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a b s t r a c t
Whilst a fall in neuron numbers seems a common pattern during postnatal development, several authors
have nonetheless reported an increase in neuron number, which may be associated with any one of
a number of possible processes encapsulating either neurogenesis or late maturation and incomplete
differentiation. Recent publications have thus added further fuel to the notion that a postnatal neurogenesis may indeed exist in sympathetic ganglia. In the light of these uncertainties surrounding the effects
exerted by postnatal development on the number of superior cervical ganglion (SCG) neurons, we have
used state-of-the-art design-based stereology to investigate the quantitative structure of SCG at four distinct timepoints after birth, viz., 1–3 days, 1 month, 12 months and 36 months. The main effects exerted
by ageing on the SCG structure were: (i) a 77% increase in ganglion volume; (ii) stability in the total number of the whole population of SCG nerve cells (no change – either increase or decrease) during post-natal
development; (iii) a higher proportion of uninucleate neurons to binucleate neurons only in newborn
animals; (iv) a 130% increase in the volume of uninucleate cell bodies; and (v) the presence of BrdU positive neurons in animals at all ages. At the time of writing our results support the idea that neurogenesis
takes place in the SCG of preás, albeit it warrants conﬁrmation by further markers. We also hypothesise
that a portfolio of other mechanisms: cell repair, maturation, differentiation and death may be equally
intertwined and implicated in the numerical stability of SCG neurons during postnatal development.
© 2011 ISDN. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Whilst a fall in neuron numbers seems a common pattern during postnatal development (Santer, 1991; Bergman and Ulfhake,
1998; Cabello et al., 2002; Charalampopoulos et al., 2006; Esiri,
2007; Toscano et al., 2009), several authors have recently cast
suspicion on this general statement that ageing is “always” associated with neuron loss. For instance, Farel (2003) has reported an
ageing-related increase in the number of neurons in the dorsal
root ganglion (DRG) of rats. By the same token, a postnatalinduced increase in the number of hypogastric ganglion neurons
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was reported in rats (Warburton and Santer, 1997), in rat DRG
neurons (Popken and Farel, 1997), in caudal mesenteric ganglion
neurons (Gagliardo et al., 2005) and in the superior cervical ganglion (SCG) neurons of pacas (Abrahão et al., 2009; Melo et al., 2009).
In addition, postnatal neurogenesis has been reported in mouse
DRG (Namaka et al., 2001).
Preás (the chosen species) are wild rodents, weighing up to
around 800 g and having an average lifespan of 4 years. In male
preás, sexual maturity (and the resulting adulthood) is achieved
at about 3 months and senescence is attained from the age of
36 months (Lacher, 1981; Jones, 1982; Nowak, 1999; Rowe and
Honeycutt, 2002). The developmental biology of this species has
been increasingly assessed by multi-disciplinary studies aimed at
better breeding and preserving this Brazilian rodent, which is at
risk and is locally important in terms of meat consumption (Rowe
and Honeycutt, 2002; Wilson and Reeder, 2005). In addition, the
preá may turn into a suitable animal model for studying the developing sympathetic nervous system, since they fall into a body-size
category which places them between widely-studied mice and rats,
and larger wild rodents such as pacas and capybaras (Wilson and
Reeder, 2005).

