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Abstract
This article reviews the current status of research about the histogenesis and
morphofunctional characteristics of chromaffin cells in the adrenal medulla.
First, this study reports the selective migration, transcription and activation
factors, and the morphological events of the chromaffin cell precursors
during adrenal medulla development. Subsequently, the morphofunctional
characteristics of adrenergic and non-adrenergic cells are considered, with
particular reference to the characteristics of chromaffin granules and their
biological steps, including their formation, traffic (storage, targeting and
docking), exocytosis in the strict sense and recapture. Moreover, the relationship of chromaffin cells with other tissue components of the adrenal
medulla is also revised, comprising the ganglion cells, sustentacular cells,
nerves and connective-vascular tissue.
Keywords chromaffin cells, chromaffin granules, histogenesis, innervation,
sustentacular cells, vascularization.

The adrenal medulla, predominantly composed of chromaffin cells, of neuroectodermal derivation, enveloped by
the adrenal cortex, of mesodermal origin, provides an
ideal neuroendocrine tissue for the study of these cells. It
may be considered intra-adrenal paraganglia and
therefore encompassed within the paraganglionic system,
which also includes paravertebral, intravagal, branchiomeric and visceral autonomic ganglia (Kohn 1903). We
present the histogenesis and morphofunctional characteristics of chromaffin cells (adrenergic and noradrenergic chromaffin cells, and small granule chromaffin cells),
and their relationship with the other tissue components of
the adrenal medulla, including ganglion cells (ganglionic
neurones), sustentacular cells, nerves, blood vessels and
associated connective tissue.

Histogenesis of chromaffin cells
Cells of the primitive neuroectoderm, neural crest cells,
specialized multipotent embryonic stem cells in vertebrates, can originate multiple lineages (Weston 1970,

Baroffio et al. 1988, Bronner-Fraser & Fraser 1988,
Maxwell et al. 1988). Although there are interspecies
differences (Tischler et al. 1997), cells from this
transient structure in embryonic development (dorsal
surface of the neural tube) migrate along stereotyped
pathways and differentiate to form a variety of cell
types, including, among others, intra (pheochromocytes) and extra-adrenal chromaffin cells, small granule
chromaffin cells, extra-adrenal paraganglionic cells and
autonomic ganglion cells (Le Douarin et al. 1992,
1994). Along the neural crest cell route, there is a
highly specific and selective migration, regulated by
multiple factors of the microenvironment, which intervene in the guidance and maintenance of the neural
crest cells within their trajectory (Dutt et al. 2006a). On
the one hand, the migration-promoting proteins, including laminins and fibronectin, are stimulants. On the
other, F-Spondin, chondroitin 6-sulphate proteoglycans
(versican) (Landolt et al. 1995, Dutt et al. 2006b),
peanut agglutinin-binding glycoproteins (Oakley et al.
1994, Debby-Brafman et al. 1999), ephrins, semapho-
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rins (Ranscht & Bronner-Fraser 1991, Krull et al. 1997,
Wang & Anderson 1997, Eickholt et al. 1999, Dutt
et al. 2006a, Gammill et al. 2006) and T-cadherin
intervene in the guidance of neural crest migration, by
inhibiting cell adhesion and invasion in non-permissive
tissues, including the perinotochordal region, posterior
sclerotome and the dorsolateral ectoderm (Pettway
et al. 1990, Bronner-Fraser & Stern 1991, Erickson
et al. 1992). For instance, neural crest cells express the
receptor neurophonin 2, while its repulsive ligand
semiphorin 3F is restricted to non-permissive sites
(Gammill et al. 2006). Several transcription factors,
such as MASH1, Phox 2a/b, Hand2 and GAT3 intervene in the sympathoadrenal cell lineage (Guillemot
et al. 1993, Pattyn et al. 1999, Howard et al. 2000,
Lim et al. 2000, Tsarovina et al. 2004). Microenvironmental signals influence the differentiation of the
sympathoadrenal lineage, such as morphogenetic proteins derived from the dorsal aorta (Barald 1982,
Howard & Bronner-Fraser 1985, Baroffio et al. 1988,
Andrews et al. 1994, Varley et al. 1995, Shah et al.
1996, Varley & Maxwell 1996, Schneider et al. 1999).
Thus, activation of the cAMP pathway in the presence
of BMP2 (Bilodeau et al. 2000, 2005) induces sympathoadrenal cell development and promotes the ability to
synthesize catecholamines (El-Maghraby & Lever
1980). Heterogeneity of sympathoadrenal cells prior
to invasion into the adrenal anlagen has recently been
pointed out (Ernsberger et al. 2005), suggesting that
chromaffin cells and sympathetic neurones develop
independently of the neural crest (for review, see Huber
2006) and that their precursors may already be distinct
at the earliest stage of their development. In the adrenal
gland primordium, before the capsule is complete,
migrating neuroblastic cells from the neural crest and
nerve fibres penetrate between the cortical cells (Crowder 1957). The ingrowing neuroblastic cells (Fig. 1)
originate cords of pheochromoblasts, in various stages
of differentiation (Fig. 1b) (Coupland 1965c, Hervonen
1971), containing the cortical cell islets. At first, the
pheochromoblasts show high relation nucleus/cytoplasm, abundant polyribosomes and a few chromaffin
granules (Fig. 1c). Pheochromoblasts and cortical cells,
including those that are functionally active, with catecholamine and neuropeptide contents (Wilburn & Jaffe
1988), remain interrelated up to the fetal period
(Fig. 1d). Cells in mitosis (Fig. 1e) and in proximity to
capillaries (Fig. 1f) are observed. After postnatal degeneration of cells of the fetal cortex and during formation
of the final cortex, the islands of neuroblastic cells settle
against the central vein, and reach a compact, highly
vascularized structure in the central part of the adrenal
gland. It has been hypothesized that migrating neuroblastic cells induce development of interrenal primordium, and later involution of fetal cortex (Sokolov et al.
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2006). When the reticular zone begins to develop,
cortical cells appear among chromaffin cell groups.
Although the adrenal medullar precursor cells may be
influenced in their proliferation and differentiation by
factors produced in the fetal adrenal cortex, such as
glucocorticoids and growth factors (Doupe et al.
1985a,b), the role of glucocorticoids is doubtful, since,
with the exception of PNMT and secretogranin II
expression, they are dispensable (for review, see
Gut et al. 2005, Huber 2006).

