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Location and distribution of spinal sympathetic preganglionic neu-
rons projecting to the superior cervical ganglion were investigated in
arodent model organism for photoperiodic regulation, the Djungar-
ian hamster (Phodopus sungorus). Upon unilateral injection of Fluoro-
Gold into the superior cervical ganglia, retrograde neuronal tracing
demonstrated labeled neurons ipsilateral to the injection site. They
were seen in spinal segments C8 to Ths of which the segments Th1 to
Th3 contained about 98% of the labeled cells. Neurons were found
in the spinal cord predominantly in the intermediolateral nucleus
pars principalis and pars funicularis. At the same time, the central
autonomic area and the intercalated region contained only very few
labeled cells. In the intermediolateral nucleus, cells often were ar-
ranged in clusters, of which several were seen in each spinal seg-
ment. Selected sections were exposed to antibodies directed against
arginine-vasopressin, neuronal nitric oxide synthase, neuropeptide
Y, neurotensin, oxytocin or substance P. It was found that about two-
thirds of sympathetic preganglionic neurons produced the gaseous
neuroactive substance nitric oxide and that few contained small
amounts of neuropeptide Y. Fibers of putative supraspinal origin im-
munopositive for either arginine-vasopressin, neuronal nitric oxide
synthase, neuropeptide Y, neurotensin, oxytocin or, in particular,
substance Pwere found in thevicinity of labeled sympathetic pregan-
glionic neurons. These results demonstrate the location of relay neu-
rons for autonomic control of cranial and cardial structures and pro-
vide further knowledge on neurochemical properties of sympathetic
preganglionic neurons and related structures.
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1. Introduction

The Djungarian or Siberian dwarf hamster, Phodopus sun-
gorus (hereinafter referred to as Phodopus), is a widely used
model organism for studying seasonal dependency of func-
tional body parameters such as reproduction ingestive behav-
ior and obesity as well as aggression [1-8]. All these involve
the components of the autonomic system, i.e., parasympa-
thetic and intramural neurons and, in particular, the sympa-
thetic system.
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Phodopus features robust changes of neural, physiological
and behavioral parameters in response to photoperiodic vari-
ations. The animals are long-day breeders, exhibit gonadal
regression and body weight and fur color changes when ex-
posed to short-day conditions [1]. The species is special since
animals lose weight in winter by decreasing body mass on a
metabolic basis [9].

There is consensus that the crucial seasonal cue is day-
length translated into a hormonal signal, i.e., melatonin
secretion from the pineal gland into the blood and cere-
brospinal fluid. A clear relation was found between day-
length and, among other parameters, gonadal function as a
response to the melatonin signal’s daily duration. In animals
with short gestation periods such as Phodopus, melatonin
acts anti-gonadotropic [2, 10].

The pineal gland is a member of the circadian timing sys-
tem that consists of several brain structures. The endoge-
nous clock is located in the suprachiasmatic nuclei and ex-
erts its influence on pineal function by multisynaptic path-
ways [11, 12]. The functionally most important route in-
cludes sympathetic regulation of pineal melatonin synthesis
via noradrenaline released from the superior cervical ganglia
(SCG) neurons, usually denominated as postganglionic neu-
rons. Neurons of the SCG are innervated by fibers originat-
ing from perikarya located in the lateral horn of lower cer-
vical and upper thoracic spinal cord segments, i.e., the sym-
pathetic neurons of the intermediolateral nucleus usually de-
nominated as sympathetic preganglionic neurons (SPN). This
has been shown previously in several species by many studies
using retrograde tracing techniques [13-26], without claim-
ing completeness. See also the reviews [27, 28] and the dis-
cussion below for more details.

The SPN provide the connection between the central and
the autonomic nervous system. They are the last central com-
ponent, are under the descending and local influence of the
CNS, and innervate postganglionic neurons. Among various
other functions, the sympathetic trunk couples the pineal or-
gan to the hypothalamus and is thus a pivotal part of the sys-
tem that generates and maintains pineal-dependent circadian
rhythms in mammals.
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As part of a long-standing program, we studied structures
and pathways mediating photoperiodic control of body func-
tions in Phodopus, particularly the hypothalamus, retino-
hypothalamic tract, suprachiasmatic nucleus, superior cer-
vical ganglia and pineal gland [29-37]. Since Reuss [36]
focused on the distribution of calcitonin gene-related pep-
tides in the spinal cord referred to SPN in Phodopus with-
out detailed quantification, the present research was con-
ducted to provide a detailed analysis location and distribu-
tion of SPN projecting to the SCG. We also sought to find
the possible presence of selected neuroactive substances in
or neighboring identified SPN. We, therefore, labeled SPN
by retrograde neuronal tracing upon injection of the neu-
ronal tracer, Fluoro-Gold (FG) [38], into the SCG of anes-
thetized animals and analyzed these neurons in sections from
the perfusion-fixed spinal cord. We then used immunofluo-
rescent staining of selected spinal sections containing SPN by
antibodies directed to either arginine-vasopressin, neuronal
nitric oxide-synthase, neuropeptide Y, neurotensin, oxytocin
or substance P.

2. Materials and methods

Fourteen (adult male) Djungarian hamsters (Phodopus sun-
gorus) with body weights of 40-55 g were used. The animals
stem from a breeding colony descending basically from ham-
sters provided by Dr. Klaus Hoffmann (Institute of Repro-
ductive Medicine, University of Miinster, Germany). They
were reared and held under long-day conditions (light:dark
16:8) with food and water ad libitum in the Department
of Anatomy and Cell Biology animal facility. The proce-
dures concerning animals complied with German and Eu-
ropean laws to protect animals and were approved by the
county-government office (Bezirksregierung Rheinhessen-
Pfalz). All efforts were made to minimize animal suffering.

For the tracer application, hamsters were anesthetized
with tribromoethanol (0.3 g/kg b.wt., intraperitoneal,
Merck, Darmstadt, Germany). All surgical procedures were
performed aseptically. Following exposure of the right SCG
under a surgical microscope, 150 nL of a 5% Fluoro-Gold
(FG, see Table 1, Ref. [16, 31, 37-41]) solution dissolved
in distilled water were slowly pressure-injected unilaterally
into the SCG using a glass micropipette (tip diameter <1
pm). The injection methods were optimized in our labora-
tory and used in several anterograde and retrograde tracing
studies. This included backfilling of the glass capillary, the
careful cleaning of the tip, and pulling back a small amount
of fluid before insertion.