0736-5748/$36.00 © 2011 ISDN. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijdevneu.2011.12.002
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In the light of these uncertainties surrounding the effects
exerted by postnatal development on the number of SCG neurons,
we have used state-of-the-art design-based stereology to investigate the quantitative structure of SCG at four distinct timepoints
after birth: 1–3 days, 1 month, 12 months and 36 months. The
data raised in this study provide a structural foundation which is
both novel and important for explaining the processes underlying the on-going SCG adaptation and remodelling during postnatal
development. We hope that the results yielded by this work will
bridge the gap between basic and translational clinical research,
since SCG plays an important role in some neuropathies including
Horner’s syndrome (Kisch, 1991; Boydell, 1995; Bell et al., 2001),
stroke (Campbell, 2000; Shaibani et al., 2006; Palmer, 2007) and
epilepsy (Kokaia et al., 1994).
2. Materials and methods
2.1. Animals
The present study was approved by the Animal Care Committee of the College of Veterinary Medicine of the University of São Paulo. To avoid the reported
confounders of gender and lateral asymmetry (Abrahão et al., 2009), specimens
were conﬁned to the left SCGs of males, which were obtained from n = 20 preás –
known in English as Spix’s Yellow-toothed Cavies (Galea spixii) – maintained in the
Wild Animal Breeding Centre (CEMAS) of the Federal Rural University of the Semiarid Northeastern Region (Mossoró-Brazil), an animal-breeding facility licensed by
the Brazilian Ministry of the Environment (License number: 12.492-00040). Based
upon sexual maturation and phases of postnatal development (Murphey and Olsen,
1994; Abrahão et al., 2009) the animals were divided into four age groups (n = 5):
group Newborn (1–3 days old), mean (standard deviation) body weight: 48 g (0.10 g),
group Young (1 month old), mean (standard deviation) body weight: 187 g (0.26 g),
group Adult (12 months old), mean (standard deviation) body weight: 338 g (0.58 g)
and group Old (36 months old), mean (standard deviation) body weight: 347 g
(0.45 g).
2.2. Immunotechniques
2.2.1. BrdU administration
The thymidine-analog 5-bromo-2-deoxyuridine BrdU (25 mg ml−1 ) (Sigma) was
dissolved in phosphate-buffered saline (PBS) (0.1 M, pH 7.4). Subsequently, each
animal was injected intraperitoneally with 50 mg kg−1 of BrdU, which was administered both 16 and 2 h before euthanasia (Valero et al., 2005).
2.3. Euthanasia and histology
At each age, animals were sedated by i.m. injection of 4 mg kg−1 azaperone (Bayer) followed by 0.06 mg kg−1 i.m. atropine sulphate (Bayer). Anaesthesia
involved a combination of 20 mg kg−1 i.m. ketamine chloride (Bayer) and 1.5 mg kg−1
i.m. xylazine hydrochloride (Bayer) and euthanasia was conducted using an i.p.
100 mg kg−1 overdose of sodium pentobarbital (Bayer). In all animals, a bulbed cannula was inserted into the left ventricle of the heart and a cleaning solution of 0.1 M,
pH 7.4 phosphate-buffered saline (PBS, Sigma) containing 2% heparin (Roche) and
0.1% sodium nitrite (Sigma) was injected via the ascending aorta. This was followed
by perfusion-ﬁxation with 4% formaldehyde and 0.2% glutaraldehyde in PBS (0.1 M,
pH 7.4). Left SCGs were dissected out and their wet weights were converted into
volumes using a tissue density of 1.06 g cm−3 for estimating tissue shrinkage distortion (Weibel, 1979). SCG thickness (depth axis), width (short axis) and length
(long axis) were deﬁned – based upon SCG shape – and measured using a digital
pachymeter (Digimess). The long axis was taken as the great distance between the
two SCG poles and the short and the depth axes were deﬁned as the major transverse
and top-bottom distances respectively.
2.4. Embedding procedures
In order to produce vertical and uniform random sections (VUR sections)
(Baddeley et al., 1986; Tandrup, 1993; Tandrup and Brændgaard, 1994) SCGs were
rotated along their own long axis using a bar rotator and their vertical axes were
marked using a Tissue Marking Dye System (Cancer Diagnostics, Inc.). SCGs were,
subsequently, embedded in a 10% agar solution and exhaustively sectioned with a
nominal thickness of 40 m using a VT1000S Leica vibratome. Next, sections were
collected onto glass slides, stained with Giemsa (Merck) and mounted under a coverslip with a drop of DPX (Fluka). Section images were acquired using a DMR Leica
microscope equipped with a High-End DP 72 Olympus digital camera and projected
onto a computer monitor. Stereological analyses were performed using the autodisector and the rotator procedure of the newCAST Visiopharm stereology system
version 4.2.8.0.

2.5. Immunohistochemistry of BrdU
SCG vibrosections – 40 m-thick sections – (adjacent to Giemsa-stained sections) were incubated in 2 N HCl for 1 h to denature DNA. Brieﬂy, sections were
exposed to 0.5% hydrogen peroxide in 50% ethanol for 30 min (in order to block
endogenous peroxidases), washed in PBS, placed for 1 h in a 10% non-immune
normal goat serum (Jackson ImmunoResearch Labs) and then exposed to avidin
followed by biotin for 15 min each in order to block endogenous avidin and biotin
(Avidin/Biotin blocking kit SP-2001, Vector Labs, Burlingame, CA).
Specimens were subsequently washed in PBS, incubated for 24 h in a rat monoclonal antibody to BrdU diluted 1:1000 in PBS containing 10% non-immune normal
goat serum and 0.1% sodium azide and then washed in PBS. They were next incubated for 2 h in a HRP-conjugated goat anti-rat IgG serum diluted 1:200 and washed
in PBS. Immunoreactivity was visualised with 3,3 -diaminobenzidine (Sigma) in PBS
containing 0.01% H2 O2 . Routine immunolabelling controls were carried out by omitting the primary or secondary antibody steps, independently (for more details, see
Steele et al., 2006). Next, sections were collected onto glass, washed in PBS, dehydrated in progressive ethanol concentrations and mounted under a coverslip with
a drop of DPX (Fluka). Section images were acquired using a DMR Leica microscope equipped with a High-End DP 72 Olympus digital camera and projected onto
a computer monitor.
2.6. Design-based stereology
2.6.1. Volume of ganglion, VSCG
The total volume of each SCG was estimated by means of the Cavalieri principle (Gundersen et al., 1999) in the same reference sections used for disectors.
Brieﬂy, SCG agar-embedded blocks were exhaustively serially sectioned and every
3rd section was sampled and measured for cross-sectional area. Then,
VSCG :=T ·



