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Abstract 
 

Satellite glial cells (SGCs) have been well known to be present in the sensory and autonomic 
ganglia of the peripheral nerves and play an important role in various brain functions. 
However, interactions between the ganglion cells and SGCs involved in transcytosis of ma-
terials remained as a poorly-solved problem. In the present study, the cellular processes and 
molecular mechanisms of the SGCs were investigated in the nodose ganglion (NG) of the rat 
vagus nerve. Immunofluorescent experiments of the SGCs led to expression of GFAP- and 
Iba-1-immunoreactivity in close vicinity to neuronal cell bodies. However, very weak Iba-1 
expression was seen in GFAP- immunoreactive cells. It was of particular interest that Iba-1-
immunoreactive cells seem to be extending a part of the glial cell bodies into neuronal cell 
bodies in the NG. In electron microscopic experiments, injection of wheat germ agglutinin 
conjugated horseradish peroxidase (WGA-HRP) into the vagus nerve resulted in deep ex-
tension of the fine processes of the SGCs into neuronal cell bodies and uptake of HRP-
reaction product. These findings would indicate that the SGCs respond to environmental 
changes of neuronal cell bodies are reactive microglial cells in the NG. 
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Introduction 
 

The peripheral nervous system includes specialized glial 
cells termed “satellite glial cells (SGCs)” in various gan-
glia [1, 2, 3]. The SGCs are known to be one type of glial 
cells surrounding neuronal cell bodies in sensory ganglia 
[2, 4] and show a similar embryological origin to Schw-
ann cells which are derived from the neural crest during 
development [5]. Interestingly, they are thought to have a 
similar role to microglia which shows equipped mobility 
functioning as the macrophages on the central nervous 
system [6]. In recent studies, the SGCs were also reported 
to have functions to supply nutrients to the surrounding 
neurons [7, 8]. In addition, they expressed a variety of 
receptors that allow for a range of interactions with neu-
roactive chemicals [9]. It appears that the SGCs carry 
receptors for numerous neuroactive agents and can re-
ceive signals from other cells and respond to changes in 
their environment. Activation of the SGCs might in turn 
influence neighboring neurons. Thus, the SGCs are likely 
to participate in signal processing and transmission in 
sensory ganglia [9]. Morphological analysis onto the 

functional implication of the SGCs is considered to be 
useful for understanding the normal and pathological 
brain conditions.  
 

Therefore, the present study was done to identify the reac-
tive glial cells and elucidate the morphological alterations 
of the SGCs, particularly of their processes, in response to 
environmental changes of neuronal cell bodies of the 
nodose ganglion (NG) which were occurred by injection 
of horseradish peroxidase (HRP) into the rat vagus nerve. 
 

Materials and Methods 
 

Experiments were performed on male Wistar rats (SLC, 
Hamamatsu, Japan), weighing 280-340g. The animals 
were housed in separate cages and maintained under stan-
dard laboratory conditions (23 ± 1 oC, 12-h light: 12-h 
dark cycle, food and water ad libitum). The experimental 
procedures were conducted in accordance with National 
Institute of Health (NIH) for Care and Use of Laboratory 
Animals. The Kagawa University Animal Care and Use 
Committee approved the procedures (authorization num-
ber of the ethical approval: No. 78), and all efforts were 
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made to minimize the number of animals used and their 
suffering.   
 

