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Abstract The sympathetic ganglion contains small intensely
fluorescent (SIF) cells derived from the neural crest. We
morphologically characterize SIF cells and focus on their
relationship with ganglionic cells, preganglionic nerve fibers
and sensory nerve endings. SIF cells stained intensely for
tyrosine hydroxylase (TH), with a few cells also being immu-
noreactive for dopamine β-hydroxylase (DBH). Vesicular
acetylcholine transporter (VAChT)-immunoreactive puncta
were distributed around some clusters of SIF cells, whereas
some SIF cells closely abutted DBH-immunoreactive gangli-
onic cells. SIF cells contained bassoon-immunoreactive prod-
ucts beneath the cell membrane at the attachments and on
opposite sites to the ganglionic cells. Ganglion neurons and
SIF cells were immunoreactive to dopamine D2 receptors.
Immunohistochemistry for P2X3 revealed ramified nerve
endings with P2X3 immunoreactivity around SIF cells.
Triple-labeling for P2X3, TH and VAChT allowed the clas-
sification of SIF cells into three types based on their innerva-
tion: (1) with only VAChT-immunoreactive puncta, (2) with
only P2X3-immunoreactive nerve endings, (3) with both
P2X3-immunoreactive nerve endings and VAChT-
immunoreactive puncta. The results of retrograde tracing with
fast blue dye indicated that most of these nerve endings
originated from the petrosal ganglion. Thus, SIF cells in the

superior cervical ganglion are innervated by preganglionic
fibers and glossopharyngeal sensory nerve endings and can
be classified into three types. SIF cells might modulate sym-
pathetic activity in the superior cervical ganglion.
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Introduction

The sympathetic ganglion contains small intensely fluorescent
(SIF) cells (derived from the neural crest) and sympathetic
ganglionic cells (Eränkö 1978; Matthews 1989; Huber 2006;
Shtukmaster et al. 2013) and has been shown to be immuno-
reactive for tyrosine hydroxylase (TH) and/or dopamine β-
hydroxylase (DBH; Borghini et al. 1994; Heym et al. 1993,
1994; Prud’homme et al. 1999). Electron microscopy has
revealed that SIF cells contain numerous dense-core vesicles
and make afferent synapses with preganglionic sympathetic
nerve terminals and efferent synapses with the dendrites of
postganglionic neurons (Kondo 1977; Matthews and Raisman
1969; Case and Matthews 1985). Physiological studies have
demonstrated that dopamine stimulates acetylcholine musca-
rinic receptors on sympathetic ganglion neurons (Libet and
Tosaka 1969; Libet and Owman 1974). However, the detailed
innervation pattern of SIF cells remains unknown.

Glomus cells in the carotid body and aortic body, which are
similar to SIF cells, have been identified as sensors for arterial
lower pO2 and acidity (for a review, see Lahiri et al. 2001).
They have been found to make synaptic contacts with the
sensory nerve endings of pseudounipolar neurons from the
petrosal and nodose ganglia, respectively. ATP is released in
the carotid body by hypoxic stimulation and is a candidate for
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being the major excitatory transmitter from glomus cells to
sensory nerve endings (Nurse and Piskuric 2013).
Immunohistochemistry has revealed that sensory nerve end-
ings immunoreactive for P2X2 and P2X3 purinoreceptors are
located around glomus cells in the carotid and aortic bodies
(Prasad et al. 2001; Piskuric et al. 2011). Ultrastructural ob-
servations have shown both efferent and afferent nerve termi-
nals on SIF cells (Kondo 1977; Matthews and Raisman 1969)
and catecholamine contents in sympathetic ganglia have been
found to be enhanced under hypoxic conditions (Borghini
et al. 1994; Dalmaz et al. 1988, 1993). Thus, sympathetic
SIF cells might also be innervated by P2X2- and/or P2X3-
expressing sensory nerve endings. Although a previous study
reported that vagal sensory nerve fibers immunoreactive for
substance P and calcitonin gene-related peptide are distributed
in the superior ganglion (Zeidi and Matthews 2013), P2X
purinoreceptors containing sensory nerve endings have not
as yet been identified.

