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Functional asymmetry has been reported in sympathetic ganglia. Although there are few studies
reporting on body side-related morphoquantitative changes in sympathetic ganglion neurons, none of
them have used design-based stereological methods to address this issue during post-natal development.
We therefore aimed at detecting possible asymmetry-related effects on the quantitative structure of the
superior cervical ganglion (SCG) from pacas during ageing, using very precise design-based stereological
methods. Forty (twenty left and twenty right) SCG from twenty male pacas were studied at four different
ages, i.e. newborn, young, adult and aged animals. By using design-based stereological methods the total
volume of ganglion and the total number of mononucleate and binucleate neurons were estimated.
Furthermore, the mean perikaryal volume of mononucleate and binucleate neurons was estimated, using
the vertical nucleator. The main ﬁndings of this study were: (1) the right SCG from aged pacas has more
mononucleate and binucleate neurons than the left SCG in all other combinations of body side and animal
age, showing the effect of the interaction between asymmetry (right side) and animal age, and (2) right
SCG neurons (mono and binucleate) are bigger than the left SCG neurons (mono and binucleate),
irrespective of the animal age. This shows, therefore, the exclusive effect of asymmetry (right side). At the
time of writing there is still no conclusive explanation for some SCG quantitative changes exclusively
assigned to asymmetry (right side) and those assigned to the interaction between asymmetry (right side)
and senescence in pacas. We therefore suggest that forthcoming studies should focus on the functional
consequences of SCG structural asymmetry during post-natal development. Another interesting
investigation would be to examine the interaction between ganglia and their innervation targets using
anterograde and retrograde neurotracers. Would differences in the size of target organs explain ganglia
structural asymmetry?
ß 2008 ISDN. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Functional asymmetry has been reported in some sympathetic
ganglia. For instance, nerve growth factor (NGF) infusion into the
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right stellate ganglion (SG) in dogs is antiarrhythmic, whilst NGF
infusion into the left stellate ganglion (SG) is proarrhythmic, with
myocardial infarction (MI) and complete atrioventricular block
(Zhou et al., 2005). In addition, asymmetries of sympathetic
regulation of cerebral circulation have long been recognised, i.e.
the experimental occlusion of the left middle cerebral artery
causes hypotension, though hypertension is the result of the
occlusion of the right middle cerebral artery (Hachinski et al.,
1992).
By the same token, neural activity between ovaries and coeliacmesenteric ganglia varies during the oestrus cycle, i.e. the number
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of labelled cells is signiﬁcantly higher when an antidromic marker
is injected into the left ovary at proestrus than when the same
procedure was performed in the right one (Morán et al., 2005).
However, there are few studies reporting on body side-induced
morphoquantitative changes in sympathetic ganglion neurons. For
instance, few authors have used non-stereological morphometric
procedures to assess this issue in SG taken from adult cats, i.e. the
right ganglion is usually wider than the left and has more neuron
proﬁles per area (59.2%). However, left SG neurons are bigger (area
and diameter) than the right ones (Nozdrachev et al., 2002).
Another non-stereological quantitative approach was used to
compare the left and right superior cervical ganglia (SCG) in both
adult chimpanzees and adult men by Ebbesson (1968a). The main
outcome was a greater number of neurons in the left SCG of both
species.
In the rat hippocampus there is also a considerable evidence of
lateralization of function due to hemispheric asymmetry (left
dominance) (Diamond et al., 1982, 1983; Lister et al., 2006).
Despite some publications addressing the issue in the
hippocampus, to the best of our knowledge, there are no scientiﬁc
papers focusing on body side-related SCG asymmetry during postnatal development, using design-based stereological methods.
Hence, this study was aimed at detecting possible body side
effects on the quantitative structure of SCG from pacas during
ageing, using very precise design-based stereological methods
(Gundersen et al., 1999).
The choice of paca (Agouti paca) was because there are few data
available about these animals, although there is an increased
interest in multi-disciplinary studies on the developmental biology
of this species aimed at better preserving this typical second
biggest Brazilian rodent, which is very important in terms of meat
consumption in Brazil (Rowe and Honeycutt, 2002; Wilson and
Reeder, 2005).
Additionally, pacas (mean body weight: 5 kg) are allometrically
related to laboratory rodents, e.g. rats and guinea pigs, which may
eventually turn this species into a suitable model for carrying out
comparative studies into purported on-going changes in the
autonomic ganglia during post-natal development. We also hope
that the data yielded by this study may allow for a better
comprehension of possible functional changes induced by the
structural asymmetry of SCG.
2. Experimental procedures
This study was approved by the Animal Care Commission of College of Veterinary
Medicine of the University of São Paulo (Application number 789/2006).
Forty (twenty left and twenty right) SCG from twenty male pacas (A. paca) were
obtained from the animal facility of São Paulo State University (UNESP), Jaboticabal,
São Paulo, which is licensed by the Brazilian Environmental Ministry (licence
number 1-35-92-0882-5).
The animals were divided into four age groups, with ﬁve animals in each one;
group 1: newborn (four days old, mean BW: 833 g), group 2: young (45 days old,
mean BW: 1.7 kg), group 3: adult (two years old, mean BW: 6.8 kg) and group 4:
aged (seven years old, mean BW: 8.7 kg).
Animals were sedated with azaperone (4 mg/kg/IM), followed by atropine
sulphate (0.06 mg/kg/IM). For the anaesthesia, a combination of ketamine chloride
(20 mg/kg/IM) and xylazine hydrochloride (1.5 mg/kg/IM) (Bayer1) was administered and the euthanasia procedure was conducted using an overdose of
thionembutal (100 mg/kg/IV).
A bulbed cannula was inserted into the left ventricle and a solution of phosphatebuffered saline (PBS; Sigma1; 0.1 M; pH 7.4) containing 2% of heparin (Roche1) and
0.1% of sodium nitrite (Sigma1) was perfused through the ascending aorta. This was
followed by a modiﬁed Karnovsky solution (3% glutaraldehyde and 1% formaldehyde) in a sodium cacodylate buffer (EMS1; 0.125 M; pH 7.4). Left and right
superior cervical ganglia were then dissected out, weighed and their wet weights
were converted into volume to estimate tissue shrinkage (Brüel and Nyengaard,
2005).
In addition, ganglion thickness, width and length were measured using a digital
pachymeter (Digimess1). In order to produce vertical and uniform random sections
(VUR sections) (Tandrup and Braendgaard, 1994) SCG were rotated along their own