Morphofunctional characteristics of
chromaffin cells
Chromaffin cells (small granule chromaffin cells will be
considered in a later section), derived from the neural
crest, are modified post-ganglionic sympathetic neurones, forming two separate populations (adrenergic and
noradrenergic cells) (Fig. 2a), with the capacity to
synthesize, store and release, respectively, two principal
types of catecholamines, adrenaline and noradrenaline.
All these cells conserve plasticity and may be induced to
express neuronal characteristics with neurite growth
(Unsicker et al. 1978a, Aloe & Levi-Montalcini 1979,
Doupe et al. 1985a) and they may be used as models of
endocrine cells and neurones (Tischler 2002). Likewise,
striated astroglia induce morphological and neurochemical changes in adrenergic-enriched adrenal chromaffin cells (Uceda et al. 1995). Nevertheless,
chromaffin cells and sympathetic neurones may be
more distantly related than generally assumed (Huber
2006). In humans, along with other tissue components
of the adrenal medulla, the chromaffin cells are located
in a region of 2 mm thickness, with a one-tenth area
and weight in relation to the adrenal cortex (Quinan &
Berger 1933), with which they are in direct contact
(with no or minimal intervening connective), surrounding small groups of cortical cells. Therefore, the two
endocrine components are interwoven, with cortical
cells located within the medulla and vice versa, which
suggests paracrine interaction (Bornstein et al. 1997).
The chromaffin cells, arranged in clusters and short
trabeculae between sustentacular cells and a delicate
stroma, are moderately large and show a polygonal
(Fig. 2a) or columnar shape in the adrenal medullary
tissue, which is spheroidal when cultured. Some cells
have one or more thin processes of variable length.
They possess a single (occasionally two or more), round
or ellipsoidal, large or smaller nucleus, with central
(more frequently) or eccentric location, and one, two or
three nucleoli. The latter are prominent and eosinophilic in the larger nuclei. Slight nuclear pleomorphism
may be observed. In a clear nuclear background, the
chromatin tends to be peripherally arranged and its
pattern is finely or coarsely clumped. The cytoplasm is
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Figure 1 Morphological characteristics of the rat adrenal gland in the fetal period. (a and insert) Macro-microscopic images of the
adrenal gland (AG) and kidney (K). (b) Pheochromoblasts (PHC) in various stages of differentiation (compare cells of clusters PHC1
and PHC2) inter-related with cortical cells (CC). C: Capillary (semi-thin section; toluidine blue ·480). (c–f) Ultrastructural images
of pheochromoblasts, with occasional chromaffin granules (arrows), showing high relation nucleus/cytoplasm and abundant free
polyribosomes (c), close interrelation to a cortical cell (COC) (d), a mitosis (CR: chromosome) (e) and proximity to a fenestrated
capillary (C) (f) (uranyl acetate and lead citrate. ·10 000, 12 000, 15 000 and 8000 respectively).

usually basophilic and finely granular, although in
some cells it is amphophilic. Ultrastructurally, the
chromaffin cells, in direct apposition (a gap of separation of 150–250 Å in width), present interdigitating
processes with the neighbouring cells in the tissue
clusters and attachment plaques (two symmetric dense

layers and a line of dense material). Microvillae are
observed on the cell surface, extending into the angular
extracellular space in which several cells converge. The
area of the surface orientated towards the capillary
endothelium is separated from the latter by a space
of variable amplitude with a fibrillar and granular
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(a)
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Figure 2 Ultrastructural characteristics of rat chromaffin cells. Part of two separate clusters of adrenergic (A) and noradrenergic
(NA) cells (a). The noradrenaline granules generally have a larger diameter, higher electron density and their dense cores are
eccentrically situated with regard to their surrounding membranes (b, arrows), while adrenaline granules present moderate density,
and the light halo is narrow and uniform (c, arrows) (uranyl acetate and lead citrate ·6000, 14 000 and 14 000 respectively).

