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Abstract

Little attention has been paid to adrenal sustentacular cells, and several major histology textbooks do not even

describe them. This study presents a detailed morphological description of sustentacular cells using immuno-

light microscopy and an antibody against brain-type fatty acid-binding protein. The immunopositive

sustentacular cells and processes formed lattices with holes of various sizes and compactnesses or openness. In

addition, weakly immunostained sheet-like structures with ill-defined contours were often associated with the

processes and lattices. In the carotid body, which has traditionally been classified under the name of

paraganglia in common with the adrenal medulla, immunostained sustentacular cell processes formed lattices

in association with the weakly immunostained sheet-like structures, but the lattices with sheets were more

compact and rigid than the adrenal medulla, and appeared like individually distinct compartments. In the

ganglion, the immunostained satellite cell processes with the sheets tightly enclosed individual neurons. As a

result, the immunostained sheet-like structures were regarded as en-face views of thinly flattened sustentacular

cytoplasmic envelopes partially covering the chromaffin cells in the adrenal medulla, and widely in the carotid

body in a way rather similar to the satellite cells in the ganglion. In brief, the terminal enclosing portions of

adrenal sustentacular cell processes, in cut-views, were too thin/flat to be recognized as distinct lines in

immuno-light microscopy because of its resolution limit. They are recognized in en-face views as entities of a

substantially spacious extension in immuno-light microscopy.
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Introduction

The adrenal medulla as well as the autonomic ganglia are

considered to be derived from the neural crest in develop-

ment, and adrenal chromaffin cells and ganglionic neurons

are homologous in ontogeny (Hamilton et al. 1972). Cells

of similar light and electron microscopic features to the

adrenal chromaffin cells in terms of the chromaffin reaction

and catecholamine-containing electron-dense granules

(chromaffin granules) are known to comprise extra-adrenal

tissues such as the carotid body and para-aortic body

(Zuckerkandl’s organ). In addition, such cells are also

known to exist, under the name of small intensely fluores-

cence cells, within autonomic ganglia themselves. All of the

cells have been historically collectively termed ‘paragangli-

on’ cells (Kohn, 1903; Bock, 1982). Whether the chromaf-

fin reaction is positive for all the paraganglion cells,

especially those in the carotid body and within the ganglia,

is uncertain.

It is well known that ganglionic neurons and their axons,

similar to central neurons, are associated with satellite cells
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and Schwann cells, respectively, both of which are consid-

ered to be glial in nature (Belzer et al. 2010; Pannese,

2010). It is thus natural to expect that the adrenal chromaf-

fin cells and other paraganglion cells are also associated

with such cells of glial nature, and the existence of such

associated cells, termed the sustentacular cells, has actually

been well verified in electron microscopy (Bock, 1982). Little

attention, however, is paid to the adrenal sustentacular cells

as exemplified by the fact that their explanation is omitted

in most, if not all, textbooks of histology, especially those

written in English (Weiss, 1983; Fawcett 1994; Williams,

1995).

Based on the electron microscopic finding, thin cytoplas-

mic profiles of the associated cells of glial nature are often

directly apposed to paraganglion cells as well as neurons/ax-

ons, The associated cells are generally known to envelope

the paraganglionic and neuronal elements. The width of

the thin cytoplasmic profiles is largely below the light

microscopic resolution. On the other hand, Schwann cells

and astrocytes are traditionally well known to have radi-

ated multiple processes in light microscopy with the silver

impregnation staining (Fawcett, 1994). Considering the

view that such thread-formed processes in the light micro-

scopic shape could not envelope the neuronal elements

widely, but only circulate in forms of headbands, the pro-

cesses must be highly flattened to envelope them. The same

is the case for the sustentacular cells in relation to adrenal

chromaffin and paraganglion cells, and it is important to

recognize in light microscopy such flattened structures

whose cross-views correspond to the thin cytoplasmic pro-

files in electron microscopy.

With this consideration, together with recent increasing

attention paid to the functional significance of glial cells in

the neural function (Fields & Stevens-Graham, 2002; Miller,

2005), the present study attempted to reveal the detailed

entire morphology of the sustentacular cells in the adrenal

gland of adult and newborn mice in comparison with those

cells in the adult carotid body and sympathetic ganglion by

immunohistochemistry at the light microscopic level using

the antibody for brain-type-fatty acid-binding protein (B-

FABP), which has already been shown to be a specific mar-

ker for the sustentacular cells as well as the other associated

cells of glial nature (Yun et al. 2004; Owada et al. 2006).

Special attention was paid to the morphological feature of

the sustentacular cellular envelopes themselves.