ASCG ,



ASCG is the sum of the
where T is the between-section distance (120 m) and
delineated proﬁle areas of the chosen set of SCG sections. Proﬁle areas were estimated from the numbers of randomly positioned test points (∼200 per SCG) hitting
the whole reference space and the areal equivalent of a test point. Irrespective of
groups, the mean volume shrinkage (coefﬁcient of variation, CV, expressed as a
decimal fraction of the mean) was estimated to be 3.8% (0.21) in group Newborn,
3.6% (0.20) in group Young, 3.2% (0.18) in group Adult and 2.9% (0.19) in group Old.
No correction for global shrinkage was performed since between-group differences
were not signiﬁcant (p = 0.3).
2.6.2. Total number of Giemsa-stained and BrdU positive uninucleate and
binucleate SCG neurons: NuniSCG , NbiSCG
The optical fractionator was used for estimating the total number of Giemsastained and BrdU positive uninucleate (Nuni ) and binucleate (Nbi ) SCG neurons
(Gundersen et al., 1988; Gundersen, 2002). Each SCG agar-embedded block was
exhaustively serially sectioned into 40 m-thick sections and a mean sampling fraction (ssf, 1/3) of these sections was selected: one section was stained with Giemsa
and the adjacent section was used for BrdU immunohistochemistry. This approach
was of paramount importance to assure that the total number of BrdU positive uni
and binucleate SCG neurons (chemically coded subpopulation of neurons) could be
plotted against the total number of Giemsa-stained uni and binucleate SCG neurons,
which represented the whole population of SCG neurons.
Before starting the counting procedure, a z-axis distribution (calibration) was
performed to determine the neuron distribution throughout section thickness and
establish the disector height, which was 10 m for Giemsa-stained neurons and
20 m for BrdU positive neurons. Section thickness was measured in every ﬁeld
of view using the central point on the unbiased counting frame. The mean height
sampling fraction (hsf) was 1/4 for Giemsa-stained neurons and 1/2 for BrdU positive
neurons and the perikaryon was deﬁned as the counting unit.
A mean area sampling fraction (asf) of 1/20 for Giemsa-stained neurons and
1/10 for BrdU positive neurons of the chosen SCG sections was sampled using 2D
unbiased counting frames with a frame area equivalent to 2500 m2 (Gundersen,
1977). For Giemsa-stained neurons in group Newborn, an average of 85 disectors
was used to count 297 uninucleate
 − neurons and 85 disectors were applied to count
Q ). In group Young, 86 disectors were applied to count
171 binucleate neurons (
262 uninucleate neurons and 80 disectors were used to count 206 binucleate neurons. In group Adult, 87 disectors were applied to count 175 uninucleate neurons
and 99 disectors were used to count 173 binucleate neurons. Finally, in group Old,
89 disectors were applied to count 201 uninucleate neurons and 101 disectors were
used to count 202 binucleate neurons. For BrdU positive neurons in group Newborn, an average of 85 disectors was used to count 86 uninucleate
 − neurons and 85
Q ). In group Young,
disectors were applied to count 62 binucleate neurons (
86 disectors were applied to count 145 uninucleate neurons and 80 disectors were
used to count 72 binucleate neurons. In group Adult, 87 disectors were applied to
count 185 uninucleate neurons and 99 disectors were used to count 119 binucleate
neurons. Finally, in group Old, 89 disectors were applied to count 318 uninucleate
neurons and 101 disectors were used to count 155 binucleate neurons.
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The total number of Giemsa-stained and BrdU positive SCG neurons was then
estimated by multiplying the counted number of particles – uninucleate or binucleate neurons – by the reciprocal of sampling fractions:
−1

Nuni or biSCG :=ssf

−1

· hsf

· asf

−1

·



Q−

where ssf is the mean section sampling fraction, hsf 
is the mean height sampling
Q− is the total number of
fraction, asf is the mean area sampling fraction and
particles counted using optical disectors. Total numbers of all neurons (Giemsastained or BrdU positive), Nall , were obtained by summing speciﬁcally labelled Nuni
and Nbi for each SCG.
2.6.3. Mean volumes of Giemsa-stained uninucleate and binucleate SCG neurons:
v̄Nuni and v̄Nbi
The mean perikaryal volume of both types of Giemsa-stained SCG neurons was
estimated by the planar rotator method (Vedel Jensen and Gundersen, 1993; Howard
and Reed, 2010), which is a local and direct estimator of particle volume. The planar rotator is based upon the Pappus–Guldinus theorem. Technically speaking, the
method requires a uniquely deﬁned sub-space of the particle, e.g. the nucleus or the
nucleolus of a cell and the optical disector is used as a probe to sample particles.
In our study the planar rotator was computer assisted using the 6 half-line rotator probe available in the newCAST Visiopharm stereology system (version 4.2.8.0)
and in the same reference sections used for total number estimation. Nucleoli were
sampled using 40 m-thick sections in optical disectors.
The following formula was used to estimate mean perikaryal volume:

v̄N =  · t ·



li2

i

where t is the distance between 6 parallel half-lines (which constitute a grid) placed
perpendicular to the vertical axis of the section and li2 represents the squared distance between cell proﬁle boundary and the vertical axis measured in the focal plane
where the nucleolus was identiﬁed (Vedel Jensen and Gundersen, 1993).
2.7. Statistical analysis
The precision of a stereological estimate was expressed as a coefﬁcient of error
(CE) calculated as described by Gundersen et al. (1999). When applying designbased stereological methods, a reasonable precision of the stereological estimate is
attained when CE is up to about half of the observed coefﬁcient of variation (CVobs )
(Gundersen and Østerby, 1981; Mathieu et al., 1983; Sokal and Rohlf, 1995).

3

In Section 3, the whole data were expressed as group mean (observed coefﬁcient of variation, CVobs ) where CVobs represents standard deviation/mean. Group
differences were assessed by one-way analysis of variance (ANOVA) using Minitab
version 16 (2010). When signiﬁcant between-group differences (p < 0.05) were
noted, Tukey’s test for multiple comparisons was applied.