Following a seven days survival, animals were anes-
thetized and perfused transcardially with room-temperature
phosphate-buffered 0.9% saline (PBS) followed by ice-cold
periodate-lysine-paraformaldehyde solution [42]. The right
atrium was cut to enable venous outflow. Spinal cords were
exposed by laminectomy and cut into segments, using the
midpoint between the entry of two adjacent ventral roots as
rostral and caudal limits. Segments were removed, marked
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on one side, postfixed for one hour and stored overnight at 4
°C in phosphate-buffered 20% sucrose. Tissue was sectioned
serially at 30 m on a freezing microtome in either frontal or
horizontal plane and collected in PBS into two or three par-
allel sets of sections. From each of eight animals, one cross-
sectioned set was directly mounted in order of appearance on
gelatinized glass slides, dried, cleared in xylene, coverslipped
with Merckoglas (Merck, Darmstadt, Germany), and ana-
lyzed using a Leitz Orthoplan microscope with a Ploemopak
epifluorescence unit (filter set D). FG-labeled cell bodies were
quantified about their location. Counts were corrected ac-
cording to Abercrombie [43]. Values are presented as means
=+ SD.

For immunohistochemistry, sections containing retro-
gradely labeled cells were incubated free-floating in antis-
era directed against either arginine-vasopressin (AVP), neu-
ronal nitric oxide synthase (nNOS), neuropeptide Y (NPY),
neurotensin (NT), oxytocin (OT), or substance P (SP) in
phosphate-buffered saline to which 0.1% Triton-X and 1%
normal swine serum (PBSST) were added. The binding was
visualized using Cy3 or Cy2 coupled to IgG-F(ab),-fragments
directed against the host of the respective primary antiserum.

For each antibody, a total of at least thirty sections per
segment stemming from at least six animals were incubated.
Further sections were used for antigen distribution and anti-
body specificity tests. In some cases, FG-fluorescent labeling
appeared weaker following free-floating immunohistochem-
ical incubation. Details on antibodies and tracing materials
are given in Table 1.

To control for unspecific tracing due to the possible
spread of the tracer, three additional animals received FG-
application to the respective region without injection into the
SCG. In these cases, spinal neurons were not labeled.

Control incubations were carried out by (1) using anti-
bodies preabsorbed with 10-50 ;1M concentrations of the re-
spective antigen (Bachem, Bubendorf, Switzerland), (2) us-
ing rabbit preimmune-serum instead of the antibodies, and
(3) omitting secondary antibodies for control for autofluores-
cence. The results of controls all demonstrated the specificity
of the antibodies.

3. Results

Following injection of FG into the SCG and retrograde ax-
onal transport, labeled neurons were found ipsilateral at the
lateral edge of the spinal gray matter, Rexed-lamina VII, also
known as Substantia intermedia lateralis or Zona interme-
dia. Cell counting in cross-sections showed that individual
preganglionic neurons were located in segments C8 to Th5.
The number of labeled cells per animal amounted to 486 =+
99 (n = 8). They were located predominantly in the inter-
mediolateral nucleus pars principalis (IMLp; 326 + 66; 67%
of total SPN/animal) and its extension into the white matter,
i.e., pars funicularis (IMLf; 152 + 34; 31%). About 1% of the
cells were found in the central autonomic area (CA; Rexed-
lamina X; 5 & 1; Fig. 1A), a part of the gray matter surround-
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Table 1. Substances used to identify preganglionic sympathetic neurons and characterize intrinsic and afferent transmitter

SyStemS.

Substances Abbreviation Host Dilution Source References
Neuronal tracer

Fluoro-Gold FG 5% Fluorochrome, Englewood, CO [16,38]
Primary antibodies

Arginine-Vasopressin AVP Guinea pig, pc 1:200 Peninsula Labs, San Carlos, CA [37]

Neuronal nitric oxide synthase nNOS Rabbit, pc 1:1500 Laboserv, Giefien, Germany [39, 40]

Neuropeptide Y NPY Rabbit, pc 1:500 Amersham [31]

Neurotensin NT Rabbit, pc 1:1000 Amersham

Oxytocin oT Guinea pig, pc 1:400 Peninsula Labs, San Carlos, CA [37]

Substance P SP Rat, mc 1:200 Boehringer, Ingelheim, Germany [16,41]
Secondary antibodies

Cy3-anti-rabbit F(ab)o donkey 1:400 Jackson, West Grove, PA

Cy2-anti-rat F(ab)g donkey 1:400 Jackson

Cy2-anti-guinea pig F(ab)2 donkey 1:100 Dianova

The references refer to characterizations given by the producer and/or to previous use of the antibodies in our laboratory.

mc, monoclonal; pc, polyclonal.

ing the central canal (marked by asterisks in Fig. 2D,E). A few
cells (4 & 1; less than 1%) were seen in the intercalated re-
gion (IC), the gray matter intermediate zone connecting IML
and CA. The sampling regions are depicted in a spinal cross-
section counterstained for substance P that also demonstrates
the typical appearance of the gray and white matters of the
spinal cord (Fig. 1A). Soma sizes ranged 15-20 ym in diam-
eter in the fixed tissue, which is known to shrink by about
30 percent. Arborization was often aligned in a mediolat-
eral direction. There were no quantitative differences when
survival times of 4-14 days were tested in preceding experi-
ments. However, dendritic arborization was better impreg-
nated by FG with longer survival times. Typical examples of
labeled sympathetic preganglionic neurons in cross or hori-
zontal sections are shown in Fig. 3.

The segmental distribution of labeled cells in both parts
of the IML is given in Fig. 1B, where the average total num-
bers of SPN in each the IMLp (326) and the IMLf (152), re-
spectively, were taken as one-hundred percent. In both re-
gions, the segments Th1 to Th3 contained about 95% of the
labeled cells. In horizontal 30-um-thick slices, the IML of-
ten appeared as a segmental cell column with clusters of up
to ten neurons alternating with less dense cellular patches
(Fig. 3D,E). Other cell somata of the gray matter, smaller in
diameter, probably represent interneurons.

