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Abstract
To gain a better understanding of the neuroplasticity of sympathetic neurons during postnatal ontogenesis, the distribution of
neuronal nitric oxide synthase (nNOS) immunoreactivity was studied in sympathetic preganglionic neurons (SPN) in the spinal
cord (Th2 segment) of femaleWistar rats at different ages (newborn, 10-, 20-, 30-day-old; 2-, 6-month-old; 3-year-old). In all age
groups, the majority of nNOS-immunoreactive (IR) neurons was observed in the nucleus intermediolateralis thoracolumbalis
pars principalis. In the first month, the proportion of nNOS-IR neurons decreased significantly from 92 ± 3.4% in newborn to 55
± 4.6% in 1-month-old, while the number of choline acetyltransferase (ChAT)-IR neurons increased from 74 ± 4.2% to 99 ± 0.3%
respectively. Decreasing nNOS expression in the first 10 days of life was also confirmed by western blot analysis. Some nNOS-
IR SPN also colocalized calbindin (CB) and cocaine and amphetamine-regulated transcript (CART). The percentage of NOS(+
)/CB(−) SPN increased from 23 ± 3.6% in 10-day-old to 36 ± 4.2% in 2-month-old rats. Meanwhile, the proportion of NOS(+
)/CART(−) neurons decreased from 82 ± 4.7% in newborn to 53 ± 6.1% in 1-month-old rats. The information provided here will
also serve as a basis for future studies investigating the mechanisms of autonomic neuron development.
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Introduction

In the spinal cord (SC), the sympathetic preganglionic neurons
(SPN) mostly use acetylcholine as their main neurotransmit-
ter. Cholinergic neurons are identified reliably by immunohis-
tochemical detection of the acetylcholine-synthesizing en-
zyme, choline acetyltransferase (ChAT) (Barber et al. 1984;
Wetts and Vaughn 1994). Many cholinergic SPN also express
neuronal nitric oxide synthase (nNOS) (Anderson 1992;
Grkovic and Anderson 1997).

nNOS is expressed in the central and peripheral nervous
system and predominantly produces nitric oxide (NO) in
neuronal tissues. NO is a diffusible molecule that acts

in various physiologic and pathophysiologic processes
(Snyder 1992; Meller and Gebhart 1993; Prast and
Philippu 2001; Petho and Reeh 2012). Neurons that
generate NO can also be identified by NADPH diapho-
rase (NADPH-d) histochemistry (Dawson et al. 1991;
Schmidt et al. 1992; Wetts and Vaughn 1994).

In addition to nNOS, many preganglionic neurons are also
immunoreactive (IR) to the neuropeptide cocaine and
amphetamine-regulated transcript (CART) and calcium-
binding proteins calbindin (CB) and calretinin (Grkovic and
Anderson 1997; Dun et al. 2000; Fenwick et al. 2006). CART
immunoreactivity selectively identifies cardiovascular SPN.
The numbers of CB-IR and CART-IR SPN peaked in the
thoracic region (Gonsalvez et al. 2010). The majority of CB-
IR SPN also had colocalized nNOS, although a population of
preganglionic neurons expressed only CB immunoreactivity.
CB-IR SPN send their axons to the superior cervical and stel-
late ganglia (Grkovic and Anderson 1997).

The expression of the spectrum of neurotransmitters in
sympathetic ganglionic neurons is subject to changes during
pre- and postnatal development (Young et al. 2011;Masliukov
et al. 2015, 2016). NO also plays a developmental role in
regulating synapse formation and patterning (Gibbs 2003).
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Recent studies suggest that NO may also mediate the switch
from proliferation to differentiation during neurogenesis
(Cossenza et al. 2014; Dawson and Dawson 2018).
However, there are only limited data about NO synthesis or
nNOS expression in the development of autonomic neurons.
In the spinal cord of zebrafish embryos, NADPH-d staining
decreases after secondary patterning of ventral motor neurons
is complete (Gibbs 2003). on the other hand, preganglionic
NADPH-d-positive fibers were absent in sympathetic ganglia
in newborns and their density increased in the early develop-
ment in rodents (Emanuilov et al. 2008).

