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Diversity among satellite glial cells in dorsal
root ganglia of the rat
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Peripheral glial cells consist of satellite, enteric glial, and Schwann cells. In dorsal root ganglia, besides pseudo-unipolar
neurons, myelinated and nonmyelinated fibers, macrophages, and fibroblasts, satellite cells also constitute the resident
components. Information on satellite cells is not abundant; however, they appear to provide mechanical and metabolic support
for neurons by forming an envelope surrounding their cell bodies. Although there is a heterogeneous population of neurons in
the dorsal root ganglia, satellite cells have been described to be a homogeneous group of perineuronal cells. Our objective was
to characterize the ultrastructure, immunohistochemistry, and histochemistry of the satellite cells of the dorsal root ganglia of 17
adult 3-4-month-old Wistar rats of both genders. Ultrastructurally, the nuclei of some satellite cells are heterochromatic, whereas
others are euchromatic, which may result from different amounts of nuclear activity. We observed positive immunoreactivity for
S-100 and vimentin in the cytoplasm of satellite cells. The intensity of S-100 protein varied according to the size of the enveloped
neuron. We also noted that vimentin expression assumed a ring-like pattern and was preferentially located in the cytoplasm
around the areas stained for S-100. In addition, we observed nitric oxide synthase-positive small-sized neurons and negative
large-sized neurons equal to that described in the literature. Satellite cells were also positive for NADPH-diaphorase, particularly
those associated with small-sized neurons. We conclude that all satellite cells are not identical as previously thought because
they have different patterns of glial marker expression and these differences may be correlated with the size and function of the
neuron they envelope.
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In recent decades, glial cells have attracted the atten-
tion of neuroscientists because of the important roles
attributed to them. It is widely accepted that the proper
functioning of neurons depends on the support of glial cells
(1). Glial cells are mainly classified according to their
morphological aspect or their location, which may be cen-
tral or peripheral (2). The peripheral glia consist of satellite
glial cells (SGC), enteric glial cells (EGC), and Schwann
cells (SC). The majority of studies on peripheral glia are
restricted to SC, perhaps because of their plasticity and
importance for nerve degeneration and regeneration (3).
There are few reports concerning SGC and EGC, some of
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which have even confounded SGC with SC and EGC. In a
review, Hanani (4) reported that SGC have been neglected
over the years, and that most reports on sensory ganglia
are focused on the neurons and not on their ensheathing
cells.

The dorsal root ganglia (DRG) are composed of three
classes of neurons classified according to morphology and
function (5,6). DRG glial cells include SGC and SC. The
morphology of SGC was carefully studied by Pannese (5)
and few investigators have attempted to further character-
ize them. Vega et al. (7) suggested that there is a heteroge-
neous population of SGC, based on the expression of
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different cytoskeleton proteins. More recently, Hanani (4)
focused on SGC and suggested that because they share
many characteristics with the central nervous system glia,
they may participate in the neuronal signaling process and
transmission.

Because SGC may be crucial for pathological degen-
eration and for regeneration of sensory ganglion neurons,
and because specific literature on their structure and func-
tion is not abundant, the aim of the present study was to
further characterize the SGC in DRG by transmission
electron microscopy (TEM), immunohistochemistry (IHC)
using specific markers for glial cells, such as S-100 (A and
B, which may also label some neurons) and vimentin, and
for neuronal nitric oxide (NO) synthase, and also by histo-
chemistry (HC) for NADPH-diaphorase. Additionally, the
relationship between SGC and neurons was taken into
consideration. Our observations showed that there are
different populations of SGC, and that they may be related
to the different types of neurons.

In this study, adult 3-4-month-old Wistar rats of both
genders (5 for TEM, 9 for IHC, and 3 for HC) were used.
This research was approved by the Commission of Animal
Care of the Instituto de Biofisica, Universidade Federal do
Rio de Janeiro. The rats were anesthetized with intraperi-
toneal sodium pentobarbital (30 mg/kg) and perfused trans-
cardially with fixative solution containing 2% glutaralde-
hyde and 4% paraformaldehyde. After perfusion, the L4
and L5 DRG of both sides of 5 animals destined for TEM
were removed and immersed overnight in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer, washed in phosphate
buffer and then in 0.1 M cacodylate buffer (CB), and post-
fixed in 1% osmium tetroxide containing 0.8% potassium
ferrocyanide and 5 mM calcium chloride in CB. The speci-
mens were then washed in CB, block-stained with 1%
uranyl acetate and then dehydrated in a graded acetone
series, infiltrated and embedded in Poly/Bed 812 resin
(Polysciences, Inc., USA), and polymerized at 60°C for 48
h. Five hundred-nanometer semithin sections were stained
with toluidine blue and used for light microscopic studies.
Ultrathin sections (60-70 nm) were collected on copper
grids, and stained with 5% uranyl acetate and Reynold’s
lead citrate. TEM studies were carried out using a Zeiss
900 transmission electron microscope (Germany) oper-
ated at 80 kV.

