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Abstract The superior cervical ganglion (SCG) in mammals varies in structure according to developmental age,
body size, gender, lateral asymmetry, the size and nuclear
content of neurons and the complexity and synaptic
coverage of their dendritic trees. In small and mediumsized mammals, neuron number and size increase from
birth to adulthood and, in phylogenetic studies, vary with
body size. However, recent studies on larger animals
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suggest that body weight does not, in general, accurately
predict neuron number. We have applied design-based
stereological tools at the light-microscopic level to assess
the volumetric composition of ganglia and to estimate the
numbers and sizes of neurons in SCGs from rats, capybaras
and horses. Using transmission electron microscopy, we
have obtained design-based estimates of the surface
coverage of dendrites by postsynaptic apposition zones
and model-based estimates of the numbers and sizes of
synaptophysin-labelled axo-dendritic synaptic disks. Linear
regression analysis of log-transformed data has been
undertaken in order to establish the nature of the relationships between numbers and SCG volume (Vscg). For SCGs
(five per species), the allometric relationship for neuron
number (N) is N=35,067×Vscg0.781 and that for synapses is
N=20,095,000×Vscg1.328, the former being a good predictor
and the latter a poor predictor of synapse number. Our
findings thus reveal the nature of SCG growth in terms of
its main ingredients (neurons, neuropil, blood vessels) and
show that larger mammals have SCG neurons exhibiting
more complex arborizations and greater numbers of axodendritic synapses.
Keywords Superior cervical ganglion . Stereology .
Neurons . Synapses . Allometry . Rat (Wistar, male) .
Capybara (male) . Horse (male)

Introduction
Although mammalian superior cervical ganglia (SCGs) seem
to share certain organisational features, they display natural
differences related to such factors as animal age, size, gender
and lateral asymmetry, the size and nuclearity of SCG neurons
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and the complexity and synaptic coverage of their dendritic
arborisations (Hedger and Webber 1976; Forehand 1985;
Purves and Lichtman 1985; Purves et al. 1986; Smolen and
Beaston-Wimmer 1986; Gabella et al. 1988; Siklós et al.
1990; Ribeiro et al. 2004; Fioretto et al. 2007; Abrahão et al.
2009; Toscano et al. 2009). At least in small and mediumsized mammals, the total number and mean size of neurons
may increase from birth to adulthood before starting to
decline in aged individuals (Abrahão et al. 2009; Melo et al.
2009; Toscano et al. 2009). These changes might be
associated with differences in the incidence of binucleate
neurons (Abrahão et al. 2009; Toscano et al. 2009) and
increases in the volume and complexity of dendritic
arborisations (Smolen and Beaston-Wimmer 1986). Modelbased and design-based stereological estimates suggest that
the SCG of an adult rat harbours 4-12×106 synapses (Smolen
and Raisman 1980; Field and Raisman 1985; Siklós et al.
1990) and 19-36×103 neurons (Östberg et al. 1976; Purves et
al. 1986; Ribeiro et al. 2004). This gives an average synapse:
neuron ratio of about 290:1 and the overwhelming majority
of these, 90% or more, are axo-dendritic (Forehand 1985). In
some species, evidence of lateral asymmetry (left-right
differences; Abrahão et al. 2009) and sexual dimorphism
(Wright and Smolen 1983) in neuronal size and number has
also been detected.
Some of these ontogenetic differences resemble those
revealed when drawing phylogenetic comparisons. Studies
on SCGs from animals covering the body weight spectrum
from mouse (via hamster, rat, guinea pig, rabbit, paca and
capybara) to horse (Forehand 1985; Purves and Lichtman
1985; Purves et al. 1986; Ribeiro et al. 2004; Abrahão et al.
2009; Toscano et al. 2009) have shown that larger animals
tend to possess more and larger neurons and a higher
proportion of binucleate cells. Moreover, the fraction of
SCG volume occupied by neurons tends to decrease as
body weight and the fractional volumes occupied by
neuropil and blood vessels increase. These findings are
consistent with the notion that larger species possess SCG
neurons that exhibit greater convergence, more complex
arborisations and a greater proportion of axo-dendritic
compared with axo-somatic synapses (Forehand 1985;
Purves and Lichtman 1985; Purves et al. 1986). However,
apart from the rat SCG, little information exists concerning
numbers of axo-dendritic synapses.
Despite the above-mentioned advances in our understanding of the mechanisms underlying SCG growth and
development, the nature of the relationships between body
or organ weight and the numbers and sizes of neurons and
synapses remain uncertain. In small mammals (from mouse
to rabbit), the SCG can clearly respond to the increasing
sizes of target tissues and input regions by increasing the
number of neurons, mean perikaryal volume and the extent
and branching topology of their dendrites. However,