Animals were anesthetized with intraperitoneal injection 
of chloral hydrate (490 mg/kg) for all surgical procedures. 
In the light microscopic experiment, a solution of Alexa 
Fluor 594 conjugate of WGA (Invitrogen, USA) were 
injected into the right vagus nerve using a 10 µl Hamilton 
microsyringe under the operation microscope (4 rats). The 
injection was made into the proximal end of the vagus 
nerve which was exposed widely around the common 
carotid artery at the neck portion. In this experiment the 
injected solution was clearly restricted along the course of 
the vagus nerve. Furthermore, to prevent leakage of in-
jected solution, the proximal end of the vagus nerve was 
pinched with forceps for a few minutes. After a survival 
period of 2-3 days, the animals were perfused transcar-
dially with 0.02M phosphate buffered saline (PBS, pH 
7.4) followed by fixation with 4% paraformaldehyde and 
0.1% glutaraldehyde in 0.02M PBS. For tissue cryosec-
tion analysis, the NG was processed with gradient infiltra-
tion up to 30% sucrose in 0.02M PBS and embedded in 
an optimal cutting temperature compound (Tissue -Tek). 
Serial 20 µm-thick frozen sections were processed for 
fluorescent immunohistochemical staining for GFAP and 
Iba-1 as following brief description. The sections were 
placed in 1% normal donkey serum (Jackson immunore-
search lab. West Grove, PA, USA) for 1 h and incubated 
with primary antibodies at 4oC overnight. PBS solution 
containing the primary antibodies included a mouse 
monoclonal anti-GFAP (BD Biosciences, USA) and a 
rabbit polyclonal anti-Iba-1 (Wako, Japan). Sections then 
were incubated with Alexa 594 conjugated anti-mouse 
IgG (Invitrogen, USA) and Alexa 488 conjugated anti-
rabbit IgG (Invitrogen, USA) in PBS for 2 h. All treated 
slides were processed for nuclear counter staining with 50 
ng/ml Hoechst 33258 (Sigma-Aldrich, USA) for 10 min, 
and mounted in fluorescence mounting medium (Vector 
lab, USA).  

 
The slides were coverslipped using mounting medium 
(Vector lab). Immunofluorescent control studies were 
performed by omission of the primary antibodies. No re-
spective labeling was detected under these conditions. 
Sections were analyzed by epi-illumination fluorescence 
microscope (DP-72, Olympus, Japan) and processed by 
an image analyzer (NIS-Elements D, Nikon, Japan) [10]. 
Confocal laser scanning microscope images were visual-
ized on Radiance 2100 (Bio-Red, Hercules, CA) and an 
optical slice thickness of 0.2µm. 

 
In the electron microscopic experiment, a solution of 4% 
WGA-HRP (Vector Laboratries, Inc) was also injected 
into the right vagus nerve at the neck portion according to 
the method of injection of fluorescent substance described 
above (5 rats). After a survival period of two days, ani-

mals were perfused with 0.1M phosphate buffer (pH7.4) 
followed by a fixative of 1% paraformaldehyde and 
1.25% glutaraldehyde in 0.1M phosphate buffer. The 
blocks containing the NG were cut transversely into 200 
µm-thick sections using a vibratome (Leica VT 1000S, 
Germany) and sections were processed for demonstration 
of HRP-RP according to the heavy metal-intensified dia-
minobenzidine method [11,12,13]. The sections were 
postfixed in buffered 1% osmium tetroxide for 2 h, block-
stained in saturated uranyl acetate for 1 h, dehydrated in a 
graded alcohol series and embedded in an epoxy resin 
mixture as reported previously [14,15]. The NG was iden-
tified by examination of toluidine blue-stained or un-
stained 1 µm-thick sections. Ultrathin sections of the re-
gion were cut and observed without further lead staining 
using a JEOL 200 CX electron microscope. 

 
As controls, the animals receiving no injection (3 rats) 
and the right vagotomy at the neck portion with a survival 
period of two days (5 rats) were used in the present study. 
These animals were perfused with the same fixative and 
sections containing the NG were postfixed, embedded in 
an epoxy resin mixture and observed according to the 
method of the electron microscopic experiment described 
above. 