In order to reconsider the neural circuits in the superior
cervical ganglion, attempt here to demonstrate the morpho-
logical interrelationship between SIF cells, preganglionic
nerve endings and postganglionic cells by using
multilabeling immunofluorescence with antibodies against
TH for SIF cells, DBH for postganglionic cells and the
vesicular acetylcholine transporter (VAChT) for preganglion-
ic fibers. Immunohistochemistry for P2X3 is performed with
a focus on the relationship between nerve endings and SIF
cells in order to demonstrate sensory innervation. We also
perform retrograde neurotracing with fast blue (FB) dye to
identify the origin of nerve endings in the superior cervical
ganglion.

Materials and methods

Animals

Eight-week-old male Wistar rats (Japan SLC, Hamamatsu,
Japan) were used. All procedures for animal handling were
performed in accordance with the guidelines of the local
Animal Ethics Committee of Iwate University (accession
number: A201329).

Immunohistochemistry

Fifteen rats were used for immunohistochemistry. Each rat
was anesthetized by an intraperitoneal injection of pentobar-
bital sodium (55 mg/kg) and transcardially perfused through
the ascending aorta with Ringer’s solution (300 ml) followed
by 4 % paraformaldehyde in 0.1 M phosphate buffer (pH 7.4;
300 ml). The superior cervical ganglia were removed and
further fixed with the same fixative for 3–5 h at 4 °C. In some
animals, the stellate ganglion, celiac ganglion and pelvic

ganglion were also fixed for comparisons. Tissues were then
rinsed in phosphate-buffered saline (PBS, pH 7.4), soaked in
30 % sucrose in PBS and frozen with O.C.T. compound
medium (Sakura Finetek, Tokyo, Japan). The tissues were
serially sectioned at a thickness of 10 μm by using a cryostat
(CM 1900, Leica, Wetzlar, Germany) and mounted on glass
slides coated with chrome alum-gelatin.

The sections were stained by double- or triple-immunoflu-
orescence. They were first incubated for 30 min with non-
immune donkey serum (1:50) and then incubated overnight at
4 °C with a mixture of primary antibodies raised against TH
and other neurological markers: vesicular acetylcholine trans-
porter (VAChT), DBH, bassoon, dopamine D2 receptor
(D2R) and P2X3 (Table 1). Bassoon is a presynaptic active-
zone protein that is used as a marker for exocytosis (Schoch
and Gundelfinger 2006). Details of antibody combinations are
summarized in Table 2. After being incubated with primary
antibodies, sections were then treated with a mixture of sec-
ondary antibodies for 90 min at 20 °C. They were counter-
stained with DAPI (4,6-diamidino-2-phenylindole) and
coverslipped with Fluoromount (Diagnostic Biosystems,
Pleasanton, Calif., USA). As a negative immunohistochemi-
cal control, PBS or non-immune serum was used instead of
primary or secondary antisera. The specificities of antibodies
against D2R and P2X3were also verified by the preabsorption
control.

A polyclonal rabbit antibody for D2R was raised against a
synthetic polypeptide of 270–370 amino acid residues of
mouse D2R (Narushima et al. 2006). The D2R antibodies
were used in an immunohistochemical analysis of brain tissue
(Narushima et al. 2006; Uchigashima et al. 2007). Control
peptide was pre-incubated at the final concentration of the
antigen peptide (1 mg/mg) overnight at 4 °C. Then, sections
were stained by using immunofluorescence as mentioned
above. On the other hand, a polyclonal rabbit antibody for
P2X3 was raised against a synthetic polypeptide of 383–397
amino acid residues of rat P2X3 (VEKQSTDSGAYSIGH).
This antibody was widely used in the immunohistochemistry
of peripheral nervous ganglia (e.g., Huang et al. 2011; Fan
et al. 2014). To perform pre-absorption tests, antibody was
incubated with control peptide (1 mg/ml) overnight at 4 °C.
Then, sections of superior cervical ganglion and carotid body
were stained by immunofluorescence as mentioned above.
Because numerous P2X3 nerve endings have been reported
in the carotid body (Prasad et al. 2001), we also used sections
of carotid body.