length using a bar rotator and the vertical axis was, therefore, marked using a Tissue
Marking Dye System (Cancer Diagnostics, INC1).
Left and right SCGs were embedded in a 7% agar solution, and using a tissue
slider, they were systematically, uniformly and randomly cut into 1 mm-thick slabs
generating four, ﬁve, seven and seven slabs in newborn, young, adult and aged
pacas, respectively. Each slab was halved parallel to its marked long axis producing,
on average, eight, ten, fourteen and fourteen tissue blocks in newborn, young, adult
and aged pacas, respectively.
Subsequently, all tissue blocks were washed in sodium cacodylate buffer, postﬁxed in a solution of 2% osmium tetroxide in sodium cacodylate buffer, stained enbloc with a saturated aqueous solution of uranyl acetate (EMS1), dehydrated in
graded ethanol concentrations and propylene oxide (EMS1) and embedded in
Araldite 502 (EMS1).
Araldite blocks were polymerised in the oven at 60–70 8C for 3 days. For light
microscopy, 0.5 and 2 mm-thick sections were cut with glass knives using a Leica1
UC6 calibrated ultramicrotome. Next, sections were collected onto glass slides,
dried on a hot plate, stained with toluidine blue and mounted under a coverslip with
a drop of Araldite. Section images were acquired using a Leica1 DMR microscope
equipped with a DFC 300 FX Leica1 Digital Camera and projected onto a computer
monitor.
It has to be stressed that the identiﬁcation of binucleate neurons was based upon
counting the total number of nuclei per neuron using serial sections, and not only in
a single section.
2.1. Stereology (design-based)
A modiﬁcation of the disector (Gundersen, 1986), later demonstrated by EskildJensen et al. (2007) was used in this present study. Our approach comprised
reference and two look-up sections and, therefore, two disector heights, including a
stack of serial sections between them. Such procedure was used in this study in
order to obtain a correct identiﬁcation and sampling of mononucleate and
binucleate neurons in semi-thin sections for light microscopy. Since mononucleate
and binucleate neurons are morphologically distinct in the SCG of wild rodents
(Ribeiro et al., 2004; Ribeiro, 2006), their related quantities were estimated
separately to ﬁnd out whether asymmetry would exert different effects on these
two cell populations during post-natal development.
Cell nucleoli were sampled to estimate cell volume (see mean volume of
mononucleate and binucleate neurons) and the second look-up section, which is
further apart from the ﬁrst look-up section, was used to sample the perikarya and
estimate the total number of SCG neurons (Fig. 1).
2.2. Numerical density of mononucleate and binucleate neurons: NV(mononuc, SCG)
and NV(binuc, SCG)
The modiﬁed physical disector was used to estimate the numerical density. The
method consists of counting the number of neurons that are present within unbiased
counting frames on reference sections, which do not touch either the forbidden lines
of the frames or their extensions, and disappear in parallel look-up sections.
The formula for NV estimation is: NV :¼ SQ(SCG cell)/SV(SCG) where SQ
represents the cell count and SV(SCG) is the volume of all disectors sampled. The
latter is estimated as SP(a:p)h, where P is the number of test points, (a:p) the area
associated with each test point and h the distance between disector planes (disector
height). Unbiased counting frames (frame area = 89,100 mm2) (Gundersen, 1977)
were SUR superimposed on section ﬁelds of view and the same sampled area was
followed towards six consecutive sections, i.e. one 2 mm-thick section followed by
another 0.5 mm-thick section and four 2 mm-thick sections.
Hence, two disector heights were produced, i.e. 0.5 mm for the nucleolus
sampling and 8.5 mm for the cell body sampling. Disectors were SUR applied in all
SCG slabs (Gundersen et al., 1999).
For left SCG mononucleate neurons, on average 76 disectors were used to count
109 cells in newborn, 44 disectors to count 105 cells in young, 46 disectors to count
102 cells in adult and 56 disectors to count 104 cells in aged pacas. For binucleate
neurons, on average 80 disectors were used to count 100 cells in newborn, 64
disectors to count 105 cells in young, 90 disectors to count 103 cells in adult and 94
disectors to count 103 cells in aged pacas.