relationships have not always been based on consistent
data sets and some have failed to account for gender and
lateral differences. In addition, recent studies on larger
animals (Ribeiro et al. 2004; Abrahão et al. 2009; Toscano
et al. 2009) have suggested that relationships between body
weight and neuronal content lack general validity as a
predictive tool. For example, a horse of roughly 200 kg has
smaller neurons than a capybara of 40 kg, whereas a guinea
pig of 840 g has more total neurons (uninucleate [uni] +
binucleate [bi]) than a 7-kg paca. The earlier studies have
also suggested that a much stronger correlation exists
between neuron number and SCG volume raising the
possibility that the relationships between these variables
have a greater predictive value. Indeed, allometric studies
on other organs, including cerebellar Purkinje cells
(Mayhew 1991) and lung alveolar cells (Stone et al.
1992), have shown that cell numbers can be accurately
predicted from organ sizes.
In the light of these uncertainties, we have used
design-based stereology combined with transmission
electron microscopy (TEM) and synaptophysin (SYP)
immunocytochemistry to investigate the quantitative
morphology of SCGs from three mammalian species
falling into three distinct body-size categories, viz. small
(rat), medium-sized (capybara) and large animal (horse).
This may turn into a suitable model system for studying
allometric relationships between SCG volume and neuron
number and between SCG volume and synapse number.
Additional aims have been to quantify the membrane
surface coverage of dendrites by synaptic apposition sites
and to estimate the approximate numbers of those sites
per neuron and per ganglion.

Materials and methods
Animals
The present study was approved by the Animal Care
Committee of the College of Veterinary Medicine of the
University of São Paulo. Analyses are based on adult
animals (n=5) representing each of three species: rat,
capybara and horse. To avoid the reported confounders of
gender and lateral asymmetry, specimens were confined to
the left SCGs of males. Capybaras were obtained from
Frigorífico Panamby-Porã (Miracatu-SP), an animalbreeding company licensed by the Brazilian Ministry of
the Environment (license number: 182616). Wistar rats and
horses were obtained from the College of Veterinary
Medicine Animal Facility of the University of São Paulo,
São Paulo, Brazil. Animal ages were, on average, 140 days
(rat) and 2 years (capybara and horse). The mean life span
of animals was 2 years (rats), 10 years (capybaras) and
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20 years (horses). Corresponding mean body weights were
389 g, 56 kg and 406 kg.
Histology Rats were sedated by intramuscular (i.m.) injection of 2 mg.kg-1 azaperone (Bayer) followed by 0.06 mg.
kg-1 i.m. atropine sulphate (Bayer). Anaesthesia involved a
combination of 10 mg.kg-1 i.m. ketamine chloride (Bayer)
and 1.5 mg.kg-1 i.m. xylazine hydrochloride (Bayer) and
animals were killed by an intraperitoneal (i.p.) 100-mg.kg-1
overdose of sodium pentobarbital (Bayer). Capybaras and
horses were sedated with i.m. azaperone (4 mg.kg-1)
followed by i.m. atropine sulphate (0.06 mg.kg-1). For
anaesthesia, we administered i.m. ketamine chloride
(20 mg.kg-1) and i.m. xylazine hydrochloride (1.5 mg.kg-1)
and animals were killed by using an intravenous 100 mg.kg-1
overdose of thionembutal (Abbot).
In all animals, a bulbed cannula was inserted into the left
ventricle of the heart and a cleaning solution of 0.1 M
phosphate-buffered saline (PBS; Sigma) pH 7.4, 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 by using a tissue density of 1.06 g.cm-3 for
estimating tissue-shrinkage distortion. Tissue density
(1.06 g.cm-3) was estimated in three left SCGs per species
in a pilot study by simply weighing the SCGs and dividing
their wet weights (g; after perfusion-fixation) by their
volumes (cm3) estimated by liquid displacement (Scherle
1970). SCG thickness, width and length were measured by
using a digital pachymeter (Digimess).
In order to produce vertical and uniform random (VUR)
sections (Baddeley et al. 1986; Tandrup 1993; Tandrup and
Braendgaard 1994), SCGs from rats, capybaras and horses
were rotated along their own long axis by using a bar
rotator and their vertical axes were marked by using a
Tissue Marking Dye System (Cancer Diagnostics). SCGs
from capybaras and horses were embedded in a 6% agar
solution and, by using a tissue slicer, cut into 1-mm-thick
slabs by using a systematic uniform random (SUR)
sampling scheme. This generated about 16 (capybaras)
and 20 (horses) slabs per SCG. From the total number of
sampled slabs, half (about eight from capybaras and 10
from horses) were SUR-sampled further. These were used
to obtain estimates of ganglion volume and neuron size and
number in VUR sections, whereas the other half was agarand isector-embedded (Nyengaard and Gundersen 1992)
and used to estimate the relative surface of dendrites
occupied by synapses (see Immunotechniques) in immunostained uniform random (IUR) sections. SCGs from rats
were embedded and polymerised in 6% agar and exhaustively sectioned with a VT1000S Leica vibratome. This

