullary cells by glutaralde-

hyde followed by postfixation in osmium tctroxide Two parenchymal cells were found 

in the rat, mouse, and cat As described b) Coupland and Hopwood (1966) in most cells 

these granules show "only moderate electron density and their contents exhibit an inter 

nal granularity" Occasionally, these granules "possess a more dense centre, giving a tar

get appearance" The other, less frequent cells "have a homogeneous intensely electron-

dense interior", and in the rat "arc often asymmetrical and may be vacuolated or frag

mented" In the rabbit and guinea pig only one cell type with moderately electron dense 

granules was found In vitro studies showed that precipitates were formed by solutions of 

glutaraldehyde with noradrenaline These precipitates were insoluble after drying in etha

nol, dioxanc, and other organic solvents and were electron dense following treatment 

with osmium tctroxide On the contrary, no precipitate was produced with adrenaline 

They also showed that about 80 percent of adrenaline was cluted from the tissue during 

fixation and dehydration If applied at the light microscopical level (frozen sections or 

paraffin sections) cell clusters were observed as described by Hillarp and Hokfelt, and 

Eranko From these findings it was concluded that the less common cell type with inten

sely osmiophilic granules stored noradrenaline, while the remaining cells were supposed 

to store adrenaline They also indicated, referring to the data of Hillarp (1959) concern

ing the composition of the chromaffin granules, that probably "the moderate electron 

density and internal granularity of the adrenaline-storing granules represents binding sub

stance" 

Wood and Barrnett (1964) employed glutaraldehyde followed by postfixation in po

tassium dichromate on adrenals of rat and hamster They also noted the formation of a 

precipitate from glutaraldehyde and noradrenaline m vitro No precipitate was developed 

by glutaraldehyde and adrenaline Postfixation with potassium dichromate at pH 4 1 re

vealed the same results as described by Coupland and' co workers, and by Elfvin When 

postfixation was performed at pH 6 5 granules of both cells became electron dense How

ever, according to Coupland and Hopwood (1966), this latter reaction, ι e staining of ad

renaline-storing granules, was not specific but due to increased overall-background of the 

cells 

Another study using glutaraldehyde as a primary fixative was published by Tramez-
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7am et al (1964) Thin slices of adrenals of man, rat, mouse, rabbit, and cat were fixed in 
glutaraldeh\de and treated with an ammoniacal silver solution At the light microscopic 
level black or brown cell clusters as described by Hillarp and Hokfelt and by Eranko were 
seen, except for the rabbit adrenal which remained negative At the electron microscopic 
level only these cell groups showed granules containing silver particles In addition, in vi
tro experiments showed that precipitates were only formed by noradrenaline and glutaral-
dehyde No precipitates were obtained if adrenaline was dissolved in glutaraldehyde 
They also found that adrenaline was eluted from the adrenals during fixation, whereas 
noradrenaline was retained in the tissue Further experiments (Cannata et al, 1968) con
firmed the above findings, but also showed that staining was achieved in dopamine cells 
and, under certain conditions, also in enterochromaffin cells supposedly containing sero
tonin Comparable results were reported by Chang and Bencosme (1968) on the rat 
adrenal, using silver methenamine instead of the ammociacal silver solutions utilized by 
Trame/zam et al (1964) and Cannata et al (1968) 

It is now generally accepted that the adrenal medulla may contain two types of pa
renchymal cells containing specific granules which store either noradrenaline or adrenal
ine This conclusion is based on light and electron microscopic observations on "normal" 
adrenals (see Tables 2 and 3) and adrenals of animals treated with eg insulin, as well as 
on experiments dealing with the reaction mechanism of the techniques applied Several 
authors have stressed that in adults no cells were seen which contain mixtures of noradre
naline and adrenaline-storage granules (Coupland, 1971, Coupland and Hopwood, 1966, 
Wood and Barrnett, 1964) In several mammalian species the relative proportion of nor
adrenaline storing cells corresponds to the relative (percentage of the sum of noradre
naline and adrenaline) concentration of noradrenaline (Eranko, 1955a, Hillarp and Hok
felt, 1953, Klein and Kracht, 1957) Noradrenaline- and adrenaline-storing cells show a 
species specific distribution in the adrenal medulla (references, see Table 2) Thus in e g 
rat, mouse, and man noradrenaline-stonng cells are arranged in clusters with a random 
distribution In the hamster the noradrenaline-stonng cells are found near the cortico-me-
dullary boundary, and in eg cow, horse, and pig noradrenaline-stonng cells are con
centrated in the central part of the adrenal medulla The above data seem to indicate that 
in adult mammals the adrenal medulla contains two distinct populations of cells rather 
than functional stages of one cell type Additional differences between the noradrcnaline-
and adrenaline-storing cells also support this supposition Thus, by immunohistocherms-
try leu- and met-enkephalin were detected only in the adrenaline-storing cells of the bo
vine adrenal (Livett et al, 1982) In the adrenal medulla of the hamster only the adrenal
ine-storing cells reacted with antibodies to leu-enkephahn (Petto-Huikko et al, 1982) As 
discussed above (see 5 ), peptides with opioid activity seem to be present only in the ad
renaline-storing granules (Lang et al, 1982, Roisin et al, 1983) In the cat adrenal 
medulla neurotensin is claimed to be localized in the noradrenaline-stonng cells, only 
(Lundberg et al, 1982, Polak and Bloom, 1982) 
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Tabic 2. Noradrenaline- and adrenaline-storing cells of the mammalian adrenal medulla -
Light microscopy. 

Cat Coupland and Hopwood, 1966; Coupland et al., 1964; Eränkö, 1955 a, 
1955d; Hillarp and Hökfclt, 1953, 1955; Klein and Kracht, 1957; Palkama, 
1962; Smollich, 1967; Tramezzani et al., 1964. 

Cow Hillarp and Hökfclt, 1953; Klein and Kracht, 1957; Livett, 1982; Palkama, 
1962; Smollich, 1967. 

Dog Eränkö, 1955a; Hillarp and Hökfelt, 1953; Smollich, 1967. 

Guinea pig* Coupland and Hopwood, 1966; Coupland et al., 1964; Eränkö, 1955a; Hil
larp and Hökfclt, 1953; Klein and Kracht, 1957; Palkama, 1962. 

Hamster Eränkö, 1955a, 1955e, 1956; Klein and Kracht, 1957; Palkama, 1962; Yates 
et al., 1962. 

Horse Palkama, 1962; Smollich, 1967. 

Man Lundbcrg et al., 1979; Tramezzani et al., 1964. 

Mouse Coupland and Hopwood, 1966; Coupland et al., 1964; Eränkö, 1955a, 
1955b; Gorgas and Bock, 1976; Klein and Kracht, 1957; Palkama, 1962; 
Tramezzani et al., 1964. 

Pig Palkama, 1962; Smollich, 1967. 

Rabbit* Coupland and Hopwood, 1966; Coupland et al., 1964; Eränkö, 1955a; Hil
larp and Hökfelt, 1953; Klein and Kracht, 1957; Palkama, 1962; Tramcz-
zani et al., 1964. 

Rat Chang and Bencosme, 1968; Coupland, 1965b; Coupland and Hopwood, 
1966; Coupland et al., 1964; Eränkö, 1952, 1955a, 1955b; Hillarp and Hök
felt, 1953, 1955; Hökfelt et al., 1973c, 1975; Holtzman and Dominitz, 1968; 
Jones, 1967; Klein and Kracht, 1957; Palkama, 1962; Tramezzani et al., 
1964. 

Sheep Hillarp and Hökfclt, 1953; Palkama, 1962; Smollich, 1967. 

*Adrenaline-storing cells only demonstrated. 



Tabic 3. Noradrenaline- and adrenaline-storing cells of the mammalian adrenal medulla -
Electron microscopy. 

Cat Coupland, 1971; Coupland and Hopwood, 1966; Coupland et al., 1964; Tra

mezzani et al., 1964. 

Cow Coupland, 1971. 

Guinea pig* Coupland and Hopwood, 1966; Coupland et al., 1964. 

Hamster Grynszpan-Winograd, 1975; Wood and Barrnett, 1964; Yates et al., 1962. 

Man Bcnchimol and Cantin, 1977; Coupland, 1971; Tramezzani et al., 1964. 

Mouse Coupland and Hopwood, 1966; Coupland et al., 1966; Tramezzani et al., 

1964. 

Rabbit* Coupland and Hopwood, 1966; Coupland et al., 1964; Tramezzani et al., 
1964. 

Rat Chang and Bencosme, 1968; Coupland, 1965b, 1971; Coupland and Hop-
wood, 1966; Coupland et al., 1964; Elfvin, 19653.; Holtzman and Dominitz, 
1968; Tramezzani et al., 1968. 

*Parenchymal cells contain only adrenaline-storing granules. 

Recently, by electron microscopy a third cell type containing chromaffin granules has 
been described in the adrenal medulla of mouse (Coupland, 1984; Kobayashi and Coup-
land, 1977; Kobayashi et al., 1978; Lassmann, 1974), dog (Kajihara et al., 1978), and gui
nea pig (Coupland, 1984; Unsicker et al., 1978) as well as in the adrenals of rat and rab
bit (Coupland, 1984). These cells are most numerous in the mouse, although comprising 
only a small percentage of the parenchymal cells (0.5-1 percent according to Lassmann, 
1974; 1-3 percent according to Kobayashi and co-workers, 1977, 1978; 3-5 percent accord
ing to Coupland, 1984). They are smaller than the typical noradrenaline- and adre
naline-storing cells and have a relatively high nuclear cytoplasmic ratio. The average 
size of their chromaffin granules is smaller than the typical noradrenaline- and adrena
line-storing cells, but show an intermediate electron density. Because of the small size of 
the chromaffin granules, these cells are referred to as "small granule chromaffin cells" or 
"small granule containing cells". Argentaffin granules were observed in the cytoplasm of 
the small granule chromaffin cells of mouse and guinea pig adrenals following glutaral-
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dchyde fixation (Gorgas and Bock, 1976, Unsickcr et al, 1978), indicating that the 

chromaffin granules probably store a primary catecholamine In the first descriptions on 

these cells it was suggested that dopamine was involved, but the idea was discarded in 

view of the extremely low levels of dopamine in the adrenal (Coupland, 1984, Unsicker 

et al, 1978) Thus, most likely, small granule chromaffin cells also store noradrenaline 

In mouse and guinea pig these cells also revealed small vesicles resembling the synaptic 

vesicles of the orthosympathetic postganglionic nerve terminals which arc known to con 

tain noradrenaline (Kobayashi and Coupland, 1977, Kobayashi et al, 1978, Unsicker et 

al, 1978) Coupland (1984) showed that the synaptic vesicle like structures present in 

the small granule chromaffin cells do indeed contain noradrenaline Therefore, he 

suggested that these cells represent a cell type intermediate between a typical chromaffin 

cell and a sympathetic neuron Unsicker et al (1978) described a second, minor popula 

non of small granule chromaffin cells in the guinea pig adrenal medulla These cells were 

not argentaffin and contained less electron dense granules Both cell types had long pro

cesses which seemed to form synaptic contacts with the dendrites of the medullary neu

rons (sec 9) The processes also made contact with the parenchymal cells of the 7ona fas 

oculata and 7ona reticularis, as well as with blood vessels of both cortex and medulla He 

suggested that small granule chromaffin cells might be intercalated between the extrinsic 

nerve fibres and the medullary neurons, ι с might have an interneuron function, and also 

might influence blood flow in the adrenal as well as the secretion of steroids by the adre 

nal cortex 

9 Besides the parenchymal cells multipolar nerve cells may be encountered in the adrenal 

medulla These cells are not stained by the chromaffin reaction, as was already noted by 

von Brunn (1872) who also indicated that they belong to a distinct cell type 

"Die im Mark befindlichen Ganglienzellen werden durch Chromsaure nicht 

gefärbt, sie bleiben hell und färben sich bei nachhenger Tinction durch 
diese Reaction sind sie leicht vom Parenchym zu unterscheiden, und moch
te ich eben diese Verschiedenheit in der Reaction als einen Beweis princi 
pieller Verschiedenheit zwischen beiden Zellarten auffassen" 

Medullary neurons have been demonstrated in many mammalian species, although re 
markable species differences have been noted Coupland (1965a) stated that the relative 
number of these cells decreases in the following order guinea pig, man, cat, dog, rat, 
mouse, sheep, ox, and rabbit Hillarp (1947) found that in the rat adrenal the number of 
medullary nerve cells varied between 89 and 442, and the cells were often vacuolated 
Therefore, he thought they did not "form an essential element in the innervation of the 
medulla" According to him, they should be considered as "a faulty differentiation of 
cells belonging to the primordial sympathicoblasts" However, a different opinion is held 
by later investigators (see below) 

In the adrenal medulla of several species the presence of acetylcholinesterase contain
ing neurons has been demonstrated by enzyme histochemistry (Coupland and Holmes, 
1958, Eranko, 1959, Eranko et al, 1962a, 1962b, Lewis and Shute, 1968, Palkama. 1962), 
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indicating that these cells may use acetylcholine in neurotransmission Rat adrenals de

prived of external nerve fibres "by dividing the left splanchnic nerve* under the dia

phragm" exhibited a strong reduction of acetvlcholinesterase-positive nerve fibres (nerve 

fibres innervating the chromaffin cells are supposed to be cholinergic, see below) How

ever, cell bodies in the medulla as well as some nerve fibres in the adrenal medulla and 

the adrenal cortex remained detectable (Eranko et al, 1959) A similar observation was 

made in the hamster adrenal (Eranko et al, 1962a) Recent immunohisto-

chemical studies on the rat disclosed that the supposedly cholinergic neurons probably al

so contain the putative neurotransmitter substance vasoactive intestinal polypeptide 

(Hokfelt et al, 1981) Co-existence of acetylcholinesterase and vasoactive intestinal po

lypeptide also occurs in neurons which are involved in the regulation of the secretion and 

blood flow of exocrine glands (observations in the cat, Lundberg, 1981, Lundbcrg et al, 

1979b, 1980) In dencrvated rat adrenals vasoactive intestinal polypeptide immunoreac-

tive cell bodies were still present, as were the nerve fibres observed in the zona 

glomcrulosa of untreated animals Some of these nerve fibres were associated with blood 

vessels 

Electron microscopy on the rat showed synaptic nerve endings mainly on the dendrites 

of the medullary neurons, axo-somatic synapses were infrequent The destination of the 

axons of these nerve cells could not be determined (Coupland, 1965c) In the guinea pig 

Unsicker et al (1978) found two types of medullary neurons with different ultrastructur

al features Type I cells resembled the principal cells of the sympathetic ganglia, whereas 

Type II cells were smaller and were supposed to be intermediate stages between Type I 

neurons and small granule chromaffin cells Based on the structure of the granules as 

well as on their reactions in pharmacological experiments they suggested that the cells 

were adrenergic, 1 e use noradrenaline as a neurotransmitter substance Processes of me

dullary neurons were in contact with blood vessels in the cortex and medulla, with the 

parenchymal cells of the adrenal cortex, and occasionally with chromaffin cells 

Both Hokfelt et al (1981) and Unsicker et al (1978) suggested that medullary nerve 

cells may be involved in the regulation of the blood flow through the cortex and medulla 

as well as with the control of the secretion by cortical and medullary parenchyma How

ever, final proof is not yet available 

INNERVATION 

The mammalian adrenal gland is connected to the abdominal autonomic nerve plexus by 

a large number of nerve fibres which form a plexus in the fibrous capsule From this 

plexus nerve fibres enter the organ Most of them run through the cortex as discrete bun

dles to branch out in the medulla A few, small fibres produce a plexus in the cortex, 

mainly in the zona glomcrulosa In the fibrous capsule as well as in the adrenal cortex 

part of the nerve fibres are associated with arterial blood vessels and, hence, possibly in

volved in the innervation of these structures Some authors have stated that there is an 

*probabl) the greater φΐαηώηη nene 
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innervation of the cortical parenchyma. Most of these studies are based on light micro
scopical observations in several species, e.g. man, monkey, dog, cat, guinea pig, rabbit, 
and rat, using silver impregnation techniques and supravital or vital staining (Alpert, 
1931; Lever, 1953; Mikhail, 1961; Mikhail and Amin, 1969; Mikhail and Mahran, 1965; 
Sarter, 1954; Stöhr, 1935; Willard, 1936). In other, comparable studies no evidence for a 
cortical innervation was found (e.g. Bennett, 1940; Carrato, 1956; Greep and Deane, 
1949; Hollinshcad, 1936; Nonoguchi, 1959; Swinyard, 1937; Wilkinson, 1961). However, 
by electron microscopy synapse-like contacts between nerve fibres and cortical cells have 
been described in the hamster (Unsicker, 1969), rat and pigs (Unsicker, 1971), and gui
nea pig and man (Garcia-Alvarez, 1970). 

In contrast to the above controversy it is generally accepted that the great majority of 
nerve fibres entering the adrenal gland are involved in the innervation of the adrenal me
dulla. Once nerve fibres have reached the medulla, they divide into smaller branches 
which form a coarse plexus surrounding groups of chromaffin cells. From this plexus in
dividual fibres or small groups of fibres provided with varicosites pass between individual 
chromaffin cells, producing a fine meshwork. Early light microscopical obser
vations described distinct nerve endings on chromaffin cells (Alpert, 1931; Hollinshcad, 
1936; Willard, 1936). However, according to Stöhr (1935) a direct innervation does not 
exist. Chromaffin cells were supposed to be innervated by a terminal reticulum ("Ter-
minalreticulum"), i.e. a syncytial net of nerve fibres. Hillarp (1946) described the rela
tionship between nerve fibres and chromaffin cells as a "nervous ground plexus" com
posed of a plexus of Schwann cells enclosing "terminal axon ramifications" which sur
round the parenchymal cells of the adrenal medulla. He summarized the implications of 
this concept as follows: 

"Each effector cell is in direct contact with some part of this ground plexus. 
Within the plexus each axon has a certain extension and innervates in its 
coarse a certain number of cells which react as a functional unit, the neuro-
effector unit. One or more such units are supplied by one and the same 
neurone. A neuro-effector unit is not innervated by one neurone only; sev
eral neurones, the terminal axon ramifications of which run within the 
same strands of the ground plexus, converge towards it". 

The presence of a three-dimensional network of Schwann cells containing axons has been 
confirmed by electron microscopy on rat adrenals (Coupland, 1965c). However, this stu
dy also disclosed the presence of synaptic contacts between the chromaffin cells and ax
ons derived from this network. Different types of synapses were seen. Some 
nerve terminals ended on the cell membrane without indenting it. In other cases axons 
produced a slight or finger-like identation of the membrane, sometimes in close proximi
ty to the cell nucleus. Finger-like identations probably represent the intracellular nerve 
endings described by early light microscopists, e.g. Alpert (1931). In the axon terminals 
two types of synaptic vesicles were seen. Most of the vesicles were small, of low electron 
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density, resembling the synaptic vesicles observed in cholinergic neurons. The minority 
of the vesicles were larger and possessed an electron dense centre. No difference was ob
served between nerve terminals on adrenaline- and noradrenaline-storing cells. Lewis and 
Shute (1968) also found synaptic contacts in the rat adrenal medulla. Nerve terminals 
contained two types of vesicles, as described by Coupland (1965c), and noradrenaline-
storing cells were more richly innervated. In the hamster nerve endings also 
make synaptic contacts with chromaffin cells (Grynszpan-Winograd, 1974). Noradre
naline-storing cells seem to be more intensely innervated. Synaptic formations in the 
adrenal medulla were also reported by Lever (1953) and Elfvin (1965a) in the rat, and by 
De Robertis and Vaz Ferreira (1957), and Coupland and Weakley (1970), in the rabbit. 

Several authors have reported different ratios of myelinated to unmyelinated nerve fi
bres in the adrenal medulla. According to Swinyard (1937) in cat and man about 50 per
cent of the fibres are myelinated. In the rabbit adrenal about 30-50 percent of the nerve 
fibres are myelinated (Hoshi, 1926). Coupland (1965c) estimated that in the rat adrenal 
medulla approximately 10 percent of the nerve fibres are myelinated. A corresponding 
figure was found in the greater splanchic nerve. Lewis and Shute (1968) also saw occasi
onal myelinated nerve fibres in the adrenal medulla of the rat. In the hamster medullary 
nerve fibres were "almost exclusively unmyelinated" (Grynszpan-Winograd, 1974). 

Enzyme histochemical studies on a variety of mammalian species revealed the presence 
of acetylcholinesterase in the medullary nerve fibres (Coupland and Holmes, 1958; Erän-
kö, 1959; Eränkö et al., 1959, 1962a, 1962b; Koelie, 1950, 1951; Palkama, 1962). The ul
trastructural localization of this enzyme was examined in the rat by Lewis and Shute 
(1968). Acetylcholinesterase was found in the membranes of the nerve fibres including 
nerve terminals. From the intense staining of the membranes they concluded "that it 
seems reasonable to assume" that chromaffin cells are innervated by cholinergic nerves. 
Eränkö et al. (1959, 1962a) showed an almost complete disappearance of the ace-
tylcholinestcrasc-positive nerve fibres in rat and hamster adrenals after transection of the 
"splanchnic nerve".* The cholinergic nature of this nerve was first demonstrated by Feld-
berg et al. (1934) who detected the liberation of acetylcholine from adrenal glands during 
splanchnic nerve stimulation (for more recent references see Douglas, 1975) 

Recent immunohistochemical studies indicate that peptides („regulatory peptides") 
might also be present in the nerve fibres of the adrenal. Thus, Lundbcrg et al. (1978) 
noted in the greater splanchnic nerve of rat and guinea pig nerve fibres immunoreactive 
to substance P, met-enkephalin, somatostatin, vasoactive intestinal polypeptide, and gas
trin. Recently, neurotensin-immunorcactivity was found in the splanchnic nerve of the 
cat (Lundberg et al., 1982). Some met-enkephalin-immunoreactive nerve fibres were ob
served in the adrenal medulla of guinea pig and rat (Schultzberg et al., 1978), and man 
(Linnoila et al., 1980). In addition, in rat and man nerve fibres immunoreactive to 
vasoactive intestinal polypeptide were seen (Hökfelt et al., 1981; Linnoila et al., 1980). 

* // к mou likely thai theie and other authon are referring to the greater splanthmc nene. 
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Whether these peptides are localized in separate nerve fibres or distributed throughout 

the presumably cholinergic nerves is not yet known If the latter occurs, they might pos

sibly be stored in the large vesicles provided with an electron dense centre, described in 

the rat b) Coupland (1965c) and Lewis and Shute (1968) 

The question whether nerve fibres which enter the adrenal gland belong to pre- or 

postganglionic neurons has frequently been examined Elliott (1913) noted that the fe 

line adrenal gland received nerve fibres from the splanchnic nerves with minor contnbu 

tions from the lumbar sympathetic chain Transection of the splanchnic nerves caused de

generation of myelinated fibres in extra-glandular nerves as well as inside the adrenal Af

ter transection of the dorsal root of spinal nerves no degeneration was seen, ι e no affer

ent fibres were present He concluded 

"Since few, if any, of these glandular nerves are afferent, it is clear that the 

primary synapse of the efferent fibres must lie in the medulla Here gangli

on cells are rarely found, and the myelinated fibres seem to branch and run 

directly to the nests of chromaffine cells So it appears probable that the lat 

ter are directly innervated from the primar) "preganglionic" nerves without 

the intervention of a ganglion cell " 

and further 

"With this reservation that the final microscopic proof is still needed, one 

would then place the medullary chromaffine cell on the same level as the 

sympathetic ganglion cell" 

Denervation experiments on feline adrenals were also performed bv Hollinshead (1936), 

Swinyard (1937) and Young (1939) employing silver impregnation techniques which 

stain myelinated as well as unmyelinated fibres All agreed that the great majority of the 

nerve fibres in the adrenal medulla were preganglionic axons leaving the spinal cord via 

the \ entrai roots of the lower thoracic and upper lumbar spinal nerves to pass to the 

adrenal via the splanchnic nerves After a "complete" denervation (cutting of greater and 

lesser splanchnic nerves as well as of the upper lumbar sympathetic trunk) some un-

myelinatcd fibres still remained Sometimes such fibres could be traced to small ganglia 

in or near the fibrous capsule, ι e represented postganglionic axons In rabbits an almost 

complete disappearance of the medullary nerve fibres could be achieved by transection of 

the "Nervus splanchmcus" (Hoshi, 1926) Further evidence for the existence of a pregan 

glionic innervation was provided in the dog bv Cummings (1969) who examined retro

grade cell changes in the spinal cord after unilateral adrenal medullcctomy or transection 

of "the thoracic and first lumbar splanchnic nerves" His study indicated an ipsilateral in

nervation derived from cell bodies mainly located in the intcrmediolateral nucleus at the 

segments T4 to Ll on the right and T5 to L2 on the left side Comparable results were 

obtained by retrograde axonal transport after injection of the cn/yme horseradish pcrox-
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idase in the adrenals of guinea pig (Ellison and Clark, 1975) and rat (Haase et al., 1982; 

Schramm et al., 1975). Most of the preganglionic cell bodies were found in the lower 

thoracic segments of the spinal cord which corresponds with the observations of Hillarp 

(1947). He examined the effect of hypoglycaemia induced by insulin on the chromaffin 

reaction of the rat adrenal medulla. In hypoglycaemic control animals most of the medul

lary cells became achromaffm. This reaction could be prevented by medullotomy, i.e. 

transection of the spinal cord between the thoracic segments T8 to Ti l . A similar effect 

was achieved by cutting the greater splanchnic nerve or by severing the sympathetic 

trunk at levels corresponding to spinal segments T8 to Ti l . A recent study on the rat, 

combining retrograde transport of the fluorescent dyes Fast Blue or True Blue and im-

munohistochemistry, showed that the preganglionic cell bodies are innervated by nerve 

fibres immunoreactive to somatostatin and to a lesser extent also to met-enkephalin, sero

tonin and substance Ρ (Holets and Eide, 1982). Although for man no experimental data 

arc available, it is assumed that chromaffin cells here also are innervated by preganglionic 

nerve fibres derived from most of the thoracic and the upper lumbar segments of the spi

nal cord (Coupland, 1975). As mentioned above, there is some experimental evidence in

dicating that a few postganglionic nerve fibres may enter the adrenal (see e.g. experi

ments on feline adrenals by Hollinshead, 1936, and Swinyard, 1937, on the adrenals of the 

rat by Eränkö, 1959, and on the adrenals of the hamster, Eränkö, 1962a). However, 
whether this is a more general phenomenon in mammals is not known, nor which struc
tures they are innervating (blood vessels?). 

VASCULARIZATION 

As discussed above, the adrenal cortex and adrenal medulla arc now considered endocrine 
organs. For endocrine organs vascularization and lymphatic drainage (to be described in 
the next paragraph) are highly significant as already indicated by Flint (1900) in his pub
lication on the adrenal gland: 

"In a gland having an "internal secretion", the blood vessels and lymphatics 
possess an additional interest, because it is only through these channels that 
the products of the glandular metabolism can reach the general economy." 