For left SCG mononucleate neurons the mean number of disectors applied per
left SCG slab was 19, 8, 6 and 8 in newborn, young, adult and aged pacas,
respectively. For binucleate neurons the ﬁgures were 20, 12, 12 and 13 in newborn,
young, adult and aged pacas, respectively.
For right SCG mononucleate neurons 74 disectors were used to count 107 cells in
newborn, 43 disectors to count 103 cells in young, 45 disectors to count 102 cells in
adult and 53 disectors to count 104 cells in aged pacas. For binucleate neurons, on
average 80 disectors were used to count 107 cells in newborn, 64 disectors to count
107 cells in young, 89 disectors to count 105 cells in adult and 96 disectors to count
104 cells in aged pacas.
For right SCG mononucleate neurons the mean number of disectors applied per
right SCG slab was 18, 8, 6 and 7 in newborn, young, adult and aged pacas,
respectively. For binucleate neurons the ﬁgures were 20, 12, 13 and 14 in newborn,
young, adult and aged pacas, respectively.
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2.3. Volume of ganglion: V(SCG)
The total volume of SCG was estimated by means of the Cavalieri principle.
Brieﬂy, SCG Araldite-embedded blocks were exhaustively and serially sectioned
and every 300th section (K = 300) was sampled and measured for cross-sectional
area. The volume estimation was performed in a fraction (Fn = 21) of the reference
sections used for disectors.
Then, V(SCG): = SP(a:p)KMA where P is the number of test points hitting the
whole reference space (P = 200 in newborn and young pacas and 250 in adult and
aged pacas), a:p is the area associated with each test point (a:p = 93,758 mm2) and
MA is the microtome advance (MA = 0.5 or 2 mm). The error variance of the
Cavalieri principle was estimated, according to Gundersen et al. (1999) and
Nyengaard (1999).
2.4. Total number of mononucleate and binucleate neurons: N(mononuc, SCG) and
N(binuc, SCG)
The total number of SCG neurons (both mononucleate and binucleate) was
estimated by multiplying NV by SCG volume: N :¼ NVV.
The error variance of the estimate of the total number of neurons (CE(N)) was
estimated, as shown in Gundersen et al. (1999) and Nyengaard (1999).
2.5. Volume density of mononucleate and binucleate neurons: VV(mononuc, SCG)
and VV(binuc, SCG)
The fractional volume of SCG occupied by mononucleate and binucleate neurons
and their respective processes was determined by point counting in the same
sections and employing the same number of points used for the Cavalieri estimate.
A SUR sampling of ﬁelds was elicited and test points were randomly
superimposed on a computer monitor. We counted the total number of points
falling within the SCG, i.e. (SP(SCG)) and the total number of points falling on
neurons and their respective processes, i.e. (SP (SCG) neurons). Volume density was
therefore estimated as:
V V :¼ SPðSCGÞneurons : SPðSCGÞ
The error variance of the volume fraction (CE(VV)) was estimated according to
Nyengaard (1999).
2.6. Total volume of mononucleate and binucleate neurons: V(mononuc, SCG) and
V(binuc, SCG)
The total volume of mono and binucleate SCG neurons, and their respective
processes, was indirectly estimated by multiplying their respective fractional
volumes by the total volume of SCG, V(SCG) (Lima et al., 2007).
2.7. Mean volume of mononucleate and binucleate neurons: v̄N (mononuc, SCG) and v̄N
(binuc, SCG)
The mean perikaryal volume of both mono and binucleate neurons was
estimated by the Nucleator method (Gundersen, 1988) in the reference sections
used to estimate the total number of neurons. Cells were sampled using a second
disector of height 0.5 mm.
For left SCG mononucleate neurons, on average, 107 cells were measured for
newborn and young, and 103 cells for adult and aged pacas. For binucleate neurons,
on average, 102 cells were measured for newborn and young, and 103 cells for adult
and aged pacas.
For right SCG mononucleate neurons, on average, 105 cells were measured for
newborn and young, and 101 cells for adult and aged pacas. For binucleate neurons,
on average, 102 cells were measured for newborn and young, and 100 cells for adult
and aged pacas.
The following formula was used to estimate neuronal size:
3
3
v̄N : = S(4p/3)Īn , where: Īn is the mean cubed distance from a cell’s central
point (nucleolus) to cell boundaries.
2.8. Statistical analysis