3. Results
3.1. SCG structure
In all animals, irrespective of age groups, the left SCGs were
roughly spindle-shaped and located in the most cranial part of
the neck. Dorsally, ganglia were in contact with the vagus nerve
and, ventrally, they were close to the occipital artery. The caudal pole of SCG continued into the cervical sympathetic trunk. In
group Newborn, SCG width, length and thickness were 0.84 mm
(0.31), 1.29 mm (0.12) and 0.82 mm (0.14) respectively. In group
Young, the corresponding values were 1.03 mm (0.14), 2.08 mm
(0.10) and 0.78 mm (0.10). In group Adult the corresponding values were 1.06 mm (0.30), 2.3 mm (0.10) and 0.80 mm (0.11) and,
for group Old, 1.17 mm (0.12), 2.08 mm (0.14) and 0.86 mm (0.15).
Apparent differences in linear dimensions between groups were
signiﬁcant for length (p = 0.0001) and width (p = 0.036), i.e. in both
cases between group Newborn and group Old, albeit they were not
signiﬁcant for thickness (p = 0.665).
The left SCG comprised clusters of neurons separated by nerve
ﬁbres, blood vessels and prominent septa of connective tissue. Ganglion neuron proﬁles were roughly circular or oval in shape. The
neurons were densely distributed and packed in groups Newborn
and Young but, in groups Adult and Old, neurons were further
apart and were separated by spaces mainly occupied by neuropil
(neurites and glial processes) and by blood vessels and connective
tissue (Fig. 1). Regardless of age groups, nuclei were located either
centrally or eccentrically in the perikarya of uninucleate neurons,

Fig. 1. Light-microscopic images of Giemsa-stained, 40 m-thick, optical sections of preá left SCGs from groups Newborn (A), Young (B), Adult (C) and Old (D). In groups
Newborn (A) and Young (B) uninucleate (arrows) and binucleate (arrowheads) neurons are densely distributed and packed, although in groups Adult (C) and Old (D) neurons
are more sparsely dispersed and separated by spaces mainly occupied by neuropil (*) and vessels (v). Note that uni and binucleate neurons are progressively further apart
from group Newborn (A) towards group Old (D). Scale bars: 20 m.
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distributed and packed, albeit they were more sparsely distributed
in groups Adult and Old (Fig. 3).
3.3. Stereological data
3.3.1. Volume of ganglion, VSCG
VSCG amounted to 0.52 mm3 (0.28) in group Newborn, 0.51 mm3
(0.34) in group Young, 0.57 mm3 (0.30) in group Adult and
0.92 mm3 (0.15) in group Old.
Group differences were signiﬁcant (p = 0.002), i.e. between
group Old and all other groups: Newborn, Young and Adult. The
precision of estimated ganglion volume (expressed as CE(VSCG ))
was 0.03 for group Newborn, 0.03 for group Young, 0.03 for group
Adult and 0.02 for group Old (Table 1).

Fig. 2. Light-microscopic maximal deconvoluted image of Giemsa-stained, 40 mthick, optical section of a preá left SCG from group Old depicting three large
binucleate neurons (arrowheads) surrounding one uninucleate neuron (arrow).
Note that in each binucleate nerve cell there are two separated nuclei, which reside
in the same cell and typically occupy the two poles of it. Scale bar: 10 m.

though the nuclei of binucleate neurons occupied two poles of the
cell (Fig. 2).
3.2. BrdU immunohistochemistry
Brown-labelled BrdU-positive uni and binucleate SCG neurons
were noticed in all age groups: Newborn, Young, Adult and Old. In
groups Newborn and Young BrdU-positive neurons were densely

3.3.2. Total number of Giemsa-stained and BrdU-positive
uninucleate and binucleate SCG neurons: NuniSCG , NbiSCG and total
numbers of all neurons: Nall
3.3.2.1. Giemsa-stained SCG neurons. In group Newborn the total
number of uninucleate, binucleate and total numbers of all neurons
were 65,324 (0.20); 38,356 (0.36) and 103,680 (0.26) respectively.
In group Young the total number of uninucleate, binucleate and
total numbers of all neurons were 48,083 (0.20); 39,019 (0.35) and
87,102 (0.26) respectively. In group Adult the total number of uninucleate, binucleate and total numbers of all neurons were 45,226
(0.37); 43,981 (0.35) and 89,206 (0.36) respectively. In group Old
the ﬁgures were 54,136 (0.22); 54,404 (0.22) and 108,540 (0.19)
respectively (Fig. 4).
Differences amongst groups did not attain statistical signiﬁcance for either uninucleate (p = 0.118) and binucleate neurons
(p = 0.261) or total numbers of all neurons (p = 0.493). For uninucleate neurons, the precision of estimated number (expressed as
CE(NuniSCG )) was 0.03 for group Newborn, 0.03 for group Young,
0.03 for group Adult and 0.03 for group Old. For binucleate neurons

Fig. 3. Immunoenzymatic microscopic images of 40 m-thick sections of preá left SCGs from groups Newborn (A), Young (B), Adult (C) and Old (D) that were immunolabelled
for BrdU – brown-labelled nuclei (*). In groups Newborn (A) and Young (B) BrdU-positive uninucleate (arrows) and BrdU-positive binucleate (arrowheads) neurons are densely
distributed and packed, although in groups Adult (C) and Old (D) BrdU-positive neurons are more sparsely dispersed and separated by spaces mainly occupied by neuropil
and vessels (v). Scale bars: 10 m.
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Table 1
SCG volume (mm3 ) and mean volumes of Giemsa-stained uni and binucleate SCG neurons (m3 ). Values are group means (CVs).
Variable

Newborn (n = 5)

Young (n = 5)

Adult (n = 5)

Old (n = 5)

SCG volume*
Volume (uni)**
Volume (bi)NS

0.52 (0.28)a
2917 (0.04)a
12,117 (0.15)a

0.51 (0.34)a
3550 (0.23)a
14,430 (0.28)a

0.57 (0.30)a
7409 (0.05)b
12,530 (0.04)a

0.92 (0.15)b
6701 (0.17)b
13,652 (0.09)a

Means that do not share a letter are signiﬁcantly different.
*
p = 0.002.
**
p = 0.0001.
NS
p = 0.402.