Thus, in order to better understand the development of NO-
ergic system in the autonomic nervous system at different
levels, the purpose of this study is to investigate the develop-
ment of nNOS-IR SPN in rats of different ages from newborn
through senescence using immunohistochemistry,
colocalization study with other neurochemicals and western
blot analysis. Since the Th2 segment is the major source of
preganglionic fibers to cranial sympathetic ganglia (superior
cervical and stellate) and CB-IR, CR-IR neurons, we studied
the SC at this level.

Experimental procedures

Animals

All animal procedures were approved by the Institutional Animal
Care and Use Committee of the Yaroslavl State Medical
University and were conducted in accordance with the BGuide
for the Care and Use of Laboratory Animals^ (NIH Publication
No. 85–23, revised 1996) as well as the relevant Guidelines of
the Russian Ministry of Health for scientific experimentation on
animals. All efforts were made to minimize the number of ani-
mals and their suffering throughout the experiment.

Newborn (body weight 5–7 g), 10-day-old (body weight
15–25 g), 20-day-old (body weight 35–55 g) 30-day-old
(body weight 70–90 g), 2-month-old (body weight 160–
190 g), 6-month-old (body weight 260–280 g), and 3-year-
old (body weight 310–330 g) femaleWistar rats (seven groups
each containing ten animals (five for immunohistochemistry
and five forWestern blotting)) were used in this work to study.
All animals were kept in acrylic cages with wood shavings in
an acclimatized room (12/12-h light/dark cycle; 22 ± 3 °C)
with free access to food and water.

Immunohistochemistry

All animals were sacrificed with a lethal dose of sodium pen-
tobarbital (Nembutal®, 300 mg/kg, i.p.), after which they
were perfused transcardially with 20 ml (newborn and 10-
day-old), 100 ml (20- and 30-day-old), or 500 ml (2-month-
old and older) of physiological saline and 1 ml heparin

followed by a similar volume of fixative composed of 4%
paraformaldehyde (PF) in 0.1 M phosphate buffer.

After perfusion, the cervical and thoracic region of
the SC was removed by laminectomy. In animals of
all age groups, the Th2 segment of the SC was defined
by counting the appropriate number of nerve roots.
Then, the Th2 segment was dissected, rinsed in physio-
logical solution and immersed in 4% PF for 1–2 h at
room temperature. No other segments were studied.

Following fixation, Th2 segments of the SC were
washed in three 30-min changes of phosphate-buffered
saline (PBS; 0.01 M; pH 7.4), cryoprotected by over-
night immersion in 20% buffered (pH 7.4) sucrose so-
lution at 4 °C, mounted in TissueTek (Sakura Finetek
Europe, Zoeterwoude, the Netherlands) on a cryostat
chuck and frozen. Twelve-micrometer-thick cross-sections
were cut with a cryostat, mounted on poly-L-lysine-coated
slides and air-dried for 1 h.

Transverse serial sections of the SC were processed for
immunohistochemistry. The sections were preincubated for
30 min at room temperature with blocking buffer containing
5% normal donkey serum (Jackson ImmunoResearch
Laboratories, USA) and 0.3% Triton X-100 (Sigma, USA)
in PBS to prevent the non-specific binding of secondary anti-
bodies. To visualize NOS(+), ChAT(+), CB(+) and CART(+)
neurons, single or double immunostaining with antibodies
(raised in different host species; see Table 1) was performed.
nNOS+ChAT, nNOS+CB and nNOS+CART combination of
antibodies was used.

Next, the sections were incubated in the primary antisera
for 24 h at room temperature, rinsed in PBS and further incu-
bated in the corresponding secondary antisera (see Table 2) for
2 h at room temperature. The sections were then rinsed three
final times in PBS, mounted on glass slides, allowed to dry
overnight and coverslipped using VectaShield (Vector
Bioproducts, USA). For the antibody specificity, the controls
were preabsorbed with the primary antibody to the nNOS-
immunogenic peptide (Abcam, ab22863) or the omission of
the primary antibody.

Western blot analysis

All experimental rats were anesthetized with a lethal dose of
sodium pentobarbital (Nembutal®, 300 mg/kg, i.p.). The SC
was rapidly removed by laminectomy in animals of all age
groups and placed on ice. the Th2 segment of the SC was
studied. It was identified with the same procedure as for fixed
SC—by counting the number of dorsal roots.