After dissection and post-fixation for 4 h in fresh fixative
solution (2% glutaraldehyde and 4% paraformaldehyde),
the DRG of 9 animals were cryoprotected in 30% sucrose,
and embedded ice-cold in Tissue Tek® O.C.T.™ compound
(Sakura Finetek Europe B.V., the Netherlands). Ten-mi-
crometer thick sections were obtained with a cryostat
(Leica CM 1850, Germany), collected on gelatin-coated
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glass slides, washed three times in phosphate-buffered
saline (PBS) with 0.3% X-100 Triton. The sections were
then washed in the previous solution to which normal goat
serum (10%, v/v) was added and incubated with primary
antibody [glial fibrillary acidic protein (GFAP), 1:100, Novo-
castra, UK; S-100, 1:100, Sigma, USA; vimentin, 1:100,
Dako, Denmark; neuronal NO synthase, 1:200, Sigma]
overnight. After rinsing, they were incubated with the sec-
ondary antibody for 2 h [fluorescein isothiocyanate (FITC)
or tetramethylrhodamine isothiocyanate (TRITC) at a dilu-
tion of 1:100], rinsed again and mounted with buffered
glycerol mounting medium containing 1% n-propylgallate
(Sigma). Primary antibodies were omitted for negative
controls. DAPI nuclear staining (1:2000, Sigma) was used
for some samples. The IHC for NO synthase was revealed
using DAB peroxidase substrate (Sigma) and the sections
were counter-stained with hematoxylin. Sections were ob-
served and photographed under a Zeiss axiophot fluores-
cence microscope or a Zeiss confocal microscope LSM
510 Meta.

The sections, obtained as described above with a
cryostat, and collected on gelatin-coated glass slides,
were washed three times in 0.1 M PBS, pH 7.4, plus 0.05%
Tween and immersed in the following solution: 1 mM -
NADPH reduced form, and 0.5 mM nitroblue tetrazolium
dissolved in Tris/HCI buffer (0.05 M, pH 7.5). The reaction
was performed with constant stirring for 1-4 h at 37°C. The
sections were washed in Tris/HCI buffer, dehydrated in
alcohol, cleared in xylene, coverslipped with Entellan
(Merck, Germany), and analyzed and photographed using
a Zeiss axioscope light microscope.

Figure 1A shows a light microscopic image of the DRG,
illustrating neurons and satellite glial cells. Figure 1B,C
reveal the relationship between neurons and SGC as seen
at the ultrastructural level. We observed some neurons
with electron-dense cytoplasm, others with electron-lucent
cytoplasm, and still others with intermediary electron den-
sities (Figure 1B). Neuron cell bodies were completely
ensheathed by the SGC. Sometimes only a thin ring of
cytoplasm was observed around the soma of the neuron
(Figure 1C). The close apposition of the membranes of the
two cells is important because it shows that the SGCs may
be a route for communication between the neurons and the
extra-cellular environment. Sometimes a neuronal projec-
tion was seen invading the cytoplasm of the SGC (Figure
1B and inset).