CE(NbiSCG ) was 0.03 for group Newborn, 0.03 for group Young, 0.03
for group Adult and 0.03 for group Old.
Number-derived proportion of uninucleate vs. binucleate neurons.
The number-derived proportion of uninucleate vs. binucleate SGC
neurons was 1.773 (0.14) in group Newborn, 1.327 (0.26) in group
Young, 1.02 (0.09) in group Adult and 1.01 (0.21) in group Old.
Group differences were signiﬁcant (p = 0.0001), i.e. between Newborn and all remaining age groups.
3.3.2.2. BrdU-positive SCG neurons. In group Newborn the total
number of uninucleate, binucleate and total numbers of all neurons
were 5188 (0.18), 3735 (0.58) and 8923 (0.34) respectively.
In group Young the total number of uninucleate, binucleate
and total numbers of all neurons were 8713 (0.51); 4356 (0.67)
and 13,069 (0.56) respectively. In group Adult the total number

of uninucleate, binucleate and total numbers of all neurons were
11,124 (0.60); 7140 (0.55) and 18,264 (0.56) respectively. In group
Old the ﬁgures were 19,125 (0.62); 9352 (0.62) and 28,477 (0.64)
respectively (Fig. 4).
Differences amongst groups did not attain statistical signiﬁcance for either uninucleate (p = 0.205) and binucleate neurons
(p = 0.518) or total numbers of all neurons (p = 0.303). For uninucleate neurons, the precision of estimated number (expressed as
CE(NuniSCG )) was 0.03 for group Newborn, 0.05 for group Young,
0.06 for group Adult and 0.03 for group Old. For binucleate neurons
CE(NbiSCG ) was 0.02 for group Newborn, 0.03 for group Young, 0.05
for group Adult and 0.03 for group Old.
Number-derived proportion of uninucleate vs. binucleate neurons.
The number-derived proportion of uninucleate vs. binucleate SGC
neurons was 1.838 (0.60) in group Newborn, 2.458 (0.39) in group

Fig. 4. Total number of Giemsa-stained (uni, binucleate and all) SCG neurons and total number of BrdU-positive (uni, binucleate and all) SCG neurons of the preá left SCG
from groups Newborn, Young, Adult and Old. For both Giemsa-stained and BrdU-positive neurons, inter-group differences did not attain statistical signiﬁcance for either
uninucleate (p = 0.118; 0.205) and binucleate neurons (p = 0.261; 0.518) or total numbers of all neurons (p = 0.493; 0.303). Triangles indicate individual values and horizontal
bars show group means. Note also a simple pie chart (on the right) showing the number-derived proportion of BrdU-positive (uni + binucleate) subpopulation of SGC neurons
relative to the Giemsa-stained (uni + binucleate) whole population of SCG neurons. Of the whole SCG neuron population, 8.6%; 15%; 20.5% and 26.2% are represented by
BrdU-positive neurons in groups Newborn, Young, Adult and Old respectively. Between-group differences were not signiﬁcant (p = 0.392).
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Young, 1.846 (0.21) in group Adult and 2.293 (0.24) in group Old.
Inter-group differences were not signiﬁcant (p = 0.617).
3.3.2.3. Total number of BrdU-positive uni and binucleate SCG neurons
plotted against the total number of Giemsa-stained uni and binucleate SCG neurons. The number-derived proportion of BrdU-positive
uni and binucleate subpopulation of SGC neurons plotted against
Giemsa-stained uni and binucleate whole population of SCG neurons was 8.6% (0.38) in group Newborn, 15% (0.41) in group Young,
20.5% (0.36) in group Adult and 26.2% (0.54) in group Old (Fig. 4).
Between-group differences were not signiﬁcant (p = 0.392).
3.3.3. Mean volumes of Giemsa-stained uninucleate and
binucleate SCG neurons: v̄Nuni and v̄Nbi
In group Newborn the mean perikaryal volume of uninucleate
and binucleate SCG neurons was 2917 m3 (0.04) and 12,117 m3
(0.15) respectively. In group Young the mean perikaryal volume
of uninucleate and binucleate neurons was 3550 m3 (0.23) and
14,430 m3 (0.28) respectively. In group Adult the mean perikaryal
volume of uninucleate and binucleate neurons was 7409 m3
(0.05) and 12,530 m3 (0.04) respectively. In group Old the corresponding mean volumes were 6701 m3 (0.17) and 13,652 m3
(0.09) respectively (Table 1).
Differences amongst groups attained statistical signiﬁcance for
uninucleate neurons (p = 0.0001), i.e. between groups Newborn and
Adult, between groups Newborn and Old, between groups Young
and Adult and between groups Young and Old, albeit they were not
signiﬁcant for binucleate neurons (p = 0.402).
4. Discussion
This work has tested the adaptive responses of the left SCG –
either number and size of neurons or SCG volume – to ageing using
state-of-the-art design-based stereology coupled with immunohystochemistry. The main effects exerted by ageing on the SCG
structure were: (i) a 77% increase in ganglion volume; (ii) stability
in the total number of the whole population of SCG nerve cells (no
change – either increase or decrease) during post-natal development; (iii) a higher proportion of uninucleate neurons to binucleate
neurons only in newborn animals; (iv) a 130% increase in the volume of uninucleate neurons; and (v) the presence of BrdU-positive
neurons in animals at all ages. The increases in ganglion volume
and in neuron size as well as the stability in the total number of
SCG nerve cells and the existence of BrdU-positive neurons in old
animals had not been anticipated and we believe these ﬁndings to
be clinically important.
4.1. SCG structure
Irrespective of age, all SCGs were enveloped by a connective capsule, which produced septa of connective tissue inside the ganglia,
dividing them into several ganglion units. This general pattern is in
line with previous qualitative studies focusing on the sympathetic
ganglia of several large mammals such as dogs (Ribeiro et al., 2002;
Gagliardo et al., 2003), rabbits (Sasahara et al., 2003), and capybaras
and horses (Ribeiro et al., 2004; Loesch et al., 2010).
A notable ﬁnding in this study was the ageing-related distribution of neurons, i.e. neurons were smaller and densely packed
in groups Newborn and Young, whereas neurons were bigger,
sparsely distributed and separated by spaces mainly occupied by
neuropil (neurites and glial cells) and by blood vessels and connective tissue in groups Adult and Old. By the same token, SCG neurons
from some other aged rodents, e.g. guinea pigs and pacas, are also
distributed non-uniformly and separated by non-neuronal tissue,
especially connective tissue (Toscano et al., 2009; Abrahão et al.,
2009; Melo et al., 2009).