Since the main number of SPN was found in the interme-
diate zone, the middle third of SPN between the dorsal and
ventral horn was taken for the study. Under a dissection mi-
croscope, we separated the intermediate zone with the lateral
horn and central channel area with two parallel longitudinal
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incisions by a microtome blade in order to keep all autonomic
nuclei (ILP, ILf, IC, and ICPe) and not to take non-autonomic
nNOS-IR neurons from dorsal and ventral horns.

Samples from spinal cord were homogenized with a lysis
buffer (20 mM Tris HCl, 150 mMNaCl, 1 mM EDTA, 1 mM
EGTA, 1%Triton X-100, protease inhibitor cocktail (Sigma)).
The concentration of the total proteins was determined in all
lysed tissues using the Bradford reagent (Fermentas, USA).
Forty micrograms of protein was loaded per well. Each tissue
lysate was diluted in sample buffer (Bio-Rad Laboratories
Inc., USA) and denatured at 95 °C for 5 min. Seven samples
(one from each time point) were processed together.
Equivalent amounts of samples were loaded and separated
by 10% polyacrylamide gel electrophoresis and transferred
to PVDF transfer membranes (AppliChem, Germany).
Membranes were blocked with a blocking solution containing
3% non-fat dry milk (AppliChem, Germany) in TBS-T (0.1%
Tween 20, 0.2 mM Tris, 137 mM NaCl) for 30 min at room
temperature. After washing with TBS-T, membranes were in-
cubated with primary antibodies (rabbit anti-nNOS, 1:1000,
LS-B8696, LifeSpan BioSciences; rabbit anti-GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase), 1:2500,
ab9485, Abcam) diluted in the same blocking solution at
4 °C overnight. Following washing with TBS-T, membranes
were incubated with secondary antibodies (goat HRP-
conjugated anti-rabbit IgG, Abcam, ab6721) at 1:3000. The
immunoblots were detected by chemiluminescence (ECL
Prime Western blotting detection reagent, BioRad) with a
Syngene G:BOX Chemi XR5E imaging system (Syngene,
UK). Chemiluminescent signals were quantified with Gene
Tools Gel Analysis software (Syngene, UK), and expressed
relative to GAPDH. Protein molecular weight markers were
included in each Western blot analysis.

Image processing and statistics

The specimens were examined using an Olympus BX43 fluo-
rescence microscope (Tokyo, Japan) fitted with filter sets that
allowed separate visualization of FITC and CY3. Images from
the fluorescence microscope were recorded using a TCH 5.0
cooled CCD digital camera and ISCapture version 3.6 for
Windows imaging software (Tucsen, China). Each image was
processed using a sharpen filter and contrast and brightness
adjustment only. All photomicrographic plates were created
using Adobe Photoshop 6.0 software (Adobe Systems, USA).

To calculate the percentage of IR neurons, transverse sec-
tions were taken from the SC at a distance of approximately
0.05 mm. In our earlier works, we did not find differences in
the percentage and soma size between nNOS-IR neurons lo-
cated in the left and right dorsal root ganglia (Masliukov et al.
2014). Thus, data from the right and left spinal halves were
averaged. We did not study rostro-caudal representation and
cells were counted on randomly chosen SC sections.

To avoid duplicate counts of neurons in the serial sections,
only those nerve cell bodies containing a clearly identified
nucleus were counted in any given section. To determine the
percentage of IR profiles, we counted the total number of IR
neurons in the section and considered them as 100%. The data
from ten sections in each animal from each age group were
included in this study. The data from each age group were
averaged, yielding group sizes of n = 5. The cross-sectional
areas of 100 nNOS-IR profiles were measured in random or-
der in each nuclei in each age group using ImageJ software
(http://imagej.nih.gov/ij/index.html). All analyses were
carried out with the observer blind to the groupings.