Materials and methods

Male ICR mice of postnatal 1 day and postnatal 8 weeks, five ani-

mals at each stage, were perfused under pentobarbital anesthesia

with phosphate-buffered saline (PBS), and followed by 4% parafor-

maldehyde/0.1 M phosphate buffer. The adrenal glands as well as

the carotid bifurcations containing the carotid bodies and the supe-

rior cervical ganglia were removed, then postfixed with the same

fixative for 2 h. Specimens were dipped into 30% sucrose–0.1 M

phosphate buffer, then 30% sucrose/0.1 M phosphate buffer for

cryoprotection. Cryosections of 20 lm thickness were made and per-

meabilized with 0.1% Triton X-100/PBS for 20 min at room temper-

ature, incubated with 0.3% H2O2/methanol for 10 min, then 5%

normal goat serum/PBS for 30 min. Sections were incubated with

anti-mouse B-FABP rabbit IgG (2 lg mL�1) overnight at room tem-

perature. The specificity of the antibodies has already been

described elsewhere (Owada et al. 2006). The sections were subse-

quently incubated for 1 h at room temperature with biotinylated

anti-rabbit IgG secondary antibody (Vector Laboratories, Burlin-

game, CA, USA) diluted at 1 : 200 for diaminobenzidine reaction by

VECTASTAIN Elite ABC kit (Vector Laboratories). For immuno-elec-

tron microscopy, some of the immuno-reacted sections were further

fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, and sub-

sequently postfixed with 1% OsO4 in 0.1 M phosphate buffer for 2

h. After en-bloc staining with 0.5% uranyl acetate, the sections

were dehydrated with graded concentrations of alcohol and flatly

embedded in Epon. Ultrathin sections were made and observed

using electron microscopy. In addition, some of the specimens taken

from the animals were processed for conventional epoxy-embed-

ded transmission electron microscopy by fixation with 2.5% glutar-

aldehyde and 1% OsO4.

For stereo-viewing of immuno-light microscopic photographs, a

given area of the immunostained sections on glass-slides was pho-

tographed with a 20 9 objective lens first at 0 � and then approxi-

mate 5 � tiltings (by manual handling) of a glass-slide against the

light microscopic observatory stage. This process was applied to

more than five different domains of a tissue section and more than

10 different tissue sections, and more than 50 pairs of twice-tilted

photographs were obtained. Then, the pairs of photographs were

processed by anaglyph in Adobe Photoshop, and resulting photo-

graphs were observed with red/blue-colored glasses.

All subsequent procedures were conducted in accordance with

Guidelines for the Care and Use of Laboratory Animals at Khon

Kaen University. The study was reviewed and approved by the eth-

ics board with the ethics number AEKKU 3/2014.

Results

Immuno-light microscopy

In adult mice, in accord with the previous report by us (Yun

et al. 2004), the sustentacular cells were distinctly immuno-

reactive for B-FABP. Their perikarya were oval or polygonal

in shape, and they had bipolar or multi-polar processes. The

processes were often branched, but tended to be slender

and relatively long in general. In some regions of the

medulla, the cell perikarya were crowded, and their pro-

cesses often formed lattices with holes being variable in

shape and size. In some other regions, they were sparsely

distributed and lattices of the immunopositive processes

tended to be looser with holes being less compact, or to be

open. These two types of regions occurred randomly

throughout the medulla with a proportion of about 50 : 50.

In addition to the distinctly immunostained and branched

cell processes in thread forms, weak immunoreactivity for

B-FABP was often seen in forms of irregular-shaped and ill-

delineated sheets of variable sizes. The weakly immuno-

stained sheet-like structures were associated with some of

the distinctly immunopositive processes forming lattices,
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whereas some of the other immunopositive processes were

free of the sheet-like structures (Figs 1 and 3). Such features

of the weakly immunostained sheet-like structures were

more clearly appreciated in stereo-viewing immuno-light

microscopy with the help of red/blue stereo glasses (Fig.

3a), and an imaginative architecture of the sustentacular

cells based on the present findings is shown in line-draw-

ings (Fig. 3b).

In newborn specimens, intensely B-FABP-immunopositive

cell perikarya and their processes have already been recog-

nized throughout the medulla. In some regions of the

medulla, the immunopositive cells exhibited a distribution

pattern of perikarya and process-lattices similar to the adult

ones. In most other regions, however, the cell perikarya

tended to be larger than the adult specimens, and their

processes tended to be thinner and shorter and did not

extend along their trajectory in such a straight manner

(Fig. 2). These two types of regions occurred randomly with

the proportions of about 2 : 5. This feature resulted in the

dominant appearance of the processes terminating more

freely or in the immunopositive lattices being looser or

more open than those in adults. The weakly immuno-

stained sheet-like structures tended to occur in association

with some immunostained lattices.