4.2. Binucleate neurons
Mammalian sympathetic ganglion neurons are usually uninucleate, but cells with two nuclei are also found (Huber, 1899; Smith,
1970; Filichkina, 1981; Dalsgaard and Elfvin, 1982; Macrae et al.,
1986; Purves et al., 1986) and the frequency in which they appear
changes considerably from one species to another and during the
post-natal development. Binucleate cells make their appearance at
the stage in the development of the innervation of the heart when
the immature neuroblasts seen in early stages are becoming fewer
in number and when their migration along nerve bundles passing
from the cardiac plexus has almost ceased. On this basis binucleate
nerve cells are found when cell division is occurring and it may represent a stage in a mechanism to increase the number of ganglion
cells in the heart, by a process of active division, at a time when
migration of neuroblasts into the heart has virtually ceased (Smith,
1970).
One explanation for the occurrence of two nuclei in the guinea
pig sympathetic ganglion cells is that a mitotic arrest late in the
differentiation process can occur. There is no known reason for this,
but it has been suggested that it might be due to a response to nerve
growth factor (NGF) stimulation of the ganglion cells in their ﬁnal
differentiation to adrenergic cells. It is, however, unclear why only
these cells respond in such a manner and not other adrenergic cell
populations (Levi-Montalcini and Aloe, 1983; Purves et al., 1988).
The functional signiﬁcance of the phenomenon with binucleate
cells is not known. It is possible that the occurrence of the two nuclei
is an adaptation to some speciﬁc demand imposed on the cells with
respect to protein synthesis. It is unclear whether the binucleate
cells’ genome is broader, since there is no indication that one of
the nuclei has a larger proportion of euchromatin than the other,
nor that the nuclei are different from those of the uninucleate cells
in their hetechromatin/eurochromatin ratio (Smith, 1970; Ribeiro,
2006).
However, these speculations are contradicted by the study of
Filichkina (1981), where the binucleate rabbit SCG neurons did not
show an increase in the total protein synthesis or axonal transport
of proteins when compared to uninucleate SCG cells.
From a genetic point of view the relative proportion, ultrastructure and DNA-content of the binucleate cells in the guinea pig celiac
superior mesenteric ganglion was studied by Forsman et al. (1989)
who reported that binucleate cells contain twice the amount of DNA
found in uninucleate cells.
The number of uni- vs. binucleate cells was found to vary with
the stage of development with about 40% of the cells being binucleate in adult guinea pigs and 50% in the late prenatal stage
(60-day-old fetuses) (Forsman et al., 1989). On the contrary, our
study has shown that the number-derived proportion of uninucleate vs. binucleate Giemsa-stained (whole population) neurons
was higher in group Newborn when compared to all remaining
age groups, i.e. in group Newborn there were about two uninucleate neurons for each binucleate nerve cell and the proportion
decreases and ultimately equates to 1:1 from young to old animals.
Mechanistically speaking, we hypothesise that these uninucleate
neurons may be undergoing cell death or cell repair – although we
have not used speciﬁc markers for cell death at this point in time
– leading to a ratio equality between uni and binucleate neurons
during postnatal development: maturation and ageing. As an actual
fact an equilibrium between neurogenesis and cell death ensures a
homeostatic balance in the adult brain, since cell death provides a
stimulus for increased neurogenesis (Abrous et al., 2005). A second
hypothesis (not tested in this present study) would be that uninucleate neurons might be turning into binucleate neurons during
postnatal development.
On the whole, there is still a dearth of knowledge of the origin of
binucleate nerve cells and their functional signiﬁcance, since there
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is no plausible explanation for the large occurrence of binucleate
sympathetic neurons, especially in wild rodents as our previous
publications have demonstrated (Ribeiro et al., 2004; Ribeiro, 2006;
Melo et al., 2009; Abrahão et al., 2009; Toscano et al., 2009; Loesch
et al., 2010).
4.3. Stereology
4.3.1. Volume of ganglion
Hypertrophy is a widely known adaptive mechanism during
postnatal development in most autonomic ganglia from mediumsized to large mammals (Miolan and Niel, 1996; Gagliardo et al.,
2005; Fioreto et al., 2007). As with previous studies (Ribeiro et al.,
2004; Gagliardo et al., 2005; Ribeiro, 2006; Toscano et al., 2009)
preá postnatal development was marked by a 77% increase in the
SCG volume, which was accompanied by a 7000-fold increase in the
animal body weight. However, in addition to nervous tissue, ganglia
contain a noticeable amount of non-neuronal tissue, i.e. connective tissue and blood vessels. The differences in ganglion volume
may partially reﬂect a variation in the total volume of the nervous
tissue, and partially a variation in the vascular and connective tissue total volumes due to a possible augmented functional demand
triggered by the ganglion’s target-organ’s growth during postnatal development which may lead to an increase in the production