The statistical methods include the calculation of the mean
and standard error of the mean (SEM). The differences in the

Table 1 Primary antisera used for
immunohistochemistry Primary antisera Host species Dilution Source

nNOS Goat 1:300 Abcam, ab1376

nNOS Rabbit 1:50 LifeSpan BioSciences, LS-B8696

ChAT Goat 1:50 Millipore, AB144P

CB Rabbit 1:500 Abcam, ab11426

CART Rabbit 1:500 Phoenix PhaIncorp, H-003-62

Table 2 Secondary antisera used
for immunohistochemistry Secondary antisera Dilution Source

Donkey anti-goat IgG FITC 1:200 Jackson Immunoresearch, 705-095-147

Donkey anti-goat IgG CY3 1:200 Jackson Immunoresearch, 705-165-147

Donkey anti-rabbit IgG FITC 1:200 Jackson Immunoresearch, 711-095-152

Donkey anti-rabbit IgG CY3 1:200 Jackson Immunoresearch, 711-165-152

CY3 cyanine 3, FITC fluorescein isothiocyanate
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means were subjected to one-way ANOVA, followed by
Tukey’s post-test of multiple comparisons. Differences were
considered statistically significant if p < 0.05.

In the text, the binding or immunoreactivity of a marker
molecule in a profile has been designated with a plus sign
(e.g., nNOS(+)); conversely, the absence of binding or immu-
noreactivity has been indicated with a minus sign (e.g.,
nNOS(−)).

Results

Immunohistochemistry and western blot analysis were used to
label nNOS-IR SPN in the Th2 segment of the SC from rats of
different ages. Immunoreactivity to nNOS was mainly detect-
ed in the cell bodies of neurons bilaterally located in the lateral
horns of the spinal cord.

Immunohistochemical studies of nNOS-IR SPN

In the spinal cord, nNOS was detected in the lateral horns in
the following: (1) nucleus intermediolateralis thoracolumbalis
pars principalis (nucl.ILp), (2) nucleus intermediolateralis
thoracolumbalis pars funicularis (nucl.ILf), (3) nucleus
intercalatus spinalis (nucl.IC) and (4) nucleus intercalatus
spinalis pars paraependymalis (nucl.ICpe) from the moment
of birth in all animals (Fig. 1a).

In addition to preganglionic neurons, three sparse groups of
nNOS-IR neurons were found. These neurons were as fol-
lows: (1) partition cells located in the intermediate gray
matter, (2) small cells surrounding the ventral part of
the central canal, and (3) small neurons located within
lamina III–VI of the dorsal horn. Since these three
groups are nonautonomic (Wetts et al. 1995), they were
excluded from further analysis.

Fig. 1 nNOS-IR SPN in the
spinal cord of 20-day-old rat. ILf,
the lateral funiculus; ILp, the
principal intermediolateral nucle-
us; IC, the nucleus intercalatus
spinalis; ICpe, the nucleus
intercalatus pars
paraependymalis; CC, the central
canal. Non-autonomic neurons
are indicated by stars. Bar,
100 μm (a). Percentage of nNOS-
IR SPN neurons in the ILp, ILf,
IC, and ICPe of rats of different
ages. The error bars represent
SEM (*p < 0.05, when comparing
to newborn) (b)

348 Cell Tissue Res (2019) 375:345–357



In all rats, the largest percentage of nNOS-IR neurons was
located in nucl.ILp. In the first 30 days, the percentage of
NOS-IR neurons in nucl.ILf significantly increased from 9 ±
0.8% in newborns to 14 ± 1.2% (p < 0.05) and the proportion
of positive cells in the nucl.ICpe significantly decreased from
20 ± 1.8% to 14 ± 0.5% (p < 0.05) (Fig. 1b).

In all animals, cells immunoreactive for nNOS showed
strong cytoplasmic staining that extended into the proximal
dendrites. Most SPN were tightly clustered in the nucl.ILp.
Many processes were orientedmedially, some extending as far
as the ventricle, while other processes extended into the adja-
cent lateral funiculus. Most of the nNOS-IR neurons had a
round or fusiform shape on sections. Also, a triangle shape
was observed.

In all four nuclei, the mean of the cross-sectional area of the
nNOS-IR SPN profiles significantly increased in the first
10 days of development (p < 0.05, Table 3). In the ILp, ILf,
IC, and ICpe, the mean of the cross-sectional area of the
nNOS-IR SPN profiles were not significantly different be-
tween 10-day-old and older rats (p > 0.05).We did not observe
differences between cross-sectional areas of nNOS-IR neuron
profiles in different nuclei (p > 0.05).