Arnold (1866), already quoted in the section on the adrenal cortex, was one of the first to 
recognize that in dissected adrenals blood vessels are mostly collapsed and should be in
jected to obtain a realistic impression of the vascular pattern. Using injection procedures 
he became impressed by the rich vascularization of the adrenal and stated: 

"...,dass die Nebenniere zu dem gefässreichsten Organen gehört und in dies
er Beziehung mit Leber und Milz in eine Linie gestellt werden muss und 
dass eine Prüfung der Structurverhältnisse, welche sich auf nicht injicierte 
Stücke beschränkt, über sehr wichtige Punkte einen richtigen Aufschluss 
nicht liefert." 
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Quantitative data on the blood flow through the canine adrenal were reported by Bur

ton Opitz and Edwards (1917), on feline adrenals by Stewart (1918). and on ovine adre

nals by Wright (1963) These studies showed that the adrenals receive about 5 ml/min 

/g tissue Burton Opitz and Edwards (1917) reported that by a similar experimental set 

up the amount of blood received by the adrenals, expressed as ml per gram of tissue, far 

exceeds that of the kidney and the brain, and is only exceeded by the thyroid gland 

The mammalian adrenal gland is supplied by a variable number of arteries originating 

from the abdominal aorta or from one of its branches For several mammals detailed de

scriptions of the arterial system of the adrenals are available, eg for the rat (Booz, 1962, 

Harrison, 1951, Harrison and Hoey, I960), cat (Bennett and Kilham, 1940, Harrison, 

1951), dog (Flint, 1900), monkey (Harrison and Asling, 1954), and man (Anson et al, 

1947, Busch, 1955, Gagnon, 1957, 1964, 1966, Mcrklin, 1962, Hurcau et al, 1980) These 

studies revealed large variations in the number and origin of the adrenal arteries between 

the species in addition to individual variations Even conflicting results concerning single 

species have been reported For example, in the rat Booz (1962) recognized on the left side 

6 to 8 arteries from the phrcmco-abdominal artery ("Rami suprarenalcs craniales") 

and 2 to 3 arteries directly from the aorta ("Rami suprarenalcs mediales") No arterial 

branches arose from the renal artery, even when the area between the adrenal and the re 

nal artery was examined microscopically On the right side all arteries arose from the su-

prarenophremco-abdominal artery, originating from the right renal artery This artery gave 

rise to 1 branch to the caudal side of the adrenal ("Ramus suprarenalis caudahs"), 2 to 

3 branches to its medial aspect ("Rami suprarenales mediales") and 5 to 8 branches to its 

superior aspect ("Rami suprarenalcs craniales") Harrison (1951) and Harrison and Носу 

(1969), also examining the rat, found on the left side essentially an identical situation, 

though they described an inconstant adrenal artery from the left renal artery to the inferi 

or pole of the gland However, on the right side most of the adrenal arteries arose from a 

phrenico abdominal artery originating from the aorta Only 1 or 2 branches were received 

from the right renal artery Lever's description (1952) agreed with the observations by 

Boo/ (1962), although fewer branches were noted Concerning the human adrenal Anson 

et al (1947) stated 

"Textbooks of gross anatomy* and of surgical anatomy still lead us to be 

heve that only three arteries supply a suprarenal gland, one minute vessel a 

piece from phrenic, aortic and renal sources Actually, although the vessels 

do come from the sources just named, they are exceedingly numerous" 

According to the same authors the adrenals may be reached by 50 or more, mostly small 

arteries which 

"converge upon the suprarenal gland, placing the gland in the position of a 

visceral hub of a multispoked vascular wheel" 

* see also eg the Somwa Anatomica as documented by Feneii (1<)X2) 

48 



Gagnon (1957) counted the number of arteries leaving the phrenic artery He found on 
the right side 1 to 21 and on the left side 1 to 23 branches (average numbers of 7 6 on 
both sides) which gave rise to an average number of 11 57 twigs on reaching the surface 
of the adrenals The average number of the middle adrenal arteries on both sides account
ed for 1 24 branches subdiving into about 4 75 twigs per gland For the inferior branches 
these numbers were 2 75 and 7 82, respectively From these data he calculated that about 
50 percent of the arterial supply to the human adrenal is provided by the superior adrenal 
arteries, whereas about 20 and 30 percent of the supply is derived from the middle and 
inferior arteries, respectively Hureau et al (1980) described the presence of 3 to 4 arter 
íes arising from the inferior phrenic artery and a "constant principal suprarenal artery" 
either originating from the aorta ("principal middle suprarenal artery") or the renal ar
tery ("principal inferior artery") in addition to accessory adrenal arteries which represent 
"a constant group but of very different and often multiple origins" Based on the number 
and origin of the adrenal arteries they distinguished four types of arterial patterns Ligat 
ion of individual adrenal arteries causes a necrotic area in the cortex, as was shown by ex 
penments on rat, rabbit, cat, dog, and monkey (Harrison, 1951, Harrison and Asling, 
1955, Harrison and Hoey, I960) Thus, apparently, these arteries may be functional end 
arteries 

Where the adrenal arteries reach the adrenal they divide into several smaller branches 
which penetrate the fibrous capsule to form a capsular plexus, as in the dog (Flint, 
1900), or pierce the capsule to form a subcapsular plexus as in, eg the rat (Booz, 1962, 
Kikuta and Murakami, 1982, Lever, 1952, Pauly, 1957), cat (Bennett and Kilham, 1940), 
monkey (Harrison and Asling, 1955), and man (Dobbie and Symington, 1966, Elias and 
Pauly, 1953, 1956, Merklin, 1962) From the capsular or subcapsular arterial plexus an 
anastomosing system of capillaries arises which passes into the connective tissue frame
work of the cortex The gcneial pattern of these cortical capillaries is essentially the same 
as described by Arnold (1866) who mainly used bovine glands ("da sich jeder Zeit ganz 
frisches Material beschaffen liess") to study the vascular system of the adrenal Thus, in 
the zona glomerulosa a "honey-comb pattern" (Lever, 1952) is found, while in the zona 
fasciculata the capillaries are radially arranged, parallel to each other and frequently anas
tomosing In the zona reticularis the capillaries widen to become irregularlv shaped, si-
nusoid-like structures Electron microscopy on a variety of mammalian species showed 
that the capillary walls consist of thin endothelial cells provided with numerous pores 
(Motta et al, 1979, for additional references see also also Idelman, 1970, 1978) The en
dothelial cells do not form a continuous layer, 1 e gaps between endothelial cells may al 
so be present Between the endothelial cells and the cortical parenchima a small suben-
dothelial space was seen The arterial plexus also gives rise to arteries which after a wind
ing course through the cortex turn back to the arterial plexus ("looped arteries") as was 
shown in eg rat (Gersh and Grollman, 1941, Kikuta and Murakami, 1982, Lever, 1952, 
Pauly, 1957), cat (Bennett and Kilham, 1940), and man (Elias and Pauly, 1956, Merklin, 
1962) A second type of artery may leave the arterial plexus, penetrate the cortex to a var-
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üble depth before ending in the cortical capillaries ("cortical arteries") Such vessels 

were described in the adrenals of e g dog (Flint, 1900), and rat (Gersh and Grollman, 

1941) Thirdly, the arterial plexus gives rise to arteries which pass through the cortex 

without branching, to end in the capillaries of the adrenal medulla ("medullary arter

ies") They were found in many mammalian species, e g dog (Flint, 1900), rat (Boo/, 

1962, Kikuta and Murakami, 1982, Lever, 1952, Pauly, 1957), and man (Busch, 1955, 

Dobbie and Symington, 1966, Elias and Pauly, 1956, Mcrklin, 1962) The number of me

dullary arteries shows great variability between species as was demonstrated by Coupland 

and Selby (1976) Few medullary arteries were counted in the mouse and hamster adre

nals (mean number per gland, 2 to 3 respectively), while a moderate number was ob

served in the glands of rat, guinea pig, and rabbit (an average of 8 vessels per gland) Lar

ge numbers of medullary arteries occurred in feline and bovine adrenals (average number 

per gland of 25 and 400, respectively) The same authors also reported that in the mouse 

all, and in the guinea pig some, of these arteries run parallel and adjacent to the central 

vein (sec below) 

The adrenal medulla contains wide blood channels, often described as venous sinus

oids, connected with the sinusoid-like structures of the zona reticularis They constitute 

the radicals of a venous tree draining into the central vein The interstices in this venous 

tree are occupied by the medullary connective tissue framework, with groups of paren

chymal cells and capillaries in between The vascular pattern is well shown in adrenals 

fixed by perfusion or after injection techniques Under these conditions in several species 

including rat, hamster, dog, cat, and cow the capillary system is described as more irregu

lar, coarser, and less developed than that seen in the cortex (Coupland and Selby, 1976, 

Flint, 1900, Lever, 1952) Electron microscopic observations on rat and human adrenals 

indicate that the medullary capillaries arc lined by a fenestrated endothelium (Brown et 

a l , 1971, Elfvin, 1965b, Yoko\ama abd Takayasu, 1969) In a recent scanning electron 

microscopical study on rat, hamster, cat, pig, and cow it was concluded that the endothe

lial lining of the venous sinusoids „generally had few fenestrations" (Carmithael und Ul

rich, 1983) In the human adrenal bundles of smooth muscle cells arc present in the walls 

of the central vein and its major branches (Barenthin, 1975, Bargmann, 1933, Dobbie 

and Symington, 1966, Gon/alo-San/ and Insausti, 1976, Heimvaara, 1954, Maresch, 1921, 

Merklin and Eger, 1961, Shdanow and Ssapin, 1968, Velican, 1948) Bundles of smooth 

muscle cells were also demonstrated in the dog (Shdanow and Ssapin, 1968) as well as in 

the chimpanzee, hippopotamus, and rhinoceros (Bargmann, 1933) but seem to be absent 

in cat, rat, and other domestic or laborator) animals Heimvaara (1954) published a de

tailed account of the development of smooth muscle cells present in the venous system of 

the adrenal gland as well as in the suprarenal vein, ι e the extraglandular continuation of 

the central vein In adults, the suprarenal vein is composed of several layers Beneath the 

endothelium a thin layer of connective tissue is found, next a few circulaiIv arranged 

smooth muscle cells arc seen, followed b) a thick, continuous layer of longitudinally ar

ranged smooth muscle cells The central vein shows essentiall) the same composition, al

though both circular and longitudinal smooth muscle cell layers arc less well developed 
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However, the walls of its major branches are composed of endothelium with very scanty 
connective tissue and 2 to 4 longitudinal bundles of smooth muscle cells protruding into 
the lumen Between the bundles the wall of these veins consists of endothelium only, 
with some connective tissue Some bundles show a spiral arrangement Smooth muscle 
bundles frequently occur around the entrance opening of smaller veins The venous sinus
oids consist of endothelium only, sometimes surrounded by some connective tissue, so
metimes immediately bordering on the parenchymal cells Before birth, inside the adre
nal as well as in the suprarenal vein a few muscle cells were seen Immediately after birth 
the suprarenal vein showed a strong increase in the number of smooth muscle cells Insi
de the adrenal such an increase was only observed around the age of puberty In addition 
to these differences in developmental rate, Heimvaara demonstrated morphometncally 
that only the bundles of smooth muscle cells present in the major branches of the central 
vein became hypertrophic by arterial hypertension No hypertrophic changes were found 
in the central vein and in the suprarenal vein The above findings and those of others 
clearly indicate that in man and probably in some other species the venous system of the 
adrenal medulla exhibits some distinct features which are absent in commonly used labo
ratory animals, such as rodents Although all authors agree that the smooth muscle cells 
are able to control the adrenal circulation, and consequently effect hormonal secretion, di
vergent opinions exist about the exact nature of their action (for details, see e g Dobbie 
and Symington, 1966, Heimvaraa, 1954) Most authors suggest that by contraction the 
venous drainage is blocked, particularly by a sphincter-like action of the longitudinal 
bundles near the access of the venous sinusoids into the medullary veins Others suppose 
that contraction will lead to a dilatation of the venous tree, increasing the venous out
flow Still others assume that both effects may occur For example, according to Velican 
(1948) smooth muscle cells are arranged either longitudinally or, in certain parts of the 
venous s)stem, have a sphincter-like arrangement constituting "un appareil sphinctéro-
propulseur, dont le fonctionnement règle l'adaptation foncnonelle de la sécrétion surréna 
le aux besoin de l'organisme" 

In contrast to the numerous arteries, the suprarenal veins arc mostly single The right 
suprarenal vein drains into the inferior vena cava, while on the left side the vein first 
joins the inferior phrenic vein and then ends into the left renal vein In man only few 
anatomical variations are described (Gagnon, 1955, Johnstone, 1957) Hureau et al 
(1980) gave data on the length and diameter of the suprarenal as well as of adjacent 
veins These data may be useful for studies employing adrenal vein cathctcmation In 
dog and monkey multiple (2 to 4) suprarenal veins arc present (Flint, 1900, Harrison 
and Asling, 1955) In the adipose tissue surrounding the adrenals the adrenal arteries are 
accompanied by small veins, ι e venae tomitantes, which are connected with larger ves

sels draining into the cavai or portal circulation (eg Dobbie and Symington, 1966, Gag

non, 1955) Whether these vessels represent an alternative drainage system of the adre

nals is not yet clear, except in the case of man and dog In these species emissary veins 

arc found connecting the medullary veins with veins outside the gland (Dobbie and Sy

mington, 1966, Gonzalo-Sanz and Insausti, 1976, Merklin and Eger, 1961, Sasano et al, 
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1974, Shdanow and Ssapin, 1968) Experiments on disbected organs of man revealed that 
a coloured substance (Kutschera-Aichbergcn, 1922) or a rontgen contrast medium (Sasa 
no et al, 1974) injected into the suprarenal veins could be demonstrated in the central 
veins of the hver In vivo experiments on dogs showed that a fluorescent substance inject
ed into the adrenals is transported to the liver when drainage via the suprarenal veins is 
blocked (Donath, 1957) Shdanow and Ssapin (1968) observed a rapid increase of the 
adrenaline concentration in the portal vein of dogs in a similar situation, if the splanch
nic nerves were stimulated Haglund et al (1981) found that in dogs "ligation of the 
adrenals despite a careful surgical technique, could not prevent a prominent in
crease in plasma adrenaline concentration induced by bleeding" These studies indicate 
that at least in dogs the emissary system is effective Salano et al (1974) observed mercas 
ed numbers of emissary veins in adrenals from patients with portal hypertension due to 
liver cirrhosis, and suggested that they may be part of a collateral circulation 

As mentioned above, m the adrenal medulla noradrenaline and adrenaline are synthesi
zed and stored in two different cell types (Adrenal medulla, 8) Moreover, glucocorticoids 
seem to regulate the activity of the enzyme phenylethanolamine N-mcthyltransferase as 
well as the proportion of noradrenaline to adrenaline (Adrenal medulla, 7) It may be as
sumed that in the cortical capillaries much higher glucocorticoids levels pertain than in 
the medullary arteries Since both cortical capillaries and medullary arteries supply the 
adrenal medulla, the question may be raised whether there is a specific relationship be
tween the noradrenaline- and adrenaline-storing cells and the two vascular sources The 
cortical capillaries mainly drain into the medullary veins via the venous sinusoids of the 
medulla (Bennett and Kilham, 1940, Booz, 1962, Dobbie and Symington, 1966, Lever, 
1962, Dempster, 1974) In a recent scanning electron microscopic study on the microcir
culation of the rat adrenal only a few direct connections were seen between the cortical 
and the medullary capillaries (Kikuta and Murakami, 1982) Medullary capillaries were 
connected mainly with the medullary veins, rather than with venous sinusoids This stu
dy also confirmed previous light microscopic studies indicating that medullary arteries 
only supply medullary capillaries Thus, the cortical effluent seems to make intimate con
tact only with chromaffin cells directly bordering the venous sinusoids As reported by 
Coupland (1965a), in the ungulate adrenal medulla, sinusoids seem to be lined by adre
naline storing cells only whereas noradrenalme-stonng cells are mainly associated with 
the medullary arteries However, in a detailed study on adrenals of species containing se
parate noradrenaline- and adrenaline storing cells (rat, mouse, hamster, cat, cow) as well 
as of species containing only adrenaline-storing cells (rabbit, guinea pig) this assumption 
could not be proven (Coupland and Selby, 1976) By combining vascular injection and 
the chromaffin reaction they concluded 

"In all forms having both A and NA cells both cell types are seen lying ad
jacent to the tributaries of the central vein and hence in proximity to chan 
ncls rich in steroid hormones " 
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They also demonstrated that medullary capillaries supplied by medullary arteries may be 

associated with noradrenaline- as well as adrenaline-storing cells Hence, the relationship 

between glucocorticoids and the activity of phenylethanolamine N-methyltransferase is 

not determined by local vascular arrangements "unless there is some control system 

which allows a selective distribution of the arterial blood reaching the medulla through 

the medullary arteries" 

LYMPHATIC SYSTEM 

Both in the adrenal cortex and in the adrenal medulla lymphatic vessels have been descri

bed previously Most of the findings were achieved by injection techniques on post mor

tem material of e g man, horse, dog, and cow, ι e species with large adrenals containing 

a well developed connective tissue framework (for references see Bachmann, 1954) How

ever, results based on injection procedures do not seem to be very reliable (Rusznyák ct 
al, 1957) Using л different procedure on human adrenals, avoiding injection, Merklin 

(1966) observed lymphatics only in the fibrous capsule and in the connective tissue sur

rounding the central vein and its major branches A similar distribution of lymphatics 

was observed in the canine adrenal after ligation of the thoracic duct (Verhofstad and 

Lcnscn, 1973) In the rat, representing those species possessing adrenals with little con

nective tissue, no lymphatics were found either in the fibrous capsule or in the cortex 

and medulla (Verhofstad and Lcnscn, 1973) 

Although there is much uncertainty about the occurrence of lymphatics inside the 

adrenal, lymphatic vessels have been detected in the surrounding adipose tissue (see re 

views by Bachmann, 1954, Hurcau et al, 1980) Experiments on the rat show that these 

extra adrenal lymphatic vessels approach the fibrous capsule very closely and make inti

mate contact with eg the suprarenal veins (unpublished observations by Lensen and 

Verhofstad) 
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THE ADRENAL MEDULLA AS PART OF A CATECHOLAMINE-SYNTHE-
SIZING EPITHELIAL CELL SYSTEM 

In mammals one finds outside the adrenals tissues that resemble the adrenal medulla in 
structure and function The existence of this extra-adrenal "medullar) " tissue was already 
observed towards the close of the last century by several investigatprs Dostoiewsky 
(1886) described groups of cells resembling those of the adrenal medulla in sympathetic 
ganglia close to the adrenals of several species and concluded 

"Demnach sind diese ausserhalb gelegenen Ganglien gewissermaassen ac 
cessonschc primitive Nebennieren, in welchen es lediglich nervose Elemen
te und Zellen der Marksubstanz giebt" 

About the same time Stilling (1890) observed comparable groups of cells that showed a 
chromaffin reaction similar to the medulla in the rabbit, cat, and dog In 1901 Zucker 
kandl described in human neonates 

"vor der Aorta, und zwar symmetrisch zu beiden Seiten der A mesenterica 
inferior" 

a pair of chromaffin bodies of epithelial nature and with a remarkably extensive 
vascularization These small organs appear to be laid down early during embryonic devel
opment In the adult only rudimentary cell groups can be found Zuckerkandl concluded 
(see also his publication of 1911) that these small organs regress postnatally "wie bei der 
Thymus" The ganglia of the sympathetic trunk also appeared to contain larger or 
smaller groups of chromaffin cells (Kohn, 1902, 190}, Stilling, 1890, Vincent, 1910) 
Much attention was paid to these extra-adrenal groups of chromaffin cells in subsequent 
years (see among others, Iwanow, 1930, and especially 1932, which lists more than 900 
references, Hollinshead, 1940, Wrete, 1927) More recently, too, this extra-adrenal tissue 
has been the subject of much research (among others, Coupland. 1952, 1954a, I960, Her-
vonen, 1971a, 1971b, Hervonen et al, 1976a, 1976b, Hcrvonen et al, 1978a, 1978b, Ito, 
1959, Lempinen, 1964, Mascorro and Yates, 1970, 1971', 1980, see also Bock, 1982) 

Present insight about the structure and functional significance of the extra-adrenal medul
lary tissue is summarized in the next paragraphs 
1 Chromaffin cells in groups of very different si/es, sometimes surrounded by a capsule, 
are located outside the adrenals, within or close to the ganglia of the sympathetic trunk as 
well as the ganglia of the prevertebral part of the autonomic nervous system Apart from these 
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groups of cells there are several encapsulated conglomerates of chromaffin cells, that are 
not connected, or only very loosely, to the autonomic nervous plexus, located in the retroperi
toneal region and in the pelvis The largest of these conglomerates is formed by small 
bodies on the ventral side of the abdominal aorta These bodies are found in a number of 
species and were first described for man by Zuckerkandl (1901, 1911) In some species 
these organs are prominent, e g man, rabbit, guinea pig, and dog, while the rat belongs 
to those species where such organs are either absent or present only occasionally (Coup-
land, I960, Vincent, 1910) However, Lempinen (1964) consistently observed a pre-
aorncally located small chromaffin body in Sprague-Dawley rats, which he regarded as 
the equivalent of the organs of Zuckerkandl A similar observation was made by Roffi 
and Margohs in 1966, but the strain of rat used is not mentioned In some species, e g 
the rabbit, the adrenal medulla is conjoint with the extra adrenal chromaffin tissue at the 
medial side 

2 The extra-adrenal medullary tissue strongly resembles the adrenal medulla, both with re
gard to light microscopic and electron microscopic characteristics The cells of the pa
renchyma of both are polygonal or rounded with a chromatin-poor nucleus, both are 
strongly vascularized (Hervonen, 1971a, Vincent, 1910, Winkler 1969, Zuckerkandl, 
1901, 1911), and both tissues are innervated by preganglionic, probably cholinergic fi
bres, at any rate in many species (Hervonen, 1971a, Hollinshead, 1937, sec also Hollins-
head 1940, Mascorro and Yates, 1974) There are, however, some species where no 
innervation of the extra-adrenal tissue can be demonstrated, eg in the rabbit (Coupland 
and Weakly, 1968, 1970) and in the mouse (Mascorro and Yates, 1971) Electron micro
graphs of glutaraldehyde and osmium tetroxide fixed extra-adrenal cells demonstrate elec
tron dense granules resembling those noted in the noradrenaline-s\nthesizing cells of the 
adrenal medulla (Brundin, 1966, Coupland and Weakly, 1968, 1970, Furness and Sobéis, 
1976, Hervonen, 1971a, 197lb, Mascorro and Yates, 1970, 1971, 1980, Mascorro et al, 
1976) 
3 Apparently, noradrenaline is also formed in the extra-adrenal medullary tissue The 
first indications for this were observed shortly after the discovery of the extra-adrenal tis
sue Biedl and Wiesel (1902) demonstrated in man that extracts of the organs of Zucker
kandl had hypertensive activity and similar observations were made for the dog by Vin
cent (1910) and Kahn (1912) Using a different bioassay Fulk and Macleod (1916) were 
able to show in a large number of species including man, dog, guinea pig, sheep, and rat 
that extracts from the retroperitoneal tissue containing the organs of Zuckerkandl and 
extracts from adrenals contained the same active principle More direct evidence for the 
presence of noradrenaline in the organs of Zuckerkandl was obtained by biochemical and 
pharmacological experiments on a number of species (Brundin, 1966, Coupland, 1953, 
Coupland et al, 1982, Eranko et al, 1966, 1967, Roffì and Margolis, 1966, West, 1955, 
West et al, 1951, 1953) Furthermore, these experiments indicated that the level of nor
adrenaline in the organs of Zuckerkandl during the prenatal period far exceeds total lev
els of noradrenaline and adrenaline in the adrenals proper This situation becomes re
versed postnatally Nothing is known about levels of noradrenaline in the other, minor 
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parts of the extra-adrenal medullary tissue There is no consensus on the synthesis of ad 

renaltne in the extra adrenal medullary tissue West (1955) and West et al (1953) ob 

served adrenaline as well as noradrenaline in the organs of Zuckerkandl of children 1 of 2 

years of age, but were unable to demonstrate the presence of adrenaline, either pre- or 

postnatally, in these organs in the rabbit, dog, cat or guinea pig Similarly, Brundin 

(1966) found no indication for the synthesis of adrenaline in the rabbit Roffi and Mar 

golis (1966) reported noradrenaline plus small quantities of adrenaline in the organs of 

Zuckerkandl of neonate rats On the other hand, Eranko et al (1966, 1967) found only 

noradrenaline in the rat To what extent these diverging results are due to different ex

perimental methods or to genetic differences of the various strains used is not clear 

However, we may conclude that the levels of adrenaline, if any, in the extra adrenal me

dullary tissue are extremely low The presence of noradrenaline in the extra-adrenal me 

dullary tissue is further confirmed by formaldehyde-induced fluorescence techniques 

(Brundin, 1966, Furncss and Costa, 1976, Hervonen, 1971a, 197lb, Hervonen et al, 

1976a, 1976b, Hervonen et al , 1978, 1978b, Lempinen, 1966, Winkler, 1969) and more 

recently by immunohistochemical methods (Elfvin et al, 1975, Hervonen et al, 1980, 

Tcitelman et al, 1979, Verhofstad et al, 1979) 

4 The extra-adrenal medullary tissue as well as the adrenal medulla are derived from the 

same blastema that gives rise to the orthosympathetic nervous system This explains the 

topographical relation between the extra-adrenal tissue and the orthosympathetic nerve 

plexus The identity of derivation of the extra-adrenal tissue, the adrenal medulla, and 

the orthosympathetic nervous tissue was demonstrated for man (Coupland, 1952, 1954a, 

Hervonen 1971a, 197lb, Ito, 1959, Iwanow, 1932, Zuckerkandl, 1901, 1911) as well as for 

several other species (Coupland and Weakly, 1968, Kohn, 1903, Lempinen, 1964) 

However, there appears to be a remarkable difference with respect to the rate of development of 

the extra- and intra-adrenal tissues The extra-adrenal tissue develops prenatally, while the 

intra-adrcnal tissue undergoes most of its development postnatally This difference ap

pears not only in the comparatively larger size of the extra-adrenal medullary tissue pre

natally (see among others, the volumetric data of rats, Lempinen, 1964), but also in an 

earlier chromaffin reaction (Lempinen, 1964), and of formaldehyde induced fluorescence 

(Hervonen, 1971a, 1971b), as well as the earlier appearance of electron dense granules in 

the cytoplasm (Coupland and Weakly, 1968, Hervonen, 1971a, 197lb) Especially, the 

last three criteria indicate that the extra adrenal medullary tissue becomes functionally ac

tive before the adrenal medulla The finding that the levels of noradrenaline in the extra-

adrenal tissue are appreciably higher than the total quantity of noradrenaline and adrenal

ine present in the adrenal also supports this view The adrenal appears to catch up post

natally the medulla increases in size, and the levels of noradrenaline and adrenaline rise 

(see among others, Hokfelt, 1951, West, 1955, West et al, 1951, 1953), though these au

thors furnish only scant details of the extra-adrenal medullary tissue As described above, 

the extra-adrenal medullary tissue consists of several components The postnatal changes 

of the largest of these components, ι e the organs of Zuckerkandl, have received most at

tention by investigators In the human adult the organs are no longer macroscopically 
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evident. Microscopically, however, vestiges of chromaffin tissue can be demonstrated 
(Coupland, 1954a; Hervonen, 1976a, 1978a; Iwanow, 1930, 1932; Zuckerkandl, 1901, 
1911). A similar situation was described in such species as the mouse (Coupland, I960; 
Goormaghtigh, 1935), and the rat (Lcmpinen, 1964). In other species, e.g. rabbit, dog, 
cat, and guinea pig, however, these organs persist in adult life (Coupland, I960; Coup-
land and Weakley, 1970); Furness and Costa, 1976; Iwanow, 1932; Kohn, 1903). In 
man the involution of the organs of Zuckerkandl occurs after the second or third year 
and is complete at the age of 10 to 15 years. In the mouse and the rat involution begins 
immediately after birth and is complete after 3 or 4 weeks. This process of involution oc
curs together with fibrosis, lymphocytic infiltration, and degeneration of the chromaffin 
cells (Iwanow, 1930, 1932; Kohn, 1903; Zuckerkandl, 1901, 1911). Fibrosis and degenera
tive changes have also been noted in the rat (Lcmpinen, 1964). However, there are some 
indications that involution is not necessarily accompanied by the loss of chromaffin cells. 
Thus, Goormaghtigh (1935) proposes that the organs of Zuckerkandl atrophy in conse
quence of a migration of the chromaffin cells (investigations on mouse) ; and Coupland 
(I960) and Coupland and Weakly (1970) concluded from research on several species 
(rabbit, guinea pig, mouse) that the absence of discrete organs of Zuckerkandl in the 
adult is due to a mechanical dispersal. The mechanical factors were supposed to arise 
from the discrepancy between the longitudinal growth rate of the organs of Zuckerkandl 
and, especially, the abdominal aorta. The dispersal of the organs supposedly occurred in 
those species with a sparse stroma, such as man and mouse. In those species, such as the 
rabbit or the guinea pig, where sufficient stroma is present a change in shape by stretch
ing rather than disintegration is proposed. He could show that such a change in shape 
did indeed occur in the rabbit as well as in the guinea pig. In none of the species studied 
could Coupland observe signs of cellular degeneration described by earlier investigators. 
Only scant information is available about postnatal changes in the smaller conglomer
ates. Several authors (Bock, 1974; Coupland, 1954a, 1979", Hervonen et al., 1976a, 1976b, 
1978a, 1978b; Iwanow, 1932; Watzka, 1943) demonstrated small groups of "vital" of 
chromaffin cells in the retroperitoneal area, in the pelvis, and in the cervical and thoracic 
parts of the sympathetic trunk of human adults. Similar observations were made in adult 
rabbits and mice (Coupland, 1956, I960, rats (Santer et al., 1975), and dogs (Vincent, 
1910). These observations support the view of Iwanow (1932) and Coupland (1954a, 
1979) that the minor components of the extra-adrenal medullary tissue retain their integ
rity postnatally, in contrast to the organs of Zuckerkandl. 

5. Already in the first publications on the extra-adrenal medullary tissue there are 
speculations as to its functional significance. Zuckerkandl (1911) proposed some internal 
secretory function, and Vincent (1910) came to a similar conclusion: 

"but there seems no reason why one cannot admit the hypothesis that all 
chromaphil cells have an internal secretion". 

Kohn (1903), however, was of the opinion that the chromaffin tissues are not endocrine 
organs. His opinion was summarized by Vincent (1910) as follows: 
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"He considers that the cells forming the medulla of the adrenal and 
chromaphil tissue elsewhere are not epithelial and, therefore cannot secre
te" 

Kohn regarded the chromaffin cells as 

"nach ihrer Genese und definitiven Beziehungen sympathische Zellen" and 
thus "aus allgemeinen, prinzipiellen und besonderen Gründen" 

cannot be classified as glandular epithelium Nowadays there is a consensus that the ex
tra-adrenal medullary tissue, too, has an endocrine function As supporting arguments the 
great similarity in structure with the adrenal medulla as well as the occurrence of nor
adrenaline synthesis are advanced Some authors suppose that possibly other substances 
with hormonal activity besides noradrenaline are secreted Thus, Bock (1974) is of the 
opinion that the electron dense cytoplasmic granules of the extra-adrenal chromaffin cells 
consist of a carrier protein as well as noradrenaline and adenosine triphosphate A tryp-
tophan-containing protem was demonstrated in the granules by Hervonen et al (1978a, 
1978b) The fact that the extra-adrenal medullary tissue is well developed at a stage when 
neither the adrenal medulla nor the orthosympathetic nervous system are in an advanced 
stage of development, ι e before birth, indicates that this tissue is functionally active 

mainly prenatally Possibly, secretion of noradrenaline by the extra-adrenal medullary tis

sue plays its part in the regulations of vegetative functions, such as blood pressure, fre

quency of heart beat, etc (Coupland, 1953, 1965a, West et al, 1953) Experimental evi

dence has shown that noradrenaline is released into the circulation during asphyxia 

(Brundin, 1966, Hervonen and Korkala, 1972) In this respect, the extra-adrenal medul

lary tissue might play an important role in the foetus in an emergency As stated above, 

the extra-adrenal medullary tissue supposedly persists after birth (Hervonen et al, 1976a, 

talk about "a presisting endocrine system") and may, therefore, be functionally active 

But there are no concrete data about the character or the extent of any functions in the 

immediate postnatal period Functions, such as regulation of blood pressure, arc probably 

shared by the maturing adrenal and the orthosympathetic nervous system Possibly, the 

extra-adrenal medullary tissue exerts some local influence on the adjacent autonomic gan

glia (paracrine function) In that case the function of the extra-adrenal tissue might be 

similar to that of the so-called small, intensely fluorescent cells (SIF-cells) that arc found 

within the sympathetic ganglia* 

It is clear from the above description that the adrenal medulla of mammals is not a 

functionally isolated structure On the contrary, it is part of a dispersed complex of cate

cholamine (noradrenaline and adrenaline) producing cells of epithelial character This 

complex was already recognized by Kohn who referred to it as "das chromaffine Gewe-

* SIF cells are small cells that fluoresce intensely (formaldthyde induced fluorescence) contain dopamine noradrenaline or serotonin and are 

characterized by electron dense granules m the cytoplasm comparable to tho\e present m the cells of the adrenal medulla SIT cells are 

mnenated by pregan¿lionic nene fibres and are in synaptic contaet with postganglionu neurons (for référença see Verhofltad et al 

1981) 
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be" (1902) and "die Paraganglien" (1903). The term paraganglia ("Nebenknoten") was 
used by Kohn for structures that (a) develop from the sympathetic blastema, (b) show a 
chromaffin reaction, and (c) consist of cell groups in close contact with blood vessels. 
However, it became necessary to revise the orginal definition when it became clear that 
the glomus caroticum (placed with the paraganglia by Kohn) did not arise from the 
sympathetic blastema but from the parasympathetic blastema (blastema of the glossopha
ryngeal nerve). Furthermore, the chromaffin reaction of the glomus caroticum is not pos
itive in all species. Thus, Kohn and his student Watzka modified the classification of the 
paraganglionic system into chromaffin, and nonchromaffin paraganglia (Watzka, 1943), 
i.e. those structures that (a) arose from the parasympathetic blastema, (b) gave a negat
ive chromaffin reaction, and (c) consisted of cell groups in close contact with blood ves
sels, similar to the chromaffin paraganglia. The chromaffin paraganglia were supposed to 
produce adrenaline, while the nonchromaffin paraganglia were supposed to produce 
something else, possibly acetylcholine. Neither the presence nor the significance of nor
adrenaline were known at that time. Examples of chromaffin paraganglia are the adrenal 
medulla (paraganglion suprarenale) and the organs of Zuckerandl (Paraganglion aorti-
cum sive lumbale). Thus, the system of chromaffin paraganglia consists of the adrenal 
medulla and the above described extra-adrenal medullary tissue. The nonchromaffin para
ganglia comprise the glomus caroticum (paraganglion caroticum) and the numerous, 
mostly microscopic structures situated in the distribution region the glossopharyngeal 
and vagal nerves. The latter structures are found in the head and neck, and in the medi
astinum (paraganglion tympanicum, paraganglia jugularc, paraganglia supracardialia, etc. 
However, recent biochemical, histochemical, and electron microscopical investigations 
have demonstrated that the nonchromaffin paraganglia also contain noradrenaline and 
such related compounds as dopamine (see e.g. Bock and Gorgas, 1976; Chen et al., 1976; 
Kobayashi, 1971; see also Bock, 1982). This negates an important criterium for the clas
sification of two types of paraganglia, though there is evidence that actually two types of 
paraganglia exist. Thus, as was discussed before, "chromaffin" paraganglia are endocrine 
organs innervated by efferent nerve fibres, whereas "nonchromaffin" paraganglia are in
nervated by afferent nerve fibres and seem to have a chemoreceptive function (for refer
ences, see e.g. Zak and Lawson, 1982). Although Kohn's original concept has had to be 
revised on a number of points, it is still of value in basic morphological and functional 
research of structures dispersed throughout the organism that appear strongly divergent 
at first sight. It, further, appears to play an important role in the interpretation, dia
gnosis, and treatment of tumours originating in these structures (paragangliomas; Glcn-
ner and Grimlcy, 1974; Lack et al., 1980; Lawson, 1980; Zak and Lawson, 1982). 