Fig. 1. An example of two disector-sampled right SCG neurons (*) for perikaryon
volume estimation, using the Nucleator method, and for neuron numerical density
estimation using the physical disector method. Reference (A) and look-up 1 (B)
sections are separated by a height of 0.5 mm, and reference (A) and look-up 2 (C)
sections are separated by a height of 8.5 mm. The arrows in (A) point two nucleoli
proﬁles which disappear in the look-up 1 (B) section (arrows), and were therefore
sampled for perikaryon volume estimation. In (C) arrows point the same two
neuron proﬁles seen in (A) (*), which have now disappeared, and were therefore
sampled for neuron numerical density estimation. Toluidine blue. Scale bar: 20 mm.

Normally distributed residues and homoskedastic data were tested by general
linear model (GLM) using the ANOVA procedure for analysing data collected with
different experimental designs (Minitab1 15, 2007). Normal distribution was
ensured, using Anderson-Darling’s test, and equality of variances was tested by
Levene’s test.
When signiﬁcant inter-group differences (p < 0.05) were noted, the Tukey test
was applied for multiple comparisons.

3. Results
Results are shown as mean (CVobs), where the observed
coefﬁcient of variation (CVobs) equals SD:mean.
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3.1. Anatomy
Irrespective of age and body side, SCG was roughly spindleshaped and was located in the most cranial part of the neck.
Dorsally, the ganglion was in contact with the vagus nerve and
ventrally, it was close to the internal carotid artery. The caudal pole
of the ganglion continued into the cervical sympathetic trunk.
In the left SCG of newborn pacas, ganglion width, length and
thickness were 2.21 mm (0.06), 4.50 mm (0.30) and 1.26 mm
(0.19), respectively. In young pacas, the values were: 1.98 mm
(0.24), 5.37 mm (0.06) and 1.31 mm (0.35). For adult pacas, ﬁgures
were: 3.17 mm (0.18), 7.36 mm (0.12) and 1.59 mm (0.09), and for
aged pacas ﬁgures were 2.86 mm (0.13), 7.66 mm (0.15) and
2.20 mm (0.36).
In the right SCG of newborn pacas, ganglion width, length and
thickness were 1.66 mm (0.06), 3.74 mm (0.30) and 1.23 mm
(0.19), respectively. In young pacas, the values were: 1.34 mm
(0.24), 5.6 mm (0.06) and 1.32 mm (0.35). For adult pacas, ﬁgures
were: 1.69 mm (0.18), 7.4 mm (0.12) and 1.53 mm (0.09), and for
aged pacas ﬁgures were 2.0 mm (0.13), 7.7 mm (0.15) and 2.19 mm
(0.36).
Differences among groups were not signiﬁcant for either
ganglion width (p = 0.13) and length (p = 0.15) or ganglion
thickness (p = 0.22).
3.2. Qualitative microstructure
A common qualitative microstructural pattern was seen
regardless of age or the body side in which the SCG was located.
In semi-thin sections, the ganglion consisted of clusters of
neurons separated by nerve ﬁbres, blood vessels and prominent
septa of connective tissue. Ganglion neuron proﬁles were circular
or, more commonly, oval-shaped (Fig. 2).
In mononucleate neurons some nuclei were located in the
centre of the perikaryon, whilst the majority was eccentric. On the
other hand, in binucleate neurons, which were larger, the nuclei
occupied the two poles of the cell, and had a very distinct and
deﬁned position within it (Fig. 3).
3.3. Quantitative microstructure (stereology)
3.3.1. Numerical density of mononucleate and binucleate neurons:
NV(mononuc, SCG) and NV(binuc, SCG)
3.3.1.1. Left SCG. The numerical density of mononucleate neurons
was 6710 mm3 (0.28) in newborn, 6872 mm3 (0.40) in young,
5350 mm3 (0.47) in adult and 5145 mm3 (0.30) in aged pacas.
The numerical density of binucleate neurons was 3450 mm3
(0.23) in newborn, 4600 mm3 (0.34) in young, 2990 mm3 (0.37)
in adult and 2160 mm3 (0.33) in aged pacas.
3.3.1.2. Right SCG. The numerical density of mononucleate neurons was 16,114 mm3 (0.58) in newborn, 7968 mm3 (0.47) in
young, 11,000 mm3 (0.35) in adult and 10,623 mm3 (0.34) in
aged pacas. The numerical density of binucleate neurons was
3157 mm3 (0.29) in newborn, 3060 mm3 (0.43) in young,
1667 mm3 (0.57) in adult and 3633 mm3 (0.12) in aged pacas.
As to the main effects of age and body side, inter-group differences
did not attain statistical signiﬁcance for mononucleate (p = 0.154)
and binucleate (p = 0.13) SCG neurons.
3.3.2. Volume of ganglion: V(SCG)
The volume of left SCG was 3.77 mm3 (0.25) in newborn,
4.64 mm3 (0.15) in young, 8.45 mm3 (0.22) in adult and 9.58 mm3
(0.18) in aged pacas. The volume of right SCG was 2.77 mm3 (0.55)

Fig. 2. Structure of right SCG (aged paca) (A) and left SCG (aged paca) (B) in semithin sections (2 mm) at the same magniﬁcation. Right SCG neurons (arrows) are
more numerous and bigger than the left ones (arrows). In both right and left SCG,
neurons are separated by vessels (V) and non-neuronal tissue (*). Toluidine blue.
Scale bar: 20 mm.