Colocalization with ChAT

nNOS/ChAT colocalization in the ILp In newborns and 10-day-
old rats, the largest percentage of neurons in nucl.ILp
was nNOS-IR and also had immunoreactivity to ChAT
(Figs. 2 and 3). However, some nNOS-IR neurons in
these age groups did not contain ChAT. nNOS(+)/ChAT(−)
neurons in newborns and 10-day-old rats were located in the
ventral part of the nucl.ILp. In the ILp, the percentage of
nNOS-IR neurons decreased and the proportion of ChAT-IR
cells increased during the development. In the first month, the
proportion of nNOS-IR neurons decreased significantly from
92 ± 3.4% in newborn to 55 ± 4.6% in 1-month-old
(p < 0,001), while the number of ChAT-IR neurons increased
from 74 ± 4.2% to 99 ± 0.3% respectively (p < 0.01). There
were no significant differences in the percentage of

nNOS(−)/ChAT(+) neurons between 30-day-old and older
rats (p > 0.05).

nNOS/ChAT colocalization in the nucl.ILf In all age groups
from newborns to aged rats, 100% of nNOS-IR neurons
colocalized ChAT.

nNOS/ChAT colocalization in the nucl.IC and nucl.ICpe In
nucl.IC and nucl.ICpe of newborns, the proportion of
nNOS(+)/ChAT(−), nNOS(+)/ChAT(+), and nNOS(−)/
ChAT(+) neurons was 35 ± 1.7%, 31 ± 1.5%, and 34 ± 1.1%
(nucl.IC), 36 ± 2.5%, 31 ± 1.2%, and 33 ± 2.6% (nucl.ICpe)
and did not change significantly in the postnatal development
(p > 0.05) (Table 4).

Colocalization with CB and CART

Many nNOS-IR SPN colocalized CB and CART from the
moment of birth. CB-IR cell bodies and their proximal den-
drites showed immunoreactivity, which varied in intensity
from weak to very strong (Fig. 4). The fluorescent intensity
of CART-IR neurons also varied, some CART neurons being
faintly and others intensely stained (Fig. 5). The largest per-
centage of CB-IR and CART-IR neurons colocalizing nNOS
was found in the nucl.ILp with a smaller one in the nucl.IC.
No colocalization was observed in the nucl.ILf and nucl.ICpe.

nNOS/CB and nNOS/CART colocalization in the nucl.ILp The
percentage of nNOS(+)/CB(−) increased from 22 ± 3.3% in
newborn and 23 ± 3.6% in 10-day-old rats to 36 ± 4.2% in 2-
month-old (statistically significant differences between 10-
day-old and 2-month-old rats, p < 0.05) (Fig. 2). However,
the proportion of nNOS(−)/CB(+) SPN did not change in the
first month of life and significantly increased from 8 ± 2.5% in
1-month-old to 17 ± 3.4% in 6-month-old (p < 0.05).

Meanwhile, the proportion of nNOS(+)/CART(−) neurons
decreased from 82 ± 4.7% in 10-day-old to 53 ± 6.1% in 1-
month-old rats (p < 0.001) (Fig. 2). Opposite dynamics was
shown for nNOS(−)/CART(+) neurons, where the percentage
significantly increased from 4 ± 0.9% in 10-day-old to 27 ±
3.7% in 1-month-old animals (p < 0.001).

NOS/CB and NOS/CART colocalization in the nucl.IC In the
nucl.IC, the percentage of nNOS(+)/CB(+) SPN was high
and increased from 40 ± 4.8% in newborn and 43 ± 5.1% in
10-day-old rats until 61 ± 5.5% in 20-day-old rats (statistically
significant differences, p < 0.05) (Fig. 6a). The proportion of
nNOS(+)/CB(−) SPN also increased from 18 ± 2.4% in new-
borns and 20 ± 2.1% in 10-day-old to 30 ± 3.5% in 20-day-old
rats (statistically significant differences, p < 0.05). We did not
observe statistically significant differences between different
20-day-old and older rats (p > 0.05).