The intra- and extra-adrenal medullary tissues may also be classified under two other, 
recently described, cell systems, i.e. with the Amine Precursor Uptake and Decarboxylation 
(APUDJ system described by Pearse, or with the so-called Paraneuron system of Fujita. 
These two systems are rather new and still subject to constant revision, and little is 
known about the significance of the intra- and extra-adrenal medullary tissue in the con-
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text of these Systems A more extensive discussion of these systems (termed "concepts" 
by their proposers) is not called for in this instance Further information may be found in 
the publications by Pearse (1976, 1978, 1979, 1980), Fujita (1977), and Bennett (1977) 
who compares the systems with each other 

In mammals the production of noradrenaline and adrenaline is not confined to the cate-
cholamine-synthesi/ing epithelial cell system constituted by the adrenal medulla and the 
extra-adrenal medullary tissue It is generally accepted that both substances arc also syn
thesized by nerve cells Noradrenalinc-synthesmng nerve cells are found in the central -
as well as the peripheral nervous system Adrenaline-synthesizing neurons are found in 
the central nervous system, only Here, both substances function in impulse transmission 
But a detailed discussion of both cell populations is irrelevant in the present context 
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CHAPTER 2 

Immunocytochemical localization of 
noradrenaline, adrenaline and serotonin 
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1. INTRODUCTION 

Noradreruline, .idrerulinc and sciotomn ліс found in man\ тдттдііяп as well as non-

таттаіілп species In order to assess their biological significance a brief introductory re

view will be given of the distribution ot cells containing these compounds in mammals 

isonuimictlnu has been found in the centi al and peiiphcial nervous systems From the 

work of Dahlstiom and Fuxe, and others it is known that in the central nervous system 

noradrenaline is localized in neurones ' 'The cell bodies of these noradienergie neurones 

arc concentrated in all limited number of aieas of the brain stem From these cell bodies, 

nerve processes aie distiibutcd over the biain and spinal cord In the peripheral nervous 

s\stem noiadrcnahne is picscnt in the sympathetic postganglionic neurones < , The cell 

bodies of these ncuiones aie found in the ganglia of the sympathetic trunk and in the 

ganglia of the prcvcrtebial autonomic nerve plexuses Axons of these cell bodies are dis

tributed to organs controlled by the sympathetic nervous system Recently, a limited 

number of small ganglionic cells containing noiadrcnahne have been described in the 

autonomic ganglia 6 It has been suggested that these cells belong to the so-called small 

intcnseH fluoicsccnt (SIF)cclls Outside the neivous system high concentiations of nor

adrenaline have been found in the adrenal medulla of many species (in some species, eg 

rabbit and guinea-pig, concenti ations are extremely low) as well as in the extra-adrenal 

medullary tissues (extia-adrcnal chromaffin tissues or chromaffin paraganglia) 7 The 

carotid body and related structures (non-chromaffin paraganglia) also seem to contain 

noradienahne ч υ 

Лсітпііпіе is mainly detected in the adrenal medulla Thus the adrenal medulla is able 

to store adienalme as uell as noradrenaline Remarkable species differences with regard 

to the adicnalinc noradienahne ratio have been reported" '"It was shown that separate 

adrenaline and noradicnalinc-medullary cells can be distinguished by several methods 

For different species the latio of the two storing cell-types seems to conciate quite well 

with the adrenaline noradrenaline latio ", " Recently, adrenaline-containing neurones ha

ve been dcmonstiatcd in the central nervous system The cell bodies of these adrenergic 

neurones arc located in the lower brain stem n 

Serotonin is also found in scveial oigans In the central nervous system scrotoninergic 

cell bodies have been described in the brain stem ' ' и " Prcxcsses emanating from these 

cell bodies aie widely spread ovei the brain and spinal cord A limited number of seroto

nin-containing neurones are supposed to be involved in the innervation of the gastroin

testinal tract '" | ч However, the rmpr portion of serotonin is stoied in mostly isolated 

cells of the gastrointestinal epithelium, viz the entcrochiomaffin cells l-', | Evidence has 
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also been obtained indicating the presence of seiotonin in the so-called ncuioepithelul 
bodies of the lung" '' and in endocrine organs, e g in the th\roid gland 25 Finalh. in cci-
tain species (rat, mouse), mast cells contain serotonin 26 

From this brief review it will be evident that noiadienalme, adrenaline, and serotonin 
are distributed throughout the oiganism, stored in neuional as well as in epithelial cells 
Consequently, one might expect these compounds to be involved in numerous icgulatoiv 
functions, either as neurotransmitters or as hormones 01 hormone-like substances 

In addition, tumours have been described that contain eithei serotonin27 (eaiunoids) 
or noradrenaline and/or adrenaline2" (phaeochromocytomas) These tumours arc suppos
edly derived from the cnterochromaffm cells or from the adrenal medulla and extra adic-
nal medullary tissues, respectivch 

It is now geneiallv accepted that noradienalim and ctdrenalme have common piecuisois 
and are derived from the same amino acid, I t\rosine"' ,0 (Fig 1 ) Conscquenth, cells 
svnthesi/ing noradrenaline contain t\rosinc. dopa (}.4 dihvdroxvphcmlalaninc) and do
pamine (3/i-dih\drox\phenvlcdnlamine), as well as the biosvnthetic cn/\mcs t\iosinc 

T y r o s i n e H O ^ f V - C H ^ - C H - N H 2 

"" ¿ООН 

Tyrosine Hydroxylase 
(TH ) 

HO 

D O P A 

COOH 

ПОРА Decarboxylase 
< DDC ) 

HO 

D o p a m i n e HO—f У - С Н ^ С ^ N H 2 / Л 

Dopamine β Hydroxylase 
( DBH ) 

HO 

N o r a d r e n a l i n e HO <f ^ — CH(OH) C H - N H 

Phenylethanolam/ne 
I N-Methyl Transferase 

( PN Μ Τ ì 
HO 

A d r e n a l i n e H O H ^ \ - CH(OH)- C H - N H - C H 

Fig 1 Bios\mlicsis ot noridrcnilinc uid idrcnilinc 
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Indrowl.isc. dopa dcuirbowLise and dopamine β h\dio\\lasc. while adienaline and the 

eoiresponding en/\mc. phenvlerhanol imine Λ' incrinitiansfeiase, arc absent On the 

other hand eells s\nthesi/ing adiemhne contain all eomponents of the bios\nthetie 

pathway Thus, noradrenaline is piesent in the noradrenaline as well as in the adrenaline 

s\nthesi/ing eells In the fiist ease it lorms the end pioduct, in the second an intcimcdi 

ate step to adienaline Thcrcfoic, one might expect the noiadienaline coiuentiation in 

the noridienahne-s:nthesi/ing cells to be much highei than in the adiemline svnthesi/-

ing eells 

'I he bios\nthetic pathwa\ of suotomn is indicated in Fig 2 Seiotomn is the end pi od 

uet of a pathwa\ starting with the comcision of the amino acid I mptophan into 5 In 

drowtnptophan " FinilU, 'S li\dio\\ti\ptc)plian is converted to serotonin (3 Indiow-

tnptamine) 

T r y p t o p h a n 

5-Hydroxy t r y p t o p h a n 

5-Hydroxytryptamine 

Fig 2 Bios\nthcsis of serotonin 

It has been claimed that both pathwa\s (Figs 1 and 2 ) ha\e one cn/\mc in com 

mon.5 2 i c aromatic L amino acid dccaibowlasc (dopa decarbowlase) However, theie 

are other repoits indicating d u t two different t\pes of dec irbowlase exist ' ' 

2. IDENTIFICATION OF N O R A D R E N A L I N E , ADRENALINE 

A N D S E R O T O N I N SYNTHESIZING CELLS 

Cells s\nthesi/ing noi idienahne. adienaline oi seiotomn can now be identified b\ two 

diffeicnt immunoevtochemieil pioceduies, fiisth, Ы apphing antibodies to the bios\n-

thcsi/ing en/\mes or. secondh, b\ emplcning antibodies to the end products, noiadie

naline. idrenalme oi seiotomn 

They/n/ appiodih (antibodies to the s\nthcsi/ing en/vmes) was introduced in the late 

sixties and carh seventies ^ "' Since then man\ studies based upon this pnneiple have 

been published ' " Keeping in mind the biosvnthetic pathwav it will be evident that at 
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least two upes of antibodies яіе required to dctcimine whether д particuLu cell or etil 

group conuins no)adrenaline or adienahne. In pr.Ktice, two adjacent senal sections aie 

stained with an annbexh to dopamine β h\diox\lase which converts dopamine to noi-

adrenalinc and an antibod\ to phemlcthanolaminc X-methvlnanbferase which converts 

noradrenaline to adrenaline, rcspccmch , 9 If both reactions are positive, one is dealing 

with an adrenalinc-s\nthcsi/ing cell Alteinativeh, cells only immunoreactive to dopam

ine ß-h\drowlase supposedh s\nthcsize noradrenaline For the serotutun-^nthesizing Leih 

antibodies to botli mptophan h\diox\laseb |S and aromatic L-amino acid decarboxylase38 

have been used The latter antibody also recogm/cs the dccarboxylating en/} me of the 

noradrenaline and adrenaline pathways Therefore, antibodies to aromatic I-amino acid 

decaiboxylasc can only be used as a marker for serotonin s}nthesis if othei indicarais are 

also available Application of antibodies to the synthesizing cn/ymes has proved to be a 

great achievement However, thcie aie several practical and fundamental limitations 

First, in order to raise antibodies, en/ymes have to be isolated and punfied as far as possi

ble without disturbing their immunogenic pioperties Secondly, antibodies to the bios^n-

thesi/ing en/}mes might have little cioss-ieactivity to en/ymes of other species '6 As a 

consequence, their application is restricted to ceitain species Thndly, immunoreactivity 

solely indicates that a particular compound can be synthesi/ed Whether it is really pro

duced cannot be determined 

The second approach, ι e the use of antibodies to noradrenaline, adrenaline, or serotonin 

was first repoited in 1978 1 7 To date, antibodies to these substances have been produced 

by several investigators However, as far as can be tiaced in the literature, these antibod

ies have never been applied in immunocvtochemical studies Although not all methodo

logical problems have been solved, so far the results obtained clearly show the major ad

vantage of this approach Immunoreactions have been observed in a vanety of species, 

demonstiating that application of these types of antibodies is not hampered by species 

specificity Thus, one of the drawbacks of the fust approach had been overcome How

ever, it will be obvious that antibodies to noradrenaline, adrenaline and sciotonin can on 

1) be used to reveal the presence or absence of these compounds Whether these com

pounds arc really synthesized at the site 01 merely stored cannot be determined, unless, in 

addition, antibodies to the biosynthcsi/ing en/ymes are used Thus, the first and second 

approaches arc complementary to each other Ideally, they should be used simultaneous-

1> 

3. IMMUNOCYTOCHEMISTRY U S I N G ANTIBODIES T O 

N O R A D R E N A L I N E , ADRENALINE A N D S E R O T O N I N 

The detection of compounds of low molecular weight by antibodies shares problems gen

erally encountered in immunocytochemistry However, there arc two problems to be 

mastered in particular, vi/ the production of specific antibodies, and the proper preserva

tion of the substances to be demonstrated This might explain why efforts in this field 

were reported only quite recently This section is aimed at summan/ing the results 

obtained so far 
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3.1. PREPARATION OF ANTISERA 

Since noradrerulinc, дсігспдііпс and serotonin лге regular constituents of man\ species, 

thc\ are not regaided as foreign materials b\ the immune apparatus In addition, the 

molecules are too small to be immunogenic However, as was shown b) Landsttiner."18 

such small molecules might present immunogenic determinants after linkage to a foieign 

carrier protein This principle had been adopted widch to raise antibodies to non- or 

weakh immunogenic substances, like small peptides, peptide fiagments, steroid hoimo-

nes, diugs etc Likewise, several invcstigatois were able to raise antibodies to noi adi c-

nahne, adrenaline and serotonin The specificities of these antibodies were tested b\ bio-

assav, complement fixation tests, immunoprecipitation, immunoelcctrophorcMs and/or 

radioimmunoassay щм The first rcpoits on the applicability of these antibodies in im-

munocytochcmistr) appeared in 1978 (serotonin)·47 and 1980 (noradrenaline and adienal-

inc) 6 2 Since then, other leports dealing with the development of an immunocvtochcmi-

cal technique for serotonin were published' u ' Obviously, conjugates prepared by linkage 

of haptens to a carrier protein carry different t\pes of antigenic determinants, related 

partly to the hapten and partly to the original carrier protein Conscqucnth, antisera rais

ed will contain a variety of antibodies with different specificity, titie and aviditv As fai as 

the antibodies rccogm/ing the small molecular compounds are conccined, one might ex

pect that their characteristics would be determined by the number of hapten molecules 

bound, the type of linkage used for attachment and the stenc configuration of the result

ing immunogen It should also be considered whether the hapten molecules are altered 

during coupling, and whether just one or a number of different coupling products aie 

formed In some papers the proposed structure of the immunogen synthesized was indi

cated w M " •*', у > м (,я ('> However, a detailed characterization of the immunogens current

ly used for the raising of antibodies is lacking 

In the present study different coupling procedures were tried So far, the best immu-

nocytochemical results were obtained when immunogens weie prepared using formalde

hyde as a coupling agent Noradrenaline , adrenaline and serotonin were coupled to bo

vine serum albumin following the descriptions of Grota and Brown4· "* (noradrenaline 

and serotonin, for serotonin see also Steinbusch1^ and Miwa et al v' ы) (adrenaline) Usu

ally rabbits were used for immunization Each animal was injected intramuscularly with 

an emulsion of 0 5 ml of the antigen-containing solution (2 mg/ml) and 0 5 ml complete 

Frcund's adjuvant Booster injections (incomplete Frcund's adjuvant, otherwise the same 

mixture) were given subcutancously at biweekly intervals Serum samples were tested by 

immunodiffusion according to Ouchterlon), Immunoelectrophoresis and immunofluores

cence microscopy Immunoelectrophoresis revealed the presence of precipitating antibod

ies to the carrier protein as well as to the hapten-carncr complex Antibodies to the ear

ner protein could be removed by liquid phase absorption with bovine scrum albumin (5 

mg bovine serum albumin per ml serum, incubated for 1 h at 37 0 C, then kept for 18 h at 

4 0 C , centrifugation at 20 000 g for 20 mm at 4 0 C ) This purification led to a somewhat 

higher contrast in immunofluorescence microscopy Moreover, unwanted staining of col-
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lagen-nch tissues (eg blood \esscl walls, fibrous capsule of the adrenal) could also be 
eliminated 

3.2. PREPARATION OF THE TISSUES 

It will be evident that a high titre of well-defined antibodies with high aviditv is a pre
requisite for successful immunostaimng However, negative or unacceptable results 
might be caused by other factors as well, including tissue preparation Ideally, during tis
sue preparation noradrenaline, adrenaline and serotonin should be preserved without any 
loss of concentration In addition, their antigematy should be unaltered In this respect 
one has to be aware that the chemical structure of these compounds might be changed 
during tissue preparation, eg during fixation As a consequence of such changes the an-
tibod) might not recogm/e the antigens (haptens) an\ more Conversel), if the structure 
of the haptens is changed during the preparation of the immunogen, a corresponding al
teration introduced to the tissues, eg during fixation, might be a prerequisite to obtain
ing a positive immunocytochemual reaction Thirdly, unwanted absorption of immuno
globulins by tissue components should be as low as possible Finally, the preservation of 
the morphology of the tissue should be acceptable Some of the above factors have been 
studied, whilst others have not \et been investigated thoroughly So far, two pieparatory 
steps seem to be crucial, vi? fixation and embedding. The lattei is not relevant where 
isolated cells are concerned Acceptable results were obtained with both the inducer im 
munofluoresccncc technique of Coons and collaborators,70 and with the immunopcrox-
idasc technique of Sternberger et al ' "" (peroxidase - anti-peroxidasc technique) Unless 
otherwise stated, all experimental animals remained pharmacologically untreated 

Fixation appeared to be verv essential Unfixed tissues (cryostat sections) did not re
veal any immune reactions Antibodies to different types of immunogens were tested on 
tissues fixed by a variety of fixatives As indicated above, the best immunostaimng was 
achieved by antibodies to immunogens which were prepared utilizing formaldeh\dc as a 
coupling agent Accordingly, the following data refer to these types of antibodies only 
Fixation with 4 per cent paraformaldehyde in 0 1 M sodium phosphate buffer pH 7 3, 
seemed to be the fixative of choice The best results were obtained if tissues were fixed 
by perfusion However, immersion fixation of small tissue pieces gave satisfactory results 
as well Using 4 per cent parafoimaldehyde and other conditions mentioned below, inten
se and distinct serotonin immunorcacnvity was observed in cryostat sections of tissues 
containing serotonin Likewise, antisera to noradrenaline revealed intense cytoplasmic 
staining of the noradrcnalinc-storing cells present in the adrenal medulla and the extra-
adrenal medullary tissues Adrenaline-storing cells of the adrenal medulla were stained by 
antisera to adrenaline The noradrenergic neurones of the central and peripheral nervous 
system stained either weakly or were negative However, they became positive if 0 5 per 
cent glutaraldehydc was added to the fixame Adrenergic neurones were not stained ci
ther upon fixation with 4 per cent paraformaldehyde or by fixation with 4 per cent para
formaldehyde plus 0 5 per cent glutaraldehydc Other fixatives (eg 2 per cent glutaral-
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dchyde. alone or combined with 4 per cent paraformaldehyde, Bouin's solution, 0.4 per 

cent benzoquinone or fixatives containing dichromate) gave negative or unacceptable re

sults in the brain (antisera to noradrenaline, adrenaline and serotonin), in tissues in

nervated by the sympathetic postganglionic noradrenergic neurones (antiserum to nora

drenaline). as well as in the adrenal medulla (antisera to noradrenaline and adrenaline). 

However, intense immunostaining was observed in the entcrochromatfin cells ot the gas

trointestinal epithelium following liquid or vapour fixation73 with benzoquinone or fixa

tion in Bouin's solution. 

Thus, as a rule, the best results were obtained with 4 per cent paraformaldehyde or 

with 4 per cent paraformaldehyde plus 0.5 per cent glutaraldehyde (noradrenergic neur

ones). This might be explained by assuming that noradrenaline, adrenaline and serotonin 

have to be linked to tissue proteins, similarly to the linking ot the hapten to the carrier 

protein. However, as mentioned above, enterochromaffin cells can be stained by seroto

nin antibodies even after fixation with benzoquinone. This observation does not seem to 

be in agreement with the above hypothesis, unless one assumes that benzoquinone links 

serotonin to tissue proteins in the same way as does tormaldehyde. Secondly, previous in

vestigations showed that antibodies raised by a serotonin-bovine serum albumin conju

gate, synthesized according to the mixed anhydride method, also stained tormaldehyde 

fixed tissues.69 

Apparently, fixation requirements of neuronal cells and epithelial cells storing nor

adrenaline, adrenaline or serotonin are different. This conclusion is based upon the 

Fig. 3. Photomitrographs ot rat b u m fixed Ы pcrtusion with 4 per cent pjr.ilormjldcb\dc ·0.ί per eent gluur.ddelnde Cryos

tat scetions (thickness 7 μηι) stained Ы indirect immunofluoreseenee with an antiserum to noradrenaline. Cell bodies immuno-

reattivc to noradrenaline in the locus cocrulcus (A) and a nerve fibre with varaosities in the moleeular laver of the eerebellum 

(B ) Bars (a) "0 pm and (b) 11 \im 
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following observations. Firstly, under conditions appropriate for the nomdrenaline-stor-

ing cells of the adrenal medulla and the extra-adrenal medullary tissues (4 per cent para

formaldehyde), the noradrenergic neurones were weakly stained or were negative. In fact, 

0.5 per cent glutaraldehvde had to be added to the formaldehyde solution to obtain a pos

itive reaction. Secondly, adrenaline-storing cells of the adrenal medulla fixed by 4 per 

cent paraformaldehyde are stained by antibodies to adrenaline, while adrenergic neurones 

are not. Thirdly, while both serotoninergic neurones and enterochromaffin cells can be 

stained following fixation with 4 per cent paraformaldehyde, only the latter are positive 

if tissues are fixed by 0.4 per cent benzoquinone. 

It will be evident that the matter of fixation is not yet fully understood and requires 

further investigation. In addition, fixation of noradrenaline and adrenaline within the 

neuronal cells needs to be improved. Nevertheless, the present fixation by 4 per cent para

formaldehyde allows studies combining antibodies to the end-products, serotonin (all tis

sues), noradrenaline and adrenaline (adrenal medulla and extra-adrenal medullary tissues) 

with others, to, for example, the synthesizing enzymes and peptides. 

Following fixation and rinsing (in the present study a buffer containing 5 per cent su

crose was used) a number of methods can be used to produce tissue sections, viz. frozen 

sections, paraffin sections, plastic sections and sections cut with a vibrating knife micro

tome. 

3.2.1. Vrozen Sections 

Most of the present observations are based upon study of cryostat sections (Figs. 3, 4, 5, 

6A, В and 7). Tissues can be frozen on cryostat chucks either with powdered carbon di

oxide or with isopentane cooled by liquid nitrogen (used at a temperature of-150C 'C). 

Pending use they can be stored at -70°С or lower. 

Serial sections of 7-10 pm in thickness, with reasonably good structural preservation 

can be obtained easily. During freezing and sectioning cellular membranes arc disrupted. 

This improves penetration by antibodies during staining. However, one must also 

consider the possible loss of antigenic substances during the staining procedure. Up till 

now, it is not known whether this loss is significant. Frozen sections cut on a freezing 

microtome can also be used. Both cryostat sections and sections cut on a freezing micro

tome should be as thin as possible, firstly because penetration of antibodies might not be 

satisfactory on thick sections and, secondly, because under high power, thick sections ap

pear less brilliant and distinct than thin sections, due to the relatively low depth of the 

field. Consequently, detailed high power observations of thick sections are hardly possi

ble. 

3.2.2. Parafjin Sections 

While frozen sections, especially cryostat sections, arc extremely useful for studying the 

cellular distribution of noradrenaline, adrenaline and serotonin, it would be most reward-
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Fig. 4. Photomicrographs of r.it adrenal gl.ind fixed b\ perfusion with 4 per tent parjforrmldchvcle. Conseeutivc crvost.it sec

tions (tliukness Ί \Jm) st.iined b\ indircet immunofluorcsecnec using antisem to noradrenaline (A), adrenaline (B). bovine do

pamine ß-hydroxyl.isc (С) and bovine phenvletlianolaminc N-mcthyltransfcrase (D). The· adrenal medulla shows noradrenali-

ne-stonng cells (positive in A and C. negative in В and D ; two groups arc- indicated b\ N ) . and adrenaline-storing cells (positi 

ve in Α-D); С cortex. BV. blood vessel Bars ^ μηι 
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Fig. 5. Photomicrpgraphs of яп схсгд-лсігсплі ph.icochromocvtoma (presumably a tumour of the organs of Zuckerkandl) fixed 

by immersion with 4 per cent paraformaldehyde. Consecutive cryostat sections (thickness 7 {im) stained by indirect immuno

fluorescence with antisera to bovine dopamine ß-livdroxvlasc (A), noradrenaline (B). bovine phenylethanolamme N methvl 

transferase { Q and adrenaline (D). Tumour cells seem to store only noradrenaline (only A and В arc positive) Bar. 43 pm. 
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Fig. 6. Photomicrographs of rat br.un fixed by perfusion with 4 per eent paraformaldehyde Crvosut sections (thickness 7 μιτι. 
A and B) or Epon sections (thickness 1 μπι; С) stained bv indirect immunofluorescence using an antiserum to serotonin. Im-
munorcactive cell bodies in the brain stem (A) and nerve fibres (B. Q. Bars, (Α) ΊΊ μπι and (В. С) 14 μιτι 
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Fig. 7. Photomicrographs oí rat thyroid (Λ), sheep thyroid (В) .ind ncon.it.il rabbit lung (C). Tissues fixed by perfusion (A, 
C) or immersion (B) with Í per tent paraformaldehyde Cryostat sections (thickness 7 μηι) st.iined Ы indirect immunofluores
cence with .in antiserum to serotonin Note that in the rat thyroid (A) onK m.ist eeiis are st.uned. while in the thyroid gl.ind of 
the sheep (B) parafollicular cells are serotonin-immunoreactivc A neuroepithelial bixK is shown in the bronehiol.tr epithelium 
of the lung (Cj B.irs (Α. Β) Η μιη and (( ) 2H μηι 
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Fig. 8. Photomicrogntplis ot human colon (А. В) .ind unn.irv bl.iddcr (C) fixed bv immersion witli 4 per еепг formaldehyde. 
Paraffin seenons (thickness 10 pm) st.uned according tot the peroxidase - ann-peroxidase technique using an antiserum to sero
tonin. Section (C) countcrstaincd with hacmatoxylin Typical serotonin-immunoreactive (cntcrochromatfin) cells arc present in 
the mucosa. Immunorcactmtv in carcinoid tissue invading the external muscular layer (B) Tumour cells in the muscular la\ci 
of the urinary bladder (C), These tumour cells are onh parth serotonin-immunoreactive. Bars (A. ( ) 17 μηι and (B) -t4 μ///. 
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mg if tissues could be embedded in paraffin without loss of immunosuining properties 

Serial cryostat sections of small and fragile tissues are hard to achieve Moreover, in gen

eral, cellular details are badly preserved in fro7cn sections Hence, if different cell types 

occur in a particular area, it might be impossible to estimate which particular cells con

tain the immunoreactive material 

Finally, in view of possible applications in pathology, it would be extremely helpful if 

previously collected material (eg tumours) could be studied as well ('retrospective 

pathology' Preliminary results show that dcparaffini7ed sections of epithelial tissues con

taining noradrenaline, adienalinc or serotonin give acceptable results if properly fixed, 

rinsed etc (Fig 8) However, much less immunorcactivity can be observed in 

noradrenergic or serotonincrgic neurones in paraffin-embedded tissues These initial re

sults indicate that the binding characteristics of noradicnalmc and serotonin might be 

different in different tissues Apparently, during the preparation of paraffin sections (de

li) dration, clearing, embedding, dewaxing) antigenic material is lost and/or its antigenic

ity might be impaired It will be evident that further exploration of the possible use of 

paraffin sections is needed 

3 2 3 Plastic Sections 

Although originally designed for electron microscop\, nowadays plastic embedding is 

used also for light microscopical purposes Thin sections (1-2 μιτι) can be stained upon 

removal of the plastic Such sections show structural preservation and resolution superior 

to that of paraffin sections In addition, under certain conditions a combined light and 

electron microscopical study on the same tissue block is possible If the antigen survives 

the different preparatory steps, plastic embedding might be useful foi immunoeytoche-

mistry as well In the present study paraformaldehyde-fixed, Epon embedded, tissues 

were stained following the icmoval of Epon by sodium mcthoxide as described b) Ma\or 

et al ' 'Initial experiments levealed seiotonm immunoreactivit) in neuronal (Fig 6C) as 

well as in epithelial cells known to contain serotonin 

3 2 4 Sections Cut with a Vibrating Knife Microtome 

Actualh, a vibiating knife microtome is a combination of a tissue sheer and a microto

me B\ means of a vibrating knife (usually a disposable safety razor blade) serial sections 

of unfiozen and uncmbedded tissues can be cut along a desired plane of sectioning Thus, 

this procedure avoids disruption of cellular membranes by frecving and thawing, and the 

loss of antigenic mateual during dchydiation etc Unfortunately, producing sections is 

time consuming Moreover, not all tissues arc equally easily cut and thin sections are 

hard to produce As a consequence, in immunocvtochemistry, vibrating knife microtome 

sections are mainly used for studying the spatial distribution of immunoreactive mateual 