produced approximately 30 sections with a nominal
thickness of 100 μm. Subsequently, half of the vibrosections were SUR-sampled for estimating ganglion volume
and neuron size and number in VUR sections, whereas the
rest were agar- and isector-re-embedded (Nyengaard and
Gundersen 1992) and used for estimating the relative
surface of dendrites occupied by synapses (see immunotechniques) in IUR sections.
Embedding procedure For estimating ganglion volume and
neuron size and number, slabs from capybaras and horses
and the vibrosections from rats were washed in PBS, postfixed in a solution of 2% osmium tetroxide in PBS, stained
en bloc with an aqueous solution saturated with uranyl
acetate (electron-microscope sections; EMS), dehydrated in
graded ethanol concentrations and propylene oxide (EMS)
and embedded in Araldite 502 (EMS). Specimens were
polymerised at 60-70°C for 3 days. For light microscopy,
0.4-μm- and 2-μm-thick semithin sections were cut with
glass knives, 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 by using a DMR Leica microscope equipped with
a DFC 300 FX Leica digital camera and projected onto a
flat computer monitor. Stereological analyses were performed by using the auto-disector and the nucleator
procedure of the newCAST Visiopharm stereology system
version 3.4.1.0.
Immunotechniques SCG slabs from capybaras and horses
were washed in PBS, embedded and polymerised in 6% agar
and exhaustively sectioned (100-μm-thick sections) on a
VT1000S Leica vibratome, generating approximately 80
sections (capybaras) and 100 sections (horses). Subsequently,
eight pairs of sections (capybaras) and 10 pairs of sections
(horses) were SUR-sampled. The first section from each pair
was used for immunofluorescence (qualitative and descriptive
investigations) and the second was used for TEM (quantitative
estimates). By the same token, 12 pairs of sections were SURsampled from the rat SCGs. Each section of a pair was
analysed as described above. All SCG vibrosections were kept
in PBS for at least 48 hr