Table 3 Cross-sectional areas of nNOS-IR-neurons (μm2) in the SC
(n = 100 in every nucleus, every age group)

Age nucl.ILp nucl.ILf nucl.IC nucl.ICpe

Newborn 176 ± 8 163 ± 11 182 ± 19 166 ± 12

10-day-old 208 ± 14* 215 ± 15* 222 ± 20* 189 ± 17

20-day-old 213 ± 14* 205 ± 9* 218 ± 14* 200 ± 16*

1-month-old 220 ± 13* 214 ± 16* 230 ± 12* 226 ± 18*

2-month-old 225 ± 12* 225 ± 23* 225 ± 19* 225 ± 17*

6-month-old 216 ± 15* 221 ± 18* 218 ± 14* 232 ± 18*

3-year-old 230 ± 28* 212 ± 15* 214 ± 19* 206 ± 32*

* statistically significant differences compared with newborns (*p < 0.05)
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The percentage of nNOS(+)/CART(+) SPN increased
from 12 ± 1.7% in newborn to 29 ± 3.6% in 20-day-old
rats (statistically significant differences, p < 0.001) (Fig. 6b).

The proportion of nNOS(+)/CART(−) neurons decreased
from 62 ± 5.6% in 10-day-old to 33 ± 4.1% in 1-month-old
rats (p < 0.001).

Fig. 2 Percentage of NOS(+
)/ChAT(−), NOS(+)/ChAT(+),
NOS(−)/ChAT(+) SPN (a),
NOS(+)/CB(−), NOS(+)/CB(+),
NOS(−)/CB(+) SPN (b), NOS(+
)/CART(−), NOS(+)/CART(+),
NOS(−)/CART(+) SPN (c) in the
nucl.ILp of the Th2 SC segment
in rats of different ages. The error
bars represent SEM (*p < 0.01,
when comparing newborn,
**p < 0.05, when comparing
20-day-old rats)
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Expression of nNOS by western blot analysis

In order to further measure the protein expressions of nNOS,
total protein extracted from the SC were subjected to western
blot analysis. A nNOS-IR band of 155 KD was present in

extracts of SC but it was much more intense in newborns
(Fig. 7). Densitometric analysis revealed that it significantly
decreased in the first 10 days (p < 0.05). No statistically sig-
nificant differences were found between 10-day-old and older
age groups (p > 0.05).

Fig. 3 Fluorescence micrographs of ChAT (green) and nNOS (red) immunoreactivity in the SC of newborn (a), 10-day-old (b), 30-day-old (c), 3-year-
old (d) rats. nNOS (+)/ChAT (−) neurons are indicated by arrows. Bar, 50 μm

Table 4 Percentages of nNOS(+)/ChAT(−), nNOS(+)/ChAT(+), nNOS(−)/ChAT(+) neurons in nucl.IC and nucl.ICpe of SC in rats of different ages
(n = 5 in every age group)

Age nucl.IC nucl.ICpe

nNOS(+)/ChAT(−) nNOS(+)/ChAT(+) nNOS(−)/ChAT(+) nNOS(+)/ChAT(−) nNOS(+)/ChAT(+) nNOS(−)/ChAT(+)

Newborn 35 ± 1.7 31 ± 2.5 34 ± 2.1 36 ± 2.5 31 ± 1.2 33 ± 2.6

10-day-old 32 ± 2.8 36 ± 2.4 32 ± 1.5 30 ± 2.2 34 ± 1.6 36 ± 2.5

20-day-old 33 ± 1.9 32 ± 2.5 35 ± 2.1 35 ± 2.3 33 ± 1.1 32 ± 1.1

1-month-old 36 ± 1.4 31 ± 2.3 33 ± 1.6 36 ± 2.5 33 ± 1.1 31 ± 1.3

2-month-old 32 ± 2.7 33 ± 1.5 35 ± 1.1 36 ± 1.5 31 ± 2.2 33 ± 1.8

6-month-old 33 ± 1.7 33 ± 1.5 34 ± 1.1 32 ± 1.5 34 ± 2.2 34 ± 2.8

3-year-old 34 ± 0.7 35 ± 1.5 31 ± 2.1 35 ± 1.5 34 ± 1.2 31 ± 1.8
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Discussion

The present study reveals decreasing nNOS expression in
SPN in rats during early postnatal development. We per-
formed the current work on female rats since our previous
study of nNOS expression in afferent and sympathetic ganglia
in the rat development was also done on female animals
(Masliukov et al. 2014). Previously, we studied morphology
of neurons in the SC of both sexes and we did not observe
gender differences (Porseva et al. 2014, 2015).