Immunopcroxidase-stained sections (50-100 μιτι) appeared extrcmch useful for examin

ing the dcntntic pattern of serotonincrgic neurones of the brain stem 7 5 Sections cut with 
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a vibnmng knife microtome also proved to be suitable for the demonstration of 

serotonmergic nei ve piocesscs b\ nnmuno-electron microscopv (pre-cmbedding tech

nique, Léránth Cs, personal communication, 1982) 

3.3. S T A I N I N G METHODS 

In the present stud\ both the indirect immunofluorescence technique of Coons et al7 0 

and the immunopei oxidase (peroxidasc-anti-pcioxidase) technique of Sternberger et 

al "' "' have been empkned (fee the Appendix for details) 

3.4. SPECIFICITY 

Immunochemistn is based upon the binding of an antibod\ to an antigenic determinant 

present in the tissue One should reah/e that antigenic determinants usually represent 

onh a tcitain poi non of pioteins and peptides As long as these portions arc specific for 

the proteins or peptides to be demonstiated, the antiboch can be used to reveal then cel

lular localization Howevei, armsera raised by conventional immunization of animals 

with, for example, proteins, will contain antibodies with diffeient specificities iccogniz-

ing diffeient pans (antigenic determinants) of the immunogen oi tissue components 

Therefore, an antiserum ma\ only be used as a specific maikcr substance, if cross-ieactivi-

t\ to tissue components other than the ones to be studied has been ruled out 

Consequenth, besides immunological comtois, tissues either containing or devoid of a 

particular substance should be examined Since fixation, embedding etc might change 

the antigenicit\ of the tissue, the speuficm of an antiserum is onh relevant under the 

conditions empkned during tissue prcpaianon 

In the picsent study, antiseia were raised b\ complexes obtained b\ linkage of haptens 

to a carrier protein Inevitably, these antiseia aie heteiogeneous Only those antibodies 

recognizing the haptens oi hapten dcnved compounds are relevant As was indicated ear

lier, routinely, all sera were treated with the earner protein (5 mg bovine scium albumin 

per/ml antiserum) to absorb antibodies immunoreactive to the carnei substance Scvcial 

nmmnoltjgiutl control tests were performed Fnstly, pic-immune (non-immune) instead of 

immune serum was used Secondly, serum samples were absorbed with different con

centrations of conjugates of noiadienalme, adrenaline or serotonin Thirdly, in the case of 

serotonin antiseia, the binding capacity of diffeient haptens was examined by blocking 

(inhibition) expenments Both absoipnon and blocking experiments wcie done by in

cubating serum samples with difteient concentiations of the conjugates or haptens for 1 

h at З 7 0 С followed by incubation for 18 h at i 0 C Before use, all sera weie centnfuged 

for 20 mm at 20 000 g and i 0 C to remove any precipitate All duce controls wcie tested 

by induca immunofluoiescencC' on appiopiutch fixed rat tissues containing eithci nor-

adrcnalinc (biain stem, gastrointestinal tiact, adienal medulla), adrenaline (adrenal me

dulla), or serotonin (brain stem, duodenum) The results clearly indicate that the 

piesented staining results aie due to antibody binding (no staining with prc-immune 
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Table 1. Absorption experiments 

N'ORADRENALIN'E-jntiscrj. rtsted on 

Absorbent* BSA-NA 

РІиогечспи ntjj.imc 

ADRENALINE-.mtiscr.i. tested on 
Absorbent* BSA A 
Fluoreseanee neg.itne 

SEROTON'IN-jntiser.i. tested on 

Absorbent* BSA-5 HT 

Fluoresunee negative 

BSA-A 
normjl 

BSA-NA 
norm.il 

BSA-NA 

norm-il 

D R.it medullj oblong.it.i 
D R.lt duetus deferens 
D R.it .idrenjl me-dull.i 

BSA-УЬП 
normal 

D R.it jdrin.il medull.i 
BSA-VHT 
norm.il 

D R.it medull.i oblong.it.i 
Π R.it duodenum 

BSA-A 

norm.il 

*2 mg/ml antiserum, BSA bovine serum albumin, NA noradrenaline, A adrenaline, 5-HT i-h\dro\vmpt-
aminc (serotonin) 

Table 2. Blocking (inhibition) experiments 

Conen, 

μΜ 

UIT 

VHTP 

I-Trp 

DA 

NA 

A 

5-MT 

üet 
S\n 
Hisc 

8 16 ^2 (>i 128 2^6 4 2 1021 201« 1096 ,S192 

+ + 
+++ +++ +++ +++ +++ +++ 

+++ +++ +++ +++ +++ +++ 

+ + ++ ++ + + + 

+++ +++ +++ +++ +++ +++ 

+++ +++ +++ +++ +++ +++ 

+ + + + + + + -

+++ +++ +++ +++ +++ +++ 

+++ +++ +++ +++ +++ +++ 

+ + + + + + + + + ++ -t-+ + + 

+ + + 
+ + + 

+ 
+ + + 
+ + + 

+ + + 
+ + + 

4 + 

+ + + normal fluoreseence + + some reduenon + strong rcduetion - no fluoréseenee I HT 5-hvdroxvtrvptamine' 
(serotonin), 5-HTP Vlndroxunptophan, L-Tr\ I mprophan. DA dopamine, NA noradrenaline, A adrenaline, 5-ΜΊ 5 
mcthoxuryptaminc, Oet oetopamine, Svn svneplinne. Hist lnstaminc 

Fluoresrcme intensitv in eompaiable sections of nit medulla uUungala after adding different concentrations of several 
substances to samples of serotonin antiserum, previously absorbed with bovine serum albumin (dilution 1 5(X)) 

In rat dmjJmuni higher concentrations arc required (data not shown) 

(non-immune) sera). From the absorption experiments (Table 1) one may conclude that 

antibodies raised by a noradrcnaline-containing conjugate do not recognize adrenaline or 

serotonin. In addition, antibodies to the adrenaline conjugate do not bind noradrenaline 

or serotonin. Likewise, antibodies to the serotonin conjugate do not cross-react with nor

adrenaline or adrenaline. Thus, the antiscra raised seem to be highly specific to the hap

ten portion of the immunogen. For serotonin, additional support was obtained from the 

blocking (inhibition) experiments. As shown in Table 2, serotonin immunorcactivity 

could only be blocked by low concentrations of serotonin and, at much higher doses, also 

with 5-methoxytryptamine and dopamine. However, it is questionable wether 5-methoxytrypt-
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amine is a real constituent of the brain ^ Since no staining was observed in areas contain 

ing dopaminergic neurones (ьее below), cross-reactivit\ to dopamine docs not seem to be 

of importance in immunocytochemistry, at least with the present methods of fixation etc 

No blocking was obtained bv the precursors of serotonin (5-hydroxy tryptophan and 

L-trytophan), noradrenaline, adrenaline and related haptens 

In addition to these immunological controls, tmue experiments were performed to prove 

that the antisera do actually demonstrate noradrenaline, adrenaline or serotonin Vmt, 

guided by previous histochcmical and biochemical observations, tissues were selected 

containing cells storing one or the other of these compounds Thus, for noiadienalmc, 

sections through the rat brain stem (containing noradrenergic cell bodies and noradrener 

gic nerve processes), sections of the duodenum and ductus deferens of the rat (containing 

noradrenergic sympathetic nerve terminals) and sections of the adrenal medulla of rat, 

hamster and guinea-pig were examined The adrenal medulla was studied in three spe 

cíes, taking advantage of well-known species differences Rat and hamster adrenals pos
sess separate noradrenalinc-stonng cells, while in the guinea pig such cells do not seem 
to occur, ι e in the adrenal medulla only adrenaline-storing cells can be found 10 More 

over, in the rat the noradrenaline storing cells are without a preferential position, whilst 

in the hamster they aie located at the cortical-medullary boundary "s For the same rea 

sons, antisera raised by the adrenaline containing conjugate were tested on adrenals of 

the same species The specificity of the antisera to serotonin were tested on sections of 

the rat brain stem (containing scrotonincrgic cell bodies and nerve processes) and on rat 

duodenum (en tei oc h rom affi η cells) In this case, too, advantage was taken of remarkable 

species differences Thus, thyroid glands of rats and sheep were studied Both organs con

tain serotonin However, in the rat thyroid serotonin occurs in mast cells, while in the 

sheep serotonin is stored in the paiafollicular cells 7 9 Rat parafollicular cells do not seem 

to contain serotonin All experiments showed that the immunocytoehcmical findings are 

in good agreement with previously obtained histochemical and biochemical data Thus, 

cells of the locus coeruleus, known to contain noradrenaline, were only stained by the an

tiserum to noi adrenaline (Fig ЗА) These cell bodies are innervated by scrotonincrgic 

nerve terminals80 This could easily be demonstrated by application of antiserum to sero

tonin Raphe nuclei containing scrotonincrgic penkarya (Fig 6A) were only stained by 

serotonin antiscra No staining was observed in the substantia nigra known to contain 

dopaminergic cell bodies Duodenum and ductus deferens showed noiadrenalinc-immu-

noreactive nerve fibres with a distribution that conforms to that of the sympathetic post

ganglionic axons The adrenal medulla of rat and hamster revealed two cell types The 

majority of the parenchymal cells were immunorcactive to both noradrenaline and adre

naline antisera (adrenaline-storing cells) A few groups of limited numbers of cells were 

only immunorcactive to noradrenaline antisera (noradrenaline-stonng cells) In the rat 

(Fig 4A,B) these groups were not limited to certain sites in the adrenal medulla, whilst 

in the hamster they were located at the boundary between cortex and medulla In the 

guinea-pig adrenal medulla no cells were found that were only immunorcactive for nor

adrenaline, ι с all parenchymal cells were immunorcactive to both noradicnalinc and ad-
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rcnaline antiscra Enrerochromaffin cells of the rat duodenum were only stained by 
antisera to serotonin (Fig 8A) Thyroids of rats and sheep showed patterns of immuno-
rcactivity for serotonin as expected, vi? mast cells in the rat (Fig 7A) and parafollicular 
cells in the sheep (Fig 7B) In a second series of tissue experiments both antibodies to the 
synthesizing enzymes and antibodies to noradrenaline, adrenaline and serotonin were ap
plied It might be assumed that adjacent sections stained with the proper counterpart an
tibodies will reveal a similar distribution, if the latter are indeed specific for nor
adrenaline, adrenaline or serotonin For practical reasons, in the case of antibodies to nor
adrenaline and adrenaline this was only studied in the brain stem of the rat (noradrener
gic neurones) and the adrenal medulla of the rat, hamster and guinea-pig (noradrenaline 
and adrenaline-storing cells) It could be demonstrated that cells immunorcactive for do
pamine ß-livdroxylase but negative for phenylethanolamine N-methyltransferasc, ι с syn

thesizing noradrenaline, were only immunorcactive to noradrenaline antisera (Fig 4A-

D) In the adrenal medulla of lat and hamster these cells were distributed as described 

above In addition, cells immunorcactive for both enz\mcs, ie synthesizing adrenaline, 

were immunorcactive for noradrenaline as well as for adrenaline (Fig 4A—D) In the 

guinea-pig adrenal medulla, all parenchymal cells were stained by all four antiscra Like

wise, in the rat brain stem serotomnergic penkarya were immunorcactive for serotonin as 

well as for the synthesizing enzyme dopa decarboxylase81 Thirdly, serotonin immuno-

rcactivity in the rat brain and spinal cord was studied following treatment with neurotox

ins 5,6- and 5,7 dihydrox) tryptaminc, known to cause a depletion of serotonin Under 

these conditions serotonin immunoreactivitv was strongly reducedm m A similar ap

proach might give additional information about the specificity of antiscra to noradre 

naline and adrenaline However, such experiments have not vet been performed 

Both immunological and 'tissue controls' clearly indicate that antiscra raised by im-

munogens prepared by linkage of noradrenaline, adrenaline and serotonin to bovine sc

rum albumin can be used as specific markers for cells storing these compounds How

ever, in the rat brain, cell bodies supposed to contain dopamine (substantia nigra) showed 

some weak staining with the antiserum raised by the noradrenaline conjugate This 

might indicate that these antibodies cross-react with dopamine to a certain extent It will 

be evident that this observation deserves further investigation 

3.5. SENSITIVITY 

The sensitivity of an immunocvtochcmical technique is determined by many factors, eg 

the characteristics of the antisera, tissue preparation, immunostaimng procedures In or

der to assay the sensitivity of the staining methods based upon the application of anti

bodies to noradrenaline, adrenaline and serotonin, the immunofluorcscent staining results 

on cryostat sections were carefully compared with known histochemical and biochemical 

data For noradrenaline and adrenaline present in neuronal cells final conclusions cannot 

be drawn, because, as was mentioned earlier, fixation needs to be improved Never

theless, even under the currcntlv used conditions noradrenergic cell bodies and fibres can 
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bc demonstrated quite well The antibody techniques seem to be highly sensitive for nor 

adrenaline and adrenaline stored in epithelial cells Thus, studying the development of 

the noradrenaline and adrenaline-storing cells of the rat adrenal medulla, their earliest ap

pearance as estimated immunocytochemically corresponds quite well with biochemical 

data 8 4 Serotonin immunoreactivity was observed in neuronal and epithelial cells posi

tively stained by existing histochermcal techniques for serotonin However, additionally, 

highly immunorcactive nerve terminals were revealed in previously negative-seeming 

brain areas, such as the cerebral cortex, known to contain substantial amounts of seroto

nin u ""'These findings indicate a considerable increase in sensitivity for the visualization 

of serotonin compared with the older techniques Preliminary experiments showed that 

in the pcroxidasc-anti-peroxidase technique higher dilutions of the first antisera can be 

used However, it might be questioned whcthci this really means an increased sensitivity, 

ι e an increase in the number of immunorcactive cell bodies and fibres identified, or 

merely better staining of those already recogm/ed Initial studies also show that embed

ding procedures reduce the sensitivity of the immunostaining, especially in neuronal cells 

storing noradrenaline or serotonin 

3.6. APPLICATIONS IN BIOLOGY AND PATHOLOGY TO DATE 

Compared to the existing histochemical techniques (eg fluorescence induced by formal

dehyde, glyoxylic acid) the presently described procedures allow the demonstration of nor

adrenaline, adrenaline and serotonin separately with equal (noradrenaline, adrenaline) or 

much higher sensitivity (serotonin) 

New histochemical techniques render it possible to solve questions left by previous 

ones In spite of being developed quite recently, some reports have already appeared illus

trating this statement Thus, detailed studies of the distribution of the serotonmergic 

neurone system in the rat brain and spinal cord have been published " *" The number of 

serotonmergic fibres and terminals in the rat central nervous system appears to be much 

higher than was hitherto known The presence of a serotonmergic innervation of the gas

trointestinal tract could be demonstrated convincingly p ,8 Likewise, in the lung it could 

be proved that the so-called neuro-epithehal bodies do indeed contain serotonin (Fig 

7C) 8 6 

In addition, these new techniques have introduced new subjects, e g the precise dis

tribution of serotonmergic axons by the combined use of immunocytochcmistry and retro

grade axonal tracing techniques/' 8 m the presence of serotonin and related neuroaenve 

principles in the same neurone,81 ^ №) 90 and the ultra-structural localization of seroto

nin 9 1 Following these lines serotonin and noradrenaline-immunoreactive small ganglion

ic cells were described in the superior cervical ganglion of the rat 6 Preliminary observa

tions showed that the above antibody techniques might be useful tools in the diagnosis 

of tumours supposedly derived from adrenal or extra adrenal medullary tissues (phaeo-

chiom осу tomas, Fig 5A-D) or from cntcrochromaffin cells (carcinoids, Fig 8B, sec also 

Fig 8C) Antibodies to noradrenaline and adrenaline are currently being used for a detail-
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ed study on the development of the noradrenaline and adrenaline-storing cells of the 

adrenal medulla of the rat.84 

4. CONCLUDING REMARKS 

1. Two immunocytochemical procedures can be used to detect cells containing nor

adrenaline, adrenaline, or serotonin, i.e. antibodies to the synthesizing enzymes and those 

to the end-products. Ideally, both approaches should be used simultaneously. 

2. By conventional immunization with immunogens consisting of noradrenaline, ad

renaline, or serotonin linked to the carrier protein bovine serum albumin, antibodies can 

be raised which are specific to the respective hapten. These antibodies can be used to 

study the cellular distribution of these compounds, provided proper tissue preparation 

ensures specific reactions. 

3. Further study is required to define more precisely the structure of the immunogens, 

to improve fixation, particularly that of neuronal noradrenaline and adrenaline, and to 

make feasible the application of immunocytochemical staining of embedded tissues, in 

particular following plastic embedding (allowing studies on thin sections as well as the 

combined use of light and electron microscopy). Last but not least, it would be worth

while to try to raise more homogeneous antisera, possibly monoclonal antibodies. 

Appendix 

The indirect immunofluorescence technique has been used for cryostat, paraffin, and Epon sec

tions. All sections were mounted on glass slides coated with chrome-alum gelatin (0-05 g 

chrome-alum and 0-5 g gelatin in 100 ml distilled water). Before staining, paraffin sec

tions were dewaxed in xylene (2 χ 15 min, room temperature). Epon was removed by so

dium methoxide (3-5 min, room temperature). The primary and secondary antiscra used 

are indicated in Table 3. All sera were diluted with 01 M phosphate-buffered saline pH 

7-3 containing 0-1 per cent Triton X-lOO to improve the penetration by the antibodies.40 

In order to prevent drying, sections were incubated according to the descriptions of 

Tung.76 The sections were rinsed with 01 M phosphate-buffered saline pH 73 at room 

temperature for 2 χ 15 min before the first incubation, for 30 min between the first and 

second antiserum and following the second incubation. The sections were mounted in a 

mixture of glycerin and 01 M phosphate-buffered saline (3:1 v/v) and examined in a 

Zeiss Universal microscope equipped for cpifluorescence. Photomicrographs were taken 

with Kodak Tri-X or Agfapan Vario-XL film. The sections were stored at -20oC. 

Theperoxidase-anti-peroxidase technique was applied to the same types of sections as well as 

to sections cut with a vibrating knife microtome. Paraffin and Epon sections were prc-

treated as described above. In the case of immersion-fixed tissues, sections were treated 
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Table 3 Indirect immunofluorescence technique 

Primary antmra 
Sheep anti-bovine scrum albumin-noradrcnálme 1 500-1000 
Rabbit anti-bovine serum alburmn-adrcnahne 1 50-100 
Rabbit anti-bovine serum albumin-serotonin 1 400-500 
18 h (overnight), 40C 
Secondary antnera 
Rabbit anti sheep immunoglobulins, labelled with fluorescein isothiocyanate (Nordic, 
Tilburg, The Netherlands) 1 16 
Sheep anti-rabbit immunoglobulins, labelled with fluorescein isothiocyanate (Statens 
Baktenologiska Laboratorium, Stockholm, Sweden) 1 16 
30 mm, room temperature 

before staining for 30 mm at room temperature with 0 3 per cent H202 in abiolure 
methanol to block the endogenous peroxidase activity of the erythrocytes The three 
types of antisera utilized are indicated in Table 4 The first and second antisera were 
diluted with 0 1 per cent Triton X-100 The third antiserum (peroxidase-anti-pcroxidase 
complex) was diluted in buffered saline without Triton X-100 Incubation was performed 
as mentioned above (sections upside down76) The sections were rinsed at room tempe
rature with 0 1 M phosphate-buffered saline, before the first (2x15 min) as well as 
following the second and third incubation (30 mm) Next, they were exposed to a per
oxidase substrate solution containing 0075 per cent 3,3'-diaminoben/idinctetrahydro-
chlondc (Sigma) and 001 per cent H,02 in 005 M Tns-HCl buffer pH7 6 for 15 mm at 
room temperature Finally, the sections were dehydrated and mounted in Entellan 
(Merck) Agfapan-25 or Agfapan Vano-XL films were used for photomicrography The 
sections were stored at room temperature 

NOTES ADDED IN PROOF 

1 Additional absorption experiments on tissues fixed by 4 per cent paraformaldehyde 
showed that serotonin immunoreactivity could not be reduced by conjugates synthesized 
by linkage of dopamine or histamine to bovine serum albumin using formaldehyde as a 
coupling reagent (concentrations of the conjugates up to 2 mg/ml, cf Table 1) Thus, 
under the conditions described in this chapter, serotonin antibodies do not seem to cross-
react with dopamine or histamine 

2 Recently,92 important methodological aspects of the immunocytochemical proce
dure for serotonin have been reported Gelatin gels containing serotonin or related com-
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ТяЫе 4 Peroxidásc-anti-pcroxidase technique 

Primary antisera 
Sheep anti-bovine serum Albumin-noradrenaline 1 1000-1500 
Rabbit anti-bovine serum albumin-adrenaline 1 100-200 
Rabbit anti-bovine serum albumm-s>erotonm 1 1000-1500 
18 h (overnight), 40C 
Secondar)' anttsera 

Swine anti-sheep immunoglobulins (Cappcl Laboratories, Cochranvillc, USA) 1 30 
Goat anti-rabbit immunoglobulins (Fc-specific) (Nordic, Tilburg, The Netherlands) 
1 30 
2 h, room temperature 
Tertiary antisera 
Sheep pcroxidasc-anti-peroxidase complex (Cappel Laboratories, Cochranvillc, USA) 
190 
Rabbit peroxidase-anti-pcroxidase complex (Dakopatts, Copenhagen, Denmark) 1 90 
1 h, room temperature 

pounds were fixed by 4 per cent paraformaldehyde and rinsed as described in section 3 2 
of this chapter Cryostat sections were stained according to the indirect immunofluores
cence technique employing the same antiserum as used in the present communication 
Blocking (inhibition) experiments revealed that serotonin immunoreactivity could be re
duced by serotonin, 5-mcthoxytryptamine, and at concentrations less than needed for sero
tonin also with 6-hydroxy 1,2,3,4-tctrahydroxy-ß-carboline and 6-methoxy-l,2,3,4-tetra-
h\dro-ß-carbolmc 

In addition, it was found that approximately 46 per cent of serotonin and 59 per cent 
of 6-hydroxy-l,2,3,4-tetrahydro-ß-carboline were retained in the gels following fixation 
and rinsing On the contrary, 5-methoxy-tryptamine and 6-methoxy-l,2,3,4-tetrahydro-
ß-carboline were eluted almost completely The authors suggest that the high specificity 
of the presently described immunocytochemical procedure for serotonin is based upon 
the conversion of serotonin into 6 hydroxy- 1,2,3,4-tetrahydro-ß-carboline during the 
synthesis of the immunogen as well as during tissue fixation, and the high fixation effi
ciency of this substance 

3 Additional blocking (inhibition) experiments (cf Table 2) showed that 6-hydroxy-
1,2,3,4 tetrahydro-ß-carboline is able to reduce serotonin immunoreactivity in tissues as 
well (rat brain and duodenum fixed by 4 per cent paraformaldehyde) Fluorescence was 
abolished completely at concentrations 8-16 times less than needed for serotonin Hence, 
if fixation in the tissue is as effective as found in the above non-biological model, stain
ing results obtained in tissues containing 6 hydroxy-1,2,3,4-tetrahydro-ß-carboline should 
be interpreted with caution 
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SUMMARY 

The cellular localization of the en/)mes tyrosine hydroxylase (TH), aromatic amino-aud 
decarboxylase (or dopa decaí boxy lase, DDG), dopamine ß-hydroxylase (DBH) and 
phcnylcthanolamine N-methyltransferase (PNMT) in the adrenal medulla of adult rats 
and rat fetuses (14th, 17th, 18th, 19th and 21bt day) was examined In the prenatal stages 
the medullary blastema and an adjacent part of the primitive sympathetic trunk were also 
investigated Tissues were fixed in ice-cold 4c/c paraformaldehyde in 0 1 M phosphate 
buffer (pH 7 2) Cryostat sections (10 μιτι in thickness) were stained by the indirect im

munofluorescence technique Rabbit antibodies to TH (isolated from human plico-

chromocytoma), DDC, DBH and ΡΝλΙΤ (the latter three isolated from bovine adrenal 

medulla) were used Sections incubated with serum of non-immunized rabbits were used 

as controls 

In the adult adrenal medulla, two cell types can be distinguished One cell type con

tains only TH, DDC and DBH The other cell type contains PNMT in addition It is 

concluded that these cells correspond to the noradrenaline- (NA-) and adrenalme-

(A-)storing cells respectively In all prenatal stages TH, DDC and DBH arc found in the 

primitive sympathetic trunk, in the medullary blastema, and in the medullary cells which 

have migrated into the cortical "anläge" PNMT is observed for the first time on the 
18th day Moreover, PNMT could only be demonstrated inside the adrenal gland From 
these observations it is concluded that the capacity to synthesize NA is developed even 
before the "medullary" cells have reached the cortical "anläge" On the contrary, the ca
pacity to synthesize A seems to be acquired only after this contact is established The hy
pothesis is put forward that this phenomenon might indicate the induction of PNMT by 
glucocorticoids secreted by the fetal cortex 
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INTRODUCTION 

The adrenal medulla of mammals contains a high concentration of noradrenaline (NA) 

and adrenaline (A) The relative amounts of these amines arc species specific Both sub

stances. are derived from a common precursor The mam bios\nthetic pathwa\, onginalh 

suggested b\ Blaschko (Blaschko, 1972, Stjarne, 1972), is summan/ed in Fig 1 It is now 

generalh accepted that in the adrenal medulla NA and A act as hormones Moreovei, it 

is now well established that these substances aie synthesized and stored in two diffcicnt 

cell tv pes, i e , the noiadrenalinc-(NA ) and the adrenaline (A ) storing cells ( e g . Hil 

larp and Hokfclt, 1954, Eranko. I960, Coupland, 19~Ί) There is also some evidence that 

dopamine (DA) is secreted into the blood sticam ( e g , Lishajko, 19"Ί, Snider et a l , 

19Ί7) and hence might perhaps be considered as a third mcdullarv hormone It is known, 

especialh from electron microscopy. that the mcdullan paiench\ma consists almost e\-

clusiveh of NA and Α-storing cells However, othei cell types have been discerned, e g , 

the small granule chromaffin cell Some authors (Gorgas and Воск, ІС^б, Coupland et 

al . 19^7) suggest that this cell π pe might contain a high concentration of DA. and thus 

might be considered as a dopamine-(DA-) stoiing cell 

There are close topographical as well as vascular relationships between the adienal 

medulla and the adrenal coitcx in a¿/u/t mammals (Hamson and Hoe\, 1960, Coupland 

and Sclb\, 1976) Moreover, theie is substantial evidence indicating that also functional 

relations exist Fust, glucocoiticoids stimulate the degree of merlnlation of NA 

(onginalh pioposcd b\ Shepherd and West, 1951, Coupland, 1953, West, 1955) b\ in-

cieasing phenylethanolamine N-mcth\ltransfcrase (PNMT) activity in the adrenal me

dulla (for icfcicnecs see Pohorccky and Wurtman, 19"Ί, Wuitman et al, 19"2) This use 

might result either from increased piotein synthesis (Wuitman et al, 19"'2) oi hom in

hibition of P N M T degradation (Ciarancllo, WS) Second, glucocorticoids have a stimu

lating effect on dopamine β hydroxylase (DBH) activity (Gcvuit/ et a l . 19 71, Fieedman 

et al, 1973) via inhibition of en/yme degiadation (Ciaranello, ^ б ) Third, glucocoiti 

coids might influence the ultrastiuctural oigani?ation of medullary cells (Salili and 

Coupland, 1978) 

Theie are also indications of a functional relationship between adrenal coitex and me

dulla during the initial phases of ontogaiew Although data on the relative amounts of 

NA and A in fetal adienals aie contiadictory (Shepheid and West, 1951, Hokfelt, 1951, 

West, 1955, Kamoun et al , 1964, ( héoux and Roffì. 1965, Roffi. 1968a. 1968 b) all agi ее 

that NA appears first Furthermore, in lats theie is a good correlation between the fust 

appearance and the subsequent increase of A and P N M T (Maigohs et a l . 1966, Roffi, 
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1968a). These authors demonstrated further that this increase depends on an intact hypo
physeal-adrenocortical system by decapitation of rat fetuses in utero and subsequent treat
ment with adrenocorticotropic hormone (ACTH) or glucocorticoids. 

The consecutive steps of the main biosynthetic pathway of NA and A (Fig. 1) can 
now be visualized by means of immunohistochemistry with the use of specific antibodies 
to tyrosine hydroxylase (TH), aromatic amino-acid decarboxylase (or dopa decarboxylase, 
DIX!), DBH and PNMT (Geffcn et al., 1969; Goldstein et al., 1971; Fuxe et al., 1971; 
Hartman, 1973; Hökfelt et al., 1973; Nagatsu, 1974; Nagatsu and Kondo, 1974, Redick 
et al, 1974; Hökfelt et al., 1975; Pickel et al. 1976; Grzanna and Coyle, 1976; Gr/anna et 
al., 1977; Van Orden III et al., 1977). These techniques reveal two separate NA- and A-
stonng cells in the adult medulla of rats (Goldstein et al, 1971; Fuxe et al, 1971; Hök
felt et al., 1973; Nagatsu and Kondo, 1974; Hökfelt et al, 1975; Van Orden IH et al., 
1977). No data on the cellular localization of TH, DDG, DBH and PNMT in the devel
oping adrenal medulla were found. 