Neuronal NOS was the only substance tested that showed
clear-cut immunolabeling of identified SPN. The incuba-
tion of spinal sections in respective antibodies demonstrated
nNOS perikarya of the IML regions (Fig. 2A-C). It was found
that 319 & 69, corresponding to 65% of the retrogradely la-
beled neurons per animal, exhibited nNOS (Fig. 2A,B). In
the IMLp, numbers were 166 + 30 (51% of SPN in this re-
gion) and IMLf 112 + 26 (74% of respective SPN). Cell bod-
ies containing FG but no detectable nNOS (Fig. 2D,E), as
well as perikarya exhibiting nNOS (Fig. 2E) that were not
traced retrogradely were also observed, in particular in the
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CA (Fig. 2D,E; asterisks mark central canal) where nNOS-
neurons outnumbered SPN. Colocalization of FG and nNOS
was in the central autonomic region found to a lesser ex-
tent (Fig. 2F,G) although nNOS cell bodies were regularly
observed.

A few identified SPN exhibited very weak neuropeptide
Y-immunofluorescence (Fig. 4A-Dj; thick arrow in D) just
above the background but different from appearance in sec-
tions stained with pre-absorbed antibodies. More intensely
stained fibers were seen in SPN regions (Fig. 4B,D). These
fibers opposed identified SPN in some cases, but their origin
was not readily apparent under the microscope.

Other neuropeptides tested presently were found only in
fibers in the spinal segments with a close spatial relation-
ship to identified SPN. Arginine-vasopressin was present in
scattered fine fibers throughout the gray matter with an ap-
parent accumulation at SPN (Fig. 3F,G; “1” and “2” indicated
lightly labeled SPN). A very similar distribution was found for
oxytocin-fibers in the lateral horn. In contrast, in the dorsal
horn and intermediate zone, gray matter slightly more OT
was observed than AVP. Thin varicose neurotensin-fibers
were present throughout the gray matter, appeared to be con-
centrated in the lateral horn but did not show appositions to
SPN (marked by asterisks in Fig. 4E,F).

The densest fiber staining by far was seen for substance P.
The respective immunolabeling was strong in laminae I/11 of
the dorsal horn. The lateral horn covered the whole region
where identified SPN were located (Figs. 1A,4G,H).

The fluorescent appearance of SPN was often weakened
following free-floating incubation for immunohistochem-
istry (see Figs. 3E,4A,G).

4. Discussion

The present research sought to characterize the main site
of neuroendocrine-autonomic integration in the photoperi-
odic rodent, Phodopus. It describes the location of spinal SPN

563



501 I
Z 40 +
[~9
-
2
T 304
fe)
=
5
o 2041
(=2}
o
]
S 104
k2
[~9 %

0-

C8 Thl Th2 Th3 Thé C8 Thl Th2 Th3 Th4
Intermediolateral nucleus, Intermediolateral nucleus,

B pars principalis (IMLp) pars funicularis (IMLf)

Fig. 1. Regional and segmental distribution of sympathetic pregan-
glionic neurons (SPN) projecting to the superior cervical ganglion
(SCG). (A) Cross-section taken from spinal segment Th2 counterstained for
substance P-immunofluorescence demonstrates the location of the interme-
diolateral nucleus pars principalis (IMLp) and pars funicularis (IML{), the
central autonomic area (CA) surrounding the central canal (*) and the inter-
calated region (IC). Note that white matter appears dark in present fluores-
cence imaging. (B) Segmental distribution of identified sympathetic pregan-
glionic neurons (SPN) observed upon Fluoro-Gold injection into the supe-
rior cervical ganglion and retrograde neuronal transport. The total numbers
of SPN in each the IMLp (left) and the IMLf (right), respectively, were taken

as one-hundred percent (mean (n = 8) 4 SD).

innervating the superior cervical ganglion and demonstrates
the expression pattern of six selected neuroactive substances
in the respective spinal region.

Phodopus is a seasonal breeder. Reproduction and other
body parameters are regulated by photoperiod and controlled
by mechanisms involving several brain sites, including the
hypothalamus and pineal gland [1]. The main relay down-
stream to the hypothalamus is spinal SPN, where intrinsic,
supraspinal and indirect peripheral (sensory) inputs converge
and influence the distinct output signals that regulate sym-
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pathetic postganglionic neurons. In the context considered
here, the rostralmost sympathetic ganglion, the superior cer-
vical ganglion, is of particular interest since its neurons pro-
vide sympathetic innervation of heart and head structures
such as eye, ear, choroid plexus, carotid body, salivary glands
and blood vessels.

Postganglionic neurons also synapse at pinealocytes to
regulate melatonin synthesis. This pathway is the route
translating day-length into a melatonin secretion signal [44].
The SCG also conveys the autonomic stress response and
contributes to related cardiovascular diseases [45]. It is also
part of the neuroimmune connection providing the sympa-
thetic innervation of, e.g., nasal-associated lymphoid tissue
(NALT) [46].
SPN as part of autonomic dysfunction in Parkinson § and
Lewy-body diseases [47, 48].

The exact location of sympathetic preganglionic neurons
innervating the superior cervical ganglion is thus eligible for
further investigations utilizing experimental manipulations

Notably, there is also evidence for reducing

such as a specific lesion, electric stimulation or iontophoretic
application of neuroactive substances in this rodent model
organism.

4.1 Segmental and nuclear distribution of SPN

Sympathetic preganglionic neurons projecting to the SCG
were observed ipsilateral in segments C8-Th5, with the vast
majority found in segments Th1-Th3. These SPN are the
rostralmost specimens in mammals since their target, the su-
perior cervical ganglion is the most cranial of the sympathetic
ganglia. Most of these cells are located in one of the two
parts of the IML, i.e., in the spinal nuclei IMLp and IMLf,
respectively, with only a few cells occurring in the CA and
the IC. Although the exact location and segmental distribu-
tion of SPN vary between species, this pattern appears to be
a general feature in mammals. The injection of a retrograde
neuronal tracer into the SCG, resulted in similar observations
in cat, dog, pig, guinea pig, rat and golden hamster in a con-
siderable number of studies, e.g., [13-20]. While most stud-
ies agree on low cell numbers in both CA and IC, the per-
centage portions of neurons in IMLp/IMLf vary from 88/8
(cat [21]) and 86/9 (pig [20]) to 70/25, 64/30 and 63/33 (rat
([15,19,22]), 56/34 golden hamster [17], and 67/31 (Phodo-
pus [present study]). It thus appears that species with large
body sizes, such as pig and cat, exhibit most SPN in the IMLp
while small species such as rat and hamster rather show a 2/1
ratio. Furthermore, from the SPN-tracing studies in which
quantitative data were provided, it is evident that the mean
total number of SPN per animal roughly increases with size.
Described were 486 in Phodopus, 746 or 1100 in rat [19, 22],
1500 in cat [21], 5000 in pig [20].