Somatic motoneurons and autonomic preganglionic
neurons are generated synchronously in a single,
ventrolaterally located column in the intermediate zone
during the embryonic days 11–12 and express ChAT. At
embryonic day 17, these autonomic motor neurons
reache their final positions in the middle portion of
the intermediate zone of SC (Phleps et al. 1991). SPN
became NADPH-d- (and presumably nNOS) positive
early in their development, as they were migrating toward
their adult positions (Wetts et al. 1995).

By our data, even in newborns, nNOS-IR neurons were
located in the intermediate gray matter of the SC in four
groups corresponding to the four nuclei, the ILp, ILf, IC,
and ICpe. The largest percentage of nNOS-IR neurons was
located in the ILp. IC and ICpe contain slightly higher per-
centages of nNOS-IR SPN in the neonate when compared
with the adult. Our findings are in accordance with previous
data concerning the total distribution of SPN in the SC and its
changes in the early postnatal development (Pyner and Coote
1994).

Cross-sectional area of nNOS-IR SPN enlarges in the first
10 days of life in rats. However, an increase of soma size in
sympathetic and enteric ganglia goes more slowly. The cross-
sectional areas of sympathetic neurons become similar to adult
parameters at the end of 20–30 days (Masliukov et al. 2012)
and in the enteric ganglia maturation of neurons finishes only
at the end of the second month of life (Masliukov et al. 2017).

However, we found that in neonatal animals, the largest
percentage of neurons was nNOS-IR and a small part of the
neurons was ChAT(−) at the same time. During the first month

Fig. 4 Fluorescence micrographs of nNOS (green) and CB (red) immunoreactivity in the SC of newborn (a), 20-day-old (b), 30-day-old (c), 3-year-old
(d) rats. Bar, 50 μm
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of life, the proportion of nNOS-IR neurons decreased signif-
icantly, while the proportion of ChAT-IR neurons increased. In
1-month-old rats, 45% of SPN were nNOS(−). This portion
remained almost unchanged afterwards including aged rats.
We also confirmed the immunohistochemical data by western
blot analysis where nNOS expression considerably decreased
in the first 10 days of life.

Some literature data also point to a transient overexpression
of nNOS in both the neuropil and specific neuronal popula-
tions of the developing cerebral cortex (Judas et al. 1999). NO
has been implicated in various forms of neuronal remodeling
and plasticity. For example, NO is necessary for both activity-
mediated synapse formation (Nikonenko et al. 2003) and for
the expression of neuroplasticity-associated protein expres-
sion (Gallo and Iadecola 2011). NO could nitrosylate different
proteins, whereby it could modulate dendrite outgrowth dur-
ing development (Zhang et al. 2010). nNOS inhibition, during
development, leads to disturbances in dendrite morphology
and to a reduction in synapse number (Sanchez-Islas and
Leon-Olea 2004).

Nevertheless, in the autonomic ganglia, the patterns of
nNOS and ChAT expression are different. Increased level of
nNOS expression is also observed during development of the
enteric ganglia. In the guinea pig’s small intestine, the propor-
tion of nNOS-expressing neurons decreases during postnatal
development. The circular smooth muscle of the intestine ap-
pears to receive innervation from nNOS(+) fibers prior to
ChAT(+) fibers (Patel et al. 2010). In contrast, in newborn
rodents, the quantity of NADPH-d-positive preganglionic fi-
bers in sympathetic ganglia is quite small and the number of
fibers increased during early postnatal development
(Emanuilov et al. 2008).

A number of contradictory studies have shown that NO
could regulate neurotransmitter release. NO increases the ef-
ficacy of ganglionic synaptic cholinergic transmission and
produces prolonged potentiation of ganglionic transmission
in the chick ciliary ganglion and rat sympathetic superior cer-
vical ganglion (Southam et al. 1996; Alkadhi et al. 2005).
Furthermore, NO could also affect the expression of postsyn-
aptic receptors to acetylcholine (Godfrey and Schwarte 2010).