The present paper deals with the cellular localization of these enzymes in the adrenal 
medulla of the rat during development and in the adult stage. Furthermore, the question 
will be discussed whether these data provide support for the concept that there is a func
tional relation between adrenal cortex and medulla before birth. 
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MATERIALS AND METHODS 

The ages of the Wisur rats used (14th, 17th, 18th, 19th and 21st prenatal days and 2-3 

months postnatal, ι e , "adults") were estimated as follows male and female rats were 

placed together overnight If at 09 00 a m of the following day spermatozoa were present 

in the vagina, resulting in pregnancy, this day was called the first day of the prenatal pe

riod 

Pregnant rats were anesthetized by intraperitoneal injection of sodium pentobarbital 

(60 mg/kg) Fetuses were removed from the uterus of the anesthetized mother one by 

one and fixed immediately in ice-cold (4° C) 4% paraformaldehyde in 0 1 M phosphate 

buffer, pH 7 2 (Pease, 1962) The 14th day specimens were fixed by immersion, all other 

stages were fixed by perfusion through the heart (5-10 mm at 50-70 mm Hg in prenatal 

stages, 15 mm at 70-80 mm Hg in adult animals) During the perfusion the animals were 

placed in ice Parts of the trunk at the level of the adrenal glands (prenatal stages) or the 

adrenals (adults) were isolated and postfixed for 2 h in the same fixative at 4° С Next, 

they were rinsed for 24 h at 4° С in 5% sucrose in 0 1 M phosphate buffer (pH 7 2) 

Tissues frozen with CO2 were cut at 10 μηι on a cryostat (Dittes, Heidelberg, West 

Germany) Several series of consecutive, transverse sections were processed for indirect 

immunofluorescence according to Coons and collaborators (Coons, 1958, see also Nairn, 

1976) Sections were rinsed in phosphate buffered saline (PBS, see Nairn, 1976, ρ 369), 

and incubated for 30 mm at 37° С in a humid atmosphere with a rabbit antiserum to 

TH, DDC, DBH or PNMT, diluted 1 32 (for preparation and characterization of the se

ra, see Goldstein et al, 1972, Park and Goldstein, 1976) Sections incubated with scrum 

of non-immunized rabbits were used as controls After rinsing in PBS, the sections were 

incubated with fluorescein isothiocyanate (ГІТС) conjugated sheep anti-rabbit immu

noglobulins (Statens Baktenologiska Laboratorium, Stockholm, Sweden) diluted 1 4, for 

30 mm at 37° С in a humid atmosphere After rinsing in PBS the sections were mounted 

in a mixture of PBS and glycerine (13) and stored at —20° С For each stage 2 or 3 ani

mals were processed 

The sections were examined in a Zeiss Junior microscope, equipped for transmitted-

light illumination with a HBO 200 W light source, an oil immersion darkfield conden-

sor (numerical aperture 1 2-1 4), a 3 mm BG 12 excitation filter, a barrier filter 50 and a 

Zeiss camera attachment For photomicrography Kodak Ektachrome High Speed day 

light film, 23 D I N , was used From some of the diapositives black and white prints were 

made 
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RESULTS 

I. Adult Adrenal Medulla 

Comparison of consecutive sections revealed that all parenchymal cells seem to contain 

TH, DDC and DBH-immunoreactivity (Figs 2a, b, 3a) PNMT was found in most cells, 

but absent in some (Fig 3b) Sections incubated with antiserum to TH or DBH showed 

a distinct cytoplasmic fluorescence Anti-DDC and anti-PNMT sera sometimes icsulted 

in a faint staining of the nuclear area Ganglion cells and the adrenal cortex did not show 

any specific fluorescence 

II. Prenatal Stages 

A careful comparison of consecutive sections, incubated either with one of the four im
mune sera or with the non-immune serum, met with two complications Since a compact 
medulla is not yet formed, it was difficult to obtain five consecutive sections of я par
ticular cell group Erythrocytes, which sometimes remained after perfusion, showed an 
unspecific fluorescence, ι e , fluorescence also observed with the non immune scrum 

The medullary parenchyma is derived from a blastema on the medial side of the corti

cal "anläge" This medullar) blastema is connected with the primitive sympathetic 
trunk Therefore, we included the medullary blastema and the adjacent part of the sym
pathetic trunk in our observations which can be summarized as follows (sec also Figs 4, 
5 and Tables 1, 2) 

1 TH-, DDC- and DBH-immunoreactivity was observed in the primitive sympathetic 
trunk and in the medullary blastema from the 14th day onwards TH-, DDC- and DBH-
posmve cell groups were also seen in the adrenal gland on the l7th day and subsequent 
prenatal stages 

2 PNMT-immunorcactivity was first detectable on the 18th prenatal day PNMT-pos-
itive cell groups were seen only within the adrenal gland No PNMT-immunoreactivity 
was observed in either; the primitive sympathetic trunk or the medullary blastema 

3 The size as well as the fluorescence intensity of the cell groups in the adrenal gland 
seem to be increased in older stages 

4 In all stages, fluorescence obtained after incubation with antisera to DDC was rath
er diffuse, ι с, also the nuclear area was stained After incubation with antisera to TH, 
DBH or PNMT a distinct cytoplasmic fluorescence was observed 
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Table 1. Occurrence of TH, DDG, DBH and PNMT in the adrenal medulla of the rat 
as revealed by immunohistochemistry 

Prenatal 
(days) 

TH 

DDG 

DBH 

PNMT 

I4tha 17th 

+ 

+ 

+ 

— 

18th 

+ 

+ 

+ 

+ 

19th 

+ 

+ 

+ 

+ 

21st 

+ 

+ 

+ 

+ 

Adult 

+ 

+ 

+ 

+ 

medullary tissue not yet formed 

Table 2. Occurrence of TH, DDG, DBH and PNMT in the sympathetic trunk and the 
medullary blastema of the rat as revealed by immunohistochemistry 

Prenatal 
(days) 

TH 

DDG 

DBH 

14th 

+ 

+ 

+ 

17th 

+ 

+ 

+ 

18th 

+ 

+ 

+ 

19th 

+ 

+ 

+ 

21st 

+ 

+ 

+ 

Adult3 

PNMT 

Not investigated 
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Fig. 2a and b. Adrcrul medulla of adult rat. Parts of two consecutive sections incubated with antiserum to TH 

(a) and DDC (b). All medullary cells show TH- and DDCimmunofluorescence. Bars 115 \Jm. χ 87. 

Fig. 3a and b. Adrenal medulla of adult rat. Parts of two consecutive sections incubated with antiserum to 

DBH (a) and PNMT (b). All medullary cells show DBH-immunofluorescencc. Note that some DBH positive 

cells are PNMT negative (NA-stonng cells; some of them marked with I). Bars 130 Mm. χ 77. 
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Fig. 4a-e. Rat, 14th day. Consecutive transverse sections incubated with antiserum to TH (a), DDC (b), DBH 

(c), PNMT (d) and non-immune scrum (c). Note unspecific immunofluorescence of erythrocytes (not in

dicated); TH-, DDC- and DBH-immunofluorcscence in primitive sympathetic trunk and medullary blastema 

(II). Negative PNMT staining, at cortical "anläge" (only indicated in e). Bars 115 μιη. X 87. 
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Fig. 5a-e. Rat 19th day. Consecutive transverse sections (mounts) incubated with antiserum to TH (a), DDG 

(b), DBH (с), PNMT (d) and non-immune serum (e). Unspecific immunofluorescence of erythrocytes (not 

indicated). TH-, DDG. DBH- and PNMT-jmmunofluorescence within adrenal gland. Note TH-, DDG and 

DBH-immunofluorescence and absence of PNMT in sympathetic trunk (i) and medullary blastema ( U ) . Bars 

115 pm. X 87. 
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DISCUSSION 

Since the adrcnomedullary parenchyma is derived from a blastema that is connected with 
the primitive sympathetic trunk also these tissues were, at least in part, taken into 
consideration In the rat, the first contact between medullary blastema and cortical "anlä
ge" occurs at about the 16th prenatal day (Pankrat?, 1931, Lempinen, 1964) From this 
moment until birth the cortical "anläge" is invaded by cell groups migrating towards the 
centre of the organ Our material includes one stage before (14th da)) and several stages 
after this first contact (17th, 18th, 19th and 21st days) The choice of the fixative was 
based upon the findings of Hokfelt et al (1973) in adult rats The present results indicate 
its applicability in prenatal stages as well However, the localization of DDC needs to be 
improved 

The antibodies used, directed to human or bovine proteins, have sufficient cioss-
reactivity to be employed for rat tissues (eg, Fuxe et al, 1971, Goldstein et al, 1971, 
1972, Hokfelt et al, 1973, 1975) A poor cross-reactivity between rat DBH and rabbit an
tiserum directed to bovine DBH has been demonstrated (Grzanna and Coyle, 1976) The 
actual degree of DBH-immunoreactivity (number of DBH positive cells and fluorescence 
intensity) may therefore be higher than that demonstiated in this study However, in 
view of the high enzyme content of the adrenal gland cells (as compared to catecholam
ine neurons) an antibody with a rather low cross-reactivity is, in all probability, sufficient 
to visualize at least the vast majority of the gland cells containing the respective enzyme 

Our findings indicate that in the rat the enzymes TH, DDC and DBH are synthesized 
in the pnmordia of the adrenal gland (i e , medullary blastema and primitive sympathetic 
trunk) at an early phase of development Couchard et al (1978) found TH in the primi
tive sympathetic trunk at a still earlier stage (12 5th day) On the contrary, PNMT ap
pears much later (18th day) and, moreover, becomes detectable only after medullary cells 
have grown into the cortical "anläge" The late appearance of PNMT corresponds quite 
well with the biochemical analysis of Margolis et al (1966), Fuller and Hunt (1967) and 
Roffi (1968a) who were able to demonstrate PNMT for the first time in 17 5-day-old 
rats The localization pattern of TH, DDC, DBH and PNMT in adult rats is in agree
ment with previous observations (Hokfelt et al, 1975) 

In attempts to express our findings in terms of the biosynthesis of catecholamines, we 
have to be aware that, in addition to the main biosynthetic pathway presented in Fig 1, 
other pathways have been proposed (Laduron et al, 1974), but also rejected (Pendleton 
and Gessner, 1975, Schumann and Brodde, 1976) Nevertheless, the present data might 
be interpreted als follows 
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1 The adrenal medulla of adult rats contains two cell types, one synthesizing NA 

(TH , DDG , DBH positive, PNMT negative) and one s\nthesi/ing A (all enzymes pre

sent) NA cells are in the minority They are arranged as small islets without any prefer 

enfiai position in the medulla DA storing cells (TH- and DDC positive, DBH and 

PNMT-negative), not identified, may be difficult to discover under the present technical 

conditions, since they seem to be scarce It may be pointed out that the evidence for the 

existence of such cells provided by others was based upon the use of semithin (0 5 0 75 

μιτι) and ultrathin sections (Gorgas and Bock, 1976, Coupland et al, 1977), while our 

sections were 10 μιτι in thickness 

2 In the prenatal adrenal medulla NA is synthesized first, followed by A Also this 

finding is in good agreement with previous biochemical determinations (sec Hokfclt, 

1951, Kamoun et al, 1964, Chéoux and Roffì, 1965, Roffì, 1968a, 1968b) As already 
stated cell groups migrating into the cortical "anläge" arc rather small, making it almost 
impossible to obtain five consecutive sections to be stained with anti-TH, anti-DDC, an
ti DBH, anti PNMT and non-immune serum Therefore, in the prenatal material we 
cannot as yet determine uith certaint) the existence of diffcicnt cell types (DA-, NA- or 
Α-storing cells) This specific question is now under investigation 

3 The medullary blastema and the primitive sympathetic trunk appear to contain only 

NA-synthesizing cells Possibly some of the NA-synthcsizing cells observed arc precur

sors of neurons Nevertheless, it seems reasonable to assume that NA-synthesizing cells 

are, at least in part, involved in the histogenesis of the adrenal medulla 

4 If this assumption is correct, we may conclude that the capacity for synthesizing 

NA is developed before the "medullary" cells reach the cortical "anläge" By contrast, 
the capacity for synthesizing A seems to be acquired only after this contact has been ef
fected 

We have observed that in the rat PNMT appears only after a close contact between 
cortical and medullary cells has been established Furthermore, there is evidence indicat
ing that the fetal hypophyseal-adrenocortical control (via ACTH) begins to function at 
about the same time (see Milkovic et al, 1973) Moreover, on the 18th day a sharp in
crease in corticosterone synthesis was demonstrated in the rat adrenal (Klcpac et al, 
1977) It seems therefore possible that a functional relationship between fetal cortex and 
medulla is established in the sense that PNMT synthesis is induced by glucocorticoids, 
the secretion of which is initiated by the hypothalamic-hypophyseal complex In this re
spect, it might be worthwhile to refer to similar effects of glucocorticoids on PNMT ac
tivity in the extra adrenal chromaffin tissue of neonatal animals (Eranko et al, 1966, Rof
fì and Margolis, 1966, Eranko et al, 1976, Coupland, 1968, Roffì, 1968a, Ciaranello et al, 
1973) and to the induction by glucocorticoids of other enzymes, e g , in the lung (Gian-
nopoulos, 1975) and in the retina (Moscona, 1975) 
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SUMMARY 

The pre- and postnatal development of the adrenal medulla was examined in the rat by 
immunohistochemistry and by assay of catecholamines. Immunohistochemistry involved 
the use of antibodies to noradrenaline (NA), adrenaline (A) and the biosynthesizing en
zymes dopamine ß-hydroxylase (DBH) and phenylethanolamine N-methyltransfcrase 
(PNMT) and adrenal glands were obtained from animals from the 16th day of gestation 
until the 7th postnatal day at daily intervals, and at the 14th postnatal day and from adult 
rats. Tissues were fixed in ice-cold buffered 4% paraformaldehyde, pH 7.3. Cryostat sec
tions (7 y¡m) were stained by the indirect immunofluorescence technique. From the same 
developmental stages adrenals were assayed for the presence of DA, NA and A by ion 
-pair reversed-phase liquid chromatography with electrochemical detection. 

In adult adrenals the majority of the medullary cells (approximately 80%) were highly 
immunoreactive to A and moderately immunoreactive to NA. They also showed immu-
noreactivity to both DBH and PNMT, i.e., are synthesizing and storing A. The remain
ing cell clusters were only stained by antibodies to DBH and NA (NA-synthesizing and 
storing-cells). These findings correlate well with the relative concentrations of A and NA 
as determined by assay. 

Three developmental phases could be distinguished. In the first phase, the 
16th and 17th prenatal day, medullary cells were only immunoreactive to DBH and NA, 
and only very small amounts of A as compared to NA were found. During the second 
period, from the 18th prenatal day until 2 of 3 days after birth, \\\ medullary cells were 
immunoreactive to DBH, NA, PNMT and A, and during this phase the adrenaline con
centration increased daily and it became the predominant amine on the 20th day of gesta
tion. Adrenaline formed 75% of total catecholamine on the 1st to 3rd day after birth. The 
third phase started at the 2nd or 3rd postnatal day and was characterized by the presence 
of an increasing number of medullary cells only immunoreactive to DBH and NA, hence 
synthesizing and storing NA. The remaining cells were immunoreactive to DBH, NA, 
PNMT and A. Postnatally, the relative concentration of A continued to rise reaching 
79% by the 4th postnatal day. These findings indicate that the adrenal medullary cells, 
initially, are synthesizing and storing almost exclusively NA. Probably, adrenaline 
synthesis begins at the 16th - 17th day of gestation and the cells are then capable of syn
thesizing and storing both NA and A ("mixed cell type") with A synthesis and storage 
rapidly becoming predominant. Finally, after birth, separate NA-synthesizing and storing 
cell types are formed and the so-called A cells store predominantly (probably >90%) ad
renaline with a small proportion of noradrenaline. 
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In the medullary blastema and in the sympathetic ganglia of prenatal animals two 

cells types, only immunoreactive to DBH and NA, were observed. Presumably, these 

cells represent developing sympathetic neurons and extra-adrenal chromaffin cells; the 

latter cell type was occasionally seen invading the adrenal gland. Thus, prospective me

dullary cells are able to synthesize and store NA before they have made contact with the 

cortical blastema but Α-synthesizing cells were only found within the adrenal gland. 

Low but significant amounts of DA were found in the adrenal before birth and during 

the first two postnatal weeks but in the adult animal this accounted for less than 0.1% of 

total catecholamine. 
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INTRODUCTION 

In rhc adrenal medulla of mammals high concentrations of noradrenaline (NA) and 
adrenaline (A) are found It is now generally accepted that these substances are stored in 
the secretory granules of the parenchymal cells (chromaffin cells) from which they arc re 
leased into the blood stream acting as hormones In addition, there is substantial eviden 
ce indicating that in the adrenal medulla oí adult animals two different chromaffin cells 
can be distinguished synthesizing and storing NA and A respectively, ι e, the NA and 

A storing cells (eg, Coupland, 1971, Eranko, I960, Hillarp and Hokfelt, ^ Я , Klein 

and Kracht 1957, Palkama, 1962, Wet7stein, 1957) The relative concentration of NA 

and A sho^ remarkable differences among the species corresponding fairly well with the 

relative number of both cell types (eg, Eranko, 1955, Coupland, 1975) 

In the vicinity of, and occasionally inside the ganglia of the sympathetic nervous sys

tem mosti) small, organ-like groups of epithelial cells sharing with the adrenal medulla 

structural as well as histochcmical features have been described Thus, e g , these cells 

possess chromaffin secretory granules and show a positive chromaffin staining reaction as 

well as formaldehyde-induced fluorescence indicating the presence of biogenic mono

amines (eg, Brundin, 1966, Coupland, I960, Coupland and Weakly, 1968, 1970, Her-

voncn 1971, Hcrvonen et al, 1978, Lcmpinen, 1966, Stilling, 1890, 1898, Zuckcrkandl, 

1901, see also Bock, 1982) This relationship was already recognized by Kohn, who, at 

the turn of this century introduced the terms chromaffin tissue and paraganglia (chrom

affin organs), unifying the extra-adrenal chromaffin cells and the adrenal medulla (Kohn, 

1902, 1903) Biochemical studies revealed that in the extra-adrenal chromaffin tissue NA 

is the main catecholamine Only minute amounts of A or the en/ymc phenyl 

ethanolamine N-meth\Itransfcrase (PNMT), catalyzing the conversion of NA into A, 

were found (Brundin, 1966, Coupland, 1953, Eranko et al, 1966, Gennser and ν Stud-

nit/, 1969, Nieminerva and Pckkarinen, 1952, West et al, 1953) In line with this, ty re

cent immunohistochemical studies employing antibodies to PNMT no or only small 

numbers of immunoreactive epithelial cells were found outside the adrenal gland (Elfvin 

et al, 1975, Tcitelman et al, 1979, Verhofstad et al, 1979) 

Both NA and A arc derived from common chemical precursor substances, A being 

synthesized from NA (Fig 1) Consequently, both NA- and A-stonng cells contain NA 

and the prccceding substances as well as the related biosynthesi/ing enzymes However, 

NA-stonng cells do not contain A or the enzyme PNMT This feature has been adopted 

to identify the NA- and Α-storing cells of the adrenal medulla by immunohistochemical 

techniques employing antibodies to the biosynthesizing enzymes dopamine ß-hydroxyla-
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se (DBH) and P N M T (e g , Fuxc et лі, 1971, Goldstein et a l , 1971, Hokfclt et al, 1973, 

Nagatsu et a l , 1979a, 1979b) Recently, another approach based upon the use of antibod

ies to NA and A was introduced (Verhofstad et al, 1980, 1983) В) combining both pro

cedures the synthesizing as well as the storing capacity of a particular cell group can be 

elucidated in tissue sections 

In adult mammals the adrenal medulla is almost completely surrounded by and in d o 

se contact with the adrenal cortex Although there has been some controvcrsv in the past 

(see e g Soulié, 1903), it is now generally accepted that the two parts of the adrenal 

gland have a hctuogeneous origin, ι с , originate from separate pnmordia Thus, the 

adrenal medulla arises from the anläge of the sympathetic nervous system whereas the 

adrenal cortex is of mesodermal origin In the rat the cortical primordium appears first at 

the 12th - 13th day of gestation in the posterior coelomic wall, along the root of the dor

sal mesentenum medially to the developing gonads and mesoncphros, as a proliferation 

of the coelomic mesothehum (Pankratz, 1931) and adjacent mesenchyme (Lever, 1955) 

The medullary blastema is represented by a cell mass on the medial aspect of the 

developing adrenal From the 15th (Millar and Unsickcr, 1981, Smitten 1962) or the lóth 

day of gestation (Cohen, 1963, Elfvin, 1967, Josimich et al , 1954, Lcmpinen, 1964, Le 

ver, 1955, Pankrat/, 1931) onwards prospective medullary cells migrate into the cortical 

primordium resulting in small, isolated islets of medullary tissue scattered over the devel 

oping adrenal Next, these islets migrate towards the centre of the organ and fuse to 

form a distinct medulla that is surrounded by cortical tissue In the rat this situation is 

only achieved one week after birth (Dewit/ky, 1912, Eranko and Raisanen, 1957, Jack 

son, 1919, Mitchell, 19-18, Van Dorp and Dcane, 1950) 

There are several reports indicating that during deielopment the relative proportion of 

adrenaline and noi adrenaline in the adrenal gland differs from that in adult animals 

Thus, even in species with a high relative concentration of A in adult adrenals ( e g , rab 

bit and rat), NA is initially the predominant amine but that the concentration and icla-

tive amount of A rises during later developmental stages (Chcoux and Roffi, 1965, Hok 

felt, 1951, Kamoun et al , 1964, Nicmincrva and Pekkarinen, 1952, Padbury et al , 1981, 

Roffi, 1968a, Shepherd and West, 1951, West et al , 1951) In the rat this rise coincides 

ywth the time PNMT activity first becomes detectable (Fuller and Hunt, 1967, Margohs 

et al , 1966, Roffi, 1968a) This observation is in keeping -with recent immunohistochcm 

ical studies on the rat employing antibodies to the synthesizing en/ymes tyrosine hydrox 

ylasc (TH), aromatic amino-acid decarboxylase (dopa decarboxylase, DDC) DBH and 

PNMT (Bohn et al , 1981, Teitclman et al , 1<Γ9, Verhofstad et a l , 1979) These studies 

showed that P N M T . used as a marker of A synthesis, becomes detectable at the 17th -

18th day of gestation, 1 e , 2 or 3 days after the first appearance of T H , DDC- and DBH 

immunoreactivity, indicating the presence of NA-stonng cells in the adrenal gland 

Hypophysectomy of adult rats causes a reduction of P N M T and A levels in the adre 

nal gland Both can be restored to normal by glucocorticoids or adrcnocoiticotropic hor

mone (ACTH, Pohorecky and Rust, 1968, Pohorecky and Wurtman, 19~Ί, Wurtman, 

1966, Wurtman and Axelrod, 1966) Biochemical as well as immunohistochemical stu 
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dies on rats showed that fetal decapitation ("hypophysectomy") also causes a decrease in 

the adienals of PNMT activity and PNMT-immunoreactivity, respectively (Bohn et al , 

1981, Margolis et al , 1966, Roffi, 1968b) These findings indicate that the adrenal cortex 

is determining the degree of meth\lation of NA during prenatal stages Since the 

A-stonng cells only become apparent after the medullary cells have invaded the cortical 

blastema (Bohn et al , 1981, Teitelman et ài', 1979, Verhofsrad et al , 1979) it is tempt

ing to assume that the synthesis of PNMT ma\ be induced b\ glucocorticoids secreted 

b) the foetal adrenal cortex This supposition is favoured by observations demonstrating 

the appearance of PNMT and adrenaline in extra-adrenal chromaffin tissues normally de

void of it by treatment of neonatal rats by glucocorticoids (Bohn et al , 1982, Garanello 

et al , 1973, Coupland, 1968, Coupland, and MacDougall, 1966, Eranko et al , 1966, 1967, 

1982, Lempinen 1966, Roffi and Margohs, 1966, Philhpson and Moore, 1975, Roffi, 

1968b) However, recent in mio as well as in vitro studies on rat adrenal glands indicate 

that the first appearance of PNMT can not be accelerated by glucocorticoids or ACTH 

(Bohn et al, 1981, Teitelman et al , 1979, 1982) Moicovcr, the expression of PNMT 

cannot be blocked by foetal decapitation or by treatment of rat fetuses with a glucocorti

coid receptor antagonist (Bohn et al . 1981) Thus, another hitherto unidentified factor 

or factors, possibly related to the developing adrenal cortex, might play a role in induc

ing PNMT 

In a previous paper (Verhofstad et al , 1979) the cellular localization of the catcchol-

amine-synthesi/ing enzymes in the adrenal medulla of the rat before birth was examined 

The present study deals with the pre- as well as postnatal development employing both 

antibodies to the s\nthesi/ing enzymes as well as antibodies to NA and A Special atten

tion is given to the question whether separate populations of NA- and Α-storing cells ex

ist from the moment A becomes first detectable, 1 e , at the 17th - 18th prenatal day In 

addition, the immunohistochemical findings are compared with the absolute and relative 

concentrations of NA and A present in the adrenal gland 
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MATERIALS A N D METHODS 

Pre- and postnatal Wistar rats (random breed population, CpU WU) were used The age 

of the fetuses was defined as follows Male and female rats were placed together over

night If at 09 00 a m of the following morning spermatozoa were found in vaginal 

smears, it was assumed that fertilization had taken place The day the vaginal smears con

tained spermatozoa was designated as the 1st prenatal day or the 1st day of gestation Si

milarly, the day of delivery was indicated as the 1st postnatal day At daily intervals tis

sues were collected from the 16th day of gestation until the 7th postnatal day (delivery at 

the 22nd prenatal day), at the 14th postnatal day and 2-3 months after birth ("adults") 

IMMUNOHISTOCHEMISTRY 

Pregnant rats were anesthetized by intraperitoneal injection of sodium pentobarbital (60 

mg/kg) Fetuses were removed from the uterus one by one and immediately fixed in ice-

cold (40C) 4% paraformaldehyde in 0 1 M sodium phosphate buffer, pH 7 3 (Pease, 

1962) Part of the trunk containing the adrenal glands was dissected out and subsequent

ly fixed for 6-8h at 4 0 C Postnatal animals were anesthetized similarly and then perfused 

through the left ventricle of the heart with ice-cold (40C) calcium-free Tyrode's solution 

(Ca replaced by Mg+ + ) for 1-2 mm at 50 mm Hg, immediately followed by ice-cold. 

(40C) 4% paraformaldehyde in 0 1 M sodium phosphate buffer, pH 7 3 The adrenal le

vel of the trunk or the adrenals (14th postnatal day and 2-3 months old rats) were isola

ted and postfixed for 2h at 4°С in the same fixative Following fixation, tissues, either fi

xed by immersion or by perfusion, were rinsed at 4 0 C in 5% sucrose in 0 1 M sodium 

phosphate buffer, pH 7 3, for 18-24h Next, tissues were frozen at - 150° С in isopentane 

cooled by liquid nitrogen and cut on a cryostat (Dittes, Heidelberg, G F R ) at -25°С 

Sections of 7 [}m were mounted on glass slides coated with chrome alum gelatine (0 05 g 

chrome alum plus 0 5 g gelatin in 100 ml destillcd water) and immediately processed for 

immunohistochcmistry or stored at -70oC 

The sections were stained by the indirect immunofluorescence technique of Coons and 

collaborators (Coons, 1958, sec also Nairn, 1976) employing previously described antise-

ra to NA and A (Verhofstad et al 1980, 1983) and DBH and PNMT (Goldstein, 1972, 

Goldstein et al, 1972, Joh and Goldstein, 1973) Sections were first rinsed in phosphate 

buffered saline (PBS, see Nairn, 1976, ρ 369) at room temperature for 30 mm Then, se

veral sets of consecutive sections were incubated with a sheep antiserum to NA (1 1000), 

a rabbit antiserum to A (1 400), a goat antiserum to bovine DBH (1 400) or a goat anti

serum bo bovine PNMT (1 400) for 18-24h at 4 0C, all diluted with PBS containing 
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О 1% Triton Х-100 as advised by Hartman (1973) Scrum of non-immunized animals was 

used as a control In order to prevent drying, sections were incubated according to the 

descriptions of Tung (1977, sections upside down) After rinsing in PBS for 30 mm at 

room temperature the sections were incubated for 30 mm, at room temperature, with 

fluorescein isothiocyanate (FITC)-labelcd rabbit anti-sheep immunoglobulins (sections 

stained with the NA-antiserum, Nordic, Tilburg, The Netherlands), sheep anti-rabbit 

immunoglobulins (sections stained with the Α-antiserum, Statens Baktenologiska Labo

ratorium, Stockholm, Sweden), or rabbit anti-goat immunoglobulins (sections stained 

with the antiscra to DBH or PNMT, Nordic, Tilburg, The Netherlands) All FITC-la-

beled antisera were diluted 1 16 with PBS containing 0 1% Triton X-100 The sections, 

were again rinsed in PBS for 30 mm at room temperature, mounted in glycenn-PBS (3 1, 

vol/vol) and stored at -20oC For each developmental period 3-4 animals were processed 

A Zeiss Universal microscope equipped for fluorescence with incident illumination 

was used for examination and photomicrography Photographs were taken with Kodak 

Tn-X film The distribution of immunoreactivc cells in the adrenal gland, the medullary 

blastema and, if present in the sections, the developing extra-adrenal chromaffin tissue 

was recorded In order to determine whether at a particular developmental period separa

te NA- and A-stonng cells do occur, special attention was given to the distribution of 

NA- versus A-immunoreactive and DBH-versus PNMT-immunoreactive cells 

ASSAY 

Pregnant rats were anesthetized as described for immunohistochemistry Fetuses were dc 

capitated, adrenals were dissected, fro7en in pairs in liquid nitiogen and stored at -70oC 

The mother remained anesthetized until the last adrenals were collected Postnatal rats 

were decapitated, individual glands ^crc frozen in liquid nitrogen and stored at 70oC 

Homogenates of 10-15 pairs of fetal adrenals or individual adrenal glands (postnatal sta

ges) were made in 300 μΐ of 0 1 M periodic acid (PCA) containing 0 4M sodium bisul 

phate and an appropriate amount of 3,4 dihydroxyben/ylamine hydrobromide (Aldnch 

Chemical Co Ltd , Gillingham, Dorset, UK) was added as internal standard The homo-

genate was transferred to a centrifuge tube together with 100 μΐ periodate solution used 

to wash out the homogem/ation tube The sample was centnfuged at 5°С for 30 mm at 

30,000 g The supernatant was removed and a 100 μΐ aliquot was then taken and made up 

to 10 ml in a volumetric flask The concentrated stock sample and lOOx diluted samples 

were stored at 5 0 C until assayed 

The concentration of catecholamines in the sample was estimated by comparing sam

ple peak heights of A, NA and DA with those of standards of appropriate concentration 

Standards were adrenaline bitartratc, noradrenaline bitartratc and dopamine hydrochlori

de (Sigma Chemicals, London) made up in 0 1 M PCA containing 0 4 mM sodium bisul

phite The concentration of standards ranged from 10 pmoles to 100 pmolcs Because of 

the low concentration of DA in the tissues, 100 μΐ of stock solution of sample were injec

ted for analysis while for NA and A, 100 μΐ of lOOx diluted sample was used The amine 

content of each sample was then calculated 
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The HPLC s\stem consisted of лп Altcx pump model 110A, Rheod\ne 7125 sample 

injector fitted with a 100 μΐ loop, Technocol reverse phase ion-pair ODS column 25 cm 

X 4 6 cm, attached to a spherosorb precolumn 4 5 cm X 4 6 cm A model LC-17 Вюапд-

lytical Systems electrochemical detector (West Lafayette, U S A ) was used and consisted 

of a TL-3 carbon paste electrode and an LC-4 controller The working electrode was ope

rated at +00 65 V against an Ag/AgCl reference electrode and sensitivity set a 1 nA/V, 1 

volt full scale deflection The column was operated at room temperature and the flow ra

te was 1 0 ml/min When the column was not in use, the mobile phase was recvcled at 

01 ml/ mm The mobile phase was composed of 01 M sodium dihvdrogen 

orthophosphate, 1 2 mM 1-octane sulphonic acid and 0 1 mM ethylenediamine tetra-acc-

tic acid made up in distilled deioni7ed water and containing 90 ml of methanol per 1 litre 

of buffer, pH 3 6 (modified after Michaud et al, 1981) 
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RESULTS 

Immunohistochemistry 
The following results are based on a careful examination of sets of two consecutive sec
tions stained with the anti-NA or anti-A serum, or alternatively, with the antisera to 
DBH and PNMT Since in the early prenatal stages medullary cell groups are rather 
small it was difficult to select appropriate sets of sections through a particular cell group 
However, in postnatal stages, especially adults, cell groups could be traced through four 
adjacent sections Control experiments using non-immune serum gave a negative reac
tion except for erythrocytes 

I. Adult adrenal medulla 
The medullary area was composed of clusters of parenchymal cells and wide, thin-walled 
blood channels Occasionally, small groups of ganglion cells were observed Two types of 
parenchymal cells could be identified (Fig 2A-H) Most of the medullary chromaffin 
cells (approximately 80%) were immunoreactive to NA, A, DBH as well as to PNMT 
A small number of islands of cells, accounting for approximately 20% of the total and 
apparently scattered randomly in the adrenal medulla were immunoreactive to NA and 
DBH only In both cell types, representing the A- and NA-stonng chromaffin cells res
pectively, staining was strictly limited to the cytoplasm except for the PNMT serum 
which sometimes also caused a faint fluorescence of the cell nuclei The fluorescence in
tensity of the NA- and A- storing cells, estimated subjectively, are summarized in Table 
1 Neither ganglion cells nor the adicnal cortex showed specific fluorescence. 