Observations

Sections were examined with a confocal scanning laser mi-
croscope (C1, Nikon, Tokyo, Japan). Images of Alexa488,
Cy3 and Alexa647 were colored in green, red and white by
using computer software (NIS-element, Nikon). The Z-stacks
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of confocal projection images were made from 5–15 series of
images at 0.5- to 1-μm intervals, in the same software. Some
images were also reconstructed to provide a three-dimensional
view from intact or binary images that were converted from
the original.

Retrograde labeling

Three rats were anesthetized with pentobarbital (15 mg/kg;
intraperitoneal injection) and the neck of each was incised to
expose the left superior cervical ganglion. A small incision
was made on the surface of the ganglion and 200 nl of a
retrograde tracer (2.5 % FB dye in 10 % dimethylsulfoxide;
Polysciences, Warrington, Pa., USA) was then injected by
using a thin glass micropipette connected to a microinjector
(IM-9B, Narishige, Tokyo, Japan). After survival for 5 days,
animals were fixed by transcardial perfusion as described
above. The petrosal, jugular and nodose ganglia and dorsal
root ganglia at C1-C3 were dissected out. Serial 10-μm

sections were immunostained for P2X3. Epifluorescence mi-
croscopy (Eclipse 80i, Nikon, Tokyo) was used to count FB-
labeled neurons. Furthermore, 50-μm sections of the spinal
cord at Th1 to Th3 were examined. Some sections were
photographed by using a confocal scanning laser microscope.

Results

Immunohistochemical characteristics of SIF cells

SIF cells in the superior cervical ganglion showed intense
immunoreactivity for TH (Fig. 1). These cells were approxi-
mately 8–15 μm in diameter and were oval or polygonal in
shape. Some possessed thin cytoplasmic processes. Although
SIF cells were mostly gathered into clusters, some solitary
cells were also observed in intraganglionic nerve bundles.
DBH immunoreactivity was observed in ganglionic cell

Table 1 Antibodies used. The antibody numbers in this table are also
employed in Table 2. Sources: A Cell Signaling Technology (Danvers,
Mass., USA); B Merck Millipore (Billerica, Mass., USA); C Enzo Life
Science (Farmingdale, N.Y., USA); D Frontier Sciences (Sapporo,

Japan) ; E Neuromics (Edina , Minn. , USA) ; F Jackson
ImmunoResearch (West Grove, Pa., USA); G Invitrogen (Carsbad,
Calif., USA)

Antibody ID Enzyme Abbreviation Host Code Clone number Dilution Source

Primary antibodies

1 Tyrosine hydroxylase TH Rabbit 2792 1:200 A

2 Tyrosine hydroxylase TH Mouse MAB318 LNC1 1:1000 B

3 Dopamine β-hydroxylase DBH Mouse MAB308 4 F10.2 1:4000 B

4 Vesicular acetylcholine transporter VAChT Goat BML-SA109 1:5000 C

5 Bassoon Mouse ADI-VAM-PS003-D SAP7F407 1:5000 C

6 Dopamine D2 receptor D2R Rabbit D2R-Rb-Af750-1 1:200 D

7 P2X3 receptor P2X3 Rabbit RA10109 1:4000 E

Secondary antibodies

a Alexa488-labeled anti-mouse IgG Donkey 715-545-150 1:200 F

b Alexa488-labeled anti-rabbit IgG Donkey 711-545-152 1:200 F

c Cy3-labeled anti-rabbit IgG Donkey 711-165-152 1:100 F

d Cy3-labeled anti-goat IgG Donkey 705-165-147 1:100 F

e Cy3-labeled anti-guinea Pig IgG Donkey 706-165-148 1:100 F

f Cy3-labeled anti-mouse IgG Donkey 715-165-151 1:100 F

g Alexa647-labeled anti-goat IgG Donkey A21447 1:1000 G

Table 2 Combinations of
antibodies for multilabeling
immunofluorescence. Numbers
and letters are as shown in Table 1