Another distinct arrangement pattern of SPN, as appar-
ent in horizontal sections, is their concentration in clusters.
This seems to be a common SPN location in mammals since
it was observed here and previously in monkeys, pigs, cats,
rats and golden hamsters [13, 15, 17, 20, 21, 23, 24]. Itis open
whether these clusters are functionally heterogeneous and/or

Volume 20, Number 3, 2021
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Fig. 2. Neuronal nitric oxide synthase (nNOS) in the spinal cord autonomic regions concerning retrogradely labeled neurons. (A) FG-containing

sympathetic preganglionic neurons in the Th1 segment and, in the same cross-section, nNOS-immunoreactivity (B). (C) nNOS in the IML (cross-section from

Th2). (D,E) In a section taken from Th3, the central autonomic area (CA) exhibited numerous nNOS-perikarya (E), which FG did not label. (D) demonstrates

a retrogradely labeled neuron close to the central canal (*), which does not contain nNOS, while other cell bodies shown in the same section in (E) exhibit

nNOS but not (F,G). Another example taken from the intercalated region (IC) shows partial overlapping of FG-tracing (F) and nNOS-immunoreactivity (G)

in the same section.

synapse in distinct ganglion parts. Targeted injections into
restricted parts of the ganglion appeared difficult and were
not described yet. In particular, in Phodopus, the structure’s
small size leads to the diffusion of even nanoliter-amounts
of the tracer throughout the whole ganglion. Although the
projection pattern of a single SPN concerning possible con-
vergence and divergence in the ganglion is only poorly un-
derstood, there is evidence that SPN are arranged in target-
specific columns.

Volume 20, Number 3, 2021

4.2 Neuroactive substances expressed by SPN

It is agreed that most SPN are cholinergic [20] and that
they produce several additional neuroactive substances [27],
one of which is the intra- and intercellular messenger ni-
tric oxide (NO). This gaseous molecule is synthesized on de-
mand from a terminal guanidine-nitrogen of L-arginine by
neuronal nitric oxide synthase (nNOS). NO then activates its
receptor soluble guanylate cyclase, an 160 kDa cytoplasmic
protein, and the formation of the second messenger cyclic
guanosine monophosphate (cGMP) [49, 50]. In studies of
neuronal systems, the NO-system is depicted mostly by im-
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Fig. 3. Sympathetic preganglionic neurons projecting to the superior cervical ganglion, as identified by retrograde neuronal tracing with

Fluoro-Gold (FG), in sections of the spinal cord. (A) Ethidium-bromide fluorescent staining of a cross-section showing the lateral horn of Thl. (B) FG-

labeled cells in the same section. Arrows depict the most laterally localized SPN to ease orientation. (C) Labeled cells in both parts of the IML in a cross-section

of the C8 segment. (D) Labeled cells in a horizontal section of upper thoracic segments. (E) FG-labeled cells in IMLp in a2 Th1 horizontal section demonstrating

the location of labeled neurons in clusters. (F) FG-labeled cells in IMLp in a Th1 cross-section, and rich arginine-vasopressin (AVP)-immunoreactivity in the

same section. (G) AVP is often found in the vicinity of FG-neurons. Examples are marked “1” and “2”. Note that following free-floating immunohistochemical

incubation, FG-labeling may appear weaker. Abbr.: EBr, ethidium bromide; GM, gray matter; WM, white matter; IMLp, intermediolateral nucleus pars

principalis; IMLf, intermediolateral nucleus pars funicularis.

munohistochemical detection of nNOS by specific antibodies.
By using this method, three groups of neurons were presently
observed with regard to nNOS-IR in Phodopus spinal auto-
nomic regions. It was found that an average of 65% of all
identified SPN exhibited distinct nNOS-immunoreactivity,
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with 51% of SPN in IMLp and 74% of SPN in IMLf. One-
third of identified SPN did not exhibit nNOS, and some ad-
ditional nNOS-positive somata not retrogradely labeled were
seen in IML, CA and IC. They may represent interneurons.
A more detailed analysis of nNOS-IR SPN was provided

Volume 20, Number 3, 2021



Fig. 4. Sympathetic preganglionic neurons and neuropeptide-immunoreactivity in a horizontal section of Thl. Beaded neuropeptide Y (NPY)-
fibers (B,D) in the vicinity of retrogradely labeled sympathetic preganglionic neurons in the IML (A,C), which only in some cases exhibited scarce NPY-
immunoreactivity (thick arrow in D). Scattered neurotensin (NT)-fibers were seen in the gray matter (F) in a horizontal section, lacking distinct association
with FG-labeled SPN (E). Asterisks in E, F mark the location of two FG-neurons in both images taken from the same section. In contrast, SPN in the IML

were covered with dense substance P (SP)-immunoreactive structures (G,H) in a Th1 cross-section.

Volume 20, Number 3, 2021 567



previously for rat and golden hamsters [16]. The present
findings are in general accordance with data from the lit-
erature. Several studies described the presence of NOS in
spinal autonomic regions. Still, SPN were in many cases,
not identified by retrograde tracing from the SCG, or the ra-
tios of SPN and nNOS-neurons were only qualitatively de-
scribed. However, in golden hamsters, the SPN in the IMLp
were nNOS-positive to 25% and those in the IMLf to 72%
[16]. In rats, the IMLp portion accounted for 57 or 72 per-
cent [16, 19], while in IMLf, 86 or 88 percent of SPN were
found to express nNOS. In pigs, 72% of identified SPN were
nNOS-immunoreactive [20]. Taken together, in the ana-
lyzed species, about two-thirds of identified SPN were nitr-
ergic, with a higher proportion in the IMLf than in the IMLp.