Immunofluorescence staining for SYP
The labelling of SYP, an integral membrane glycoprotein of
presynaptic vesicles, has been used to detect the functioning synaptic terminals (Weidenmann and Frank 1985;
Navone et al. 1986; Mochida et al. 1994). SYP is believed
to regulate activity-dependent synapse formation (Tarsa and
Goda 2002) and its presence in synapses has led to the use
of SYP immunostaining as a way of counting synapses via
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design-based stereology (Calhoun et al. 1996). To study
axon varicosities, antibodies were used to detect SYP
within SCG. For this purpose, SCG vibrosections were
subjected to a free-floating immunoprocedure as follows:
after being washed for 60 min in PBS containing 1%
Triton, sections were first placed for 1 h in a 10% nonimmune normal goat serum (Nordic Immunology, Tilburg,
The Netherlands) and then incubated for 24-48 h in a rabbit
polyclonal antibody to SYP (DAKO) diluted 1:1000 in PBS
containing 5% non-immune normal goat serum, 0.1% DLlysine and 0.1% sodium azide. Next, they were washed in
PBS, incubated for 2 h in a biotin-conjugated goat antirabbit IgG serum (Jackson ImmunoResearch Laboratories,
West-Grave, Pa., USA) diluted 1:250 in PBS, then washed
in PBS and exposed for 2 h to streptavidin labelled with
fluorescein-isothiocyanate (Streptavidin-FITC, Jackson
ImmunoResearch) diluted 1:100 in PBS. Finally, they were
washed in PBS and immediately mounted with Citifluor
(Steele et al. 2006).
Laser scanning confocal microscopy was used only to
describe qualitatively the distribution of a synaptic boutonrelated light-green fluorescence labelling, and not for quantitative purposes, for which we used TEM immunocytochemistry.
Specimens were examined with ×10 and ×20 (dry
aperture) and ×40 and ×63 (oil immersion) objective lenses
by using a SP2 Leica laser scanning confocal microscope
equipped with a SPZ confocal head and LCS Leica image
analysis software. Fluorescence filters allowed for discrimination of labelling with FITC (488 excitation line).
Consecutive individual images were collected at 1.0-μm
intervals and stored digitally for subsequent analysis. On
average, 30 images from rats and 30 from capybaras and
horses were merged as maximal projections.
TEM immunocytochemistry of SYP
To identify axon varicosities (axon boutons, axon terminals) at the TEM level, a specific antibody to SYP (as
above) was used. SCG vibrosections were washed in
phosphate buffer containing 1% Triton and then in 0.1 M
TRIS-buffered saline (TBS, pH 7.6). Briefly, sections were
exposed to 0.3% hydrogen peroxide in 33% ethanol for
45 min (in order to block endogenous peroxidases), washed
in TBS, 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, Calif., USA).
Specimens were subsequently washed in TBS, incubated
for 48 h in a rabbit polyclonal antibody to SYP diluted
1:1000 in TBS containing 10% non-immune normal goat
serum and 0.1% sodium azide and then washed in TBS.
They were next incubated for 12 h in a biotin-conjugated