Fig. 5 Fluorescence micrographs of nNOS (green) and CART (red) immunoreactivity in the SC of newborn (a), 10-day-old (b), 30-day-old (c), 3-year-
old (d) rats. Bar, 50 μm
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From other studies, NO reduces the evoked release of acetyl-
choline from the mouse motor nerve terminal (Yakovleva
et al. 2013; Mukhutdinova et al. 2018).

In newborns, the amplitude of sympathetic nerve discharge
is low and it may be explained by low efficacy of cholinergic
synapses in sympathetic ganglia (Masliukov et al. 2000).
Early synapses are weak, fatigue rapidly and display little
spontaneous activity (Rubin 1985). In the early development,
the amplitude of synaptic potentials in sympathetic ganglia
increases and acetylcholine current densities double during
the period when most of the synapses are forming (Gardette
et al. 1991). In paravertebral sympathetic ganglia, there is a
rapid increase in the number of ultrastructurally detectable
synapses during fetal and neonatal development (Smolen
and Raisman 1980). Thus, increase of nNOS/ChAT
colocalization in the first weeks of life may reflect maturation

of synaptic transmission during development. We suggest that
the expression of ChAT in SPN in the early postnatal devel-
opment is affected by the targets—sympathetic ganglionic
neurons.

So, we can also suggest the dual role of NO in the devel-
opment of autonomic SPN. It acts as a possible trophic factor
and is capable of mediating interactions between SPN and
ganglionic neurons before synapse formation or even physical
contacts have occurred. Also, NO regulates acetylcholine re-
lease from presynaptic fibers and facilitates cholinergic neu-
rotransmission in sympathetic ganglia.

Some nNOS-IR SPN also colocalized CART and CB. We
found that the percentage of NOS(+)/CB(+) neurons de-
creased in the development. These data are in accordance with
our previous findings about the decrease of CB expression in
sympathetic ganglia of rats and cats (Masliukov et al. 2012,

Fig. 6 Percentage of nNOS(+
)/CB(−), nNOS(+)/CB(+),
nNOS(−)/CB(+) SPN (a) and
nNOS(+)/CART(−), nNOS(+
)/CART(+), nNOS(−)/CART(+)
SPN (b), in the nucl.IC of the Th2
SC segment in rats of different
ages. The error bars represent
SEM (*p < 0.05 (a), *p < 0.001
(b) when comparing to 10-day-
old rats)
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2015). In mature neurons, calcium-binding proteins are in-
volved in numerous functions, including cell signaling, calci-
um uptake and transport, cell motility, and intracellular calci-
um buffering. CB may protect neurons against large fluctua-
tions in free intracellular Ca2+ and may prevent cell death
(Andressen et al. 1993; Schwaller 2012). Possibly, CB is nec-
essary to establish new synaptic contacts between axons of
principal ganglionic neurons and target organs, preganglionic
fibers and principal ganglionic neurons. (Siechen et al. 2009;
Heiman and Shaham 2010). Thus, decrease in CB and nNOS
expression in SPN may be explained by their role in the early
development of autonomic neurons.

Meanwhile, the proportion of nNOS-IR neurons decreases
when compared to nNOS(−)/CART(+) cells and it is very
similar to changes of nNOS/ChAT colocalization. A substan-
tial fraction of CART-IR SPN may be involved in cardiovas-
cular regulation, because about 40% of CART-IR neurons in
the ILp express Fos in response to a hypotensive stimulus. In
the SC, low doses of CART potentiate the hypertension and
tachycardia produced by intrathecal glutamate, and, at higher
doses, the peptide itself can increase mean arterial pressure
and heart rate (Scruggs et al. 2005). Thus, we can suggest that
the process of increasing CART-IR and ChAT-IR in SPN may
correspond with the elevation of heart rate and arterial blood
pressure in the early period of postnatal development.

Conclusions

In summary, the present study provides further insight into the
development of SPN in rats. In young and adult rats, the

majority of SPN is nNOS-IR. In the development, the percent-
age of nNOS-IR neurons colocalizing CB neurons decreases,
but the proportion of nNOS-IR neurons colocalizing ChAT
and CART increases. The information provided in this study
will also serve as a basis for future studies that investigate the
mechanisms underlying the development of sympathetic
neurons.
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