Combination Primary
antibody 1

Secondary
antibody 1

Primary
antibody 2

Secondary
antibody 2

Primary
antibody 3

Secondary
antibody 3

TH/DBH/VAChT 1 c 3 a 4 g

TH/Bassoon 1 c 5 a

TH/D2R 2 a 7 e

TH/P2X3/VAChT 2 f 8 b 4 g

TH/P2X3 2 f 8 b
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bodies, nerve fibers and a few SIF cells; however, most SIF
cells were not immunoreactive for DBH (Figs. 1, 2a-c). Some
TH-immunoreactive SIF cells were closely attached to DBH-
immunoreactive ganglionic cells (Figs. 1, 2d-f). VAChT im-
munoreactivity was observed as punctate labeling on SIF and
ganglionic cells (Figs. 1, 2). However, VAChT-
immunoreactive puncta were not observed on some clusters
of SIF cells. In some cases, SIF cells with VAChT-
immunoreactive puncta were located in the shallow dimples
of flat cytoplasmic processes in ganglionic cells (Fig. 2d-f).
On the other hand, the accumulation of dot-like immunoreac-
tive products for bassoon was detected beneath the cellular
membranes of SIF cells (Fig. 2g-i). These bassoon-
immunoreactive products were observed in both the attach-
ment and opposite sides to ganglionic cells. Immunoreactivity
for D2R was observed in both SIF and ganglionic cells
(Fig. 3a-c). Preabsorption of anti-D2R antibody with immu-
nogen peptide completely blocked immunostaining in the
SIF cells and ganglion cells in superior cervical ganglia
(Fig. 3d, e).

Morphology of P2X3-immunoreactive nerve endings
around SIF cells

P2X3-immunoreactive nerve endings were associated with
TH- immunoreac t ive SIF ce l l s (F ig . 4 ) . P2X3-
immunoreactive nerve endings were attached to SIF cells with
or without VAChT-immunoreactive puncta. Nerve endings
that were immunoreactive for P2X3 originated from thick
nerve fibers (approximately 2 μm in diameter), were
branched and terminated on SIF cells (Fig. 5). The axon
terminals of the P2X3-immunoreactive nerve endings were

hederiform and flat. Small terminals were attached to SIF
cells and large terminals ensheathed around SIF cells. A
three-dimensional reconstruction confirmed that the axon ter-
minals of nerve endings with P2X3 immunoreactivity
branched to several neighboring SIF cells and tightly
ensheathed SIF cells (Fig. 5c). In the preabsorption control
for P2X3 antibody, no immunoreactive products were ob-
served in the superior cervical ganglion, carotid body and
petrosal ganglion (not shown).

Innervation of SIF cells

Triple-immunolabeling for TH, P2X3 and VAChT revealed
various innervation patterns for SIF cells (Fig. 6). Some
clusters of SIF cells exhibited VAChT-immunoreactive
puncta, whereas no P2X3-immunoreactive endings were as-
sociated with them (Fig. 6d). In other clusters, only flattened
nerve endings with P2X3 immunoreactivity were found
around the cells (Fig. 6e). Moreover, the other clusters exhib-
ited distributions of both VAChT-immunoreactive puncta and
P2X3-immunoreactive nerve endings (Fig. 6f). Therefore, the
patterns of innervation on SIF cells could be divided into three
types: (1) with only VAChT-immunoreactive puncta, (2) with
only P2X3-immunoreactive nerve endings, (3) with both
VAChT-immunoreactive puncta and P2X3-immunoreactive
nerve endings.

Retrograde tracer study

After the injection of FB retrograde tracer into the superior
cervical ganglion, labeled neurons were observed in the ipsi-
lateral sensory ganglia of the glossopharyngeal and vagus

Fig. 1 Low magnification views of SIF cells in the superior cervical
ganglion as revealed by triple-immunolabeling for tyrosine hydroxylase
(TH; Cy-3, red), dopamine β-hydroxylase (DBH; Alexa488, green) and
vesicular acetylcholine transporter (VAChT; Alexa647, white). a Merged
image of TH and VAChT immunoreactivity. b Merged image of DBH
and VAChT immunoreactivity. c Merged image of the three antibodies.