goat anti-rabbit IgG serum diluted 1:500, washed in TBS,
exposed for 5 h to ExtrAvidin-horseradish peroxidase
conjugate (Sigma, Poole, UK) diluted 1:1500 in TBS and
then washed again in TBS. Immunoreactivity was visualised with 3,3’-diaminobenzidine (Sigma) in TBS containing
0.01% H2O2 (for more details, see Steele et al. 2006).
After extensive rinses with TBS and distilled water,
sections were placed for 1 h in 1% osmium tetroxide (in
0.1 M sodium cacodylate buffer) at 4°C and dehydrated in
graded ethanol concentrations followed by propylene oxide.
Specimens were flat embedded in Araldite, between two
sheets of melinex, and polymerised in the oven at 65°C for
12 h. The sections were then mounted on Araldite blocks for
ultrathin sectioning (thickness 90 nm) by using a diamond
knife on an Ultracut E Reichert-Jung calibrated ultramicrotome. Ultrathin sections were stained with uranyl acetate and
lead citrate and subsequently examined and photographed
digitally by using a CM-120 Philips transmission electron
microscope. A Zeiss Axioplan microscope equipped with a
DC200 Leica digital camera was used for the lightmicroscopical examination of 1-μm-thick semithin sections.
Antibody and immunohistochemical controls
The SYP polyclonal antibody (A010: DAKO, Glostrup,
Denmark) was an affinity-isolated antibody raised in rabbit
against synthetic human SYP peptide coupled to ovalbumin. The antibody was shown to react with neurons in the
brain, spinal cord and retina and with neuroendocrine cells
in the adrenal medulla, carotid body and pituitary gland.
From 2002, we performed pilot studies testing (simultaneously and comparatively) the immunoreactivity of SYP to
SCG neurons from rats, guinea pigs, capybaras, pacas, cutias,
horses, dogs and cats. The outcome of these trials was highly
successful, as reported elsewhere for rats (Szabat et al. 1998;
Rao et al. 1999), horses and cats (Hilbe et al. 2005) and
capybaras (Steele et al. 2006). The SYP antibody crossreacted with the SYP-equivalent protein in man, cow, mouse,
rat, guinea pig and rabbit, for instance (DAKO, Glostrup,
Denmark). Routine immunolabelling controls were carried
out by omitting the primary or secondary antibody steps,
independently (Steele et al. 2006). From the data available in
the literature and also based upon our own results (published
and unpublished data since 2002), we are absolutely
confident that the SYP polyclonal antibody recognises SYP
effectively in rats, in horses and in capybaras, thereby
allowing direct comparisons to be made between the animal
species investigated in this study.
Design-based stereology at the light-microscopical level
A modification of the physical disector (Gundersen 1986)
was used to count neurons in the SCG. The disector
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comprised a reference and two look-up sections including a
stack of serial sections between them and was adopted to
facilitate the correct identification and sampling of uninucleate and binucleate neurons. Cell nucleoli were sampled
to estimate the perikaryon volume (see Mean volume of
uninucleate and binucleate neurons) and a second look-up
section, further away from the first look-up section, was
used to sample the perikaryon and estimate the total number
of SCG neurons.
Volume of ganglion: Vscg
The total volume of each SCG was estimated by means of the
Cavalieri principle (Gundersen and Jensen 1987; Gundersen
et al. 1999) in the same reference sections as those used for
disectors. Briefly, SCG Araldite-embedded blocks were
exhaustively and serially sectioned and every 300th section
was sampled and measured for cross-sectional area. Then,
X
Vscg :¼ Tx
Ascg ;
where T is the between-section distance (600 μm) and ∑Ascg
is the sum of the delineated profile areas of the SCGs. Profile
areas were estimated from the numbers of randomly
positioned test points hitting the whole reference space
(P∼200 in rats and P∼250 in capybaras and horses) and the
areal equivalent of a test point. The mean volume shrinkage
(coefficient of variation, CV, expressed as a fraction of the
mean) was estimated to be 3.8% (0.21) in rats, 2.6% (0.32)
in capybaras and 3.2% (0.23) in horses. No correction for
global shrinkage was performed, since between-group differences were not significant (P=0.4).
Volume densities of SCG compartments: Vv(uni), Vv(bi),
Vv(npct), Vv(bv)
The fractional volumes of SCG occupied by perikaryal
compartments (Vv(uni) and Vv(bi)), neuropil+connective
tissue (Vv(npct)) and blood vessels (Vv(bv)) were estimated
by counting randomly positioned test points in the same
sections as those used for the Cavalieri estimate of V(scg).
A given volume density was therefore estimated as:
X
X
VV ðcompÞ :¼
Pcomp =
Pscg
where ∑Pcomp and ∑Pscg represent the sums of points
falling on the tissue compartment and entire SCG across all
sections from a given SCG (Howard and Reed 2005).

Numerical densities of uninucleate and binucleate neurons:
Nv(uni), Nv(bi)
A modified physical disector was used to estimate
numerical densities, Nv. The method consisted of counting
the number of neurons that were present within unbiased
counting frames on reference sections but which did not
touch either the forbidden lines of the frames or their
extensions and disappear on subsequent look-up sections.
Disectors were sampled by using an SUR scheme applied
to SCG slabs and sections (Gundersen et al. 1999).
The formula for the Nv estimation is:
X
X
NV :¼
Q
Vscg
cell =
where ∑Q-cell represents the cell count and ∑Vscg is the
volume of all disectors sampled. The latter is estimated as
∑P×(ap)×h, where P is the number of test points falling
on the SCG, ap the area associated with each test point and
h the distance between disector reference and look-up
planes. Unbiased counting frames (Gundersen 1977) of
area 38,100 μm2 on the specimen scale were SURsuperimposed on section fields of view. After the
reference and the two look-up sections had been sampled,
the same sampled area was followed by using full serial
sectioning, i.e. 10-30 serial and consecutive sections. The
identification of binucleate neurons was based on a full
serial sectioning of each neuron and not only in a single
section (Ribeiro 2006).
For rats, one 2-μm-thick section followed by another
0.4-μm-thick section and three 2-μm-thick sections were
examined. Thus, two values of h were employed: 2 μm for
nucleolus sampling and 6.4 μm for perikaryon sampling.
For capybaras and horses, one 2-μm-thick section followed
by another 0.4-μm-thick section and four 2-μm-thick
sections were examined giving corresponding h values of
2 μm (nucleoli) and 8.4 μm (perikarya). On average, 76
disectors were used to count 159 uninucleate neurons
(∑Qcell-) in rats. In capybaras, 44 disectors were used to
count 145 uninucleate neurons, with 60 disectors being
applied to counting 126 binucleate neurons. In horses, 56
disectors were used to count 152 uninucleate neurons.
Total number of uninucleate and binucleate neurons: Nuni, Nbi
The total numbers of each type of neuron (uninucleate and
binucleate) were estimated by multiplying Vscg by the
corresponding numerical density. For example,