Notably, we observed remarkably dense nNOS-positive
fiber nets, in addition to the immunoreactive perikarya, in
the IML region.
intraspinal autonomic nNOS-immunoreactive neuronal cell
bodies. Alternatively, they may originate from supraspinal
sites such as the hypothalamic paraventricular nucleus (PVN;
see below) that project to SPN regions. The functional role of
these intra-/supraspinal structures most probably is to pro-
vide NO to induce cGMP formation in SPN target neurons.
Cyclic GMP activates kinases and may exert direct effects on
ion channels, thus contributing to the integration of incom-
ing signals. Arriving action potentials of hypothalamic origin
led to increased intracellular free calcium ions resulting in ac-
tivation of nNOS and immediate release of NO. Notably, dor-
sal rhizotomy in rats affected nNOS neuron number in the ip-
silateral dorsal horn but not in autonomic regions, suggesting
supraspinal regulation of NO production in the IML, where
close appositions of nNOS-neurons and SP-fibers were reg-
ularly observed [16]. The NO-system has potent (inhibitory)
effects during increased sympathetic activity, i.e., predomi-
nantly during daytime [51]. There is, e.g., ample evidence
that NO augments cholinergic transmission [52]. Thus, di-
minished expression of nNOS at various central sites is asso-
ciated with distinct pathophysiological states of altered sym-
pathetic output and, e.g., disturbed smooth muscle relaxation
(cf. [53, 54]).

The second substance in Phodopus SPN, although in small
amounts, is neuropeptide Y (NPY). This 36-amino acid pep-
tide, also known as neuropeptide tyrosine, is a co-marker of
noradrenergic rather than cholinergic neurons. While the
respective immunostaining was faint and detected only in a
restricted number of nerve cell bodies, it was clearly above
background and antibody blocking controls. This low stain-
ing level may be interpreted as a low synthesis level. No-
tably, SCG neurons express NPY receptors [55], but these
may also work as autoreceptors since many SCG neurons
synthesize NPY, including those that project to the pineal
gland [56]. There is thus some evidence for NPY-synthesis
by SPN. However, the substance—and neurotensin and sub-
stance P—was described previously only below Th3 for cat
SPN, which were not identified by retrograde tracing [57].

They likely represent cell processes of
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In addition, the animals received an intrathecal application
of colchicine. This microtubule-disrupting substance arrests
axonal transport resulting in cytoplasmic accumulation of
transmitter vesicles and thus enhanced immunostaining.

However, NPY-staining of fibers close to SPN was
stronger than in perikarya. These fibers may originate from
brainstem neurons or arise from within the spinal cord since
spinal interneurons in proximity to sympathetic pregan-
glionic neurons express NPY-mRNA [58]. Notably, NPY-
receptors in spinal regions were detected in the dorsal horn
only. Interneurons that built a large portion of IML neurons
(see Fig. 3) are regarded as circuits involved in sympathetic
control [27].

Aside from nNOS and NPY, further peptides were de-
tected only in fibers near SPN. These will be discussed shortly
in the following.

4.3 Afferent fibers near SPN

Neurotensin, AVP and OT, and substance P were ob-
served in fibers but not in neuronal cell bodies in the spinal
autonomic regions. This is in partial contradiction to earlier
reports [57, 59] describing that SPN may co-express peptides
such as NT and SP in cats. The comparison to other stud-
ies and to the present findings is hampered since these sub-
stances were found only in cats. SPN were not identified by
retrograde tracing. The neurotoxin colchicine used to block
axonal transport is suspected of interfering with transmitter
metabolism.

Hence, the main question is where the immunoreac-
tive structures observed may originate, particularly those
that may represent intra- or supraspinal inputs to SPN.
Spinally projecting neurons were identified in several dien-
cephalic regions, including hypothalamic paraventricular nu-
cleus (PVN), Edinger-Westphal nucleus, nucleus raphe pal-
lidus, medullary lateral tegmental field, nucleus interfascic-
ularis hypoglossi and rostral ventrolateral medulla (RVLM)
[60-63]. As part of the endocrine-autonomic connectome,
these may all contribute to the complex SPN control [64]. Itis
conceivable that they exert regulatory influence on SPN and
thus on the SCG and, in turn, the structures innervated by
SCG-postganglionic fibers, including the pineal gland, eye,
ear, cerebral blood vessels, and heart. Notably, the IML of
segments Th1-3 is the main cell group regulating sympa-
thetic cardiac function [65].

Neurotensin (NT) was present in the IML-region in scat-
tered, thin and varicose fibers, while not in distinct amounts
in other gray matter regions. From microscopic analysis,
there was no indication of clear appositions of NT-fibers and
SPN. A supraspinal origin of this neuropeptide in the Phodo-
pus spinal cord is suggested. The respective cell bodies from
which the fibers may originate were observed in the hypotha-
lamus, where the highest NT levels were found [66]. As
spinal NT-receptors were not reported, and functional as-
pects of NT on SPN were not described, these fibers may be
fibers-of-passage.
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The nonapeptides arginine-vasopressin (AVP) and oxytocin
(OT) were seen in sparse immunopositive fibers scattered
throughout the gray substance. However, they appeared ac-
cumulated at identified SPN, predominantly in the IML, sug-
gesting a preferential influence on autonomic neurons. Since
these peptides were not found in identified SPN or other
neuronal perikarya in the studied segments of the Phodo-
pus spinal cord or other mammals, it may be assumed that
these fibers originate in supraspinal regions and are part of
the hypothalamo-spinal projections. Nonapeptidergic pro-
jections to identified SPN in the IML originating from par-
vocellular subnuclei of the PVN were shown by retrograde
neuronal tracing and combined immunohistochemistry in
rats [67]. In addition, iontophoresis combined with elec-
trophysiological recordings demonstrated that AVP and OT
influenced a subpopulation of SPN in rats via V1- and OT-
receptors, respectively [68]. Both peptides excite SPN in rats
[69].

Substance P (SP) in the Phodopus spinal cord stands out
with the greatest fiber density of all substances tested here.
The upper laminae of the dorsal horn were strongly stained,
and SP-immunolabeling was prominent in the lateral horn,
covering the SPN location sites (see Fig. 1A). Immunoreac-
tive neuronal cell bodies were not observed. Notably, dorsal
rhizotomy in rats drastically reduced SP-fibers in the dorsal
horn but did not affect SP distribution in autonomic spinal
regions where SP-fibers contact nNOS-neurons [16]. This
speaks in favor of a supraspinal origin of SP-ergic innervation
of SPN, which are selectively excited by SP via neurokinin
(NKj)-receptors [70]. In addition, there is also evidence for
indirect SP-input to SPN via interneurons [71].