Figure 1D-F shows the ultrastructure of SGC and their
ensheathing neurons. Clearly, different electron densities
of the nuclei and cytoplasm of the SGC were observed,
which may be correlated with different types of neurons.
Thus, SGC showing heterochromatic nuclei and electron-
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Figure 1. Light micrograph. A, Semithin section of dorsal root ganglion showing the relationship between a large neuron (asterisk) and
satellite glial cells. The nuclei of a satellite glial cell is visible (arrowhead). The black star indicates an accumulation of Nissl substance.
B, Electron micrograph of dorsal root ganglion. Note electron-lucent neuron (black star), electron-dense neuron (open star), and an
intermediate neuron (asterisk). The arrowhead indicates a satellite glial cell. The boxed area includes a fine process projecting into
invaginations of the adjacent satellite glial cell (enlarged in the inset). C, A dorsal root ganglion neuron (open star) at a higher
magnification showing the surrounding thin satellite glial cell cytoplasm (asterisk). D, Large-light neuron (star) and its surrounding
satellite glial cell with two nuclei (asterisk). E, Large electron-lucent neuron (black star) and the adjacent satellite glial cell (asterisk)
showing heterochromatic nuclei. F, Small dark neuron (asterisk) and an adjacent satellite glial cell (black star) with an electron-lucent
nucleus. Magnification bar: A: 85 pm; B, D, F: 2.5 um; C: 1.7 pm, E: 1.1 pm.
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dense cytoplasm were preferentially contacting neurons
with electron-lucent cytoplasm, whereas those with eu-
chromatic nuclei and electron-lucent cytoplasm were con-
tacting neurons with electron-dense cytoplasm (Figure
1D-F).

IHC for S-100 protein disclosed a widely varying pat-
tern of immunolabeling for the DRG neurons: small-diam-
eter neurons lacked immunoreactivity, whereas large-sized
neurons displayed intense labeling (Figure 2A). Interest-
ingly, the glial cell population surrounding large neurons
exhibited intense immunoreactivity, whereas those sur-
rounding small neurons were weakly labeled. The reaction
product in SGC was preferentially localized around the
nuclei. A positive reaction could also be observed in the
cytoplasm of SC, particularly in the perinuclear region
(Figure 2B). Areas corresponding to Schmidt-Lantermann
incisures were also labeled for S-100 protein. IHC for
vimentin protein showed that all SGC were positive for this
protein, whereas positivity for vimentin was not seen in
neurons. The location of the vimentin label was clearly
cytoplasmic, being more evident close to the external
membrane.

In order to determine whether the population of SGC
stained for S-100 was the same that displayed immunore-
activity for vimentin, we double-labeled both proteins (Fig-
ure 2C-F). Interestingly, we did not find cells labeled for just
one protein; however, we observed a different preferential
location for each protein in the same cells. The S-100
protein was more diffusely distributed throughout the cyto-
plasm, whereas vimentin was clearly more restricted to the
area close to the cytoplasmic membrane (Figure 2C-E).
Confocal orthogonal sections confirmed these observa-
tions, and clearly showed vimentin concentrated in the
vicinity of the SGC external membrane (Figure 2F).

For further characterization of the SGC and the sur-
rounded neurons, we performed a histochemical reaction
for NADPH-diaphorase, which revealed the distribution of
NO synthase (Figure 2G). Our results showed that large
neurons were not as heavily stained as small ones, which
displayed a large amount of reaction product. Interest-
ingly, SGC surrounding large neurons were stained for
NADPH-diaphorase as well as SGC around heavily stained
small neurons. The IHC for neuronal NO synthase con-
firms our results for NADPH-diaphorase (Figure 2G, inset).

The morphology of the SGC was described extensively
by Pannese et al. (5,8). However, since his pioneer work,
little has been done to further characterize these cells. In
an extensive review, Hanani (4) reported that the SGC
have been neglected over the years, and therefore their
functions remain unclear. Considering that DRG are com-
posed of morphofunctionally distinct neurons, and also
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that neurons and SGC have a close anatomical relation-
ship, it is very unlikely that all SGC are similar.

Our results with TEM confirm previous reports describ-
ing three different types of neurons; each neuron is com-
pletely enveloped by SGC, forming an anatomical unit (5).
According to our observations, the neurons classified as
large-light are surrounded by SGC showing heterochro-
matic nuclei, sometimes appearing as double nuclei. Small-
dark neurons are surrounded by SGC with euchromatic
nuclei. In a recent report, Siemionow et al. (9) studied the
ultrastructure of SGC and, based solely on morphological
criteria, concluded that there are three different types of
SGC. They described two types of SGC with similar mor-
phology to the SGC described here, but they also de-
scribed a third type, which, according to them, is also a
SGC, even though this cell does not come into direct
contact with the adjacent neuron. The classification of the
third type as a SGC is contrary to the accepted definition of
SGC as being in intimate contact with the neuron they
ensheath. However, our observations are in agreement
with those of Siemionow et al. (9) in terms of the existence
of different morphological types of SGC, although we did
not attempt to classify these cells. More importantly, our
conclusions are not based solely on morphological criteria,
but also on the type of proteins that they express. We also
found differences related to the type of neurons and the
particular set of ensheathing SGC.