 
Results 
 
Light microscopic observations  
 
The NG of the vagus nerve was found at the rostral por-
tion of the neck. The NG was slightly cylindrical in form 
and located just beneath the jugular foramen. After the 
ganglion was taken out from the vagus nerve, im-
munofluorescent staining was done. In the experiments, 
the SGCs share several properties with cells including 
WGA-, GFAP- and Iba-1-immunoreactivity in the NG. 
The expression of WGA-immunoreactivity was appar-
ently observed in cytoplasm of neuronal cell bodies and 
myelinated fbers (Figs. 1A and C) while expression of 
GFAP-immunoreactivity was found in the SGCs charac-
terized by foot processes surrounding neuronal cell bodies 
(Figs. 1B, C and F, G). Furthermore, the present experi-
ments led to expression of Iba-1-immunoreactivity with 
short foot processes in close vicinity to the neuronal cell 
bodies (Fig. 1E). These Iba-1-immunoreactive cells were 
small in size and flattened or oval in shape (approxi-
mately 3.6×8.1µm). No WGA expression (Fig. 1D) and 
very weak Iba-1 expression (Fig. 1H) were observed in 
GFAP-immunoreactive cells, respectively. However, it 
was of particular interest in the present study that Iba-1-
immunoreactive cells seem to be extending a part of their 
glial cells into neuronal cell bodies in the NG (Figs. 2A 
and B).  
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 Figure 1. Immunofluorescent experiments in the NG. Expression of WGA-immunoreactivity was apparently 
present in cytoplasm of neuronal cell bodies and myelinated fibers (A and C) while expression of GFAP-
immunoreactivity was found in the SGCs which were characterized by foot processes surrounding neuronal 
cell bodies (B, C and F, G). The experiments also led to expression of Iba-1-immunoreactivity with very short 
foot processes (E). Interestingly, no WGA expression (D) and very weak Iba-1 expression (H) were present in 
GFAP-immunoreactive glial cells, respectively. Calibration bars = 20µm in A-D and 10µm in E-H. 

 

 
 

Figure 2. Immunofluorescent experiments in the NG. Ex-
pression of GFAP- and Iba-1-immunoreactivity was found 
in the SGCs (A). Note that a part of Iba-1-
immunoreactive cell body extends into neuronal cell body 
in the NG (arrows). Framed area in A is magnified in B. 
Calibration bars = 20µm in A and 5µm in B. 

 
Electron microscopic observations 
The SGCs were identified to be located in close vicinity 
to neuronal cell bodies in the NG. The SGCs were small 
in size and flattened in shape and had round or elliptical 
nucleus with centrally located nucleolus (Fig. 3). The NG 
was observed at the electron microscopic level after injec-
tion of WGA-HRP into the vagus nerve. HRP-reaction 
product (HRP-RP) was recognized as electron dense ly-
sosomal-like substance when lead citrate staining was 
omitted. It was demonstrated that small sized cells having 
contacts with neuronal cell bodies are slightly  

 

 
 
Figure 3. Photomicrograph of 1 µm-thick toluidine blue 
stained section of the NG in the intact animal. In the NG 
there are large sized neuronal cell bodies, small sized 
SGCs and myelinated fibers. Note that most of SGCs are 
situated in close vicinity to neuronal cell bodies of the NG 
(arrows). Calibration bar = 20µm. 
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Figure 4. Electron micrographs showing HRP-labeled neuronal cell bodies and SGCs in the NG (A-C). 
Note that SGCs were frequently characterized by fine processes extending deeply into neuronal cell bodies 
(approximately 1.8 -3.4µm) and uptake of HRP-RP (B and C). Asterisk in B and C indicate fine processes 
of SGCs extending into neuronal cell bodies. Calibration bars = 1µm in A and 0.5µm in B and C. 

 
labeled in the NG in contrast to heavy labeling of neurons 
(Fig. 4A). Interestingly, the small sized cells were charac-
terized by some fine processes extending into neuronal 
cell bodies and uptake of HRP-RP (Figs. 4B and C). 
These cells were quite similar to the morphology of the 
SGCs identified as Iba-1-immunoreactive cells in im-
munofluorescent experiments. The depth of the fine proc-
esses extending into neuronal cell bodies was approxi-
mately 1.8-3.4µm. Materials phagocytosed by the fine  
processes finally seemed to be transported from neuronal  
cell bodies to the small sized cells in the NG (Figs. 4B  
 

 
and C). However, in the present study HRP-RP passing 
through membranes of neurons and small sized cells was 
not observed.  
 