5. Conclusions

In conclusion, the data presented here reveal that sympa-
thetic preganglionic neurons innervating the superior cervi-
cal ganglion are located in ipsilateral clusters predominantly
in the intermediolateral nucleus and the lateral funiculus of
segments Th1 to Th3 in the Phodopus spinal cord, in general
accordance to findings in other mammalian species. Many
of these neurons produce nitric oxide as an intrinsic neu-
roactive gaseous substance. Some contain low amounts of
neuropeptide Y. Immunohistochemical tests further revealed
that other substances such as arginine-vasopressin and oxy-
tocin are present in scarce fibers, mainly in close vicinity
to identified SPN, neurotensin in fibers of passage. In con-
trast, substance P was observed in high density in the area
of autonomic neurons. Fiber systems are most probably of
supraspinal origin and relay and integrate information from
hypothalamic and other sites in SPN en route to sympathetic
ganglia.

Abbreviations

AVP, arginine-vasopressin; C, cervical segment; CA, cen-
tral autonomic area; DH, dorsal horn; FG, Fluoro-Gold; IC,
intercalated region; IMLf, intermediolateral nucleus pars fu-

Volume 20, Number 3, 2021

nicularis; IMLp, intermediolateral nucleus pars principalis;
IR, immunoreactivity; nNOS, neuronal nitric oxide synthase;
NPY, neuropeptide Y; NT, neurotensin; OT, oxytocin; SCG,
superior cervical ganglion; SP, substance P; SPN, sympathetic
preganglionic neurons; Th, thoracic segment; VH, ventral
horn.

Author contributions

SR designed and performed the experiments, analyzed the
data, and wrote the paper.

Ethics approval and consent to participate

Animals were reared and held in the animal facility of
the Department of Anatomy and Cell Biology, University of
Mainz, Germany. All animal experiments were carried out
in accordance with the guidelines of the European Commu-
nity Council Directives 86/609/EEC and approved by the
county-government office (Bezirksregierung Rheinhessen-
Pfalz; 177-07/961-30).

Acknowledgment

The author thanks Ursula Disque-Kaiser and Angelika
Thomas-Semm for technical assistance. This study was con-
ducted while the author was Head of the Functional Neu-
roanatomy Group at the Department of Anatomy and Cell
Biology, University Medical Center, Mainz. Thanks also to
the anonymous reviewers for excellent and helpful criticism
of the article.

Funding

This study was supported by grants from
Deutsche  Forschungsgemeinschaft (Re 644) and
Naturwissenschaftlich-Medizinisches Forschungszentrum,

Mainz.

Conflict of interest

The author declares no conflict of interest.

References

[1] Hoffmann K. The influence of photoperiod and melatonin on
testis size, body weight, and pelage colour in the Djungarian ham-
ster (Phodopus sungorus). Journal of Comparative Physiology. 1973;
85: 267-282.

[2] Bergmann M. Photoperiod and testicular function in Phodopus sun-
gorus. 1st edn. Verlag Berlin Heidelberg: Springer. 1987.

[3] Harris RBS. The Hamster as 2 Model for Human Ingestive Behav-
ior. In Harris RBS (ed.) Appetite and Food Intake: Central Control
(pp. 39-66). Boca Raton (FL): CRC Press/Taylor & Francis. 2017.

[4] Lutz TA, Woods SC. Overview of animal models of obesity. Cur-
rent Protocols in Pharmacology. 2012; 58: 5-61.

[5] Adam CL, Mercer JG. Appetite regulation and seasonality: impli-
cations for obesity. Proceedings of the Nutrition Society. 2004; 63:
413-419.

[6] Munley KM, Rendon NM, Demas GE. Neural Androgen Synthe-
sis and Aggression: Insights From a Seasonally Breeding Rodent.
Frontiers in Endocrinology. 2018; 9: 136.

[7] Morgan PJ, Mercer JG. The regulation of body weight: lessons
from the seasonal animal. Proceedings of the Nutrition Society.
2001; 60: 127-134.



(17]

(18]

(21]

Goldman BD. The Siberian hamster as a model for study of the
mammalian photoperiodic mechanism. Advances in Experimental
Medicine and Biology. 1999; 460: 155-164.

Bartness TJ, Wade GN. Photoperiodic control of seasonal body
weight cycles in hamsters. Neuroscience and Biobehavioral Re-
views. 1985; 9: 599-612.

Scherbarth F, Steinlechner S. Endocrine mechanisms of seasonal
adaptation in small mammals: from early results to present under-
standing. Journal of Comparative Physiology B. 2010; 180: 935-
952.

Reuss S. The clock in the brain: Anatomy of the mammalian
circadian timing system. In Peschke E (ed.) Endokrinologie -
Zeitstrukturen endokriner Systeme (Abhandlungen der Sich-
sischen Akademie der Wissenschaften zu Leipzig) (pp. 9-48).
Stuttgart/Leipzig: S.Hirzel. 2003.

Pilorz V, Helfrich-Forster C, Oster H. The role of the circadian
clock system in physiology. Pfliigers Archiv. 2018; 470: 227-239.
Chung JM, Chung K, Wurster RD. Sympathetic preganglionic
neurons of the cat spinal cord: horseradish peroxidase study. Brain
Research. 1975; 91: 126-131.

Petras JM, Faden Al The origin of sympathetic preganglionic neu-
rons in the dog. Brain Research. 1978; 144: 353-357.

Rando TA, Bowers CW, Zigmond RE. Localization of neurons in
the rat spinal cord which project to the superior cervical ganglion.
Journal of Comparative Neurology. 1981; 196: 73-83.

Reuss MH, Reuss S. Nitric oxide synthase neurons in the rodent
spinal cord: distribution, relation to Substance P fibers, and effects
of dorsal rhizotomy. Journal of Chemical Neuroanatomy. 2001;
21: 181-19%6.

Reuss S, Johnson RF, Morin LP, Moore RY. Localization of spinal
cord preganglionic neurons innervating the superior cervical gan-
glion in the golden hamster. Brain Research Bulletin. 1989; 22:
289-293.