material and a basement membrane. The cytoplasm
contains chromaffin granules (they define the cells and
will be especially considered – see later) and common
organelles, including a large Golgi apparatus, rough
endoplasmic reticulum, free ribosomes, round or oval
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mitochondria with parallel and narrow cristae, lysosomes, vacuoles, multivesicular bodies, microtubules,
microfilaments, centrioles and occasionally cilia. The
Golgi, sometimes arciforme, usually adopt a paranuclear location and the other organelles are distributed
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among the chromaffin granules. Dispersed or grouped
glycogen granules are also observed. In culture of
chromaffin cells isolated from the bovine adrenal
medulla, four morphologically different subtypes have
been characterized: (1) with dense cytoplasm and dense
granules (49.1% adrenalin content), (2) dense cytoplasm and large granules (21.1% noradrenalin content), (3) with light cytoplasm, granules with a light
halo and well-developed Golgi complex (26.3% adrenalin content) and (4) moderately dense cytoplasm with
well-expressed rough endoplasmic reticulum (noradrenalin content?) (Koval et al. 2000).

Chromaffin granules
Characteristics of chromaffin granules. Chromaffin
granules, membrane-bound body or dense core granules, located in the cytoplasm of chromaffin cells,
resulting from the concentration and sorting of secretory proteins, with a typical electron-dense appearance, have characteristics of peptide/amine content and
are the corpuscles that define these cells (Coupland
1965a, Winkler & Carmichael 1982). According to the
type of secretory content (adrenaline or noradrenaline),
the chromaffin granules show variations in size, shape
and electron density in the same individual (Fig. 2b,c).
These variations acquire differing intensity depending
on the species. For example, in primates there are few
differences (Al-Lami 1969, Al-Lami & Carmichael
1991), while in dogs, rats, mice and hamsters, there is
a clear distinction (Coupland 1965b, Carmichael et al.
1987). Moreover, their structural characteristics
depend on tissue fixation. Therefore, depending on
the content of adrenaline or noradrenaline, two types
of granules may be considered, whose differences are
accentuated by the chemical reaction between formaldehyde and the primary (noradrenaline) and secondary
(adrenaline) catecholamines, or by glutaraldehydeosmium tetroxide tissue fixation. Thus, after treatment
with formaldehyde, granules storing noradrenaline
fluoresce more strongly than those containing adrenaline and, after glutaraldehyde-osmium fixation,
noradrenaline granules show a stronger electron-dense
content than adrenaline granules (Fig. 2b,c). Indeed,
the chromaffin granules, after glutaraldehyde-osmium
tetroxide fixation, show an electron-dense core of
variable electron density and a membrane separated
from the core by an electron-lucent space (light halo).
The adrenaline granules, according to the species, vary
between 50 and 350 nm in diameter (in mouse 170–
350 nm), have a round morphology, present a moderate electron density with a fine granular content
appearance, and the light halo, when evident, is
narrow and uniform (Fig. 2c), while the noradrenaline
granules have a larger diameter (185–495 nm in
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mouse), irregular, oval or elliptical shapes, higher
electron density, with a solid content and a core
eccentrically situated from its surrounding membrane
(Fig. 2b).
In addition to catecholamines (adrenaline or noradrenaline), the dense-core secretory vesicles contain
granule matrix protein chromogranins (A, B or secretogranin I, C or secretogranin II), neuropeptidesenkephalins (Kataoka et al. 1985), adenine nucleotides,
Ca2+ (Winkler & Westhead 1980, Winkler & Carmichael
1982, Winkler & Fischer-Colbrie 1992, Winkler 1993),
syntaxin 1A, synaptotagmin I (Yoo et al. 2005) and
plasminogen activator (Parmer et al. 1997). These cells
also express adrenomedullin, peptide of the proadrenomedullin N-terminal 20 peptide (Kobayashi et al.
2003) and enzymes, such as dopamine b-hydroxylase
and tyrosine hydroxylase. Adrenaline cells, but not
noradrenaline cells, express phenylethanolamine-N
methyltransferase, which catalyses the methylation
reaction that converts noradrenaline into adrenaline.
This is stimulated by glucocorticoids (Hodel 2001).
Likewise, chromaffin cells secrete trophic factors that
promote survival of various types of neurones (Schumm
et al. 2004).
Adrenergic and noradrenergic chromaffin cells,
according to granule type. In the adrenal medulla, the
storing adrenaline or noradrenaline chromaffin granules
are, respectively, in adrenergic and noradrenergic chromaffin cells, which constitute homophenotypic groups,
with a well-defined topographical zonality, surrounded
by interstitial tissue elements (De Robertis & Vaz
Ferreira 1957, Wetzstein 1957, Burgos 1959, Kano
1959, Yates et al. 1962, Bässler & Habighorst 1964,
Fletcher 1964, Elfvin 1965). Therefore, adrenaline and
noradrenaline appear in separate populations of chromaffin cells (Fig. 2a). In the adrenal medulla of the adult
rat, 15–20% of adrenal chromaffin cells present noradrenergic phenotype, while 80–85% are adrenergic
(Coupland 1965c, Hodel 2001). The noradrenergic cells
are often found in the centre of the medulla, while
adrenergic cells predominate in areas adjacent to the
adrenal cortex (Coupland 1965c). Although each chromaffin cell appears to contain a single type of granule,
the possibility of two populations of dense-core vesicles
has been recently described in the same cell, which may
represent different stages of biosynthesis or two distinct
synthetic pathways (Grabner et al. 2005).
Biological steps of chromaffin granules. The biological
steps of chromaffin granules include formation, traffic
(storage, targeting and docking), exocytosis in the strict
sense and recapture (Strittmatter 1988, Livett 1993,
Martin 1994, Burgoyne & Morgan 1998, Burgoyne
et al. 2001, Rettig & Neher 2002).
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Formation of chromaffin granules
In the biogenesis of chromaffin dense-core secretory
vesicles the following overlapping steps may be considered (Krömer et al. 1998, Tooze 1998, Glombik &
Gerdes 2000): (1) synthesis of prohormones at the
rough endoplasmic reticulum (Kachi et al. 1992), which