in newborn, 4.16 mm3 (0.47) in young, 4.83 mm3 (0.42) in adult
and 9.22 mm3 (0.37) in aged pacas (Fig. 4).
Differences between groups were exclusively signiﬁcant
(p = 0.0001) for the main age effect, i.e. between newborn and
adult, newborn and aged, and between young and aged pacas,
irrespective of the animal body side.
In the left SCG the error variance of the Cavalieri estimate was
0.04 for newborn, 0.06 for young, 0.05 for adult and 0.03 for aged
pacas. In the right SCG the ﬁgures were 0.05, 0.07, 0.04 and 0.05 for
newborn, young, adult and aged pacas, respectively.
The left SCG shrinkage volume (%) was estimated to be
(mean  SD): newborn: 8.75  1.23, young: 7.56  1.51, adult:
7.16  1.31, and 7.05  1.37 for aged pacas. In the right SCG the
values were: 7.75  1.22; 7.26  1.71; 7.36  1.41, and 7.25  1.27
for newborn, young, adult and aged pacas, respectively. No correction
for global shrinkage was performed since inter-group differences
were not statistically signiﬁcant.
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3.3.3. Total number of mononucleate and binucleate neurons:
N(mononuc, SCG) and N(binuc, SCG)
3.3.3.1. Left SCG. The total number of mononucleate neurons was
25,686 (0.46) in newborn, 31,306 (0.33) in young, 43,363 (0.23) in
adult and 50,817 (0.16) in aged pacas. The total number of
binucleate neurons was 12,646 (0.34) in newborn, 21,325 (0.35) in
young, 25,904 (0.33) in adult and 20,683 (0.36) in aged pacas
(Fig. 5A and B). For left SCG mononucleate neurons, the error
variance of this estimation, CE(N), was 0.09 for newborn, 0.09 for
young, 0.09 for adult and 0.10 for aged pacas. For binucleate
neurons, CE(N) was 0.10 for newborn, 0.09 for young, 0.09 for adult
and 0.09 for aged pacas.

Fig. 3. The left SCG (aged paca) in semi-thin sections (2 mm) depicting structural
differences between mono (*) and binucleate neurons (arrows). In mononucleate
neurons, the nuclei were mostly eccentric, whereas they occupied cell’s poles in
binucleate neurons, which are larger. Toluidine blue. Scale bar: 40 mm.

3.3.3.2. Right SCG. The total number of mononucleate SCG neurons
was 37,210 (0.44) in newborn, 30,100 (0.33) in young, 53,100
(0.25) in adult and 123,945 (0.16) in aged pacas. The total number
of binucleate SCG neurons was 7817 (0.27) in newborn, 6663 (0.44)
in young, 7983 (0.43) in adult and 33,119 (0.36) in aged pacas
(Fig. 5A and B). For right SCG mononucleate neurons, the error
variance of this estimate, CE(N), was 0.09 for newborn, 0.09 for
young, 0.09 for adult and 0.09 for aged pacas. For binucleate
neurons, CE(N) was 0.09 for newborn, 0.09 for young, 0.09 for adult
and 0.09 for aged pacas.
For both mononucleate and binucleate neurons, inter-group
differences were signiﬁcant (p = 0.001) for the interaction between
age and body side. The right SCGs from aged pacas have more
mononucleate and binucleate neurons than all other combinations
of body side and animal age.
3.3.4. Volume density of mononucleate and binucleate neurons:
VV(mononuc, SCG) and VV(binuc, SCG)

Fig. 4. SCG volume in pacas during post-natal development. There were signiﬁcant
ageing-induced differences among groups (*p = 0.0001), i.e. between newborn and
adults, newborn and aged and between young and aged pacas, irrespective of body
side. Triangles indicate individual values and horizontal bars show group means.

3.3.4.1. Left SCG. The volume density of mononucleate neurons
was: 0.21 (0.05) in newborn, 0.14 (0.18) in young, 0.13 (0.15) in
adult and 0.13 (0.03) in aged pacas. For binucleate neurons ﬁgures
were 0.11 (0.04) in newborn, 0.09 (0.07) in young, 0.07 (0.15) in
adult and 0.06 (0.03) in aged pacas. For left SCG mononucleate
neurons, the error variance of this estimate, CE(VV), was 0.02 for
newborn, 0.03 for young, 0.04 for adult and 0.03 for aged pacas. For
binucleate neurons, CE(VV) was 0.02, 0.03, 0.04 and 0.05 for
newborn, young, adult and aged pacas, respectively.

Fig. 5. (A) Total number of mononucleate neurons in the right and left SCG of pacas. Inter-group differences were signiﬁcant for the interaction between ageing and body side
(*p = 0.001). The right SCG from aged pacas has more mononucleate neurons than all other combinations of body side and animal’s age Triangles indicate individual values and
horizontal bars show group means. (B) Total number of binucleate neurons in the right and left SCG of pacas. Inter-group differences were signiﬁcant for the interaction
between ageing and body side (*p = 0.001). The right SCG from aged pacas has more binucleate neurons than all other combinations of body side and animal’s age. Triangles
indicate individual values and horizontal bars show group means.
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Fig. 6. (A) Mean perikaryal volume of mononucleate neurons in the right and left SCG of pacas. Inter-group differences were signiﬁcant for the main effect of body side
(*p = 0.0001). Right SCG mononucleate neurons are bigger than left SCG neurons, irrespective of the animal age. Triangles indicate individual values and horizontal bars show
group means. (B) Mean perikaryal volume of binucleate neurons in the right and left SCG of pacas. Inter-group differences were signiﬁcant for the main effect of body side
(*p = 0.0001). Right SCG binucleate neurons are bigger than left SCG neurons, irrespective of the animal age Triangles indicate individual values and horizontal bars show
group means.