Dalsgaard CJ, Elfvin LG. Spinal origin of preganglionic fibers pro-
jecting onto the superior cervical ganglion and inferior mesenteric
ganglion of the guinea pig, as demonstrated by the horseradish
peroxidase technique. Brain Research. 1979; 172: 139-143.
Hinrichs JM, Llewellyn-Smith IJ. Variability in the occurrence of
nitric oxide synthase immunoreactivity in different populations
of rat sympathetic preganglionic neurons. Journal of Comparative
Neurology. 2009; 514: 492-506.

Juranek JK, Wojtkiewicz JA. Origins and neurochemical com-
plexity of preganglionic neurons supplying the superior cervical
ganglion in the domestic pig. Journal of Molecular Neuroscience.
2015; 55: 297-304.

Pyner S, Coote JH. Arrangement of dendrites and morphological
characteristics of sympathetic preganglionic neurones projecting
to the superior cervical ganglion and adrenal medulla in adult cat.
Journal of the Autonomic Nervous System. 1995; 52: 35-41.
Strack AM, Sawyer WB, Marubio LM, Loewy AD. Spinal origin
of sympathetic preganglionic neurons in the rat. Brain Research.
1988; 455: 187-191.

Petras JM, Cummings JF. Autonomic neurons in the spinal cord
of the Rhesus monkey: a correlation of the findings of cytoarchi-
tectonics and sympathectomy with fiber degeneration following
dorsal rhizotomy. Journal of Comparative Neurology. 1972; 146:
189-218.

Tang FR, Tan CK, Ling EA. A light-microscopic study of the in-
termediolateral nucleus following injection of CB-HRP and fluo-
rogold into the superior cervical ganglion of the rat. Journal of the
Autonomic Nervous System. 1995; 50: 333-338.

Wesselmann U, McLachlan EM. The effect of previous transec-
tion on quantitative estimates of the preganglionic neurones pro-
jecting in the cervical sympathetic trunk of the guinea-pig and the
cat made by retrograde labelling of damaged axons by horseradish
peroxidase. Neuroscience. 1984; 13: 1299-1309.

Gilbey MP, Peterson DF, Coote JH. Some characteristics of sym-
pathetic preganglionic neurones in the rat. Brain Research. 1982;
241: 43-48.

(27]

Deuchars SA, Lall VK. Sympathetic preganglionic neurons: prop-
erties and inputs. Comprehensive Physiology. 2015; 5: 829-869.

[28] Janig W, Hibler HJ. Neurophysiological analysis of target-related

(35]

(36]

sympathetic pathways - from animal to human: similarities and
differences. Acta Physiologica Scandinavia. 2003; 177: 255-274.
Reuss S, Rimoldi S. Circadian rhythm and effects of light on cAMP
content of the dwarf hamster suprachiasmatic nucleus. Neuro-
science Letters. 1998; 241: 131-134.

Decker K, Reuss S. Nitric oxide-synthesizing neurons in the ham-
ster suprachiasmatic nucleus: a combined NOS- and NADPH-
staining and retinohypothalamic tract tracing study. Brain Re-
search. 1994; 666: 284-288.

Reuss S, Olcese J. Neuropeptide Y: distribution of immunoreactiv-
ity and quantitative analysis in diencephalic structures and cerebral
cortex of dwarf hamsters under different photoperiods. Neuroen-
docrinology. 1995; 61: 337-347.

Hermes B, Hiemke C, Reuss S. Day- and nighttime content of
monoamines and their metabolites in the pineal gland of rat and
hamster. Neuroscience Letters. 1994; 179: 119-122.

Reuss S. Photoperiod effects on bombesin- and cholecystokinin-
like immunoreactivity in the suprachiasmatic nuclei of the Djun-
garian hamster (Phodopus sungorus). Neuroscience Letters. 1991;
128: 13-16.

Reuss S, Biirger K. Substance P-like immunoreactivity in the hy-
pothalamic suprachiasmatic nucleus of Phodopus sungorus - rela-
tion to daytime, photoperiod, sex and age. Brain Research. 1994;
638: 189-195.

Reuss S, Decker K, Hodl P, Sraka S. Anterograde neuronal tracing
of retinohypothalamic projections in the hamster - possible inner-
vation of substance P-containing neurons in the suprachiasmatic
nucleus. Neuroscience Letters. 1994; 174: 51-54.

Reuss S. Calcitonin gene-related peptide-like immunoreactivity
in spinal cord and superior cervical ganglion of the Djungarian
hamster (Phodopus sungorus). Journal of Chemical Neuroanatomy.
1993; 6: 343-350.

Reuss S, Brauksiepe B, Disque-Kaiser U, Olivier T.
Serine/threonine-kinase 33 (Stk33) - Component of the
neuroendocrine network? Brain Research. 2017; 1655: 152-160.
Schmued LC, Fallon JH. Fluoro-Gold: a new fluorescent retro-
grade axonal tracer with numerous unique properties. Brain Re-
search. 1986; 377: 147-154.

Alm P, Larsson B, Ekblad E, Sundler F, Andersson KE. Immuno-
histochemical localization of peripheral nitric oxide synthase-
containing nerves using antibodies raised against synthesized C-
and N-terminal fragments of a cloned enzyme from rat brain. Acta
Physiologica Scandinavica. 1993; 148: 421-429.

Reuss S, Disque-Kaiser U, Antoniou-Lipfert P, Najaf Gholi M,
Riemann E, Riemann R. Neurochemistry of olivocochlear neu-
rons in the hamster. Anatomical Record. 2009; 292: 461-471.
Cuello AC, Galfre G, Milstein C. Detection of substance P in the
central nervous system by a monoclonal antibody. Proceedings of
the National Academy of Sciences of the United States of America.
1979; 76: 3532-3536.

McLean I'W, Nakane PK. Periodate-lysine-paraformaldehyde fix-
ative a new fixation for immunoelectron microscopy. Journal of
Histochemistry and Cytochemistry. 1974; 22: 1077-1083.
Abercrombie M. Estimation of nuclear population from micro-
tome sections. Anatomical Record. 1946; 94: 239-247.
DonCarlos LL, Finkelstein JA. Hypothalamo-spinal projections in
the golden hamster. Brain Research Bulletin. 1987; 18: 709-714.
Benarroch EE. Paraventricular nucleus, stress response, and car-
diovascular disease. Clinical Autonomic Research. 2005; 15: 254—
263.

Marafetti LE, Romeo HE. Origins of the sympathetic innervation
to the nasal-associated lymphoid tissue (NALT): an anatomical
substrate for a neuroimmune connection. Journal of Neuroim-
munology. 2014; 276: 119-125.