(a)

(d)
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appears as dispersed short profiles and/or parallel arrays
of short- to medium-sized or long profiles, with narrow
cisternae, presenting ribosome granules studded in the
external surface of their membranes (Fig. 3a). The
chromaffin cells may also internalize noradrenaline
from the extracellular space, by means of specific
transporters in the cellular membrane, (2) transport to

(b)

(c)

(e)

Figure 3 Organelles that intervene in the formation of chromaffin granules in the rat. Rough endoplasmic reticulum (RER), with
parallel arrays of medium-sized profiles and narrow cisternal appear in proximity to the Golgi apparatus (G) (a). Different images of
the Golgi complex during biogenesis of chromaffin granules are present in (b) to (e). Vesicles and granules of different density in the
Golgi network, with some dense core secretory vesicles in continuity or separating (arrow) from the Golgi sacules are observed. In
(d) a centriole (C) appears near the Golgi (uranyl acetate and lead citrate ·20 000).

150

 2008 The Authors
Journal compilation  2008 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2007.01811.x

Acta Physiol 2008, 192, 145–163

the Golgi complex, selection, interaction with receptor
molecules of the trans-Golgi network membrane and
selective aggregation of regulated soluble secretory
proteins (such as granins, whose pH- and calciumdependent aggregation properties contribute to granule
formation; Kim et al. 2001), originating immature
secretory granules (Tooze & Huttner 1990). In this
order, moderately electron-dense particles may be
observed adjacent to the smooth-surfaced membrane
of the tubular or vesicular profiles of the Golgi complex,
suggesting nascent secretory granules. Likewise, vesicles
and granules of different densities, some of them similar
to small chromaffin granules, in continuity or separating
from the Golgi sacules are observed (Fig. 3b,c), (3)
removal of non-secretory granule protein, by active
sorting, originating constitutive secretory vesicles. This
phenomenon may occur in the trans-Golgi network
concomitantly with formation of immature secretory
granules (sorting for entry) or after immature granule
formation (sorting for retention) (Tooze & Huttner
1990, Arvan & Castle 1998), (4) selection of membrane
proteins that intervene in acidification, transport,
targeting and fusion of the chromaffin granules, (5)
complex maturation process and formation of mature
secretory granules with removal of immature granule
vesicles (constitutive-like secretory vesicles) containing
non-secretory granule molecules (Arvan et al. 1991).

Traffic of chromaffin granules
After formation, the vast majority of dense-core
secretory vesicles are located in the reserve pool
compartment, where they may remain for an extended
period after their formation and from where they pass
to the release-ready granule pool compartment (Steyer
et al. 1997, Trifaro et al. 1997, Voets et al. 1999). Of
the 22 000 large dense-core vesicles in chromaffin-cells,
1–2% comprise the readily releasable pool, which can
be mobilized for release within seconds (Plattner et al.
1997). Chromaffin granule density decreases as the cell
membrane is approached (Plattner et al. 1997). This
traffic is regulated by subplasmalenmal actin remodelling cytoskeleton (Aunis & Bader 1988, Vitale et al.
1995, Gasman et al. 2003). Indeed, the subplasmalemmal actin network is rapidly and reversibly disassembled following stimulation (Cheek & Burgoyne
1986, Burgoyne et al. 1993). The granules of the
release-ready granule pool are docked at the plasma
membrane (Fig. 4a–c) and may be in a non-primed
stage or enter in a priming step (fusion competent stage)
for which ATP is required and, consequently, fusion of
chromaffin granule and mitochondria membranes can
be observed (Fig. 4d). In bovine chromaffin cells, the
number of docked granules has been estimated between
364 and 629 (Plattner et al. 1997). The reserve pool and
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the release-ready granule pool can be selectively activated depending on the secretagogue (Duncan et al.
2003, Haynes et al. 2007).