In the carotid body of adult mice, on the other hand,

although sustentacular cells and processes were also immu-

nopositive for B-FABP, their immunopositive cell processes

often formed more compact/close lattices with adjacent im-

munopositive processes. The individual lattices were almost

always associated tightly with weakly immunostained

sheet-like structures, resulting in the appearance of numer-

ous, though incomplete, compartments with rather rigid

contours, which contained several chromaffin cells. These

features in sections appeared like bottomless buckets that

were walled with the weakly immunostained sheets and

fringed with distinctly immunopositive processes on one

edge (Figs 3 and 4). In the superior cervical ganglion, satel-

lite cell processes were immunostained distinctly and they

enclosed, together with associated sheet-like structures,

individual neuronal somata almost completely in the form

of almost complete buckets (Fig. 5). Such features of the

weakly immunostained sheet-like structures together with

sustentacular and satellite cell processes were more clearly

appreciated in stereo-viewing immuno-light microscopy

with the help of red/blue stereo glasses (Figs 4a and 5a).

Imaginative architectures of the sustentacular and satellite

cells based on the present findings are shown in line-draw-

ings (Figs 4b and 5b).

Immuno-electron microscopy

In immuno-electron microscopy, the immunopositive sus-

tentacular cells and their processes were identified as elec-

tron-dense cell-profiles with the nucleus immunonegative

in the adrenal medulla of adult mice. The cell processes

were thin, less than 100 nm at the minimum and directly

apposed to immunonegative chromaffin cells without the

interstitial spaces intervening. The chromaffin cell surfaces

were often directly exposed to the interstitial space widely

without covering by the immunopositive sustentacular cell

processes (Fig. 6). These features were in accord with the

previous conventional electron microscopic reports (see

Bock, 1982).

Discussion

The present immunohistochemical study revealed for the first

time, by employing the specific immunohistochemical marker,

B-FABP, the morphological features of the adrenal sustentacu-

lar cells of adult mice in light microscopy. The cell processes

Fig. 1 Light micrograph of adrenal medulla of adult mice immuno-

stained for B-FABP. Note intensely immunostained lattices of susten-

tacular cell processes in association with weakly immunostained sheets

(solid circles) and those without association to weakly immunostained

sheets (broken lined circles).

Fig. 2 Light micrograph of adrenal medulla of newborn mice immu-

nostained for B-FABP. Intensely immunopositive processes of susten-

tacular cells are shorter and less branched than the adult, and they

generally tend to terminate freely without forming lattices, although

lattices of the adult pattern in association with weakly immunostained

sheets may be seen in some areas (solid circles).
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took various arborization patterns such as bipolar and multi-

polar extensions from the perikarya. In addition to the free-

ending form, they, together with adjacent processes, fre-

quently formed lattices with various sizes, shapes and degrees

of openness. Furthermore, the weakly immunostained sheet-

like structures were noted for the first time, whichwere, as dis-

cussed in the next session below, identified as terminal forms

of the cell processes to envelope the chromaffin cells. In new-

born specimens, more open lattices or frequent free-ends of

the sustentacular cell processes were often revealed, although

the adult features noted above were also found to some

extent. These features suggest the newborn sustentacular cells

to be still under differentiation, which is compatible with the

previous finding that the enveloped chromaffin cells are

under a proliferative stage in newborn rodents (Mascorro &

Yates, 1989; Powers et al. 2004).

Because of its soluble nature, B-FABP-immunoreactivity is

expected to occur throughout the entire cytoplasm of the

sustentacular cells, even in their highly thin cellular processes

apposing to the chromaffin cell surfaces as seen in previous

electron microscopic studies by others (Kondo, 1971; Bock,

1982). Because the thin cytoplasmic profiles are largely at

degrees of thinness below the light microscopic resolution,

they are not expected to be recognized as distinct lines in

light microscopy even after being filled with the immunopos-

itive materials. If, however, such thin cytoplasmic processes

with the immunoreactive materials are actually extended

flatly in substantial sizes, it is expected that they could be

recognized when viewed en-face in light microscopy. In this

regard, it should be noted that the weakly immunopositive

sheet-like structures were seen in association with the dis-

tinctly immunopositive processes and lattices in the present

light microscopy of B-FABP-immunostained adrenal medulla.