Braak H, Sastre M, Bohl JR, de Vos RA, Del Tredici K. Parkinson’s
disease: lesions in dorsal horn layer I, involvement of parasym-

Volume 20, Number 3, 2021



[48]

pathetic and sympathetic pre- and postganglionic neurons. Acta
Neuropathologica. 2007; 113: 421-429.

Hatsuta H, Takao M, Nakano Y, Nogami A, Uchino A, Sumikura
H, et al. Reduction of Small Fibers of Thoracic Ventral Roots and
Neurons of Intermediolateral Nucleus in Parkinson Disease and
Dementia with Lewy Bodies. Journal of Parkinson’s Disease. 2016;
6: 325-334.

Garthwaite J, Charles SL, Chess-Williams R. Endothelium-
derived relaxing factor release on activation of NMDA receptors
suggests role as intercellular messenger in the brain. Nature. 1988;
336: 385-388.

Breer H, Klemm T, Boekhoff I. Nitric oxide mediated formation of
cyclic GMP in the olfactory system. Neuroreport. 1992; 3: 1030-
1032.

Krukoff TL. Central actions of nitric oxide in regulation of auto-
nomic functions. Brain Research Reviews. 1999; 30: 52-65.
Young HM, Anderson CR, Furness JB. Chapter VII Nitric ox-
ide in the peripheral autonomic nervous system. In Steinbusch
HWM, De Vente J, Vincent SR (eds.) Handbook of Chemical Neu-
roanatomy (pp. 215-265). Elsevier: Amsterdam. 2000.

Sharma NM, Patel KP. Post-translational regulation of neuronal
nitric oxide synthase: implications for sympathoexcitatory states.
Expert opinion on therapeutic targets. 2017; 21: 11-22.

Ally A, Powell I, Ally MM, Chaitoff K, Nauli SM. Role of neuronal
nitric oxide synthase on cardiovascular functions in physiological
and pathophysiological states. Nitric Oxide. 2020; 102: 52-73.
Landry M, Holmberg K, Zhang X, Hokfelt T. Effect of axotomy
on expression of NPY, galanin, and NPY Y1 and Y2 receptors in
dorsal root ganglia and the superior cervical ganglion studied with
double-labeling in situ hybridization and immunohistochemistry.
Experimental Neurology. 2000; 162: 361-384.

Reuss S, Moore RY. Neuropeptide Y-containing neurons in the
rat superior cervical ganglion: projections to the pineal gland.
Journal of Pineal Research. 1989; 6: 307-316.

Krukoff TL. Coexistence of neuropeptides in sympathetic pregan-
glionic neurons of the cat. Peptides. 1987; 8: 109-112.

Minson ]B, Llewellyn-Smith IJ, Arnolda LF. Neuropeptide Y
mRNA expression in interneurons in rat spinal cord. Autonomic
Neuroscience: Basic & Clinical. 2001; 93: 14-20.

Samano C, Zetina ME, Marin MA, Cifuentes F, Morales MA.
Choline acetyl transferase and neuropeptide immunoreactivities
are colocalized in somata but preferentially localized in distinct
axon fibers and boutons of cat sympathetic preganglionic neurons.
Synapse. 2006; 60: 295-306.

Volume 20, Number 3, 2021

[60]

l61]

[62]

(63]

(70]

Cechetto DF, Saper CB. Neurochemical organization of the hy-
pothalamic projection to the spinal cord in the rat. Journal of Com-
parative Neurology. 1988; 272: 579-604.

Hallbeck M, Blomgvist A. Spinal cord-projecting vasopressinergic
neurons in the rat paraventricular hypothalamus. Journal of Com-
parative Neurology. 1999; 411: 201-211.

Saper CP, Stornetta RL. Central autonomic system. In Paxinos G
(ed.) The Rat Nervous System (pp. 629-673). Amsterdam: Aca-
demic Press. 2015.

Ghali MGZ. Role of the medullary lateral tegmental field in sym-
pathetic control. Journal of Integrative Neuroscience. 2017; 16:
189-208.

Llewellyn-Smith IJ. Anatomy of synaptic circuits controlling the
activity of sympathetic preganglionic neurons. Journal of Chemi-

cal Neuroanatomy. 2009; 38: 231-239.
Murugaian J, Sundaram K, Krieger A, Sapru H. Relative effects of

different spinal autonomic nuclei on cardiac sympathoexcitatory
function. Brain Research Bulletin. 1990; 24: 537-542.

Hokfelt T, Everitt BJ, Theodorsson-Norheim E, Goldstein M. Oc-
currence of neurotensin-like immunoreactivity in subpopulations
of hypothalamic, mesencephalic, and medullary catecholamine
neurons. Journal of Comparative Neurology. 1984; 222: 543-559.
Hosoya Y, Matsukawa, Okado N, Sugiura Y, Kohno K. Oxytocin-
ergic innervation to the upper thoracic sympathetic preganglionic
neurons in the rat. A light and electron microscopical study using
a combined retrograde transport and immunocytochemical tech-
nique. Experimental Brain Research. 1995; 107: 9-16.

Gilbey MP, Coote JH, Fleetwood-Walker S, Peterson DF. The in-
fluence of the paraventriculo-spinal pathway, and oxytocin and
vasopressin on sympathetic preganglionic neurones. Brain Re-
search. 1982; 251: 283-290.

Sansone GR, Komisaruk BR. Evidence that oxytocin is an endoge-
nous stimulator of autonomic sympathetic preganglionics: the
pupillary dilatation response to vaginocervical stimulation in the
rat. Brain Research. 2001; 898: 265-271.

Cammack C, Logan SD. Excitation of rat sympathetic pregan-
glionic neurones by selective activation of the NK1 receptor. Jour-
nal of the Autonomic Nervous System. 1996; 57: 87-92.

[71] Jansen AS, Wessendorf MW, Loewy AD. Transneuronal labeling

of CNS neuropeptide and monoamine neurons after pseudorabies
virus injections into the stellate ganglion. Brain Research. 1995;
683: 1-24.



	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	4.1 Segmental and nuclear distribution of SPN
	4.2 Neuroactive substances expressed by SPN
	4.3 Afferent fibers near SPN

	5. Conclusions
	Abbreviations
	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest
	References