Exocytosis of chromaffin granules
After recruitment and docking of the granules, the
chromaffin cells secrete several transmitter molecules by
fusion of the dense-core secretory vesicles with the cell
membrane, and formation of a fusion pore (Fig. 4e),
which connects the vesicle lumen with the cell exterior,
in response to a physiological signal, by regulated
mechanisms of exocytosis. The mode of chromaffin
granule exocytosis varies according to whether its
dense-core is completely or incompletely released,
which is related to sympathetic activity (Takiyyuddin
et al. 1990, 1994, Watkinson et al. 1990). In other
words, there is a selective retention of secretory cargo.
Indeed, potent secretory stimuli induce complete release
of granule contents (Viveros et al. 1971), showing
exocytotic profiles and flocculent material in the extracellular space similar to that present in exocytotic
vesicles. In this case, the catecholamines and neuropeptides, copackaged in the same granules (Winkler &
Westhead 1980), are released at the same time and their
fusion is followed by collapse in the plasma membrane.
On the contrary, under low cell stimulation, there is a
more intact form referred to as kiss-and-run by a more
rapid and very transient catecholamine release through
a restricted fusion pore (around 4 nm in diameter;
Klyachko & Jackson 2002), while the vesicle itself
remains in place after exocytosis, and some neuropeptides are retained in a W figure (Fig. 4f) (Fulop et al.
2005). The latter would explain how the copackaged
catecholamines and neuropeptides may be differentially
released (Takiyyuddin et al. 1990, 1994, Watkinson
et al. 1990), depending on their size and on their
propensity to aggregate. The time the vesicle stays open
also influences the response. Thus, the chromaffin cells
may release secretory molecules by complete or incomplete exocytosis, depending on fusion pore modulation
(Zhou et al. 1996, Albillos et al. 1997, Ales et al.
1999): either by dilating with full fusion, or by closing
with transient fusion (An & Zenisek 2004). It is not
clear how the size and shape of a current spike (fusion
event in amperometry) may vary, as they may simply
depend on the opening and closing of a fusion pore
(Fisher et al. 2001), or there is a small bump that,
through posterior dilation of the fusion pore, may
precede the fusion spike (prespike foot) or, on the
contrary, after posterior closing without dilation of the
fusion pore, only originate a spikeless bump (standalone foot) (Chow et al. 1992, Wang et al. 2001,
2003). In a recent review on calcium signalling and
exocytosis in adrenal chromaffin cells, Garcia et al.
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(d)
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(g)
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(k)

(l)

(m)

Figure 4 Traffic, targeting, docking, exocytosis and recapture in rat chromaffin-stimulated cells. (a–c) Docked chromaffin granules
at the plasma membrane. Observe the different components and densities of the granules in (a). (d) Contact between membranes of a
chromaffin granule and a mitochondria (arrow). (e and f) Fusion pores (e, arrows) with vesicle remained in place originating W
figure (f, arrow). (g) A endocytosis vesicle (arrow) is observed. (h) Different structural components in a same granule. (i) Granule
and vesicle connections. (j) Granule in the interstitium (arrow). (k) Numerous chromaffin granule membranes, probably after
recapture. (l, m) Immature granules and vesicles transported to the trans-Golgi network. Uranyl acetate and lead citrate: ·20 000
(a, e, k–m), ·35 000 (b–d, f–j).

(2006) proposed that these cells have developed functional triads that control the rate and amplitude of the
Ca+ concentration (calcium channels, endoplasmic
reticulum and mitochondria) and locally regulate the
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early and late steps of exocytosis. Although ATP was
required for priming, in the multi-step exocytic process,
Ca2+ triggers the late ATP-independent fusion reaction
(Bittner & Holz 1992, Klenchin & Martin 2000),
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involving Ca2+-binding proteins. Indeed, in the brief life
of a fusion pore, several cytosolic and membrane
proteins (see Borges et al. 2002, An & Zenisek 2004)
intervene interacting with soluble N-ethylymaleimidesensitive factor attachment protein receptor (SNARE)
and/or SNARE complex (Jahn et al. 2003). A complementary or alternative model of slow release of granule
material without granules opening to the cell exterior,
piecemeal degranulation (eroded, distorted or dissolved
materials, with reduction in granule contents and
vacuolization), similar to that which occurs in basophils, mast cells, eosinophils and endocrine cells of
gastrointestinal epithelia (Dvorak 1991, 1998, Erjefalt
et al. 1998, Crivellato et al. 2002), has been postulated
for chromaffin cells (Crivellato et al. 2003, 2006). In
this case, there might be vesicular traffic with formation
of vesicles that shuttle back and forth between the
granules and the plasma membrane (Dvorak et al.
1996, Dvorak 1998). The morphological variability of
the chromaffin granules is intriguing. Among the
different examples of this variability are: (1) existence
of intragranular vesicles, with the possibility of intragranule functionally separate compartments (Ornberg
et al. 1986), (2) structural diversity of the components
and densities among granules (Fig. 4a,e) and in a same
granule (Fig. 4h) and (3) connections between granules
and vesicles (Fig. 4i). To this is added the presence of
granules in the interstitium (Fig. 4j).