II. Developing adrenal medulla 
In the earliest stages in the adrenal only a few, small and irregularly shaped groups of im
munoreactive cells were found These cell groups were separated from each other by cor
tical tissue They were composed of epithelioid cells Immunoreactivity was localized to 
the cytoplasm except in the case of the A- and PNMT-stained sections when a faint fluo
rescence of cell nuclei was observed occasionally Near the medial surface of the adrenal 
gland immunoreactive cell groups were close to and sometimes continuous with similar 
cell masses present in the medullary blastema (see also next paragraph) During later 
prenatal stages the number, size and the fluorescence intensity of the immunoreactive 
cell groups increased At birth most of these cell groups were concentrated in or near the 
centre of the organ However, up to the end of the first postnatal week isolated, appa
rently inward migrating immunoreactive cell strands were found on the medial side of 
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the adrenal gland, associated with its capsule or within the developing adrenal cortex 

(see Figs. ЗА, В, E, F). 

The following staining pattern was observed (see also Table 2): 

1. On the 16th and 17th day of gestation medullary cell groups were immunoreactive to 

NA as well as to DBH. A- and PNMT-staining were negative (Fig. 5A-D). 

2. From the 18th prenatal day until 2 or 3 days after birth all cell groups were immuno

reactive to NA, A, DBH as well as PNMT (Fig. 4A-D). On the 18th and 19th day of ges

tation not all cell groups showed the same fluorescence intensity, i.e., cell groups pre

sent in the central and lateral parts of the adrenal possessed a somewhat higher intensity. 

3. From the 2nd or 3rd postnatal day onwards an increasing number of cell clusters could 

only be stained with the anti-NA and anti-DBH sera, i.e. gradually became negative for 

A and PNMT (Fig. 3A-H). Thus, for the first time during development two different 

chromaffin cell types could be identified. 

III. Extra-adrenal chromaffin tissue 

These tissues were examined so far as they were present in the sections taken from the 

adrenal gland. In the prenatal stages a well-defined medullary blastema was found at the 

medial side of the adrenal. Two different immunoreactive cell types could be distinguis

hed (Fig. 6A-B). One cell type, arranged in irregular shaped clusters showed an intense 

cytoplasmic staining for NA and DBH. Sometimes these clusters were continuous with 

similar cell groups (already) present inside the adrenal. A second cell type showed a dis

tinct but much weaker cytoplasmic NA- and DBH-immunofluorcsccncc besides a so

mewhat larger cell nucleus. A and PNMT were not detected. 

Occasionally, ganglia of the sympathetic trunk were observed and contained the same 

cell types as those described for the medullary blastema, although the first type (smaller) 

was less frequent (Fig. 7A-D). 

Assay 

From the 16th day of gestation DA, NA and A can be detected (Tables 3 & 4). On days 

16 and 17 of gestation NA is the predominant amine (>90%) and DA amounts for so

me 1% - the highest proportion recorded. Thereafter the concentration of A rapidly in

creases and it becomes the predominant amine on the 20th day of gestation. 

During the prenatal period the total concentration of catecholamines per pair of 

glands increase from 'V» 100 pmol on day 16 to r\^ 1280 pmol by day 21: the increase 

being exponential after the 17th days of gestation. 

Between the 21st day of gestation and the 1st postnatal day (Tables 5 & 6) (day of 

birth) the concentration of catecholamine doubles and doubles again between postnatal 

days 1 and 5. Between days 7 - 14 and the adult stage there is approximately a thirty-fold 

increase in catecholamine concentration within the adrenal glands and in the adult this is 
r\j 150 nmol/pair of adrenal glands. The increase in the amount of catecholamines in the 

adrenal gland affects NA and A particularly and there is little change in the content of 

DA between the 2nd postnatal day and the adult stage (Tables 5 & 6). 
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From the 3rd postnatal cla\ the proportions of A and NA remain relatively constant 
with A comprising 78 - 819f of the total and noradrenaline 19 - 22c/c Although DA for
med r\j 27c of total amine up to the 14th postnatal day it is insignificant ( < 0 1%) in 
adult adrenal glands 
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Table 1. Fluorescence intensity of the NA- and A-storing cells in the adrenal medulla of 
adult rats. 

NA-storing cell 
A-storing cell 

NA 

+ + 
+ 

Immunoreactivity 
A 

_ 

+ + 

DBH 

+ + 
+ + 

to 
PNMT 

_ 

+ + 

+ + intensely fluorescing + moderately fluorescing - no fluorescence 

Table 2. Immunoreactivity in the adrenal medulla of the rat during development. 

Developmental 
period 

Before 18th 
prenatal day 

18th prenatal 
day-2nd/3rd 
postnatal day 

2nd/3rd postnatal 
day-adult 

NA 

+ 

+ 

+ 

Immunoreactivity to 
A DBH 

+ 

+ + 

+ + 

PNMT 

-

+ 

+ 

Synthesis and 
storage of 

NA (NA-cell type) 

NA and A in single cells 
("mixed cell type") 

NA and A in separate 
cells 
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ТдЫе 3 Content of DA, NA and A in the adrenal glands of the rat (pmol/pair) -

Prenatal period. 

Age (da} s) 

16th 

17th 

18th 

19th 

20th 

21st 

DA 

4 3 ± 0 5 

5 8 ± 0 7 

6 3 ± 2 

4 0 ± 2 

6 0 ± 2 

9 3 ± 2 

NA 

9 0 ± 5 2 

110 ± 15 

178 ± 22 

246 ± 31 

317 ± 2 5 

421 ± 44 

A 

15 ± 0 2 

3 9 ± 0 3 
51 ± 2 

174 ± 14 

393 ± 38 

850 ± 78 

Total amount 

95 7 ± 8 2 

120 ± 15 

235 ± 23 
424 ± 34 

717 ± 47 

1282 ± 121 

Table 4 Relative concentration of DA, NA and A in the paired adrenal glands of the rat 

(percentage of total amount) - Prenatal period. 

Age (days) DA NA 

16th 

17th 

18th 

19th 

20th 

21st 

7 ± 1 

4 9 ± 0 4 

2 9 ± 13 
1 1 ± 0 6 

0 9 ± 0 3 
0 8 ± 0 2 

92 ± 8 2 

91 7 ± 1 2 

752 ± 2 5 

578 ± 3 8 
44 4 ± 2 7 

328 ± 0 6 

1 ± 0 2 

3 4 ± 0 7 

22 0 ± 1 2 

41 2 ± 3 1 

54 7 ± 3 0 

66 5 ± 0 5 

138 



Table 5. Content of DA, NA and A in the adrenal glands of the rat (nmol/pair) -

Postnatal period. 

Age (days) DA NA A Total amount 

1st 

2nd 

3rd 

4th 

5th* 

6th 

7th 

14th* 

Adult 

0.067 ± 0.005 

0.082 ± 0.002 

0.03 ±0.003 

0.07 ± 0.007 

0.09 
0.08 ± 0.01 

0.10 ± 0.006 

0.09 
0.10 ± 0.02 

0.45 ± 0.08 

0.63 ± 0.05 

0.71 ±0 .47 

0.69 ± 0.14 

0.74 

1.01 ± 0.2 

1.01 ± 0.17 

0.86 

29 ± 4.5 

1.59 ±0 .17 

2.16 ± 0.17 

2.48 ± 0 . 1 1 

2.96 ± 0.4 

3.41 

4.2 ± 0.77 

4.21 ± 1.1 

3.19 
116.6 ± 2 . 6 

2.11 ±0 .25 

2.88 ± 0.14 

3.23 ± 0.12 

3.7 ± 0 . 5 

4.25 

5.3 ± 0 . 9 
5.32 ± 1.0 

4.2 

145.8 ± 6.2 

Table 6. Relative concentration of DA, NA and A in the paired adrenal glands of the rat 
(percentage of total amount) - Postnatal period. 

Age (days) DA NA A 

1st 

2nd 

3rd 

4th 

5th* 

6th 

7th 

14th* 

Adult 

3.5 ± 0.6 

2.9 ± 0.5 

2.5 ± 0.2 

2.3 ± 0.5 

2.0 

1.5 ± 0.1 

2.1 ± 0.3 

2.1 

0.07 ± 0.01 

21.1 ± 1.3 

22.1 ± 2.8 

21.6 ± 1.3 

18.4 ± 0.9 

17.5 

18.8 ± 0.5 

20.0 ± 4.5 

20.8 

19.7 ± 2.4 

75.5 ± 1.1 

74.9 ± 2.8 

75.6 ± 1.3 

79.3 ± 0.5 

80.6 

79.6 ± 0.6 

77.9 ± 4.7 

77.1 

80.6 ± 2.3 

Unless otherwise specified the results represent the assay of individual adrenal glands 
from 3 animals at each age. 

*Average of results from 2 animals 
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FIGURE LEGENDS 

Fig. 1 Biosvnthctic p¿thw^ of noudrerulmc лпа латсплііпс in the adrenal medul 

la Four enzymes arc involved tyrosine hydroxylase (TH), aromatic amino-

acid decarboxylase (dopa decarboxylase, DDC), dopamine ß-hydroxylase 
(DBH) and phenylethanolaminc N-methyltransferase (PNMT) For refer 
enecs Blaschko (1972) and Stjarne (1972) 

Fig. 2A-D Immunofluorescence photomicrographs of the adrenal medulla of adult rat 
Consecutive sections stained with an antiserum to noradrenaline (A,C) or 
adienahne (B,D) С and D are higher magnifications of areas in A and В 

marked by asterisks Note in A and С intensely (NA-stonng) besides mod

erately (Α-storing) fluorescing cell groups In В and D only the A-stonng 

cell groups are fluorescing C, adrenal cortex NA, noradrenaline-stonng cell 

group Bars 68 [im (Α,Β) and 144 pm (C,D) 

Fig. 2E-H Immunofluorescence photomicrographs of the adrenal medulla of adult rat 

Consecutive sections stained with an antiserum to DBH (Ь,С) οι PNMT 

(F,H) G and H arc higher magnifications of areas in E and F marked by as

terisks Note in E and G moderately (NA-stonng) besides somewhat more 

intensely (A-stonng) fluorescing cell groups (in later studies both cell 

groups stained equally, sec also Discussion) In F and H only the A storing 

cell groups arc fluorescing C, adrenal cortex NA, noradrenaline-stonng cell 

group Bars 68 \Jm (E,F) and 144 (G,H) 

Fig. 3A-D Immunofluorescence photomicrographs of the adrenal medulla of the rat, 

6the day after birth Consecutive sections stained with an antiserum to nor

adrenaline (A, C) or adrenaline (B, D) С and D are higher magnifications 

of areas in A and В marked by asterisks Note in A and С intensely (NA-

stonng) besides less intensely (A-stonng) fluorescing cell groups In В and 

D the reverse situation exists, ι e A-stonng cells are intensely whereas the 

NA-stonng cells are less intensely fluorescing Note in A and В also an in

growing medullary cell group just beneath the fibrous capsule (left side of 

A and B, not marked) C, adrenal cortex NA, noradrenaline-stonng cell 

group Bars 68 [im (A B) and 144 [¡m (CD) 

Fig. ЗЕ-Н Immunofluorescence photomicrographs of the adrenal medulla of the rat, 

6th day after birth Consecutive sections stained with an antiserum to DBH 

(E,G) or PNMT (F,H) G and H are higher magnifications of areas in E 

and F marked by asterisks Note in E and G moderately (NA-stonng) be-

140 



sides more intensth (A-stonng) fluorescing cell groups (in later ыисііеь 

both cell groups stained cqualh, see also Discussion) In F and H the A-

storing cell groups are intensely fluorescing, whereas the NA storing cells 

are negative Note in E and F also some ingrowing mcdullan cells (left side 

of E and F, not marked) C, adrenal cortex NA, noradrcnaline-stormg cell 

group Bars 68 Mm (E,F) and 144 (G,H) 

Fig. 4A-B Immunofluorescence photomicrographs of the rat adrenal, 18th da\ of ges

tation Consecutive sections stained with an antiserum to noiadrcnalinc (A) 

or adrenaline (B) Small medullarv cell groups arc stained Although the ad

renaline stained cell groups seem to be less intensive, both antiscia icvcal 

the same distribution pattern Apparcnth, some of the mcdullan cells have 

just invaded the adrenal cortex (see medial side of the adicnals = left side 

of A and B) Bar 68 μηι 

Fig. 4C-D Immunofluorescence photomitrographs of the rat adicnal, 18th da\ of ges

tation Consecutive sections stained with an antiserum to DBH (C) oi 

P N M T (D) Small medullarv cell groups arc stained with both antiscra ex

cept for the mcdullan cells on the medial side of the adrenal (left side of С 

and D ) , these cells are PNMT negative Bar 68 μιη 

Fig. 5A-B Immunofluorescence photomicrogiaphs of the rat adrenal, 1~ЧІі da\ of ges

tation Consciutive, transveise sections stained with an antiserum to noi

adrcnalinc (A) or adrenaline (B) Note that in the adicnal gland as ^cll as in 

the mcdullan blastema (marked with asterisks) cell groups arc found 

which arc onl\ immunorcacme to noradrenaline In В some unspccific fluo 

rcsccncc is observed caused b\ ei\throc\tes Bar 68 μιη 

Fig. 5C-D Immunofluorescence photomiuogiaphs of the lat, l 7 th dav of gestation 

Consecutive, transverse sections stained with an antiscium to DBH (C ) oi 

P N M T (D) In the adicnal gland as well as in the mcdullan blastema 

(maikcd with astensks) cell groups arc found which are onl\ immunoicac 

tive to DBII Bar 68 μηι 

Fig. 6A-B Immunofluorescence photomicrographs of transverse sections thiough the 

mcdullan blastema (on the left side) and the medial side of the lat adicnal 

gland (to the right), l 7 t h da\ of gestation, stained with an antiscium to 

N A (A) or DBH (B) A is a highci magnification of Fig 5A 'I he intcival 

between A and В is 20 μιη The mcdullan blastema shows highh immu-

noicactivc cell groups contiguous with mcdullan cell islets just giown in 

the cortical blastema, besides weakh fluoiescing cells C, cortical blastema 

Bai 4} μιη 

Fig. 7A-B Immunofluorescence photomicrographs of transverse sections thiough a 

ganglion of the s\mpathctic tiunk at the level of the rat adrenal gland, 18th 

da\ of gestation, stained with an antiserum to NA (A) oi DBH (B) The 

interval between A and В is 50 μπι Part of the cells aie highl\ 

immunorcactivc to NA as well as DBH The remaining cells show a weak 

immunofluorescence in both staminés Bar 27 um 
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DISCUSSION 

In the present stud) two immunohistochemical procedures were employed One was bas
ed upon the use of antibodies to the en/\mes DBH and PNMT, marking the last step in 
the biosynthesis of NA and A, respectively The antibodies used were raised by en/ymes 
isolated from adult bovine adrenal glands There is substantial evidence now indicating 
that these antibodies have sufficient cross-reactivity to be employed for 
immunohistochemical studies on rat adrenal medullary tissue fixed by formaldehyde (fix
ation might affect the antigenicity, sec e g , Fuxe et al, 1971, Goldstein et al, 1971, Hok-
felt et al, 1973, 1980, Nagatsu et al, 1979a, 1979b, Vcrhofstad et al, 1979, 1983) How 
ever, immunocytochemical studies showed that antibodies to bovine DBH and PNMT 
have a limited cross-reactivity to similar enzymes isolated from rat adrenal medulla 
(Gr/anna and Coylc, 1976, Goldstein et al, 1972) Moreover, it is unknown whether the im
munogenic properties of DBH and PNMT are subject to change during development 
Therefore, the actual amount of immunoreactivc material might be higher than that 
found in the present study A second approach was based upon the application of anti
bodies to conjugates of bovine serum albumin and NA or A Since in the synthesis of 
these immunogens formaldehyde was used as a coupling reagent it is most likely that at 
least part of the antibodies are directed to the isoquinolme derivatives of NA or A If this 
assumption is true, the sensitivity of this second approach depends on the efficiency of 
formaldehyde in converting endogeneous catecholamines during tissue fixation Unfortu
nately, the efficiency of such a conversion is not known nor arc the amounts of NA and 
A lost during tissue preparation and immunostaining procedures Thus, also in this case, 
the actual level of immunorcactivity might be higher than was observed in the tissue sec
tions Although there is still some uncertainty with regard to the matter of sensitivity, 
both the first appearance of PNMT- as well as of A-immunorcactivity in the adrenal me
dulla on the 18th day of gestation is in agreement with biochemical determinations on 
PNMT-activity and A levels respectively (see below) 

The procedure used for assay of catecholamines is highly sensitive with a lower limit 
of detection of 1 pmol 

Adult adrenal medulla 
The combined use of the two types of immunohistochemical techniques clearly show

ed the presence of two different parenchymal cells in the adult adrenal medulla of the rat, 
synthesizing and storing NA or A The relative proportion of both cells as well as their 
distribution in the adrenal medulla is in agreement with previous observations Thus, 
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Eränkö (1955), utilizing formalin-fixed adrenals, estimated that 10-25% of the medullary 
volume was occupied by fluorescing cell islets (NA-storing cells). Klein and Kracht 
(1957), and Hillarp and Hökfelt (1954) achieved comparable data, viz. 20-30 and 5-15%. 
respectively, applying the iodate staining reaction. 

Although different fluorescence intensities were noted, essentially, both NA- and A-
storing cells were immunorcactivc to NA. It is most likely, that this observation reflects 
differences in the NA concentration, i.e., high concentrations of NA in the NA-storing 
cells (NA as the end product of the biosynthetic pathway) and a lower concentration of 
NA in the A-storing cells (NA acting as a precursor substance of A). A reversed situa
tion seems to exist with regard to the DBH-immunofluorescence intensity of both cells 
(Fig. 2E-H). However, in later experiments (data not shown), employing another bleed
ing of the DBH antiserum, the NA- and Α-storing cells were fluorescing with the same 

intensity. 

As far as could be judged from the sections, in the adult adrenal medulla, all parenchy

mal cells can be classified as either NA- or Α-storing cells. This would include the small 

numbers of small granule chromaffin cells (e.g., Gorgas and Bock, 1976; Kobayashi and 

Coupland, 1977; Kobayashi et al., 1978) present in the rat. This conclusion is supported 

by the results of assay which reveal a DA concentration in keeping with its role in the 

synthetic pathway to NA or A but not great enough to account for the pre

sence of specific DA-storing cells. 

Both NA and A were demonstrated in homogenates of whole adrenal glands. The rel

ative concentration of NA (approximately 20%) is in keeping with the relative propor

tion of the NA-storing cells as revealed by immunohistochemistry. Lower relative NA 

concentrations were reported by Eränkö (1955, 16%), Hökfelt (1951; 14-16%) and West 
(1955; 9%), probably due to the variety of experimental conditions and assay techniques 
employed. For the same reasons the presently reported data on the total amount of cate
cholamines in the adult adrenal gland are hardly to compare with those obtained by the 
above authors. 

The proportions of A- and NA-storing cells as determined by this combined immu-
nohistochemical and assay study are also in keeping with the combined assay and mor-
phomctric study of Coupland et al. (1984) involving normal and hypophysectomized 
rats. 

Low, but significant amounts of DA (4.0 ± 0.9 ng/g) could be determined by liquid 
chromatography with electrochemical detection in decapsulated adrenal glands of adult 
rats, i.e., after removal of most of the adrenal cortex (Verhofstad and Jonsson, 1984). The 
consistently low concentrations of DA found in the current work reflect the expression 
of results in terms of whole glands for assaying instead of per weight of medullary tissue. 

Developing adrenal medulla 
In our previous paper (Verhofstad et al., 1979) rat fetuses were fixed by perfusion. 

However, before birth perfusion conditions are hardly reproducible and, as a conse
quence, in many cases blood vessels tended to be distended, flattening the parenchymal 
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cells Therefore, in this study prenatal animals were fixed b\ immersion Unfortunatelv, 

erythrocytes left in the blood vessels stained unspecificall), ι e, were also fluorescing in 

sections incubated with non-immune serum 

At the 16th and 17th dav of gestation the developing adrenal medullary cells were im 

munoreactive to DBH and NA only, ι e, arc synthesizing and storing NA On the con 

trary, PNMT and A-immunoreactive cells first became detectable at the 18th prenatal 

day Our findings with regard to PNMT are in agreement with previous immunohis-

tochemical (Bohn et al, 1981, Teitelman et al, 1981, Verhofstad et al, 1979) as well as 

biochemical studies (Fuller and Hunt, 1967, Margolis et al, 1966, Roffi, 1968a) Morco 

ver, the first appearance of A immunorcactive cells coincides with a sharp increase of the 

amount of A present in the adrenal gland From the 18th prenatal day until 2 3 days after 

birth only one cell type seems to exist containing high levels of DBH-, NA , PNMT-

and A immunoreactivitv This cell type ("mixed cell t)pe") is synthesizing and storing 

NA as well as Α, ι e , combines features which in adult adrenals are spread over two dif 

ferent cell types This supposition is based on the following considerations Firstly, pen-

natally, high levels of NA are found, which, up to the 19th day of gestation exceed the 

levels of A It seems likely, that only a part of this NA is converted to A Secondly, at 

birth, the adrenal medullary cells of the rat contain a mixed population of chromaffin 

granules, which in adults are encountered in separated NA and A-stonng cells (Daikoku 

et al, 1969, Elfvin, 1967, El-Maghrab) and Lever, 1980) 

Two separate chromaffin cell types were not found until a few days after birth Initial 

ly, the relative number of NA storing cells is rather low, however, it increases gradually, 

until two weeks after birth when a pattern similar to the "adult" is achieved The present 

observations arc in keeping with previous studies based on non-immunohistochcmical 

techniques Thus, NA storing cells were first noted at the 4th postnatal day by blfvin 

(1967) using electron microscopy, at the 5th day by Smitten (1962) utilizing the iodate 

reaction or at the end of the first postnatal week by Ы Maghraby and Lever (1980) using 

electron microscopy and by Daikoku et al (1969) who used both electron microscopy 

and a chromaffin reaction Further reports were published by Franko and Raisanen 

(1957) and Diner (1965) In both papers the iodate reaction was employed NA storing 

cells were first seen at day 9 or during the second postnatal week respectively 

Our findings indicate a considerable increase of the amounts of NA and A in the adre 

nais, both prior to and after birth In the prenatal period comparable data were obtained 

by Chcoux and Roffi (1965), and Roffi (1968a) Hokfelt (1951) and Kamoun et al 

(1964a) also found an upward trend but with lower or higher levels of NA and A respec

tively these slight discrepancies are probably related to the use of different assay tech 

niques and experimental conditions Franko and Raisanen (1957) made more extensive 

observations covering the postnatal period from birth to 200 days of age In general, with 

regard to NA our data correspond rather well with those of Hokfelt (1951) and Kamoun 

et al (1964a) The lower values found by Franko and Raisanen (1957), Chéoux and Roffi 
(1965), and Roffi (1968a) almost certainly reflect less sensitive and less specific assay 
techniques employed As far as A is concerned all authors achieved data comparable to 
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those of the present studv The increase of the amounts of N A and A reflects the growth 

in the volume of the mcdullan tissue (Donaldson, 1919, Eranko and Raisancn, 1957, 

Jackson, 1919, Josimovich et al, 1954, Coupland et al 1984) as well as an increase of the 

NA and A concentrations per cell 

At the 16th day of gestation NA is the predominant amine and only a trace of A is de

tectable From the 17th-18th prenatal day until birth the amount of A per pair of adrenal 

glands increased more rapidly than that of NA As a consequence, A became predomi

nant at the 19th-20th day of gestation At birth 70-75% of adrenal catecholamine is A 

Postnatally, the relative concentration of A showed a further slight rise to ^ 80% A similar 

increase of the proportion of A was noted by previous authors although at birth and 

postnatally lower (Hokfclt, 1951, Kamoun et al, 1964a) or somewhat higher (Chcoux 

and Roffi, 1965, Roffi, 1968a) percentages were reported By comparison, Eranko and 

Raisancn (1957), examining postnatal animals only, found a constant NA-Α ratio and an 

A percentage of 80-90% 

The current findings suggest that at the 16th and 17th day of gestation the amount of 

P N M T present in the developing chromaffin cells is lower than the threshold sensitivitv 

of the immunohistochcmical techniques employed After that time assay results and his-

tochemical findings are in harmony 

From the 2nd or 3rd postnatal day onwards an increasing number of NA-immunoreac-

tive cells -лете observed Whether these cells arc derived from mixed cells which lose 

their capacit\ to convert NA into A, or have a different origin cannot be decided yet It 

ma\ be significant to note that the time of appearance of these NA-storing cells coinci

des with the time during which nervous control of the rat adrenal medulla is established 

(Slotkin et a l , 1980), and hence neuiotrophic factors may be involved in the appearance 

of specific NA cells It seems likely that cells which have exhibited immunorcactivity to 

DBH, NA, P N M T and A and have been considered as mixed cells will gradually trans

form into more typical A-stonng cells in which only minimal quantities of NA are stor

ed Thus, the presented immunohistochcmical and biochemical data seem to indicate 

that during the histogenesis of the adrenal medulla three main phases can be distinguish

ed in a gradual developmental process (1) synthesis and storage of almost exclusively 

NA, (2) synthesis and storage of high concentrations of NA as well as A in a single cell 

t\pe ("mixed cell type"), (3) synthesis and storage of NA and A in scpaiatc cell types 

Preliminary findings in pigs suggest that a similar sequence occurs in other species as 

well (Vcrhofstad et al, 1981) However, since in pigs separate NA- and A-stonng cells 

are already present at birth the timing of the developmental phases seems to be species 

specific 

The present findings do not support the possibility that DA in the adrenal medulla 

may represent that present in specific DA-stonng cells A similar conclusion was reached 

by Coupland (1984) with respect to the mouse In the rat and mouse therefore it would 

appear that DA exists as an intermediate in the synthesis of N A and A 

Before birth two cell types, only immunoreactive to DBH and NA, 1 e , synthesmng 
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and storing NA, were observed in the sympathetic ganglia and medullary blastema 

Probably, the weakly fluorescing cells are sympathetic neurons whereas the intensel) 

fluorescing cells correspond with the extra-adrenal chromaffin cells described by previous 

authors Since, occassionally, the latter cells were connected with similar elements inside 

the adrenal it is most likely that piospective medullary cells are able to synthesize and 

store NA before migrating into the cortical blastema The presently described immuno-

histochemical and biochemical findings indicate that the synthesis of A only becomes de

tectable a few days after the first medullary cells have grown into the cortical anläge 

Thus, apparently, the initiation of the A synthesis coincides with the moment the hypo

physeal-adrenocortical system becomes operational and high levels of corticosterone are 

released from the fetal adrenal cortex (Châtelain and Dupouy, 1981, Dupou} and Du

bois, 1975, Dupouy and Châtelain, 1981, Kamoun et a l , 1964b, Klcpac et al , 1977, Mil-

kovic et al , 1973) However, recent in vivo as well as m vitro experiments in the fetal rat 

(Bohn et al, 1981, Teitelman et al , 1979, 1982) do not support the previous!} made sug

gestion (Verhofstad et a l , 1979) that the synthesis of PN MT is induced b) glucocorti

coids So, the question which factor or factors are responsible for the initial synthesis of 

PNMT in the fetus requires fuithcr study as does the appearance, after birth, of separate 

NA- and Α-storing cells in the adrenal medulla 
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ABSTRACT 

Immunohistoihemicál and biothcmicil techniques wei e used to look for serotonin in the 

adrenal medulla of the rat Using antibodies to serotonin, noradienalme and adrenaline, it 

eould be shown that the adrenaline-storing cells aie highl) immunoreactivc for serotonin 

Noradrenaline-stonng cells were not stained even after administration of the precursors 

L-trvptophan and 5-hulroxytryptophan, or of serotonin itself Specifity of the immune 

reaction was studied by both absorption and inhibition experiments Chemical assays 

showed that rat adrenals contain significant amounts of serotonin ( 1 4 ± 0 11 Mg/g wet 

weight) which is about 0 4% of the adrenaline levels Serotonin could be reduced to 

about I0c/c of control b) a high dose of reserpine From differential and sucrose gradient 

centnfugation experiments it was concluscd that serotonin is probably stored in granules 

also containing adrenaline Administration of 5-hydroxytryptophan led to a marked in

crease of the serotonin level, preferentially in the granular fiaction This increase could 

be blocked almost completely by a decarboxylase inhibitor Serotonin administration did 

not result in a statistically significant increase of the serotonin concentration Serotonin 

levels were not changed either after administration of L-tryptophan or the tiyptophan hy

droxylase inhibitor H22/54 These results indicate that there is no significant synthesis of 

serotonin from I -tryptophan 

It is suggested that the seiotomn present in the adrenaline-storing cells is derived from 

circulating serotonin and/or 5-hydrox) tryptophan Serotonin taken up directly from the 

circulation or formed by decarboxylation from 5-hydroxytryptophan is subsequently in

corporated in the chromaffin granules 
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The endocrine function of the adrenal medulla is usually associated with the catechol

amines noradrenaline (NA) and adrenaline (A) It is generally accepted that these sub

stances arc released into the blood stream from two different medullary cell tv pes, viz the 

NA- and A-stonng cells In the cytoplasm of both cell types catecholamine storing 

granules (chromaffin granules) can be demonstrated and both are able to synthesize N A 

from tyrosine via 3,4 dihydroxyphcn)lalanine (DOPA), and dopamine l> " * * Γ ι H o w 

ever, only in the Α-storing cells is NA converted to A According to the currently held 

view the NA-stonng cells do not contain the en7yme that catalyzes this reaction, ι с 

phenylethanolamine iVmcth} Itransferasc (PNMT) Noradrenaline- and A-stonng cells 

can be distinguished at the light and electron microscopic levels by a variety of staining 

techniques Recently, a new immunohistochemical procedure based upon the use of anti

bodies to NA and A has been reported ч ^ 

The adrenal medulla of both rats and mice has been shown to take up and store 

exogenous 5-hydroxytryptamine (5 H T , serotonin) as well as its precursor 5-h}droxy-

tnptophan (5-HTP), as demonstrated by autoradiogrhy ' "H " w ч " Other reports indi

cate that the adrenal medulla is able to convert 5-hydroxytrvptophan to 5-HT ' " 

However, to our knowledge there is only one study demonstrating that 5-HT may be a 

regular constituent of the rat adrenal medulla, ,ft although the specifit) of the assay tech

nique used may be questioned 

In immunohistochemical experiments using antibodies to 5-HT is was noted that a 

relatively large population of cells in the adrenal medulla of the rat was stained It was 

therefore considered of interest to elucide whether 5 H T is stored in adrenal medullary 

cells A preliminary report of these findings was made to the American Association of 

Anatomists (Anat. Ree. 202, 196A, 1982) 

Abbreviations A, adrenaline, DOPA, 3,4-dihydroxyphen)lalanine, FITC, fluorescein 

isothiocyanate, 5 HT, serotonin, 5 HTP, 5-hvdroxytryptophan, NA, noradrenaline, PBS, 

phosphate buffered saline, Try, tryptophan 
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EXPERIMENTAL PROCEDURES 

Immunohistochemical studies 

Experiments were performed on adult male Wistar rats (random bred population, Cpb: 

WU; body weight 150-200 g), kept on a dark-light schedule of 12-12 h. The animals re

ceived food (RMH-B: Hopefarms, Woerden, The Netherlands) and water ad libitum. 