of neurotrophic factors (Andrews, 1996; Miolan and Niel, 1996;
Toscano et al., 2009).
4.3.2. Total number of neurons
Another striking ﬁnding of this study was the fact that the
total number of whole population of SCG neurons (uninucleate,
binucleate and all neurons) did not change – either increased or
decreased – during ageing. However, the lack of statistically significant results does not necessarily mean that there are no effects,
e.g. ageing-induced changes, yet this merely shows that it was not
possible to detect them with the statistical method employed. In
contrast, Ribeiro (2006) found a 23% decrease in the total number
of binucleate SCG neurons in capybaras during maturation. Recent
stereological analyses on the SCGs of developing guinea pigs have
shown that neuron numbers decline in adulthood and in aged animals (Toscano et al., 2009).
A similar neuronal number reduction was also reported by
Bergman and Ulfhake (1998), comparing DRG from 30-day and 3month-old rats. By the same token, Santer (1991) also described a
decrease in the total number of neurons in SCG between 4 and 24month-old rats. Neuron loss during ageing has also been attributed
to a decrease in the production of neuroactive steroids, i.e. dehydroepiandrosterone sulphate ester and allopregnanolone, which
are inhibitors of neuron apoptosis that occurs during ageing and
which protect CNS and sympathetic neurons from noxious agents
(Charalampopoulos et al., 2006).
Whilst a fall in neuron numbers seems a common pattern during postnatal development, Farel (2003) reported an increase in the
number of neurons in the DRG of rats, which was not associated
with a possible neurogenesis, but perhaps, with late maturation or
incomplete differentiation. On the other hand, recent publications
– and this current study – describing the existence of binucleate
neurons in the SCG of adult wild rodents such as capybaras (Ribeiro
et al., 2004; Ribeiro, 2006) and in the coeliac ganglion of adult
lagomorphs (rabbits) (Sasahara et al., 2003) – add further fuel to
the notion that a postnatal neurogenesis may indeed exist in sympathetic ganglia, since the occurrence of binucleate neurons may
imply that some cell division and resulting neurogenesis are still
in place, despite the fact that the whole population of SCG neurons reached numerical stability during maturation and ageing, as
our study underpins. Commensurate with that, a larger number
of hypogastric ganglion neurons was reported by Warburton and
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Santer (1997) in rats of 24 months compared to rats of 4 months,
in the number of DRG neurons of 80-day-old rats compared with
11-day-old rats (Popken and Farel, 1997), and in the number of caudal mesenteric ganglion neurons of middle-aged dogs compared to
young dogs (a 17-fold increase) (Gagliardo et al., 2005).
Concerning postnatal-induced changes, some parts of the nervous system may react differently and the reasons for this are still
unclear. For example, in the CNS, the most frequently reported
changes are neocortical neuron loss, atrophy of remaining neurons (Esiri, 2007) and loss of both Purkinje and granular cells
in the anterior lobe of cerebellum (Andersen et al., 2003) and
dopaminergic cells in the substantia nigra (Sanchez et al., 2008).
Nonetheless, these ﬁndings are controversial because there are differences amongst various components of the CNS and also amongst
animal species (Finch, 1993; Vega et al., 1993). In the adult brain, at
least two regions produce neurons throughout life: the subgranular
zone (SGZ) of dentate gyrus and the subventricular zone (SVZ) of
the lateral ventricle wall (Guo et al., 2010; Landgren and Curtis,
2010). The neurons produced by these two regions mature and
integrate into functional networks involved in memory and odour
discrimination respectively (Landgren and Curtis, 2010). Neurogenesis has also been described in other brain regions such as
amygdala and cortex (Landgren and Curtis, 2010). Nonetheless,
Diabetes mellitus – irrespective of its type – inhibits neurogenesis
in the SVZ and in hippocampus and this inhibition was associated
with augmented glucocorticoid levels (Guo et al., 2010). By the
same token, age-related increases of corticosterone can supress
neurogenesis (Cameron and Gould, 1994; Landgren and Curtis,
2010).
The presence of BrdU-positive and putative dividing neurons in
animals at all ages was an unexpected outcome measure of this
study, and we believe that this potential neuronal division may
have contributed to the stability in the total number of SCG nerve
cells during postnatal development.
Studies of the regional localisation of neurogenesis in the brain
are conducted by using BrdU alone or coupled with markers of
mature neurons, genetic labelling, mouse transgenesis or with the
use of viral vectors (Landgren and Curtis, 2010). BrdU is the most
widely used cell-cycle phase marker for detecting adult neurogenesis and its usage has been the basis for almost all studies. One
useful feature of BrdU is its long-term retention in divided cells
and its passage to their daughter cells (Kee et al., 2002).
Examples of studies using BrdU in neuroscience encompass:
neurogenesis in postnatal mouse DRG (Namaka et al., 2001), hippocampal neurogenesis stimulated by physical exercise (Van Praag