It is thus reasonable to infer that the sheet-like structures rep-

resent en-face views of highly flattened and truly terminal

cytoplasmic portions of thread-formed sustentacular cell pro-

cesses filled with B-FABP-immunoreactive materials. In other

words, it is inferred that such thin sheet-like structures

3b 4b

3a

3 4

4a

Figs 3, 4 Comparison of light micrographs in

morphology of B-FABP-immunostained

processes and their lattices in association with

weakly immunostained sheets between the

adrenal medulla (Fig. 3) and carotid body (Fig.

4) of adult mice. Note open lattices and

widely extended sheets of the adrenal

sustantacular cells vs. rather close, though

incomplete, lattices with sheets in forms of

buckets with broken walls of the carotid body

sustentacular cells. These differences in

architecture of the sheets are shown in 3D

light microscopy using red/blue glasses as

indicated by arrows in Fig. 3a,b vs. Fig. 4a;

and schematically shown in line drawings

(Figs 3b and 4b) in which chromaffin cells are

shaped in broken pink lines enveloped by

sheets.
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become visible, only when viewed en-face, in immuno-light

microscopy by weak but selective immunostaining because of

B-FABP distributed in the highly flattened cytoplasm. This

interpretation is supported by the present stereo-viewing of

immuno-light micrographs, and further supported by the

present immuno-light microscopic findings on the carotid

body and sympathetic ganglion in comparison with the adre-

nal medulla: the weakly immunostained sheet-like structures

were also noticed in these organs and they appeared like im-

munostained bottomless buckets whose fringes and walls are

represented by the thread-like cell processes and the sheet-

like structures, respectively. The buckets, containing multiple

chromaffin (‘chief’) cells in the carotid body and individual

neurons in the ganglion, were somehow loose in the carotid

body, while they were almost complete or rigid in the gan-

glion. In contrast, the sheet-like structures did not take the

form of buckets, but of more opened expansion in the adre-

nal medulla. These features are in accord with the well-

known ultrastructural features of the sustentacular process

profiles associated with a considerable surface area of the

carotid body chief cell and are also in accord with that of the

satellite cell processes associated with almost all surfaces of

neurons (Kondo et al. 1982; Belzer et al. 2010; Pannese,

2010). In contrast, the surfaces of adrenal chromaffin cells are

largely associated with the basal laminae, but rarely with the

b

a

Fig. 5 Light micrographs of B-FABP-

immunostained satellite cell processes in

superior cervical ganglion of adult mice in

comparison with sustentacular cell processes

of the adrenal medulla (Fig. 3) and carotid

body (Fig. 4). Note almost complete buckets

or compartmentations walled by weakly

immunostained sheets of satellite cell

processes. These features are shown in stereo

(a) and line drawing (b) of the ganglion.

Please use ‘red and blue’ glasses for 3-D

viewing.

Fig. 6 Immuno-electron micrograph of adrenal medulla. Intensely im-

munopositive processes of sustentacular cells (S) are directly apposed

to adrenal chromaffin cells (C), and some of them are highly thin

(arrows). Broken lines indicate direct exposure of chromaffin cells to

interstitial space (I) without association of thin sustentacular cell pro-

cesses.
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thin cytoplasmic profiles of the sustentacular cells (Kondo,

1971; Bock, 1982). The latter feature probably makes it diffi-

cult to pay attention to the adrenal sustentacular cells, result-

ing in the omission of the cells from descriptions in several

major textbooks as noted in the Introduction.

What is the functional significance of the marked differ-

ences in the architecture and arrangement of the sheet-like

structures of the sustentacular cells and satellite cells? The

differences include the fact that the sustentacular cells

enclose the adrenal cells only partially, while they enclose

the main cells of the carotid body to a large extent (Kondo

et al. 1982), and the ganglionic neurons almost entirely

(Belzer et al. 2010; Pannese, 2010). These differences in the

sustentacular and satellite cells among the different para-

ganglia and ganglia may represent differences in the func-

tional implications of catecholamines in individual

paraganglion/chromaffin cells and ganglionic neurons:

endocrine functions in adrenal chromaffin cells, neural che-

moreceptive/afferent synaptic function in carotid body

chromaffin (‘chief’) cells; and remotely efferent synaptic

functions in ganglionic neurons.

Based on the present findings, and also in view of the

increasing evidence for the importance of glia–neuron

cross-talk functions (Fields & Stevens-Graham, 2002; Miller,

2005), further experiments are expected to be performed

for further understanding of the functional significance of

the sustentacular cells, especially their sheet-like structures,

in relation to the hormone secretion of chromaffin cells in

the medulla. The functional significance of B-FABP in the

sustentacular cells as well as ganglionic satellite cells and

central astrocytes also remain to be elucidated.
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