SIF cells with intense immunoreactivity for TH are clustered between
ganglionic cells. VAChT-immunoreactive puncta were observed on the
cellular surface of some SIF cells (arrowheads) but not on others
(arrows). Almost all SIF cells lacked immunoreactivity for DBH and
only a few cells were immunoreactive. Dotted rectangles in a–c are
enlarged in Fig. 2a-c. Nuclei are stained by DAPI (blue) in c

444 Cell Tissue Res (2015) 359:441–451



nerves, i.e., petrosal, jugular and nodose ganglia. Some FB-
labeled neurons were also immunoreactive for P2X3 (Fig. 7a-
c). Based on three experiments, a total of 143, 61 and 6 cells
were labeled with FB in the petrosal, jugular and nodose
ganglia, respectively. Of these FB-labeled cells, 72 (50.3 %),
8 (13.1 %) and 2 cells (33.3 %) were also immunoreactive for
P2X3 (Fig. 7d). In the dorsal root ganglion at C1-C3, only one
P2X3-immunoreactive FB-labeled cell was observed among a
total of 48 FB-labeled cells in three experiments. The propor-
tions of P2X3-immunoreactive FB-labeled cells were 86.7,
9.6, 2.4 and 1.2 % in the petrosal, jugular, nodose and dorsal
root ganglia, respectively (Fig. 7e). Raw data are shown in
Table 3. In the spinal cord at the Th1-Th3 levels, FB-labeled
neurons were observed in the mediolateral nucleus (Fig. 7f).

Stellate ganglion, celiac ganglion and pelvic ganglion

In the stellate, celiac and pelvic ganglia, SIF cells with TH
immunoreactivity were clustered between ganglion nerve
cells, as in the superior cervical ganglia. VAChT-
immunoreactive puncta were distributed on the SIF cells in

these ganglia but no P2X3-immunoreactive nerve endings
were present (Fig. 8).

Discussion

SIF cells as interneurons in superior cervical ganglion

The close relationship among SIF cells, VAChT-
immunoreactive preganglionic nerve fibers and DBH-
immunoreactive postganglionic cells suggests that SIF cells
in the superior cervical ganglia play a role as interneurons, as
previously reported. Because few SIF cells with DBH immu-
noreactivity were observed in a previous study (Heym et al.
1993), dopamine might be the main transmitter of SIF cells.
The presence of bassoon-immunoreactive products beneath
the cellular membrane in TH-immunoreactive SIF cells sug-
gests that SIF cells release dopamine to the postganglionic
nerve cell body. Furthermore, dopamine released from SIF
cells might bind to D2R on ganglionic cells to modulate their
excitability. Both D1R and D2R mRNAs have been shown to

Fig. 2 a–c TH- and DBH-
immunoreactive SIF cells. Most
SIF cells are intensely
immunoreactive for TH and two
cells shown here are also
immunoreactive for DBH. Some
SIF cells are closely apposed to
ganglionic cells (G). d–f SIF cells
around a ganglionic cell. SIF cells
with VAChT-immunoreactive
puncta are located in the dimples
of flat cytoplasmic processes
(asterisks). g–i Bassoon-
immunoreactive products are
observed beneath the cellular
membrane near the ganglionic
cells (arrows). Bassoon
immunoreactivity was also
observed at the opposite side of
the ganglionic cells (arrowheads).
Nuclei are stained by DAPI (blue)
in c, f, i
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be expressed in the superior cervical ganglia of rabbits
(Bairam et al. 2003), whereas only D2R mRNA has been
detected in the ganglionic cells of rats (Czyzyk-Krzeska
et al. 1992). With regard to function, Brokaw and Hansen
(1987) reported that the D2R antagonist, spiroperidol, induces
the synthesis of noradrenaline in the rat superior cervical
ganglion. Thus, ganglionic cells in the superior cervical gan-
glion are regulated by the dopamine released from SIF cells
via D2R.

Previous studies have reported that axon terminals make
synapses with SIF cells in both directions (Case andMatthews
1985; Kondo 1977; Matthews and Raisman 1969). Therefore,
SIF cells might regulate preganglionic fibers that are immu-
noreactive to VAChT and also postganglionic cells that are
immunoreactive to DBH by using synaptic transmission. In
addition to synaptic regulation, dopamine has been shown to
regulate neuronal function by volume transmission in the

Fig. 4 Low magnification view of P2X3-immunoreactive nerve endings
in the superior cervical ganglion as revealed by triple-immunolabeling for
TH (Cy-3, red), P2X3 (Alexa488, green) and VAChT (Alexa647, white).
aMerged image of TH and P2X3 immunoreactivity. bMerged image of