Recapture of chromaffin granules
Exocytic fusion is reversible and membrane retrieval
occurs via endocytosis, which depends on whether
exocytosis is complete or incomplete. Recycling of
specialized chromaffin granule membrane components
(Fig. 4k), subsequent to complete dense-core exocytosis
by potent stimuli, leads to a clathrin-mediated endocytosis (Geisow et al. 1985), with retrieval of membrane
from the cell surface, endosomal internalization (occurring at around 30 min) and transport back to the
trans-Golgi network for repacking (Fig. 4l,m) (at
around 6 h the membrane components reappeared in
new granules) (Lingg et al. 1983, Patzak & Winkler
1986, Fulop et al. 2005). Incomplete dense-core exocytosis by modest stimulation, kiss-and-run type, determines a rapid, transient and clathrin-independent
endocystosis, by either fusion pore close or fission with
retention of granule-protein core (Barg et al. 2002).
This process of cavicapture (Henkel & Almers 1996,
Holroyd et al. 2002, Taraska et al. 2003, Taraska &
Almers 2004) means that, after exocytosis, a significant
fraction of chromaffin granules (corresponding to those
proteins whose elimination is slower) re-seal (Perrais
et al. 2004). Ca2+ triggers rapid endocytosis in chromaffin cells (Neher & Zucker 1993, Artalejo et al.
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1995), and there is a dynamin-dependent recapture of
fusing secretory granules, as it has been demonstrated
that they colocalize with dynamin during transient
fusion (Holroyd et al. 2002). GTP and calmodulin also
intervene in this process (Artalejo et al. 1995, 1996).
The retained vesicles are locally recycled, with reacidified lumen, and return to a functional granule state
(Koenig & Ikeda 1996, Richards et al. 2000, Aravanis
et al. 2003, Gandhi & Stevens 2003, Fulop et al. 2005).
During the reloading of chromaffin granules there is a
great demand for ATP, as described above, and fusion
of chromaffin granules and mitochondrial membrane
has been reported, suggesting a mechanism of a rapid
recharge of granules with ATP (Rydzynski et al. 1989).

Techniques related to chromaffin granule content
The term chromaffin is due to the affinity to chromium
salts (Kohn 1902). After interaction with chromates,
noradrenaline cells turn brown. Several oxidizing agents
(osmium tetroxide, ferric chloride, ammoniacal silver
nitrate, potassium dichromate, etc.) trigger a chromaffin
reaction, by which the catecholamines are converted
into oxidized and polymerized adenochromes. The
catecholamines can be demonstrated by formaldehydeinduced fluorescence (Falck 1962, Eränkö 1967).
Glutarladehyde fixation produces a dense precipitate
in noradrenaline granules, which is coloured by osmium
tetroxide (Coupland & Hopwood 1966), while adrenaline undergoes little reaction, as in tissues fixed in
glutarladehyde the content diffuses away from its
binding site. Immunohistochemically, the granule content is positive, among others, for chromogranins,
synaptophisin and tyrosine hydroxylase. Immunoelectron microscopy allows the specific location of immunolabelled protein at the ultrastructural level. By means of
pulse-chase labelling in combination with subcellular
fractionation, the amount of labelled proteins can be
analysed in different types of granules and vesicles
(Glombik & Gerdes 2000). Flow cytometry analysis of
fluorescence labelling facilitates the characterization of
chromaffin cell subtypes and the follow-up of their
phenotype changes in response to growth factors
(Gilabert et al. 1999).

Small granule chromaffin cells
Small granule chromaffin cells, which have been compared to sympathetic ganglia small intensely fluorescent
cells, in scant proportion (1.8–4% of the total chromaffin cells-in mouse Coupland et al. 1979), may
represent an intermediate state between sympathetic
neurones and chromaffin cells (Kobayashi & Coupland
1977). Forming small groups, in the mouse, they show
small cell bodies with polyhedral or elongated profiles,
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a high nucleus to cytoplasm ratio and cytoplasmic
processes, which may be extremely long (Kobayashi &
Coupland 1977), extending in the medulla (presenting
occasional desmosomes with chromaffin cells) and
adrenal cortex (Unsicker et al. 1978a). These cells
contain typical dense secretory granules (diameter:
100–230 nm in the mouse) and synaptic-microvesicles
(30–40 nm diameter). According to the granule content,
small granule noradrenaline cell and noradrenaline
negative cell types have been described in the guineapig (Unsicker et al. 1978a). The intermediate filament
protein peripherin, the main intermediate filament
protein in sympathetic neurones, has been demonstrated
in 2% of the adult mouse adrenal chromaffin cells in
culture, suggesting that the reactive cells are small
granule chromaffin cells (Derer et al. 1989), which may
function as interneurones or endocrine cells.

Relationship of chromaffin cells with other
adrenal medulla tissue components
Ganglion cells
Two types of ganglion cells have been described
(Unsicker et al. 1978b): (1) principal ganglionic neurones, which are large and multipolar and (2) small
neurones, which may represent a neuronal type of small
granule chromaffin cells and/or small intensely fluorescent cells of sympathetic ganglia. The ganglion cells
show immunophenotype and ultrastructural characteristics of neurones, with abundant rough endoplasmic
reticulum and lipofuscin granules (Fig. 5a). They present
axodendritic synapses and innervate both the chromaffin
cells and the adrenal cortex (see later) and are either
cholinergic or noradrenergic and Vasoactive Intestinal
Peptide (VIP) or Neuropeptide Y (NPY)-immunopositive. Subpopulations of ganglionic cells synthesize nitric
oxide (Cracco et al. 1997). Supporting Schwann cells
appear in close contact with ganglion cells.