The rats were anesthetized by an intraperitoneal (i.p.) injection of sodium pentobarbital 

(60 rrig/kg) and perfused through the left ventricle of the heart with 30-40 ml ice-cold 

(40C) calcium-free Tyrode's solution (Ca2+ replaced by Mg2"1-) for 1-2 min at 50 mmHg. 

Before use, the Tyrode's solution was saturated with a mixture of 95 % O, and 5 % C0 2 

gas for at least 30 min. The perfusion with Tyrode's solution was immediately followed 

by 200-300 ml ice-cold (40C) 4% paraformaldehyde in 0.1 M sodium phosphate buffer 

(pH 7.3)21 for 20 min at 50 mm Hg. The adrenals were dissected out and postfixed for 2h 

at 4 0 C in the same fixative. Finally, they were rinsed at 4 0 C in 5% sucrose in 0.1 M so

dium phosphate buffer, pH 7.3, for 18-24 h. Next, the adrenals were frozen at -150oC in 

isopentane cooled by liquid nitrogen and cut on a cryostat (Dittes, Heidelberg, GFR) at 

-25 0 C. Sections (7 (Jm) were mounted on glass slides coated with chrome alum gelatine 

(0.05 g chrome alum plus 0.5 g gelatin in 100 ml distilled water) and immediately pro

cessed for immunohistochemistry or stored at -70°С 

The sections were stained according to the indirect immunofluorescence technique of 

Coons and collaborators utilizing previously described antisera. 28· "•я The sections were 

first rinsed in phosphate-buffered saline (PBS) at room temperature for 30 min. Then, 

sets of three consecutive sections were incubated with a rabbit antiserum to 5-HT 

(1:400), a sheep antiserum to NA (1:750) or a rabbit antiserum to A (1:75) for 18 h at 

4 0C, all diluted with PBS containing 0.1% Triton X-IOO.13 All further steps were 

performed at room temperature. After rinsing in PBS for 30 min the sections were in

cubated for 30 min with fluorescein isothiocyanate (FITC)-labeled sheep anti-rabbit im

munoglobulins (sections stained with an antiserum to 5-HT or A) or FITC-labeled rab

bit anti-sheep immunoglobulins (sections stained with an antiserum to NA) diluted 1:16 

with PBS also containing 0.1% Triton X-100. The sections were again rinsed in PBS for 

30 min and mounted in glyccrin-PBS (3:1). 

After rinsing in PBS, some sections were processed according to the immunopcroxi-

dase technique of Sternberger et ai, 2 ' ; · , 0 i.e. incubated for 1 h at room temperature in a 

rabbit peroxidase-antiperoxidase (PAP)-complex diluted 1:40 in PBS (sections stained 

with an antiserum to 5-HT or A) or in a sheep PAP-complex diluted 1:50 in PBS (sec-
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tions stained with an antiserum to NA). The sections were then rinsed in PBS for 30 
min at room temperature and stained in a solution of 0.075% 3,3/_diaminobcnzidine-HCl 
and 0.01% H202in 0.05 M Tris-HCl, pH 1.6, 8-10 min, room temperature, in the dark. 
Finally, the sections were dehydrated and mounted in Entellan. A Zeiss Universal micro
scope equipped for bright-field illumination and fluorescence with incident illumination 
was used for examination and photomicrography. Photographs were taken with Kodak 
Tri-X-film (immunofluorescence) or Gevaert 50B65 (immunoperoxidase). 

With the above procedure three sets of experiments were performed: 
(1) Ten rats were used to examine the presence of 5-HT-immunoreactivity in the 

adrenal gland. A comparison was made between the distribution of the 5-HT-immuno-
reactive cells, the NA- and the A-storing cells. 

(2) A similar study was done in six rats pretreated with the 5-HT precursors L-tryp-
tophan (L-Try) or 5-HTP or with 5-HT itself. Three rats received an i.p. injection of 
L-Try (100 mg/kg) 1 h before perfusion preceded by injection of the monoamine oxidase 
inhibitor nialamide (150 mg/kg; 2 h) in two of these animals. Two rats were treated 
with 5-HTP (50 mg/kg, i.p., 1 h) and one rat received 0.1 mg/kg 5-HT intravenously 
(i.V.), 2 h before perfusion. 

(3) The specificity of the antiserum to 5-HT was tested in ten rats. Immunoelectro
phoresis showed that the antiserum contained antibodies with a high affinity for the bo
vine serum albumin used as a carrier molecule in the preparation of the immunogen. 
Since these antibodies caused unwanted staining of collagen-rich structures (e.g. blood 
vessel walls) serum samples were absorbed with bovine serum albumin (5 mg/ml). The 
purified antiserum was examined further by immunofluorescence. First, adjacent sections 
were stained with antisera or serum from non-immunized animals (non-immune serum). 
Secondly, adjacent sections were stained with serum samples absorbed with immunogens 
prepared by coupling 5-HT, NA or A to bovine serum albumin (absorption experi
ments). A variety of concentrations up to 2 mg/ml of antiserum diluted 1:400 were used. 
Thirdly, serum samples incubated with different concentrations of 5-HT, 5-HTP, L-Try, 
dopamine, NA, A, 6-hydroxy-l,2,3,4-tetrahydro-ß-carboline, 5-methoxytryptamine, octo-
pamine, synephrine or histamine were tested (inhibition or blocking experiments). 

Similarly, the antisera to NA and A were absorbed with bovine serum albumin (5 
mg/mg). The specificity of these antisera has been reported previously.13·M 

Biochemical studies 

Adult rats (Sprague-Dawley; body weight 150-200 g) were used. In each experiment an 
approximately equal number of males and females were studied, unless otherwise stated. 
The animals were housed in an air-conditioned room with controlled temperature and a 
dark-light schedule of 14/10 h. The rats had free access to standard food and water. 

Serotonin and catecholamine assay. The rats were killed by decapitation, using a guillo
tine (Harvard app.). The adrenals were rapidly dissected out, decapsulated and frozen on 
dry ice. In one experiment whole glands were assayed. Serotonin was determined by liq-
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uid chromatography with clcctiodicmical dctCLtion according to Ponzio and Jonsson 22 

An Al,Ot-adsorption step was included to remove the catecholamines from the extract in 

order to improve specificitv and reproducibihtv of the 5-HT assay The catecholamines 

dopamine, NA, and A were assayed b\ the same techniques according to the procedure 

of Keller et al18 with some minor modifications l 6 The values were expressed as pg/g 

wet weight of the tissue and corrected for recover\, unless otherwise stated 

Subcellular fractionation The dccapsulated adrenals were homogem/ed (8-10 strokes) in 

20 vol of ice-cold 0.3 M sucrose using a glass homogemzer with Teflon pestle run at a 

speed of 1000 rpm All subsequent procedures were earned out at 4° С The homogenate 

was fiactionated cither by differential centnfugation (1) or by sucrose density gradient 

centnfugation (2) 

(1) The original homogenate was centnfuged at 1000 g for 10 mm to obtain a crude 

nuclear pellet (P[) The supernatant was spun at 50,000 g for 20 mm to give a crude mi-

tochiondnal fraction (P, chromaffin granule fraction) and supernatant (S) These frac

tions were frozen and stored at -20oC pending catecholamine and 5-HT assay 

(2) The P,-pcllet prepared was suspended in 0 5 ml cold 0 25 M sucrose and 0 3 ml of 

this layered on top of a continuous, linear sucrose density gradient ranging from 0 3 

M 2 2 M sucrose (vol 4 9 ml) The gradients were centnfuged in a swing-out rotor (SW 

50 1) at 90,000 g for 60 mm, using a Beekman L5-50 ultracentnfuge The gradients were 

then emptied via a tube dropwise by gravity and 15 20 drops collected for each fraction 

giving about 15-20 fractions for each gradient The distribution of 5-HT and catechol

amines in the gradients was determined b) measuring the amines by liquid chromatogra

phy in the fractions as described above 

Drugs and substances used FITC-labclcd sheep antirabbit immunoglobulins (Statcns 

Baktcnologiska Laboratorium, Stockholm, Sweden), FITC-labclcd rabbit antisheep im

munoglobulins (Nordic, Tilburg, The Netherlands), rabbit PAP-complcx (Dakopatts, 

Copenhagen, Denmark), sheep PAP-complex (Cappel Laboratories, Cochranvillc, 

U S A ) , bovine serum albumin, 3 З'-diaminoben/idinc tctrahydrochlonde, Triton X-100, 

L-tryptophan, 5-hydroKy-DL-tryptophan, serotonin (5-hydroxytryptaminc creatinine sul

phate), 5-methoxytryptamine hydrochloride, dopamine (3-hydroxytyramine hydrochlo

ride), noradrenaline (L-arterenol bitartrate), adrenaline (L-cpinephnne bitartratc), DL-oc-

topaminc hydrochloride, DL-syncphnne, histamine dih)drochloridc (Sigma Chemical 

Company, St Louis, U S A ) , rescrpine (Scrpasil®) (Ciba-Geigy, Basel, Switzerland), ni

alamide (Nialamid®) (Pfizer, NY), Ro-4602 (j\T'[D,L-seryl]-N2-[2,3,4-trihydroxyben/>l]-

hydrazine) (Hoffmann-La Roche, Basel, Switzerland), H22/54 (a-propyl-3,4-dihvdrox\-

phcnylacctamide) (Hassle AB, Goteborg, Sweden), zimchdine hydiochlonde (Astra 

AB, Sodcrtaljc, Sweden), Entellan® (Merck, Darmstadt, GFR), 6-hydroxy-1,2,3,4-

tetrahydro-ß-carboline hydrochloride was synthesized by Dr О Beck, Department of 

Toxicology, Karolmska Insti tutet, Sweden All other chemicals used were of analytical 

grade 
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RESULTS 

Immunohistochemical observations 

Scrotonm-immunorcactivit) could be demonstiatcd in adrenal medullary cells of all un

treated rats either by immunofluorescence or by the immunopcroxidase technique 

The immunorcactivity was strictly confined to the cytoplasm of reactive cells A few me

dullary islets were negative, as were the adrenal cortex and the fibrous capsule The gan

glionic cells, sometimes present in sections of the adrenal medulla, were also negative 

No 5-HT-immunorcactive nerve fibies were observed Adjacent sections stained with an-

tisera to NA or A revealed that only A-stonng cells were immunoreactivc for 5-HT Con

versely, all A-stonng cells were 5-HT-immunorcactive (Fig 1) 

A similar staining pattern was observed after pretreatment with L-Try (100 mg/kg 

ι ρ , 1 h), 5-HTP (50 mg/kp ι ρ , 1 h) or 5 HT (0 1 mg/kg ι ν , 2 h), ι e the NA-storing 

cells remained negative As far as could be estimated by visual inspection, none of these 

pretreatments resulted in any marked change of the 5-HT staining intensity The im

munorcactivity of the adrenal medullary cells to NA and A was essentially unchanged 

after the mentioned pretreatments 

No 5-HT-immunoreactive cells could be observed when the antiserum was replaced 

by serum taken from non-immum/ed animals Absorption experiments showed that the 

5-HT-immunoreactivity could be removed only by the bovine scrum albumin-serotonin 

conjugate Up to the highest concentration used (2 mg/ml) no reduction of the fluores

cence intensity was observed with the other immunogens tested, viz bovine serum al-

bumin-NA and bovine scrum albumin-Α conjugates The results of the inhibition 

(blocking) experiments are summarized in Fig 2 These experiments indicate that the 

5-HT immunorcactivity could be blocked completely by 5-HT Of the other compounds 

studied 6 hydroxy-1,2,3,4-tetrahydro-ß-carboline and 5-mcthoxytryptaminc were able to 
abolish the fluorescence completely at concentrations, respectively, 8-16 times less and 8 
times greater than the concentration of 5-HT needed Immunorcactivity could not be in
hibited completely by dopamine at the highest concentration tested The other sub
stances did not reveal any significant blocking capacity These data show that the 5-HT 
antiserum has a high affinity for 5-HT and 6 hydroxy-l,2,3,4-tetrahydro-ß-carboline and a 
much lower affinity for 5 methoxytryptamine and dopamine while its binding capacity to 
NA, A, octopaminc, synephrme and histamine is very low 
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S0 
Fig. 1. Photomicrographs of consecutive sections (7 pm) of rat adrenal medulla stained by the immunopcroxidase technique 

of Sternberger using antisera to noradrenaline (NA), serotonin (SER), and adrenaline (A) Serotonin-immunoreactivity is only 

present in the A-stonng cells (intensely stained with antiserum to A, while moderately stained with anti-NA serum). Noradre-

naline-stonng cells (intensely stained with antiserum to NA, while negative following staining with antiserum to A) contain 

no VHT-immunoreactivity, Bar = 28μπι 
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Biochemical observations 

Significant amounts of serotonin could be demonstrated in the adrenal glands of both 
male and female Sprague-Dawley rats. However, the 5-HT concentration was considera
bly lower than that of the catecholamines being only 0.4% of the A concentration, 
(Table 1). The values presented in Table 1 were obtained in decapsulated adrenals taken 
for monoamine assay directly after decapitation of the animals. Since blood platelets are 
known to contain 5-HT, it was considered of interest to determine how much these 
could contribute to the 5-HT levels recorded. Perfusion of rats with saline before assay 
showed that elimination of the blood led to an average drop of the 5-HT levels by 16%, 
with simular reduction in both sexes (Fig. 3). These results demonstrate that the main 
part of the 5-HT estimated in decapsulated glands taken directly after decapitation and 
without perfusion (as adopted in all other experiments) is localized in the glandular cells 
themselves, whereas only a minor part is due to blood contamination. 

Table 1. Endogenous monoamine levels in decapsulated adrenal glands of Sprague-
Dawley rats (N=4) 

Amine Mg/g 

DA 4.0±0.9 
NA 95 ±27 
A 324±45 

5-HT 1.4±0.11 

Table 2. Subcellular distribution of 

Fraction* DA 

Pi 27.9±4.2 
P2 53.6±1.8 
S 18.5±2.8 

monoamines in decapsulated rat adrenal 
differential centrifugation 

NA A 

(%)t 

35.8±3.1 29.3±2.6 
48.2±2.1 51.1±1.4 
16.0±1.1 19.6±1.4 

glands, using 

5-HT 

55.5±2.7 
31.9±3.2 

12.6±1.3 

*Dctails on the frictiorution procedure, see Experimental Procedures Pi = 1000g (nuclei and cellular debris), 
P2 = 50,000(g- (crude granular fraction), S=50,000g supernatant ('cytosol') 
fThe data are expressed as pmolcs amine in each fraction as % of the total amount recovered in the whole ori
ginal homogenate Mean ± S EM of 5 determinations 

171 



Fluor 
int. 
+ + +η 

• 5-ΗΤΡ; L-TRY, NA; A; OCT; SYN 
V DA 
О HIST 
Δ 5-HT 
О 6-OHTHBC 
D 5-MT 

++ 

128 1024 
τ г 

2048 4 0 9 6 1Э2 

Flg. 2 fcffccts of various subsutucs on мтгопіп imiminostJining in .idrcn-il mcdulbn cells (inliiliition c\(>crimcnts) '1 lie d u 

grjm shows semi quJntit.itivclv estimated fluorcsccnic intinvin \alucs in scn.il irvostat sections of r.it .idrcn.il midull.i .ifter .ul 

dition of various concentrations (μΜ) of tested substances to aliquots of 5-HT antiserum (diluted 1 1(Ю) previousK adsorbed 

with bovine serum albumin Scale on abscissa, + + + = normal fluorescence intensity, + + = some reduction, + = strong 

reduction 0 = no fluorescence 5-HT. serotonin, 5 HTP, 5 hulrowtnptoplian. L-TRY, 1-trvptophan. DA. dopamine. NA. 

noradrenaline·, A. adrenaline, 6 O H THBC, 6 h\droxv-1.2.î,4-tctrahvdro β carbolinc, 5 MT, 5 methowmptaminc. OCT, oc to 

pamine, SYN, sjnephnne, HIST, histamine 

Treatment with a high dose of reserpine (10 mg/kg i.p., 16 h) produced a marked re

duction of the 5-HT level in the adrenal, to 8.4 ± 0.1% of control value (Fig. 4). This 

treatment also caused a 96% depletion of 5-HT in the neocortex, and a 84% reduction of 

5-HT in the blood plasma of the same animals. 

In order to exclude differences between the two strains of rats used for the biochemi

cal (Sprague-Dawley) and immunohistochemical (Wistar) experiments, 5-HT was deter

mined in the adrenals of both strains. For this purpose whole adrenal glands were used. 

No significant difference was found between Sprague-Dawley (0.45 ± 0.04 [ig/g; N=4) 

and Wistar (0.57 + 0.03 N=4) adrenals indicating that the results of the two sets of ex

periments are comparable. 

The subcellular distribution of monoamines in sucrose homogenates of dccapsulated 

adrenal glands was studied using differential and sucrose density gradient centrifugation. 

The differential centrifugation data presented in Table 2 show that the various mono-
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amines have a somewhat different relative distribution in the various subcellular frac

tions, the main difference being relatively more 5-HT in the Pi-fraction (and correspond

ing!) less in the P,-fraction) Considering only the P, and S fractions, which contain the 

amine storage granules and the "cvtosol", respectively, the relative distribution of all 

amines is very similar in these fractions (72-75 % щ the P, fraction as Vc of P ; + S ) How

ever, when correlating the individual P,-values (expressed as % of P^+S), it was cal

culated that the correlation coefficient between dopamine and 5-HT was 0 45, between 

NA en 5-HT 0 05, and between A and 5-HT 0 92 These data thus indicate that the ma

jor part of 5-HT is probably stored in structures also containing A 

The results obtained from the sucrose density gradient centrifugations showed that 

5-HT and A have a very similar distribution with a peak at a sucrose molarity of about 

1 8 M Dopamine also had a rather similar distribution, whereas the N A distribution was 

quite different from that of 5-HT (Fig 5) The N A distribution presented in Fig 5 is 

somewhat atypical and may therefore be partly artefactual, although it was a reproducible 

observation 

Injection of L-Try (100 mg/kg ι ρ , 1 h) in rats pretreated with nialamide (150 mg/kg 

ι ρ , 2 h) did not significantly change the 5-HT levels in the adrenals as compared to nia

lamide treatment alone (for this as well as the following experiments, see Fig 6) On the 

contrary, as expected, in the same animals the 5-HT levels of the cerebral cortex was sig

nificantly increased (data not shown) As compared to controls, treatment with nialami

de alone was ineffective in altering the 5-HT levels, as was also the administration of a 

high dose of the tryptophan hydroyxlase inhibitor H22/54 However, injection of 5-HTP 

(50 mg/kg ι ρ , 1 h) led to a pronounced increase of the 5-HT concentration in the adre

nal gland This increase could be abolished almost completely by pretreatment with the 

DOPA/5-HTP decarboxylase inhibitor Ro-4602 Ro-4602 itself (500 mg/kg ι ρ , 6 h) did 

not affect the 5-HT concentration in the adrenal significantly Administration of a high 

dose of serotonin (0 1 mg/kg ι ν , 2 h) produced a small, but statistically not significant, 

increase of the 5-HT level in the adrenal gland N o change of the 5-HT level was ob

served when the 5-HT administration was combined with the 5-HT uptake blocker zi-

melidine, which was also the case when uptake blocker was administered alone 

In most experiments catecholamine concentrations in the adrenals were measures 

simultaneously N o marked alteration of the amine concentrations by the various treat

ments was found 

Analysis of the subcellular distribution of 5-HT in the adrenal gland showed that its 

relative distribution was practically unchanged by the administration of 5-HTP This 

indicates that under these conditions 5-HT is stored in the same structures as in the nor

mal gland (Fig 7) Considering the absolute levels, a preferential increase of 5-HT (7-8 

fold) in the P 2 and S factions, which contain the chromaffin granules and the 'cytosol', 

respectively, was found 
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DISCUSSION 

Antisera may contain different types of antibodies and a particular antibod\ ma) in addi

tion cross-react with different substances Thus, immunohistochemical observations 

should always be considered with caution However, there is good evidence that in the 

rat adrenal medulla the immunoreactivity observed is indeed due to 5 HT Fust, it was 

shown that the 5-HT-immunoreactivity could be abolished completely bv absorption 

with the bovine serum albumin 5-HT conjugate, whereas conjugates used for the raising 

of antibodies to NA or A were ineffective Second, 5 HT-immunoreactivit\ could be 

blocked bv 5 HT The inhibition experiments showed that 5 HT-immunortactivity could 

also be blocked b\ 6-h>droxv-l,2,3,4-tctrah}dro β carbolinc (condensation product of 

5 HT and formaldehyde), as well as by 5-methox}tr)ptamine However, the adrenal me

dulla of the rat docs not contain any detectable amounts of these compounds using sensi

tive gas chromatographic, mass spectrographic techniques (O Beck, personal communi 

cation) Therefore, it is unlikely that these cross-reactions arc of crucial importance with 

regard to the spécifiât} of the presenti) observed immune reaction Immunoreactivity to 
5 HT could be reduced by high concentrations of dopamine and it may therefore be ar
gued that the immuno staining pattern observed might be due to a preferential 
accumulation of dopamine in the A-stonng cells However, cells containing high con
centrations of dopamine (eg cell bodies of the substantia nigra of the rat) are not stain
ed b) the immunohistochemical technique emplo)ed 27 Finally, utilizing the same 5 HT 
antiserum on other tissues known to contain 5-HT-storing cells a good correlation has 
been found between the immunorcactive staining results and previously described histo 
chemical and biochemical data 3/' The above data seem to indicate that the A storing cells 
of the rat do indeed contain 5-HT The results of biochemical assays arc in support of 
this conclusion However, it cannot be excluded that the immunoreactivity of the A 
storing cells may in part be due to hitherto unknown cross-reacting compounds 

The procedure used for the biochemical determination of serotonin is highly sensitive 
(lower limit of detection is about 10-20 pg or 0 05-0 1 pmol), as well as highly specific, 
ι с does not detect related substances like 5 HTP, L-Try, dopamine, NA, A and 
5-methoxytryptamine 22 Recent experiments indicate that 6-h)droxy l,2,3A-tetrahydro-
ß-carboline is elcctrochemically active although its retention time is quite different fiom 
that of 5-HT Thus the 5-HT data presented in this study arc not invalidated by inter
ference of (S-hydroxy 1,2,3,4 tetrahydro-ß carbolinc or any of the other compounds To our 
knowledge the presence of 5 HT in the adrenal medulla of the rat has previously 
only been reported once where somewhat lower 5-HT levels as compared to the present 
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study were recorded.''" Reports about the presence of serotonin in the adrenals of other 
species have not been found. There is, however, some evidence indicating that 5-HT 
might be present in tumours supposedly derived from adrenal medullary tissue, i.e. 
phacochromocytomas.9 U) 

Ongtt? of the serotonin in cuirenal medulla 

It is a moot point whether 5-HT is synthesized in the rat adrenal medulla by the typical 
pathway known to occur in e.g. the 5-HT neurons, where L-Try is the precursor which is 

5 - H T P ^ 5 - H T 
AADC 

I ' ' -
-* 5-HTP 5-HT 

Fig. 8. Possible mcclumsm of serotonin lorm.mon storage, jnd гекды. in the jdrcn.il mcdullj of the r.u based upon the pres

ent findings Circulating 5 l iu l rowmptoplun CvHTP) might be taken up from the blood streim into Л-sronng iclls and 

converted to 5-HT b\ I.-aromatic amino acid dccarbowlasc (ЛАОС) It is also possible that circulating 5-HT enters these cells 

b\ facilitated diffusion Serotonin taken up and/or tormed bv deearboxvlation of VHTP is incorporated in the storage granules 

(chromaffin granules), which have a \cr\ high affimn for 5-НТ 

converted to 5-HTP by tryptophan hydroxylase, 5-HTP being dccarboxylated to 5-HT. 

No significant tryptophan hydroxylase activity has so far been demonstrated in this or

gan (W. Lovenberg, personal communication). Moreover, it was observed that admin

istration of a tryptophan hydroxylase inhibitor (H22/54) did not affect 5-HT levels in 

the adrenal medulla. In addition, the 5-ПТ concentration was not altered by administra

tion of the precursor L-Try to rats pretreated with nialamide, whereas under similar con

ditions 5-HT levels of the cerebral cortex were increased. The present study indicates the 

possibility that in the rat adrenal medulla 5-HT might originate from circulating 5-HTP 

and/or 5-HT (see Fig. 8). This assumption seems to be supported by 

data from the literature. Thus, uptake of radioactive 5-HTP and 5-HT following i.p. or 

i.v. injection has been reported in rat and mouse1·"·8·11·12' >".*і.2б. м_ However, no preferen

tial storage in the Α-storing cells was observed in any of these studies. Recently, it has 
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been shown that cultured cells derived from д rát plueochromocy toma were able to take-
up 5-HT from the culture medium w In agreement with the ргсьепг stud) it has been 

found in in vivo experiments that the adrenal medulla of rabbit and mouse is able to con

vert 5-HTP to 5-HT2 " Homogenates of rat adrenal medulla have been shown to possess 

a similar decarboxylation activity ,0 '^Tlius, 5-HTP taken up from the blood stream ma\ 

be converted to 5-HT However, there is only scarce information in the literature indicat

ing that both substances have low plasma concentrations^ " r '0 ^ " Therefore, it can

not be decided yet whether the two pathwa\s shown in Fig 8 really exist, and if so, what 

the relative importance of the two pathways might be 

The presented data on the subcellular distribution indicate that in the rat adrenal me

dulla 5-HT is probably stored in the chromaffin granules Comparable results of subcel

lular distribution experiments were reported by Snydci et al.2b Granulai storage of 5-HT 

is also supported by the finding that the 5-HT levels in the adrenal medulla could be re

duced by reserpine known to impair permanent!) the uptake-storage mechanism of both 

chromaffin granules as well as oí the monoamine storage granules of neuions ' The pief-
erential increase of 5-ПТ in the granule fraction following administration of 5-HTP is al

so in line with this conclusion Finali), it should be noted that in litro experiments on 

chromaffin granules isolated from bovine or rabbits adrenals'* ^ as well as from human 

phacochromoc) toma tissue,^ revealed a high affinity uptake of seiotonm 

The reason for the observed predominant 5-HT-stoiage in A-containing cells is un-

kown at present It seems unhkeh that the preferential localization of 5-HT is due to dif

ferent propci tics of the cell membranes of the NA and Α-storage cells Differences in af-

finit) of 5-HT to the NA- and Α-storage granules might be an explanation, although fui-

ther studies arc needed to substantiate this view 

Since in the rat adrenal medulla the A-stoiage granules seem to contain both A and 

5-HT, one might assume that both substances, together with other gi anular components, 

arc released simultaneousl\ into the blood stieam Whether such a ι elea se of 5-HT, 

which presumabl\ is relativel) small quantitanvch compaied to A, is of functional im

portance icmains to be elucidated 

In conclusion, the present immunohistochemical and biochemical íesults give stiong 
evidence for the view that the adicnal medulla of the rat contains significant amounts of 
5-HT, probabl) localized in the chromaffin granules of the A-stonng cells 
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CHAPTER 6 

Concluding remarks 
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CONCLUDING REMARKS 

1 The present thesis mainly deals with the parenchymal cells of the adrenal medulla 

which are part of a larger entity, ι e the adrenal gland, and also belong to an extensive 

system of epithelial cells synthesmng catecholamines In order to provide a proper back

ground to the studies reported in the chapters 2, 3, 4 and 5, a detailed description is given 

of both parts of this system in chapter I 

2 The adrenal medulla of mammals secretes either adrenaline (rabbit, guinea pig) or ad

renaline plus noradrenaline (eg, rat, cat, dog, hamster, and man) These small molecular 

hormones are synthesized partly in the "cytosol" and partly in the chromaffin granules 

(conversion of dopamine to noradrenaline) which also store the hormones produced 

Two types of chromaffin granules (storage granules) can be distinguished, containing ei

ther noradrenaline or adrenaline The biosvnthetic pathway of the two hormones is al

most identical, except for one step, ι e the conversion of noradrenaline to adrenaline, in 

case adrenaline is produced This step is catalyzed by the enzyme phenylcthanolaminc 

N-methyltransferasc Thus, whether adrenaline or noradrenaline is synthesized seems to 

depend on the presence or absence of this enzyme The amount of the medullary hor

mones produced is regulated by modifying the activity of the different enzymes involved 

Factors modifying enzyme activity are conveyed to the parenchymal cells either ncurally 

("transsynaptic induction of enzymes") or via the vascular system (humoral regulation 

by glucocorticoids) The latter regulation mainly affects the activity of phcnylcthanol-

amine N-methyltransfcrase 

Light and electron microscopic studies have disclosed the presence of separate noradre

naline- and adrenaline-storing cells in the mammalian adrenal medulla However, in most 

cases the reaction mechanism of the techniques employed are not well understood, or 

lack specificity and sensitity In contrast, as the presently utilized immunohistochcmical 

procedures demonstrate biosynthesi/ing en/ymes as well as noradrenaline and adrenaline, 

biochemical events are approached very closely However, immunohistochemistry may 

never be used as a substitute for biochemical assay Moreover, by immunohistochemistry 

qualitative rather than quantitative data are obtained, unless special precautions are 

taken Therefore, in the study on the development of the noradrenaline- and adrenaline-

storing cells (chapter 4) as well as in the study on serotonin (chapter *>) both immunohis

tochcmical and biochemical techniques were applied 

The present study confirmed the occurrence of two types of medullary cells in the 

adult adrenals of the rat (chapters 2, 1, 4 andb) and hamster (chapter 2), while in the gui-

182 



nea pig only adrenaline-storing cells were found (chapter 2). The presence of two types of 
parenchymal cells in the porcine adrenal as well as the presence of a single, adrenaline-
storing, cell type in the rabbit adrenal (unpublished observations) is also in agreement 
with previous findings. As shown in chapter 5. the developed immunohistochemical tech
niques are useful tools to elucidate whether a particular substance is localized in the nor
adrenaline- or adrenaline-storing cells or both. The applicability of these techniques to 
the diagnosis of tumours supposedly derived from the adrenal or extra-adrenal medullary 
tissues is indicated in chapter 2. 