TH and VAChT immunoreactivity. c Merged image from the three
antibodies. P2X3-immunoreactive nerve endings associate with clusters
of SIF cells without (arrows) and with (arrowheads) VAChT-
immunoreactive puncta. Nuclei are stained by DAPI (blue) in c

Fig. 5 Double-immunolabeling for TH and P2X3 in the rat superior
cervical ganglion. a Two P2X3-immunoreactive nerve endings
associate with SIF cell clusters. A P2X3-immunoreactive thick axon
(arrow) was observed near the SIF cell cluster right (arrow). b
Projection view of flattened axon terminals. P2X3-immunoreactive
axon terminals are wrapped around the cluster of SIF cells (arrow
parent axon of the nerve ending). c Three-dimensional reconstruction
of the P2X3-immunoreactive axon terminal in b. Nuclei of cells are
revealed by DAPI (blue) in a, b (G ganglionic cells)

Fig. 3 Distribution of dopamine receptors D2 (D2R). a–c D2R
immunoreactivity is observed in both SIF cells and ganglionic cells. d
No immunoreactivity is found in SIF cells (arrow) and ganglion cells (G)
in the preabsorption control. e Differential interference contrast image
with DAPI nuclear staining (blue) of the same section as in d
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Fig. 6 Innervation patterns on
SIF cells in the superior cervical
ganglia (G ganglionic cells). a–c
Only P2X3-immunoreactive
nerve endings are found on an SIF
cell (arrowhead), whereas only
VAChT-immunoreactive puncta
are detected on SIF cells in the
cluster (arrows). d SIF cells with
VAChT-immunoreactive puncta
(arrows) and without P2X3-
immunoreactive nerve endings. e
High-power view of TH-
immunoreactive SIF cells with
P2X3-immunoreactive nerve
endings and without VAChT-
immunoreactive puncta (arrows).
f SIF cells with both P2X3-
immunoreactive nerve endings
and VAChT-immunoreactive
puncta (arrows)

Fig. 7 Fast-blue (FB)-labeled ganglionic cells after their injection into
superior cervical ganglion. a–c Two FB-labeled cells are visible in the
petrosal ganglion; one cell is also immunoreactive for P2X3 (arrow),
whereas the other cell is not (arrowhead). cMerged image of a, b. d Total
number of FB-labeled cells in the petrosal ganglion (PG), jugular
ganglion (JG), nodose ganglion (NG) and dorsal root ganglion (DRG)

at the levels of C1-C3 from three experiments. Closed and open columns
show P2X3-immunoreactive and P2X3-negative cells, respectively. e
Percentages of FB-labeled P2X3-immunoreactive neurons in PG, JG,
NG and DRG. A total of 86.7 % of cells was detected in the PG. f FB-
immunoreactive cells in the lateral reticular nucleus on the ipsilateral side
of the spinal cord at the Th2 level
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central nervous system (Fuxe et al. 2010). The localization of
bassoon-immunoreactive vesicle-releasing sites on the oppo-
site site of postganglionic cells implies that dopamine is
released into the extrasynaptic region from SIF cells. Thus,
dopamine released from SIF cells might regulate postgangli-
onic cells by both synaptic and volume transmissions.
Furthermore, D2R immunoreactivities have been observed
in SIF cells, suggesting the feedback regulation of SIF cells
themselves in an autocrine/paracrine manner.

Sensory nerve endings around SIF cells

The present investigation has revealed that some of the SIF
cells in the superior cervical ganglion receive P2X3-
immunoreactive afferent nerve endings associated with the
SIF cell cluster and that synaptic contact might occur between
nerve endings and SIF cells. Previous studies have reported
that nerve endings with P2X2 and P2X3 immunoreactivities
are distributed around the cluster of glomus cells in the carotid
and aortic bodies (Prasad et al. 2001; Piskuric et al. 2011). In
the neuroepithelial body in the mouse lung, ramified nerve
endings with P2X2 and/or P2X3 immunoreactivities have
been found to be distributed between sensory cells (Brouns
et al. 2009). Furthermore, nerve endings with P2X2 and P2X3
immunoreactivities are associated with taste cells in lingual