3.3.4.2. Right SCG. The volume density of mononucleate neurons
was: 0.17 (0.45) in newborn, 0.17 (0.31) in young, 0.11 (0.15) in
adult and 0.19 (0.27) in aged pacas. For binucleate neurons, the
values were 0.13 (0.20) in newborn, 0.09 (0.16) in young, 0.08
(0.20) in adult and 0.05 (0.40) in aged pacas. For right SCG
mononucleate neurons, CE(VV) was 0.04, 0.06, 0.05 and 0.04 for
newborn, young, adult and aged pacas, respectively. For binucleate
neurons, CE(VV) was 0.05, 0.06, 0.05 and 0.07 for newborn, young,
adult and aged pacas, respectively.
For mononucleate neurons inter-group differences were signiﬁcant (p = 0.03) for the interaction between age and body side. In
the left side the volume density of SCG neurons from newborn
pacas was bigger than that of other ages. In addition, the volume
density of left SCG neurons from newborn pacas was larger than
that of right SCG neurons from adult pacas. By contrast, the volume
density of left SCG neurons from adult pacas was smaller than that
of right SCG neurons from aged pacas.
As for binucleate neurons, inter-group differences were
exclusively signiﬁcant (p = 0.0001) for the main age effect, i.e.

between newborn and adult, newborn and aged, and between
young and aged pacas, irrespective of the body side considered.
3.3.5. Mean volume of mononucleate and binucleate neurons:
v̄N ðmononuc; SCGÞ and v̄N ðbinuc; SCGÞ
3.3.5.1. Left SCG. The mean perikaryal volume of mononucleate
neurons was 16,696 mm3 (0.13) in newborn, 17,901 mm3 (0.54) in
young, 19,061 mm3 (0.49) in adult and 13,854 mm3 (0.15) in aged
pacas. For binucleate neurons, ﬁgures were 18,279 mm3 (0.26) in
newborn, 26,028 mm3 (0.57) in young, 28,086 mm3 (0.58) in adult
and 15,839 mm3 (0.18) in aged pacas (Fig. 6A and B).
3.3.5.2. Right SCG. The mean perikaryal volume of mononucleate
neurons was 21,900 mm3 (0.37) in newborn, 48,900 mm3 (0.46) in
young, 36,800 mm3 (0.45) in adult and 33,189 mm3 (0.53) in aged
pacas. For binucleate neurons, ﬁgures were 28,917 mm3 (0.18) in
newborn, 64,000 mm3 (0.49) in young, 35,000 mm3 (0.26) in adult
and 46,955 mm3 (0.22) in aged pacas (Fig. 6A and B).

Fig. 7. (A) Total volume of mononucleate neurons in the right and left SCG of pacas. Inter-group differences were signiﬁcant for the main effect of ageing (*p = 0.003), i.e.
between newborn and aged and between young and aged pacas. Triangles indicate individual values and horizontal bars show group means. (B) Total volume of binucleate
neurons in the right and left SCG of pacas. Inter-group differences were not signiﬁcant for the effects of either ageing (p = 0.683) and body side (p = 0.273) or the interaction
between ageing and body side (p = 0.852) Triangles indicate individual values and horizontal bars show group means.
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As to mononucleate and binucleate neurons, inter-group
differences were exclusively signiﬁcant (p = 0.0001) for the main
body side effect, i.e. right SCG neurons (mono and binucleate) are
bigger than left SCG neurons (mono and binucleate), irrespective of
the age of the animal studied.
3.3.6. Total volume of mononucleate and binucleate neurons:
V(mononuc, SCG) and V(binuc, SCG)
3.3.6.1. Left SCG. The total volume occupied by mononucleate
neurons in the SCG was 0.80 mm3 (0.16) in newborn, 0.63 mm3
(0.37) in young, 1.11 mm3 (0.48) in adult and 1.29 mm3 (0.28) in
aged pacas. The total volume occupied by binucleate neurons in
the SCG was 0.40 mm3 (0.19) in newborn, 0.43 mm3 (0.47) in
young, 0.60 mm3 (0.39) in adult and 0.63 mm3 (0.17) in aged pacas
(Fig. 7A and B).
3.3.6.2. Right SCG. The total volume occupied by mononucleate
neurons in the SCG was 0.53 mm3 (0.60) in newborn, 0.81 mm3
(0.57) in young, 0.59 mm3 (0.64) in adult and 1.74 mm3 (0.23) in
aged pacas. The total volume occupied by binucleate neurons in
the SCG was 0.36 mm3 (0.49) in newborn, 0.41 mm3 (0.47) in
young, 0.37 mm3 (0.49) in adult and 0.46 mm3 (0.47) in aged pacas
(Fig. 7A and B).
As to mononucleate neurons, inter-group differences were
exclusively signiﬁcant (p = 0.003) for the main age effect, i.e.
between newborn and aged and between young and aged pacas,
irrespective of the body side considered. Concerning binucleate
neurons, inter-group differences were not signiﬁcant as to the
main effects of either age (p = 0.683) and body side (p = 0.273) or
the interaction between age and body side (p = 0.852).
4. Discussion
The main ﬁndings of this study were: (i) the right SCGs from
aged pacas have more mononucleate and binucleate neurons than
the left SCG of pacas of all ages, showing a signiﬁcant interaction
effect between body side and animal age and (ii) right SCG neurons
(mono and binucleate) are bigger than left SCG neurons (mono and
binucleate) of all ages. This shows a signiﬁcant and exclusive main
effect of body side.
4.1. Methodological appraisal
Autonomic ganglia of the size of SCG need to be sectioned to
estimate cell size and number. Using design-based stereological
methods, counts and measurements may be performed onto
sampled sections, rather than on the entire set of sections which
the ganglion might generate. In order to achieve this we have used
disectors which at the moment are very efﬁcient (Sterio, 1984;
Mayhew and Gundersen, 1996).
Many quantitative data in the literature were obtained with
methods that would not be accepted today (Abercrombie, 1946;
Ebbesson, 1968a,b; Purves et al., 1986b). Of course, these data
should not be disregarded, neither should doubts about these
techniques be ignored.
In our present work three-dimensional quantitative microscopy was carried out onto histological preparations which were,
as much as possible, prevented from artefacts allowing for
conﬁdence in both cell identiﬁcation and cell measurements.
Four technical improvements were important in this achievement: (i) vascular perfusion-ﬁxation, a procedure which delivers
the ﬁxative quickly and close to every cell, and prevents the
collapse of the vascular space; (ii) araldite embedding, rather than
parafﬁn embedding which, although unable to avoid some tissue