et al., 1999), neurogenesis enhancement in Huntington’s and in
Alzheimer’s diseases (Curtis et al., 2003; Jin et al., 2004), and the
generation of few neuronal cells in the spinal cord of an animal
model for multiple sclerosis (Danilov et al., 2006).
Whilst BrdU immunohistochemistry has been instrumental in
the study of the development of the nervous system, the usage
of BrdU for assessing neurogenesis is not without pitfalls and
limitations and requires distinguishing cell proliferation and neurogenesis from other events involving DNA synthesis, viz., DNA
repair and gene duplication (Taupin, 2007). Along similar lines,
the usage of Ki-67 as a proliferation marker is not without some
obstacles: it is not certain whether Ki-67 signal is strong enough to
be detectable by immunohistochemistry during early G1, the initial phase of the cell cycle (Endl and Gerdes, 2000). Hence, some
changes in cell cycle during G1 may be undetectable (Kee et al.,
2002).
Admittedly, every immunohistochemistry marker has advantages and pitfalls and the conclusions they lead to have to be
drawn in the overall context of the experiment. In light of that,
in our study the total number of BrdU positive neurons was stereologically estimated and “always” related to the total number of
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Giemsa-stained neurons in order to see whether the BrdU subpopulation of neurons would exert an effect on the whole neuronal
population, viz., the Giemsa-stained nerve cells. By stereologically
plotting the BrdU chemical-coded subpopulation of SCG neurons
against the whole Giemsa-stained SCG neuronal population, we
have found that the subpopulation of BrdU-positive neurons is
surprisingly constant in the SCG during the entire postnatal development. Our aforementioned stereological-plotting approach is
novel and lead to a more mechanistic explanation for the events
underpinning the adaptation and remodelling of SCG neurons during postnatal development.
It is widely known that the increase in neuron number is not
always attributable to neurogenesis, but may also be the outcome of late maturation or incomplete differentiation of nerve cells
(Miolan and Niel, 1996; Ciaronia et al., 2000; Farel, 2003). In juvenile bullfrogs, DRG houses a population of immature, incompletely
differentiated neurons that can be induced to differentiate into a
mature form in response to injury (Farel and Boyer, 1999). Indeed,
new DRG neurons derive mostly from differentiation rather than
from proliferation of precursor cells (Meeker and Farel, 1997). By
the same token, pelvic ganglion neurons more than double between
birth and adulthood, probably as a result of continued maturation
of p75-positive undifferentiated neuronal precursors rather than of
cell division (Yan Hui Keast, 2008).
4.3.3. Neuron size
A third ﬁnding of this study was a 130% increase in the volume
of uninucleate SCG neurons during ageing. Our results reconcile
with previous studies in literature, in which an ageing-induced
neuron hypertrophy happens to be a common event, at least in the
CNS, to compensate for a neuron loss in the same period (Cabello
et al., 2002; Sanchez et al., 2008). Along the same lines, neuron volume increased by 217% in dog CMG (Gagliardo et al., 2005) and in
human SCG (Liutkiene et al., 2007) during postnatal development.
In contrast, Ribeiro (2006) reported no changes in the volume of
capybara SCG neurons during postnatal development and Toscano
et al. (2009) have recently communicated 27.5% and 40% decreases
(atrophy) in the volume of uni and binucleate SCG neurons in guinea
pigs during ageing, which may be attributable to a selective agerelated atrophy and neurodegeneration mediated by an increase
in the sortilin expression in SCG neurons, compounded with elevated expression of proNGF levels in some targets (Al-Shawi et al.,
2008). A second hypothesis (not tested in this present study) –
which would account for the increase in the size of uninucleate
neurons during ageing – might be that uninucleate neurons are on
the brink of becoming binucleate neurons (which are considerably
larger).
Given the paradoxical outcome measures reported above, the
chances are that alternative neuron-size regulating mechanisms,
apart from hypertrophy, may be acting or co-acting in the autonomic nervous system during postnatal development in order to
guarantee functional homeostasis, especially in the total amount
of neurotransmitters produced (Cabello et al., 2002).
4.4. Concluding remarks and future research directions
At the time of writing our results support the idea that neurogenesis takes place in the SCG of preás, albeit it warrants conﬁrmation
by further markers. We also hypothesise that a portfolio of other
mechanisms: cell repair, maturation, differentiation and death are
equally intertwined and implicated in the numerical stability of SCG
neurons during postnatal development. To draw an exact parallel
neural progenitor cell population in the adult CNS remains stable
into old age (Taupin and Gage, 2002).
From the novel structural data derived from this study, further
complementary investigations using an association of cell markers

are warranted in order to determine mechanistically how the
stability in the SCG neuronal population arises.
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