taste buds (Kataoka et al. 2006; Yang et al. 2012). The rela-
tionship between SIF cells and P2X3-immunoreactive nerve
endings is similar to that of other sensory cell-nerve com-
plexes. Physiological experiments have revealed that ATP is
probably one of the main transmitters for signal transmissions
from glomus cells to afferent nerve endings (Nurse and
Piskuric 2013) and from taste cells to gustatory nerves
(Roper 2013). Moreover, studies by using microbiosensors
on the whole carotid body or glomus cell culture with biolu-
minescence detection have revealed that hypoxic stimulation
induces the release of ATP with dopamine from glomus cells
(Buttigieg and Nurse 2004; Masson et al. 2008). In physio-
logical experiments with an ATP-sensitive biosensor, type II
gustatory cells have been shown to release ATP via pannexin
1 hemichannels when taste stimuli are applied (Huang et al.
2007). SIF cells in the superior cervical ganglia might there-
fore release ATP and dopamine when cells are depolarized
and this ATP might bind to P2X purinoreceptors in sensory
nerve endings.

Innervation of SIF cells

The results of the retrograde tracer experiment indicate that
most sensory nerve endings with P2X3 immunoreactivity in
the superior cervical ganglion are derived from the petrosal
ganglion. McDonald (1983) suggested, based on histological
observations, that sensory nerve fibers in the carotid sinus
nerve project to the superior cervical ganglion via communi-
cating branches. P2X3-immunoreactive nerve endings might
run through the carotid sinus nerve. A previous study demon-
strated that VAChT can be used as an immunohistochemical
marker of cholinergic nerve terminals (Schäfer et al. 1998). In
the present study, we confirmed that neurons in the
mediolateral nucleus of the spinal cord at Th1-Th3 project to
the superior cervical ganglion in our retrograde tracing exper-
iments and that they might also be the origin of VAChT axon
terminals in the superior cervical ganglion. Based on the

Table 3 Number of fast-blue-labeled cells after injection of dye into
superior cervical ganglion given as P2X3-positive labeled cells divided
by total number of labeled cells (PG petrosal ganglion, JG jugular
ganglion, NG nodose ganglion, DRG dorsal root ganglion, ND not
detected)

Animal number PG JG NG DRG (C1-C3)

1 31/35 7/42 ND 0/7

2 25/62 0/7 2/6 ND

3 16/46 1/12 ND 1/41

Total 72/143 8/61 2/6 1/48

Fig. 8 Triple-labeling for TH (Cy-3, red), P2X3 (Alexa488, green) and
VAChT (Alexa647,white) in the stellate ganglion (a; ggl ganglion), celiac
ganglion (b) and pelvic ganglion (c). No P2X3-immunoreactive nerve
endings are detected around the TH-immunoreactive SIF cells in these

ganglia and VAChT-immunoreactive puncta are distributed on the cells.
Note TH-immunoreactive ganglionic cells (G) in a, b and ganglionic cells
with TH and VAChT immunoreactivities (G1 and G2, respectively) in c
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combination of P2X3- and VAChT-immunoreactivities
around SIF cells, SIF cells in the superior cervical ganglion
seem to be divided into three subpopulations based on their
innervation as shown in Fig. 9: (1) with preganglionic termi-
nals only, (2) with glossopharyngeal sensory nerve endings
only, (3) with both sensory nerve endings and preganglionic
axon terminals. Preganglionic fibers of both sympathetic and
parasympathetic nerves have been reported to be distributed in
the carotid body, based on tracer and denervation studies (for a
review, see Kummer 1997). On the other hand, Kummer and
Neuhuber (1989) classified the clusters of paraganglion cells
in the vagus nerve into two types, namely, glomus-like bodies
(GLB) and SIF-cell like bodies (SLB); GLB have a cellular
capsule emerging from the perineurium but SLB do not. These
authors further reported that the enlarged afferent nerve end-
ings are unevenly distributed in GLB but not in SLB. The
variations of SIF cells in the superior laryngeal nerve are
similar to those of other paraganglia.