As control cases, the NG was investigated in untreated 
and vagotomized animals. In these animals the fine proc-
esses of small sized cells were also observed to extend 
into neuronal cell bodies (Figs. 5A-E). However, the  
depth of these fine processes was approximately 0.2- 
1.0µm and 0.2-0.4µm in untreated and vagotomized ani-
mals,  espectively. 
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Figure 5. Electron micrographs showing phagocytosis of SGCs in untreated (A-D) and vagotomized animals 
(E). Note that in these animals fine processes of small sized cells extend into neuronal cell bodies in the NG. 
However, the depths of these fine processes are approximately 0.2-1.0µm and 0.2-0.4µm in untreated and vago-
tomized animals, respectively. Calibration bars = 0.5µm in A-E. 

 
Discussion  
 
Neurons in sensory ganglia of cranial and spinal nerves 
have been well known to conduct impulses to synapses 
located in the central nervous system. However, it is of 
particular interest morphologically that the neurons are 
enveloped tightly by the SGCs [16]. This direct associa-
tion with neurons might imply the SGCs providing some 
function of protective barrier [17]. These SGCs are con-
sidered to be neuroectoderm-derived and involved in the 
maintenance of homeostasis of sensory neurons by regu-
lating extracellular ion and nutrient levels within sensory 
ganglia [4]. This means the possibility of having a distinct 
interaction with neurons.  
 
In immunofluorescent experiments, the SGCs led to ex-
pression of GFAP- and Iba-1-immunoreactivity in close 
vicinity to neuronal cell bodies in the NG. However, the 
most conspicuous feature in the present study was the 
existence of a part of Iba-l immunoreactive cell bodies 
extending to neuronal cell bodies in the NG. This finding 
means to have a close relationship with microglial cells 
because Iba-1 is a marker for the microglial cells while 
GFAP is the major constituent of the intermediate fila-
ments of the astroglial cells [18, 19]. In addition, the 
characteristic structure of a part of Iba-1- immunoreactive 

cell bodies is considered to be identified as the fine proc-
esses of microglial cells at the electron microscopic level.  
 
The fine processes of the SGCs were oserved to extend 
deeply into neuronal cell bodies and exert the uptake of 
HRP-RP after WGA-HRP injection was made into the 
vagus nerve. With respect to such phagocytic morphology 
of the SGCs, similar structure of the fine processes was 
found in the mouse dorsal root ganglion two weeks after 
sciatic nerve axotomy. However, the fine processes ex-
tended not into neuronal cell bodies but into connective 
tissue space [4]. Furthermore, degenerated neuroblastoma 
was observed to be completely surrounded and finally 
phagocytosed by SGCs in the spinal ganglia of chick em-
bryo [20]. As a result, a phagocytic capacity was con-
cluded to be probably a property common to SGCs of 
both sensory and autonomic ganglia of various species 
[20, 21, 22]. The appearance of the fine processes has a 
close relationship with environmental changes of neu-
ronal cell bodies of the NG involving proteins and neu-
ronal damages. In fact, in sensory neuronal damages the 
SGCs revealed morphological alterations and up-regulate 
growth factors [4, 23, 24]. Although in the present study 
effects of insertion of the needle on the SGCs should be 
considered, findings in the control cases might mean that 
damages by insertion of the needle into the vagus nerve 
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exert weak effects on forming the fine processes when 
animals were perfused after a survival period of two days. 
 
In conclusion, the immunofluorescent and HRP labeling 
methods identified the specific morphology of the SGCs 
in the NG as active microglial cells. The microglial cells 
were characterized by the fine processes extending deeply 
into neuronal cell bodies and exerting the uptake of HRP-
RP and finally transferring HRP-RP to the SGCs. How-
ever, slight extension of the fine processes into the neu-
ronal cell bodies was also observed in untreated and 
vagotomized animals. It is possible that phagocytosis of 
the SGCs may be related to transport of materials includ-
ing proteins from neuronal cell bodies to glial cells in 
order to have some important interactions such as protec-
tive and homeostatic functions. Further studies are re-
quired to test these possible hypotheses.  
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