3. Results reported in chapter 5 indicate that serotonin is a regular constituent of the rat 
adrenal medulla, probably stored in the chromaffin granules of the adrenaline-cells. Un
published immunohistochemical observations on rabbit, guinea pig, hamster, and pig, 
showed that serotonin may be present in other species as well, although these findings 
need to be confirmed biochemically. Thus, most probably serotonin is released from the 
adrenal medulla together with catecholamines, peptides, and other substances mentioned 
in chapter 1. The functional significance of the secretion of serotonin by the adrenal me
dulla is not yet known. In this respect it may be recalled that mixtures of cortical and 
medullary secretory products enter the general circulation via a common venous system 
or, as shown for dog and man, may reach the portal circulation via the emissary veins. 
However, one has to take into consideration that some of these products have local ef
fects on the secretory cell itself ("autocrine effects") or on cells in close proximity ("para
crine effects"), rather than true endocrine functions. 

4. The adrenal gland of mammals is composed of two endocrine components with a dis
tinct structure, functional significance, and developmental origin. Details on the topo
graphical relationship in adults were discussed in chapter 1. In adults, striking differences 
between cortex and medulla exist as regards innervation. Many nerve fibres enter the 
adrenal, most of them innervating the medullary parenchyma, but few synaptic contacts 
are made with the cortical cells, if any. Because of the intimate association with the nerv
ous system, the adrenal medulla can be classified as a neuro-endocrinc organ, i.e. its hor
mone secretion is mainly controlled by nervous stimuli. In contrast, the secretion of the 
adrenal cortex seems to depend exclusively, or almost exclusively on humoral stimuli. 
Since the parenchymal cells of the medulla are innervated by cholinergic preganglionic 
nerve fibres, many authors have pointed to the analogous status of the adrenal medullary 
cells and the postganglionic neurons of the orthosympathetic nervous system, as far as in
nervation is concerned. In addition, both arc able to synthesize catecholamines. These 
features may explain why the endocrine nature of the adrenal medulla has been inves
tigated mostly by neurobiologists, rather than "true" endocrinologists. However, differ
ences between the regulation of cortical and medullary secretion might not be so exten
sive, since, as indicated in chapter 1, a minor portion of the nerves entering the adrenal in
nervate true medullary neurons which, at least in one publication (Unsicker et al., 1978), 
have been claimed to make synaptic contacts with cortical cells. In addition, the same au-
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thors described small granule chromaffin cells in the medulla which seem to innervate 
cells of the adrenal cortex besides medullary parenchymal cells. 

In adults, adrenal cortex and adrenal medulla also differ as far as blood supply is con
cerned. The cortex is supplied directly by the large number of arterial branches entering 
the adrenal. Probably much smaller amounts of oxygenated blood arrive in the medullary 
capillaries via the medullary arteries. However, most of the blood entering the medullary 
area first passes the cortical capillaries, and most likely contains high levels of steroid 
hormones. The cortical capillaries drain into the radicles of the central vein (venous si
nusoids of the medulla) and do not have extensive connections with the medullary capil
laries. Therefore, in spite of previous suggestions, in the adrenal of mammals no real por
tal circulation (cortical capillaries-veins-mcdullary capillaries) seems to exist. 
Consequently, probably only medullary cells bordering the venous sinusoids are affected 
by the cortical effluent. 

Several features indicate a close association between the adrenal cortex and the adre
naline-storing cells. First, epithelial cells synthesizing adrenaline do not seem to be pres
ent outside the adrenal gland. On the contrary, epithelial cells synthesizing noradre
naline occur in the adrenal as well as in the extra-adrenal chromaffin tissue (chapter 1, sec 
also chapters 3 and 4). Secondly, glucocorticoids maintain the activity of phenylethanol-
amine N-methyltransferase at a certain level and, consequently, seem to determine the 
proportion of adrenaline to noradrenaline synthesized. However, as discussed in chapter 1 
(Vascularization), the relationship between glucocorticoids and the activity of phcnyl-
ethanolamine N-methyltransfcrasc seems not to be determined by local vascular arrange
ments. Thus, as shown by Coupland and Selby (1976), both noradrenaline- and adrenal
ine-storing cells are associated with the cortical effluent (venous sinusoids of the medul
la) as well as with the medullary capillaries which are supplied by the medullary arteries. 
Thirdly, data from the literature (see chapters 3 and 4), indicate the appearance of phenyl-
cthanolamine N-methyltransferase in the extra-adrenal medullary tissue of neonate rats 
treated with high doses of glucocorticoids. Comparable observations were obtained by 
treatment of extra-adrenal medullary tissue of rabbits in vitro. 

The present study on the development of the parenchymal cells in the adrenal medulla 
of the rat (chapters 3 and 4) also seems to indicate that a close association between the 
adrenal cortex and adrenaline-storing cells of the adrenal medulla exists. These studies 
showed that prospective medullary cells are able to synthesize noradrenaline before they 
reach the cortical blastema. However, adrenaline-storing cells first appear a few days after 
the medullary cells have grown into the developing adrenal cortex. The first appearance 
of adrenaline-storing cells coincides with a rapid increase of adrenaline levels assayed 
biochemically (chapter 4) and the time when the hypophyseal-adrenocortical system be
comes operational (see references mentioned in chapters 3 and 4). As recently reported in 
the literature (see chapter 4), in vivo as well as in vitro experiments on rats indicate that 
the first appearance of phenylethanolamine N-methyltransferase in the adrenal medulla is 
not due to the induction of the enzyme by glucocorticoids secreted by the foetal adrenal 
cortex, as was suggested in chapter 3. Apparently, a hitherto unidentified factor or factors, 
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probably rehred to the adrenal cortex, might be responsible Although glucocorticoids 

do not seem to play a role in the initiation of phenylcthanolamine N-methyltransferase, 

data from the literature show that glucocorticoids are required also m the foetal period to 

maintain the activity of this cn/yme at a certain level Thus, several reports indicate a de

crease of phenylcthanolamine N-mcthvltransfcrasc activity in foetuses deprived of their 

hypophysis by decapitation (see references chapter 5 and4) 

5 The study reported in chapter 4 shows that three main phases can be distinguished dur

ing the histogenesis of the adrenal medullary parenchyma (1) synthesis and storage of 

almost exlusively noradrenaline, (2) synthesis and storage of both noradrenaline and ad

renaline in a single cell type ("mixed cell type"), (3) synthesis and storage of noradre

naline and adrenaline in separate cell types A similar sequence seems to occur in the por

cine adrenal, although in contrast to development in the rat the final phase, ι с separate 

noradrenaline- and adrenaline-storing cells, is reached before birth The question might 

be raised whether the phenomenon described also exists in other mammalian species As 

far as could be ascertained immunohistochemical studies on the development of the adre

nal medullary parenchyma have not been reported, except for rat and pig However, it is 

remarkable that the adrenals of rat, pig, man, and other species, even those in which the 

adult adrenal medulla contains almost exclusively adrenaline (rabbit, guinea pig, see 

chapter 1; Table 1), show a similar pattern as concerns the ratio of noradrenaline to adre

naline during development, viz the appearance of noradrenaline before adrenaline, follow

ed by an increase of the relative concentration of adrenaline until the adult situation is 

achieved Thus, it may be assumed that the developmental phases described for rat and 

pig also occur in other species, e g man 

As explained in paragraph 4 of this chapter it is not yet known which, presumably 

cortical factor(s) initiate(s) the second phase, ι e synthesis of adrenaline, of the 

histogenesis of the adrenal medullary cells In chapter 4 it was noted that in the rat the 

transition from phase 2 to phase 3 (separate noradrenaline- and adrenaline-storing cells) 

coincides with the time when the nervous control of the adrenal medulla is established 

If this transition is indeed due to neurotrophic factors, one may assume that these factors 

are less effective in those species containing high relative concentration of adrenaline in 

the adult stage 
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The Adrenal Medulla 
An Immunohlstochemical and ontogenetic 
study on the noradrenaline- and adrenali
ne-storing cells of the rat 

SUMMARY 

The mammalian adrenal gland is an endocrine organ composed of two parts, ι с the cor

tex and the medulla The adrenal medulla of most mammals produces two hormones, nor 

adrenaline and adrenaline Light and electron microscopic research has demonstrated that 

these hormones arc synthesized and secreted by separate cell types, the noradrenaline- and 

the adrenaline-storing cells, respectively The adrenal medulla of some mammals, eg 

rabbit and guinea pig, secretes almost exclusively adrenaline, and only adrenaline-storing 

cells can be demonstrated 

Chapter 1 provides a survey of the morphological and functional aspects of the mam

malian adrenal A short description of some macroscopic details is followed by a discus

sion of the microscopic anatomy and functional significance of the cortex, the medulla, 

and the fibrous capsule, as well as the function of the hormones secreted by cortex and 

medulla In addition, a description of the innervation, vascularization, and lymph draina

ge is given It is attempted to indicate the role of the noradrenaline- and adrenaline-sto

ring cells to the adrenal as well as to the organism Therefore, factors regulating the syn 

thesis of both hormones are described, with special attention to the role of the adrenal 

cortex in this context The similarity of origin, structure, and function of extra-adrenal 

conglomerates of epithelial cells and the adrenal medulla also receive attention Further, a 

survey is given of the light and electron microscopic methodology used for the differ

entiation of distinct noradrenaline- and adrenaline-storing cells As pointed out the chem

ical nature of most of these techniques is poorly understood, furthermore, the specifici

ty and sensitivity are often low 

Chapter 2 sums up the immunohlstochemical premises for the visualization of noradre

naline- and adrenaline-storing cells of the adrenal medulla Antibodies to enzymes active 

in the synthesis of noradrenaline and adrenaline may be used, or antibodies to the hor

mones themselves can be applied The latter type of antibodies was developed in our own 

laboratory Research was carried out on specificity as well as on the usefulness of these 

antibodies in the detection of noradrenaline and adrenaline in cells of the adrenal medulla 

and nerve cells, as well as in tumour tissues that synthesize and secrete both these hor

mones The immunohlstochemical localization of serotonin, a closely related substance, is 

also described 

Chapters ì and 4 comprise a study on the differentiation of the noradrenaline- and adrc-
naline-stormg cells of the adrenal medulla of the rat The prenatal development of both 
cell types is described in chapter Ì. This study was performed with antibodies to enzymes 
active in the synthesis of both hormones It is known that the cortex and medulla arc 
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derived from different primordia, and that the future medullary tissue joins the develop
ing cortex some time after the earliest development has taken place. It was found that 
the primordial medullary tissue contains cells capable of noradrenaline synthesis almost 
as soon as it is recognizable as such. However, adrenaline synthesis can only be demon
strated after the medullary primordium had grown into the cortical anläge. Therefore, it 
is proposed that the cortical tissue has an inducting function in the initiation of adrenali
ne synthesis. Chapter 4 examines in details the development of noradrenaline- and adrena
line-storing cells pre- as well as postnatally. In this study antibodies directed to noradre
naline and adrenaline, as well as those against the synthesizing enzymes were used. The 
quantities of noradrenaline and adrenaline in the adrenals were assayed biochemically, 
both pre- and postnatally. Three phases could be distinguished: a first phase during 
which the developing medullary cells synthesize noradrenaline, exclusively; a second pha
se, starting several days before and ending several days after birth, when apparently a 
single cell type synthesizes noradrenaline as well as adrenaline ("mixed cell type"); and 
finally a third phase, characterized by the existence of distinct, either noradrenaline- or 
adrenaline-storing medullary cells. Only noradrenaline-storing cells were observed in the 
extra-adrenal medullary tissue. 

Chapter 5 comprises the report of an immunohistochemical and biochemical study on 
the occurrence of serotonin in the adrenal medulla of the rat. It was demonstrated that 
serotonin is only found in the adrenaline-storing cells. Biochemical analysis indicated 
that the secretory granules of these cells probably contain serotonin as well as adrenaline. 
The results of pharmacological experiments indicate that serotonin present in medullary 
cells is derived from the circulation, cither by uptake of serotonin or by uptake of the 
precursor substance 5-hydroxytryptophan. This study confirmed the proposition offered 
in chapter 1 that the cells of the adrenal medulla also contain "functionally active" sub
stances other than noradrenaline and adrenaline. 

Some final remarks constitute chapter 6. 
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Het bijniermerg 
Een immunohistochemische en ontogene-
tische studie over de noradrenaline- en 
adrenaline-bevattende cellen van de rat 

SAMENVATTING 

De bijnier дп /œgdicicn is ccn kliei met inwendige secretie, die uit twee delen is opge

bouwd, t w de bijnieischors en liet bijnicimcig Bi) de meeste /oogdieicn pioduceeit het 

bijniermeig tuee hoimoncn, пдте1і]к nor.idren<ilinc en ясііепдііпс Op giond win licht

en electronenmicroscopisch onderzoek mag -worden ¿.ingenomen, d.it dc/e hormonen 

worden gevormd en gesecerneerd dooi ¿iptirté celt\pen, de поглсігеплііпс- en de .idren.ili-

ne-bevattende cellen Bij enkele zoogdieren (konijn, cavia) wordt vrijwel uitsluitend 

adrenaline gesecerneerd en /ijn in het bijniermeig alleen adrenaline-bevattende cellen 

aantoonbaai 

In hoofdüuk 1 wordt een oveizicht gegeven van de moifologischc en functionele aspec

ten van de bijnier van zoogdieren Na een koite bespieking van enkele mauoscopische 

bijzonderheden, wordt ingegaan op de microscopische bouw en de functionele betekenis 

van de fibreuze kapsel, eie bijnierschois en het bijniermeig, alsmede op de functie van de 

hoimoncn, die gesecerneerd worden door schois en merg Tevens worden de innervane, 

vascularisatie en Hmfediainage aan de oide gesteld Gepoogd is aan te geven welke de 

plaats is van de noradrenaline- en adrenaline-bevattende cellen in de bijmei en in het or

ganisme als geheel In velband hiermede worden de factoren beschreven, die de s\nthese 

van beide hormonen reguleren, in het bijzonda: wordt daarbij aandacht besteed aan de 

rol van de bijmerschors Voorts wordt ingegaan op het extra-adrenalc epitheelweefsel, 

dat, qua herkomst, structuur en functionele eigenschappen grote overeenkomst toont met 

het bijniermerg In hoofdstuk 1 woidt eveneens een overzicht gegeven van de licht- en 

elcctronenmicroscopische methodieken, waarmee het bestaan van afzonderlijke noradic-

nahnc- en adrenaline-bevattende cellen werd aangetoond Vastgesteld wordt, dat bij de 

meeste van deze technieken het rcacticmechamsme onvoldoende bekend is Ei is boven

dien veelal sprake van een te geringe gevoeligheid en specificiteit 

In hoofdstuk 2 wordt uiteengezet volgens welke immunohistochemische principes de 

noradrenaline- en adrenaline-bevattende cellen van het bijnieimerg zichtbaai gemaakt 

kunnen worden Encizijds kan gebruik worden gemaakt van antilichamen tegen enzy

men, die betrokken zijn bij de biosvnthcsc van noradienaline en adrenaline, andeizijds 

kunnen antilichamen worden toegepast, die gericht zijn tegen de hormonen zelf Het 

laatstgenoemde n p e antilichamen weid ontwikkeld in het eigen laboiatonum Hoofd

stuk 2 beschrijft het onderzoek naar de specificiteit en de toepassingsmogelijkheden van 

deze antilichamen voor de detectie van noradrenaline en adrenaline in de cellen van het 

bijniermerg, in zenuwcellen, alsmede in tumorweefsel, dat beide stoffen voimt en sccei-
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nccrt Hoofdstuk 2 beschrijft eveens de bevindingen betreffende de immunohistochemi-

schc localis-itie v.m serotonine, een длп noradrenaline en adrenaline verwante stof 

In de hoofdrtukken ï en 4 ^vordt verslag gedaan van een studie over de ontwikkeling 

van de noradrenaline- en adrenahne-bevattende cellen van het bijmcrmerg bij de rat 

Hoofdstuk ì betreft een onderzoek naai de ontwikkeling van beide celtvpen vóór de ge

boorte. waarbi] gebruik wordt gemaakt van antilichamen tegen enz\mcn, die een rol spe

len bij de bios\nthesc van noradrenaline en adrenaline Zoals bekend ontstaan schors en 

merg uit twee verschillende pnmordia, waarbij het toekomstige mcrgweefsel pas enige 

tijd na de eerste aanleg contact maakt met het /ich ontwikkelende schoisweefscl Vastge

steld wordt, dat het primordiale mergueefsel vrijwel direct nadat het als 7odanig herken

baar is. cellen bevat, die in staat zijn noradrenaline te synthetiseicn Adrenaline-svnthese 

wordt echter eerst waargenomen nadat het mergpnmordium de schorsaanleg is inge-

groeid Op giond van de/e bevindingen woidt de suggestie geopperd, dat het schorsweef-

sel een inducerende rol vervult bij het initiëren van de vorming van adrenaline In hoofd

stuk 4 wordt nader ingegaan op de ontwikkeling van de noradrenaline- en adrenahne-be

vattende cellen, waarbij ook de periode na de geboorte wordt bestudeerd Bovendien 

^ordt bij dit onderzoek gebruik gemaakt zowel van antilichamen tegen de synthetiseren

de enzymen als van antilichamen tegen noradrenaline en adrenaline zelf Tevens woidt 

een biochemische anal\se besproken betreffende de hoeveelheid noradrenaline en adrena

line in de bijnier tijdens de pre- en postnatale ontwikkeling Vastgesteld wordt, dat tij

dens de ontwikkeling van het bijmermerg drie fasen worden dooilopcn In de eerste fase 

synthetiseren de zich ontwikkelende mergccllen uitsluitend noradrenaline In de tweede 

fase, beginnend enkele dagen vóór en eindigend enkele dagen na de geboorte, is er waar

schijnlijk één celtype, dat zowel noradrenaline als adrenaline s\nthetiseert ("gemengde 

eelt) pc") Pas in de dei de fase worden afzonderlijke, noradrenaline- en adrenaline bevat

tende mergcellen aangetroffen In het extra-adienalc weefsel worden uitsluitend noradre-

naline-bcvattcndc cellen gevonden 

Hoofdstuk 5 betreft het verslag van een immunohistochemische en biochemische studie 

over het voorkomen van serotonine in het bijmermerg van de rat Vastgesteld -wordt, dat 

serotonine uitsluitend gelocaliseerd is in de adrenahne-bevattende cellen Op grond van 

biochemische analyses is het waarschijnlijk, dat de secreticgranula van deze cellen zowel 

serotonine als adrenaline bevatten Met behulp van farmacologische experimenten wordt 

de herkomst van serotonine nagegaan Op grond van deze experimenten wordt de veron

derstelling geopperd, dat serotonine in de mergcellen komt, door opname vanuit de 

bloedbaan, hetzij van serotonine zelf, hetzij van het voorstadium 5-h\diox\tr\ profaan 

Deze studie toont aan dat, zoals reeds in hoofdstuk 1 werd opgemcikt, de cellen van het 

bijmermerg naast noradrenaline en adrenaline ook andere, „functioneel-actieve" verbin

dingen kunnen bevatten 

Hoofdstuk 6 bevat enkele slotopmerkingen 
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DANKWOORD 

Een ondcrzoekpublicatie is, zoals bij vele /aken, in feite steeds het resultaat van team

work Het is deze gedachte, die mij, terugblikkend bij het afsluiten van het manuscript, 

met dankbaarheid en waardering doet terugdenken aan allen, die de realisering van het 

beschreven onderzoek mogelijk maakten 

Ik denk daarbij aan de leden van het wetenschappelijk corps van het Laboratorium voor 

Anatomie en Embryologie te Nijmegen, /owel de huidige als de oud-ledcn, die mij met 

hun belangstelling, alsmede met hun kntische opmerkingen ter /ijdc stonden Ik denk 

daarbij ook aan de collegae van "belendende" instituten te Nijmegen en aan collegae el

ders in de Lage Landen of daarbuiten, die mij behulpzaam waren dan wel mentale steun 

verleenden Een speciaal woord van dank zou ik willen richten aan diegenen, die mij 

gastvrijheid verleenden in hun laboratoua en met wie ik gezamenlijke publicaties mocht 

bewerken 

De inzet en de hulp bij het onderzoek van de zijde van de heer H W J Joosten en diens 

voorgangstci mevrouw M G Roenhorst-Bos heb ik bijzonder gewaardeerd De foto's, die 

in dit proefschrift zijn opgenomen, illustieren de deskundige hulp, die ik mocht ontvan

gen van de afdeling Fotografie van on/e Faculteit, Speciaal /ou ik de medewerkers van de 

zogenaamde zwart-wit groep (onder leiding van de heer С de Bruin), de "kleur"-giocp 

(onder leiding van de heer J Luikens), alsmede de leden van de Tandheelkundige Foto

grafie willen bedanken vooi hun bijdragen 

Ook de leden van de "Tekenkamer" ben ik erkentelijk voor de hulp, die ik ontving In 

het bijzonder moge worden vermeld de naam van de heer J Konings, die de schema's 

vervaardigde, welke zijn opgenomen in dit proefschrift De hulpvaardigheid en deskundi

ge begeleiding van de zijde van het Centraal Dierenlaboratorium heb ik in hoge mate ge

waardeerd Met name moge niet onvermeld blijven de hulp van de heren Ρ В Spaan en 

H J M Janssen en mevrouw J H J Jansscn-van Stiphout De intensieve contacten met de 

Medische Bibliotheek waren nuttige en bovendien aangename momenten in de periode, 

die nu wordt afgesloten De efficiente, doch niet bureaucratische, bedrijfsvoering maakte 

ook oude wetenschappelijke publicaties voor mij toegankelijk, dank /ij de kennis en toe

wijding van de heren E de Graaff, J Mandcrs en M Person Voor het vele typewerk 

mocht ik steeds rekenen op de vaardigheden van de dames A Siebring, R Flicrvoct en 

W de Haan Zonder hun in/et /ou dit manuscript en de daarin opgenomen artikelen 

stellig met op tijd zijn gereedgekomen 

Een speciaal woord van dank zou ik willen richten aan mevrouw Dr M Weiss, die mij 

190 



behulpzaam was bij de korrektie van de engelse tekst en tevens aanwijzingen gaf voor 

verbeteringen van inhoudelijke aard 

In het bijzonder ben ik erkentelijk hen, die mij begeleiden bij mijn eerste schreden als 

wetenschappelijk onderzoeker Ik denk daarbij, naast de bovenstaande genoemden en 

"ongenoemden", aan Dr Th Ρ J Botman, Patholoog-Anatoom en Kandidaat in de Bio

logie, zaliger gedachtenis, die mij, als jong en onervaren student, tijdens academische va

kanties leerde oog te hebben voor de verwevenheid van het "normale" en het "abnorma

le" Mijn interesse voor de microscopic, met name de fluorescenne-microscopie, dank ik 

aan Prof Dr J S Ploem te Leiden en aan de heer F E Schrijer, destijds verbonden aan de 

Instrumentele Dienst van on/e Faculteit De eerste schreden op het gebied van de histo-

chcmic, in het bijzonder de immunohistochemie, werden begeleid door Prof Dr O Fr

anko te Helsinki en Pi of Dr Τ Hokfelt te Stockholm Het verblijf op hun laboratoria is 

een belangrijke stimulans voor mij geweest door te gaan op de weg, waarvan thans het 

"reisverslag" ter beoordeling wordt aangeboden 

Last but not least, zou ik mijn echtgenote, mijn kinderen, mijn ouders en allen die, veelal 

op de achtergrond blijvend, stimulerend dan wel remmend werkzaam zijn geweest, wil

len dankzeggen voor het kiedict, dat zij mij gaven 
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STELUNGEN 

1. 
In het verleden hebben studies op het gebied van het bijniermerg vaak een voorloperfunctie 
vervuld bij het tot stand komen van nieuwe inzichten op het gebied van het zenuwstelsel 

2. 
Bij zoogdieren vormen bijnierschors en bijniermerg een structurele en functionele eenheid, 
die men ook bij het bestuderen van de afzonderlijke componenten in het oog dient te houden. 

3. . 
Het te samen voorkomen van adrenaline en serotonine in dezelfde cellen c.q. celorganellen 
van het bijniermerg toont aan, dat 'co-existence' van dergelijke substanties zich niet beperkt 
tot zenuwcellen. 

4. 
Het nut van het toevoegen van hoog-moleculaire stoffen, zoals polyvinylpyrrolidon, 
polyvinylalcohol en dextraan, aan het incubatiemedium ter voorkoming van diffusie van 
het enzym tijdens de histochemische reactie - als aanbevolen door Altman - is hoogst 
twijfelachtig. 

Altman, F.P.: Histochemie 28, 236-242 (1971). 

5. 
Het bestuderen van de wijze, waarop complexe structuren of complexe structurele ver
houdingen tot stand komen tijdens de ontwikkeling, zonder rekening te houden met de 
vigerende situatie waarin het zich ontwikkelde organisme bevindt, is een vorm van 
preformatief denken, dat tot onjuiste conclusies kan leiden. 

6. 
De omstandigheden waaronder de immunofluorescentietechniek door Coons tot ont
wikkeling werd gebracht, illustreert dat de uitwerking en implementatie van waardevolle 
gedachten een incubatietijd vergen, die de aanstellingsperiode van hedendaagse promo
vendi verre overschrijdt. 

Coons, AH.: J. Immunol. 87,499-503 (1961). 





7. 
Pogingen tumoren te classificeren met behulp van (immuno) histochemische en/of 
biochemische technieken geschiede steeds in het perspectief van gegevens over de ver
spreiding van deze stoffen in het normale weefsel. 

8. 
Radioimmunoassay en daarmee verwante technieken zijn slechts van beperkte waarde 
voor het vaststellen van specificiteit in de immunohistochemie, tenzij veranderingen, die in 
de structuur van antigenen optreden tijdens weefselfixatie en daaropvolgende bewerkingen, 
kunnen worden nagebootst. 

9. 
Indien bij een tweeling, waarbij beide kinderen eenzelfde geslacht bezitten, één van de 
kinderen normaal is en bij het andere kind ernstige ontwikkelingsstoornissen worden 
geconstateerd, is meestal sprake van een monozygote tweeling. 

Schinzel, A.A.G.L. et al.: J. Pediat 95,921-930 (1979). 

10. 
Neuro-epitheliale lichaampjes, die in de longen worden aangetroffen, zijn orgaantjes met 
een chemoreceptieve functie, reagerend op veranderingen in de samenstelling van de 
ingeademde lucht. 

Lauwerynsetal.: Cell Tissue Res. 193,373-396(1978). 
Lauweryns et aL: Z. Zeilforsch. 145, 521-540 (1973). 

11. 
Voor een goed begrip van het 'normale' is kennisname van de veranderingen, die biologische 
systemen tijdens ziekte kunnen ondergaan onontbeerlijk. In dit verband valt het te betreuren, 
dat in de opleiding voor biologen geen of slechts een beperkte plaats is ingeruimd voor de 
algemene ziekteleer. 

12. 
In tegenstelling tot hetgeen algemeen wordt aangenomen is een schaap met vijf poten niet 
meer dan een teratologische afwijking. 

Stellingen behorende bij het proefschrift van AA.J. Verhofstad 'The adrenal medulla. An 
immunohistochemical and ontogenetic study on the noradrenaline- and adrenaline-storing 
cells of the rat'. 

Nijmegen, 26 juni 1984. 