The expression of cytoskeletal proteins in SGC was
also studied in the present investigation. With respect to S-
100, the first evidence that this protein exists outside the
central nervous system was provided by Stefansson et al.
(10), and later confirmed by Gonzalez-Martinez et al. (11),
who also observed this protein in SGC of DRG, in sympa-
thetic and enteric ganglia. Aquino et al. (12) suggested that
the presence of S-100 in SGC is related to the maturity of
these cells. Our data for S-100 immunoreactivity in neu-
rons indicated different patterns of expression according
to the size of the neuron, which confirm other reports
(10,13,14). In SGC, the S-100 immunoreactivity is also
quite heterogeneous, and, interestingly, it varies in inten-
sity according to the size of the neurons.

As far as we know, this is the first report that describes
different SGC immunolabeling for different types of neu-
rons. We believe that these results are additional clues
indicating the presence of different types of SGC in DRG.
In relation to the function of the S-100 proteins in respect to
the neurons and SGC, it is known that S-100 is a calcium-
binding protein that may function by buffering of intracellu-
lar calcium levels (15), therefore being associated with
metabolic activities such as the triggering or activation of
proteins inside the cells. Large neurons are known to be
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Figure 2. Light micrographs showing the distribution of S-100 (A and B isoforms) in dorsal root ganglia. A, Both large neurons (black
stars) and their surrounding satellite glial cells (arrowheads) are immunoreactive for S-100 protein. Small-dark neurons (white stars) do
not show immunoreactivity, whereas its satellite glial cells (arrows) are lightly stained. The boxed area shows the control reaction. B,
Pattern of distribution of S-100 protein in a nerve fiber exhibiting the semi-lunar-shaped immunoreaction (arrow) corresponding to the
soma of Schwann cells. Inside the boxed area, Schmidt-Lanterman incisures immunoreactive for S-100 protein (arrowheads) are
demonstrable. C-E, Double immunofluorescence for S-100 and vimentin. Normal pattern of S-100 (C) and vimentin (D) expression. (E)
Superposition of C and D. F, Confocal image of S-100 and vimentin expression showing the precise location of the two proteins in the
satellite glial cells. G, The distribution of NADPH-diaphorase. Note the NADPH-diaphorase-negative large light neurons (black asterisks)
surrounded by positive satellite glial cells (arrows). Small dark neurons (white asterisks) and their satellite glial cells display a strong
reaction. Inset: Immunohistochemical reaction for neuronal NO synthase. Magnification bar: A-F: 20 um; G: 50 pm, Inset: 10 pm.
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proprioceptors, and therefore the positive immunoreactiv-
ity for S-100 may be related to the function that the neuron
and its ensheathing SGC perform in DRG.

Our results for the vimentin immunoreactivity showed
that all neurons were negative with respect to this protein,
whereas all SGC were positive. This result is partially
similar to previous reports (7). According to Vega et al. (7),
not all SGC are positive for vimentin; however, we found
positive immunoreactivity in the entire population of SGC
regardless of the type or size of the neuron. Observation of
this reaction by confocal microscopy revealed that the
expression of vimentin is more evident near the mem-
brane, which is interesting because it is known that vimen-
tin is a protein that participates in the communication
between the cell surface and the nucleus (16). In view of
these considerations, our results suggest that vimentin
may exert its function through interaction with actin mi-
crofilaments, which are typically located under the cyto-
plasmic membrane. The vimentin reaction in SGC is en-
hanced after nerve trauma, particularly in those cells lo-
cated around neurons, which are negative for the anti-
apoptotic protein Bcl-2. This suggests that the increase in
vimentin expression is correlated with neuronal death by
apoptosis (17).

The immunoreactivity for GFAP was observed in both
SGC and SC, giving a network appearance to the DRG
cross-section. No GFAP-positive neurons were found in
our sections. The GFAP-immunoreaction product was uni-
form and diffusely distributed throughout the cytoplasm
(data not shown). GFAP is said to abound in the EGC, but
its existence in the SGC is controversial. Vega et al. (7)
reported that none of the SGC expressed GFAP, whereas
other authors reported that SGC express low levels of this
protein (4). Our results revealed GFAP positivity in all
SGC, supporting recent reports in which GFAP was iden-
tified as a marker for peripheral glia (including SGC) differ-
entiation (12).

Functional studies of SGC are even scarcer in the
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