Sustentacular cells
The sustentacular or satellite cells, homologous in
nature with Schwann cells, with a spindle-shaped
cytoplasm, small body and several thin cytoplasmic
processes of variable length, are located between and
around chromaffin cells, predominantly along the
periphery of their clusters, contributing a discontinuous
sheath. The sustentacular cells also surround nerve
terminals. In general, the sustentacular cells are
observed in close proximity to chromaffin cells and
their thin processes appear between these cells (Fig. 5d)
without interposition of a basal lamina. Attachment
plaques can be observed between chromaffin cells and
sustentacular cells. The latter are recognized by their
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positive immunoreactivity for S-100 protein (Fig. 5b)
(Cocchia & Michetti 1981, Iwanaga & Fujita 1984,
Lauriola et al. 1985, Lloyd et al. 1985, Magro &
Grasso 1997), while their identification is difficult with
routine histological techniques. The nuclei of these cells
are small, round or oval, chromatic and with indentations. Ultrastructurally, (Fig. 5c) cytoplasmic organelles
(reticulum endoplasmic, mitochondria and Golgi)
appear in moderate amounts, and an ample filamentous
cytoskeleton and occasionally small lipid droplets are
present.

Nervous components
The adrenal chromaffin cells are excitable cells with
neurone-like electrical properties (Biales et al. 1976,
Brandt et al. 1976, Kajiwara et al. 1997), and consequently, with numerous afferent and efferent nervous
connections, comprising sympathetic, parasympathetic
and sensory innervation. Likewise, there are intraadrenal ganglionic neurones, including their ascendant
axons (Mravec 2005). Indeed, bundles of pre-ganglionic
sympathetic axons, via the splanchnic nerve, originate
from paraganglionic neurones in the spinal cord (Kesse
et al. 1988, Strack et al. 1988), penetrate the adrenal
capsule and cortex without branching, enter the medulla,
divide into thinner bundles and nerve fibres, and finish in
typical synaptic-type endings, on the adrenaline, noradrenaline and small granule cells. Most of the fibres are
unmyelinated and form Schwann cell–axon complexes in
the subcortical layer and between adrenaline and noradrenaline cell clusters (Takahashi-Iwanaga & Fujita
1986, Kobayashi et al. 1989). Occasional myelinated
nerve fibres are present (Tomlinson & Coupland 1990)
(Fig. 5e). In the clusters, fine nerve fibres penetrate in
association with sustentacular cells and constitute a
sparse network of varicose terminals (Fig. 5f,g). The
synaptic endings on the surface of chromaffin cells, of
cholinergic type, with extensive to small contact, multifocal or simple asymmetric membrane density, contain
small and large vesicles, with clear and dense centres
(moderate electron density) respectively (Fig. 5h,i). The
nerve terminals release acetylcholine with stimulation of
cholinergic receptors (the adrenal chromaffin cells have
been used as a model for study of neuronal receptors;
Yoshizaki 1975, Schneider et al. 1977, Wilson & Kirshner 1977, Kidokoro et al. 1982, Wakade & Wakade
1983) and induction of regulated chromaffin granules
exocytosis (in a Ca2-dependent manner) and increase
catecholamine synthesis by activation of tyrosine
hydroxylase. With variations according to species, both
nicotinic and muscarinic receptors may be expressed by
chromaffin cells (Ohtsuki et al. 1992). Likewise, H1
receptor activation mediates the preferential release of
adrenaline in the rat adrenal gland.
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Figure 5 Nervous components in rat adrenal medulla. (a and insert) Ganglion cells (GC): immunohistochemical expression of
neurofilaments (insert, ·220) and ultrastructural characteristics, with abundant rough endoplasmic reticulum and lipofuscin
granules (a). (b–d) Sustentacular cells. Immunohistochemical positivity for PS-100 (·120) (b) and ultrastructural characteristics (c,
d). In (d) a thin process of a sustentacular cell (arrow) appears between two chromaffin cells. (e) Myelin (M) and unmyelinated (UM)
nerve fibres, next to a chromaffin cell (Chc). (f, g) Nerve fibres (arrows) that penetrate between chromaffin cells expressing
neurofilaments (·320). In (g) numerous varicose terminals (arrowheads) are present. (h, i) Synaptic endings with asymmetric
membrane density (arrows) and clear and dense vesicles. Ultrastructural images (uranyl acetate and lead citrate, ·13 000, 10 000;
6000, 15 000 and 15 000 respectively).

Differential regulation of adrenaline and noradrenaline cells occurs (Morrison & Cao 2000), as small
numbers of sympathetic pre-ganglionic neurones

(Kajiwara et al. 1997) may innervate either adrenaline
or noradrenaline cell groups. Likewise, the sympathetic
pre-ganglionic neurones are regulated, directly or
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indirectly (by local interneurones; Joshi et al. 1995) by
feedback mechanisms, comprising long (caudal raphe
nuclei; ventromedial and rostral-ventrolateral medulla;
A5 cell group and paraventricular hypothalamic
nucleus; Strack et al. 1989) and short loop (via dorsal
root ganglion and probably, via pre- or paravertebral
sympathetic ganglia or the spinal cord, by ascending
axons from the adrenal medullary ganglionic neurones;
Dagerlind et al. 1995).
The parasympathetic innervation by the vagus nerve
may influence chromaffin cells (Coupland 1965b).
There is a complex and different sensory innervation
(Heym et al. 1995), which, from the dorsal root
ganglia, acts on chromaffin and vascular cells (Mohamed
et al. 1988).
The two types of adrenal ganglionic neurones behave
as post-ganglionic neurones, innervating both the chromaffin cells and the adrenal cortex (Maubert et al.
1990). Likewise, as mentioned above, the ascending
axons projecting into the splanchnic nerve could contribute to the short feedback mechanism (Dagerlind
et al. 1995).
Different studies demonstrate that many, if not all,
sympathetic terminals innervating chromaffin cells
contain several neuropeptides, such as enkephalines
(Met-enkephalin-Arg6-gly7-Leu8;
Kobayashi
et al.
1985), substance P, somatostatine and VIP (Schultzberg
et al. 1978, Kobayashi et al. 1985, Kondo 1985) and
that cells involved in sensory innervation of adrenal
medulla show immunoreactivity either to calcitonin
gene-related peptide, nitric oxide synthase, cholecystokinin or substance P.