43

deformation, minimises other distortions, thermal damage and
cracking of the tissue; (iii) semi-thin sections were cut with glass
knives at 0.5 and 2 mm thickness, generating sharp cell outlines
which were easily identiﬁed, counted and measured, and (iv)
although a 7–9% non-signiﬁcant tissue deformation (shrinkage)
was observed in the SCG, the total number of neurons was
unaffected because the total volume of SCG and the numerical
density of neurons in the same SCG were estimated onto the same
sections and conditions, i.e. both estimates were performed after
perfusion-ﬁxation and after araldite embedding.
4.2. Quantitative data
Irrespective of body side, aged pacas have bigger SCG than
young pacas. We found increases of 106% (left SCG) and 121% (right
SCG). The same pattern was observed between newborn and aged
pacas, i.e. increases of 154% (left SCG) and 233% (right SCG), and
between newborn and adult pacas, i.e. increases of 124% (left SCG)
and 74% (right SCG).
Ganglion volume appears to be a linear function of body weight
(Ebbesson, 1968b). In addition, ganglion hypertrophy is a widely
known adaptive mechanism during post-natal development in
most autonomic ganglia from medium-sized to large mammals
(Gagliardo et al., 2005; Miolan and Niel, 1996 and Fioretto et al.,
2007).
It should be stressed that, 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 partly a variation in total vascular and connective tissue
volumes (Ribeiro, 2006).
However, we have described that increases in ganglion volume
matched the increases in the total volume occupied by mononucleate neurons and their processes in the right SCG (more
closely) and left SCG, i.e. increments of 61% (left SCG) and 228%
(right SCG) between newborn and aged pacas, and 105% (left SCG)
and 115% (right SCG) between young and aged pacas. Thus,
although we have not estimated the volumes of either connective
tissue or vessels, neurons may be the predominant component in
the paca SCG.
By contrast, the fractional volume occupied by the same
mononucleate SCG neurons and their processes decreased about
38% (between newborn and aged pacas (left SCG)) and 48%
(between newborn (left SCG) and adult pacas (right SCG)).
This ﬁnding conﬁrms that conclusions based only upon ratios
are commonly misleading, due to the reference trap, i.e. a dearth of
knowledge of the reference volume (SCG volume in our case)
(Braendgaard and Gundersen, 1986; Mayhew, 2008).
One of the two striking outcomes of this study was the fact that
the right SCG of aged pacas has more mono and binucleate neurons
than the left SCG of pacas of all ages. In the case of mononucleate
neurons, the differences cited above are in relation to the left SCG
of newborn (382%), young (296%), adult (186%) and aged animals
(144%). As to binucleate neurons, the increases are in relation to
the left SCG of newborn (162%), young (55%), adult (28%) and aged
animals (60%).
Having perused the literature we have found an earlier nonstereological study conducted by Ebbesson (1968a) on the SCG
from an adult chimpanzee and three adult men. Conversely, the left
SCG from the chimpanzee had 30% more neurons than the right
SCG. In two men left SCGs had 22% and 32% more neurons than
their counterpart, albeit in the third subject the right SCG had 10%
more neurons than the left one.
Another non-stereological quantitative study has recently been
published showing that the right SG from adult cats is usually
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wider than the left and has more neuron proﬁles per area (59.2%).
However, left SG neurons are bigger in cross-sectional area and
diameter (Nozdrachev et al., 2002).
Despite a broader survey of literature we were unable to ﬁnd
any scientiﬁc publication focusing on both body side- and ageingrelated changes in the SCG, assessed by design-based stereological
methods. Therefore, there may be a lack of similar studies in
literature.
On the other hand, Lister et al. (2006) have reported a left
dominant asymmetry in the hippocampus, using design-based
stereological methods, i.e. with the right hemisphere containing
21% and 6% fewer neurons in CA1 and CA2–CA3 layers,
respectively. This asymmetry was attributed to differences in
the total number of neurons in these hippocampus layers (Lister
et al., 2006).
At the time of writing it is unclear why only the right SCG of
aged pacas shows such an enormous magnitude of neuron
accretions when compared to the left SCG from other pacas at
four different ages.
A purported preferential increase in the volume of right SCG of
aged pacas to accommodate a higher number of neurons was not
proved to be true, since both the left and right SCGs of aged
subjects are bigger.
When speaking strictly about body weight (and not about the
effects of asymmetry), it is widely known that differences in the
total number of ganglion neurons are also related to body weight
ranges, the largest species having the largest number of neurons
(Ebbesson, 1968a; Purves et al., 1986b). Since the target tissue
increases in volume and surface area, the number of ganglion
neurons would then increase as a function of the quantity of target
tissue innervated by them (Ebbesson, 1968a).
Indeed, Mayhew (1991), using a robust design-based stereological number estimator, i.e. the physical fractionator, has shown
that the weight of mammalian cerebellum provides a satisfactory
way of predicting the total number of Purkinje cells. Furthermore,
Gagliardo et al. (2005) have reported that a dog’s body weight
allowed for an accurate prediction of the total number of caudal
mesenteric ganglion (CMG) neurons which increased at maturity
and with ageing.
Concerning ageing-induced neuron changes, some parts of the
nervous system react differently and the reasons for this are still
unclear. For example, in the CNS, the most frequent reported
ageing-related 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).
Nevertheless, these ﬁndings are controversial because there are
differences between various components of the nervous system
and also among animal species (Finch, 1993; Vega et al., 1993).
In addition, Farel (2003) reported that the increase in the
number of neurons in the dorsal root ganglia (DRG) of rats was not
associated with a possible neurogenesis, but perhaps to late
maturation or incomplete differentiation. 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 cell division (Yan and Keast,
2008).
By the same token, a larger number of hypogastric ganglion
neurons was reported by Warburton and Santer (1997) in 24month-old rats compared with 4-month-old rats as well as in DRG
of 80-day-old rats compared to 11-day-old rats by Popken and
Farel (1997).
The second striking outcome of this study was the fact that right
SCG mono and binucleate neurons are bigger than left SCG