Functional considerations

SIF cells with VAChT-immunoreactive puncta and without
P2X3-immunoreactive sensory nerve endings might be inter-
neurons between preganglionic nerve terminals and ganglion-
ic neurons. Previous studies have confirmed that SIF cells are
interneurons between preganglionic nerve terminals and post-
ganglionic neurons in the sympathetic nervous system
(Eränkö 1978; Matthews 1989). Physiological experiments
have shown that dopamine stimulates acetylcholine

muscarinic receptors on sympathetic ganglion neurons to
produce a slow inhibitory postsynaptic potential, s-IPSP
(Libet and Owman 1974). In addition to s-IPSP, a slow excit-
atory postsynaptic potential, s-EPSP, has also been found to be
modulated by dopamine (Libet and Tosaka 1969). On the
other hand, D2R is known to be generally coupled with the
Gαi protein to reduce cAMP concentrations (Beaulieu and
Gainetdinov 2011). In the carotid body, dopamine has been
shown to be released by hypoxia and by the inhibition of
sensory discharge in the carotid sinus nerve (Itturiaga and
Alacayaga 2004). Therefore, D2R in the superior cervical
ganglion might receive feedback inhibition after the depolar-
ization of SIF cells, as in the glomus cells in the carotid body.

The SIF cells innervated by P2X3-immunoreactive sensory
nerve endings might be sensory cells, because synaptic inputs
might be absent. After hypoxic exposure (10 % O2) for 2–28
days, dopamine content increases in rat sympathetic ganglia,
including the superior cervical ganglion (Borghini et al. 1994;
Dalmaz et al. 1988). Furthermore, the number of TH-
immunoreactive SIF cells in the superior cervical and celiac-
cranial mesenteric ganglia also increases after hypoxia for
14 days (Dalmaz et al. 1993). These findings suggest that
SIF cells in the superior cervical ganglia are involved in the
response to hypoxia and also that P2X3 nerve endings trans-
mit the hypoxic responses of SIF cells to the central nervous
system. However, P2X3-immunoreactive nerve endings have
not been detected around SIF cells in other sympathetic gan-
glia, including the stellate, celiac and pelvic ganglia. Based
on the findings of ontogenetic studies in mutant mice, the

Fig. 9 Three types of SIF cells
classified by their innervation.
Type 1 SIF cells with
preganglionic terminals only.
Type 2 SIF cells with
glossopharyngeal sensory nerve
endings only. Type 3 SIF cells
with both sensory nerve endings
and preganglionic axon terminals
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glomus cells in the carotid body are derived from the superior
cervical ganglion (for a review, see Kameda 2014).
Furthermore, sensory nerve endings in the carotid body have
been shown to be derived from the petrosal ganglionic cells
based on the findings of a degeneration study (Hess and Zapta
1972) and on retrograde (Kalia and Davies 1978) and antero-
grade neuronal tracing (Fidone et al. 1977). Since the sensory
endings around SIF cells might be derived from petrosal
ganglionic cells as discussed above, the morphological char-
acteristics of SIF cells are similar to those of the glomus cells.
SIF cells that associate with P2X3-immunoreactive nerve
endings in the superior cervical ganglionmight thus be ectopic
glomus cells.

SIF cells associated with both P2X3-immunoreactive sen-
sory nerve endings and VAChT-immunoreactive preganglion-
ic terminals appear to act as an interconnection between
preganglionic and primary sensory neurons. Previous studies
have reported that hypoxic and/or hypercapnic stimuli evoke
sympathetic activity in the cervical trunk of the sympathetic
nerve, renal sympathetic nerve and splanchnic nerve (Huang
et al. 1988; Hirakawa et al. 1997; Moreira et al. 2006). This
type of cell might monitor both preganglionic nerve activity
and hypoxia in the arterial blood andmight also be involved in
the feedback regulation of sympathetic activity.

Concluding remarks

SIF cells in the superior cervical ganglion are innervated by
preganglionic fibers and glossopharyngeal sensory nerve end-
ings and can be classified into three types. These cells might
have sensory functions in addition to their role as interneurons
and might regulate sympathetic nerves. Since the neural cir-
cuit in the superior cervical ganglion is highly complex, as
reported in the present study, the exact function of each type of
SIF cell should be examined in more detail in future studies.
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