Connective-vascular tissue
A delicate connective, with abundant vascularization,
comprising fibroblasts, macrophages, few mast cells and
lymphocytes is present between chromaffin cell clusters.
Each chromaffin cell cluster is surrounded within a
collagen basket, constituting a tightly meshed collagen
sheath, arranged around the radicles of the central vein
(Kikuta et al. 1991). As for the blood supply of the
adrenal gland, the abdominal aorta, renal artery and
phrenic artery originate the adrenal arteries and their
branches (Harrison & Hoey 1960, Vinson et al. 1985).
The majority run through the adrenal capsule, form a
capsular or subcapsular plexus and supply the adrenal
cortex. Four to six branches in the rat, originating
external to the adrenal capsule, constitute the medullary
arteries (arteriae medullae), which traverse the cortex
without branching, and enter and divide in the medulla
(Idelman 1970, Vinson et al. 1985). These arteries show
an endothelial layer, basal membrane and smooth
muscle cells. They originate the medullary capillary
plexus, which drains into anastomosed medullary col-
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lecting veins, through deep venous radicles or channels
of the main vein (central or paracentral vein), although
some of them open directly into the central vein. The
cortical capillaries, through peripheral venous radicles,
also end in these collecting veins. The endothelium of
the capillaries is often fenestrated, the fenestrations
presenting a dark membrane of 20–30 Å thickness
(Brown et al. 1971) (Fig. 6a). The capillary endothelium is separated from the chromaffin cells by the
following components: subendothelial space, external
basal membrane, connective tissue space, chromaffin
basal membrane and submembranous space (Coupland
1965a). The central vein possesses a thick smooth
muscle layer (Fig. 6b–g), with the presence of channels
between its lumen and radicles (Fig. 6b). The smooth
muscle cells of the central vein and radicles show
different expression of smooth muscle markers. For
instance, caldesmon is only positive in vein wall and
beginning of radicles (Fig. 6d) while actin is present in
vein radicles and thin vessels, forming thin networks
(Fig. 6e–g). Finally, the central vein drains into the
inferior vena cava and into the renal vein. Dobbie &
Symington (1966) and Kikuta & Murakami (1982)
have focused on the regulation of venous blood flow.
Dobbie and Symington point out that there is a
structural arrangement that supports a corticomedullary vascular dam, with presence of longitudinal muscle
bands, capable of constriction in the thin-walled
peripheral radicles and non-constrictive action in the
thicker walled radicles or central vein.
After haemorrhagic hypotension, the total blood flow
in the adrenal gland increases despite the lower cardiac
output, while the flow proportion between the adrenal
cortex and the adrenal medulla is not altered (Sparrow
& Coupland 1987). The decrease in vascular resistance
appears to be the mechanism by which the blood flow
increases in both the cortex and medulla in these
circumstances (Sparrow & Coupland 1987). Bearing in
mind the above, the characteristics of the venous
radicles and the main vein, with particular spatial
orientation of their smooth muscle cells and with the
capacity of synchronous contractions in a direction
parallel to the fibres, could explain a certain blood
retention in basal conditions and the fact that the blood
with the retained hormones is discharged into the
circulation when the contraction is stimulated. This
procedure could occur in a manner similar to the
squeezing of a wet sponge (Creutz 1977, Lonning et al.
1997) in which the smooth muscle cells are selectively
stimulated to contraction by neuropeptide Y released
from cholinergically stimulated chromaffin cells
(Lonning et al. 1997). Therefore, this mechanism, in
addition to other possible local functional repercussions, may influence the partial retention of hormones in
normal conditions, and the rapid hormonal efflux into
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Figure 6 Connective-vascular tissue in human adrenal medulla. (a and insert) Rat fenestrated capillary (C) between chromaffin
cells (CHC). Fenestrations: arrows (uranyl acetate and lead citrate, ·10 000). (b–g) Human adrenal medulla central vein (CV)
(transversal sections) and radicles (R). Expression of CD-31 in endothelial cells (b, c) and of smooth muscle markers caldesmon (d)
and actin (e–g) in the thick vein smooth muscle layer (M) and radicles. Thin channels, surrounded by the smooth muscle cells of the
vein, are present between central vein lumen and radicles (c–e, arrows). Notice that caldesmon is only positive in vein wall and
beginning of radicles (d), while actin is present in vein, radicles and thin vessels, forming thin networks (arrows) in adrenal medulla
(e–g).
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the circulation during alarm reaction. Further research
is required into the possibility of a vascular system, with
the capacity of a rapid delivery of the retained gland
secretory substances following acute stimulation.
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