neurons, irrespective of the animal age. This shows an exclusive
effect of the right side of the body, i.e. an exclusive effect of
asymmetry.
For instance, mononucleate neurons from the right SCG of
young pacas are 253% bigger than mononucleate neurons from the
left SCG of aged pacas. Binucleate neurons from the right SCG of
adult pacas are 121% bigger than binucleate neurons from the left
SCG of aged pacas.
The larger the body size during ageing the larger the territory of
each neuron in the ganglion, i.e. the space occupied by each neuron
including its surrounding glia is a function of body size (Ebbesson,
1968b).
However, in our study there was no effect of ageing on neuron
size. Although ageing-induced neuronal hypertrophy is known in
some parts of the CNS (Cabello et al., 2002; Sanchez et al., 2008),
the chances are that other adaptive mechanisms may coexist in the
autonomic nervous system to warrant a functional homeostasis.
Along the same lines, Ribeiro (2006) reported no changes in the
average volume of capybara’s SCG neurons during post-natal
development. By contrast, the mean neuronal volume increased in
dog’s CMG (Gagliardo et al., 2005) and in human SCG (Liutkiene
et al., 2007) during post-natal development.
At present, it is not mechanistically clear how the right SCG of
aged pacas can accommodate neurons which are at the same time
bigger (in size) and higher (in number), and this pattern is rather
unusual in literature. For example, the right stellate ganglion of
adult cats has more but smaller neuron proﬁles than the left SG,
which has fewer but larger neuron proﬁles (Nozdrachev et al.,
2002).
5. Conclusions and remarks for future studies
At the time of writing there is still no conclusive explanation for
some SCG quantitative changes exclusively assigned to asymmetry
(right side) and those assigned to the interaction between
asymmetry (right side) and senescence in pacas.
We therefore suggest that forthcoming studies should focus on
the functional consequences of SCG structural asymmetry during
post-natal development as well as the functional role played by
binucleate neurons.
Another interesting investigation ﬁeld would be the interaction
between ganglia and their innervation targets using anterograde
and retrograde neurotracers. Would differences in the size of target
organs explain ganglia structural asymmetry?
Acknowledgments
The Laboratory of Stochastic Stereology and Chemical Anatomy
(LSSCA) of Surgery Department of College of Veterinary Medicine
(University of São Paulo-USP) is supported by FAPESP (Fundação de
Amparo à Pesquisa do Estado de São Paulo) (Application number
04/15882-0). Mind Center is supported by Lundbeck Foundation.
Authors also thank the reviewers for very positive and
constructive comments, which helped us improve the MS.
References
Abercrombie, M., 1946. Estimation of nuclear population from microtome sections.
Anat. Rec. 94, 239–247.
Andersen, B.B., Gundersen, H.J.G., Pakkenberg, B., 2003. Aging of the human
cerebellum: a stereological study. J. Comp. Neurol. 466, 356–365.
Braendgaard, H., Gundersen, H.J.G., 1986. The impact of recent stereological
advances on quantitative studies of the nervous system. J. Neurosci. Method
18, 39–78.
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