Total volumes of SCG compartments: Vuni, Vbi, Vnpct, Vbv

Nuni :¼ NV ðuniÞxVscg

The total volumes occupied by these SCG compartments
were estimated indirectly by multiplying their fractional
volumes by Vscg (Lima et al. 2007).

providing an estimate of the number of uninucleate
neurons. Total numbers of all neurons, Nall, were obtained
by summing Nuni and Nbi for each SCG.
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Mean volumes of uninucleate and binucleate neurons:
vN (uni) and vN (bi)
The mean perikaryal volume of both types of neuron was
estimated by the nucleator method (Gundersen 1988) in the
same reference sections as those used for numerical density
estimation. Nucleoli were sampled by using one 2-μm- and
one 0.4-μm-thick sections in a physical disector. The
following formula was used to estimate the mean soma
volume:
3

vN : ¼ Σð4p=3Þx In
3

where In is the mean of all cubed distances from a central
point (nucleolus) within the perikaryon to its cell boundaries. The nucleator was performed by using the newCAST
Visiopharm stereology system version 3.4.1.0.
Design-based stereology at the TEM level
The main aim here was to obtain numerical data on the
relative and absolute surface area of postsynaptic dendrite
membranes occupied by axo-dendritic synapses. For this
purpose, we defined a synapse as being the postsynaptic
side of the total apposition zone (Mayhew 1979, 1996).
Relative surface area of dendrites occupied by axo-dendritic
synapses: Ssyn/Sdend
A test-line system was randomly superimposed onto
SUR-sampled TEM images taken at linear magnifications
of ×20,000-30,000 (Fig. 1). We counted the total number
of intersections between test lines and the membrane
traces of dendrite profiles (∑Idend) and those between test
lines and the postsynaptic density of the total apposition
zone (∑Isyn). Surface density was then estimated (Mayhew
1979) simply as:
X
X
Ssyn =Sdend :¼
Isyn =
Idend :

Approximate numbers of synapses per neuron and per
ganglion: Nsyn/Nall and Nsyn
We obtained rough estimates of the numbers of synapses by
using a model-based approach that treated the synaptic
apposition sites as flat circular disks of uniform diameter
(the approach produces approximations because axo-dendritic
synapses do not always conform to this simplistic model).
Indirect estimates were obtained at several steps. First, we
estimated the surface density of dendrite membranes in
ganglion volume, Sdend/Vscg. To this end, the test-line system
was randomly superimposed onto SUR-sampled TEM

images in order to count the intersections between test lines
and membrane traces of dendrite profiles and the test points
falling onto the ganglion. Subsequently, the total surface area
of dendrites in a given SCG was then calculated as:
Sdend :¼ Vscg x Sdend =Vscg
where Vscg is the volume of the corresponding ganglion.
Next, the absolute surface of axo-dendritic synapses in
the whole ganglion, Ssyn, was calculated by multiplying
Sdend by Ssyn/Sdend for each individual ganglion.
We then obtained estimates of the mean area of a
synaptic disk by treating apposition zones as a monodisperse set of flat circular disks. The mean trace length of
sectioned disks, Lsyn, was used to calculate mean disk
surface area (Mayhew 1979) by the formula:
Asyn :¼ ð4=p Þx Lsyn2 :
From the total surface area of all synapses and from the
mean area of a synaptic disk, the total number of synapses
per ganglion was estimated as:
Nsyn :¼ Ssyn =Asyn
and the number per neuron as Nsyn/Nall.
Statistical analyses
Quantitative results were expressed as the group mean
(observed coefficient of variation, CVobs), where CVobs
represents the standard deviation/mean. The precision of
stereological estimates was expressed as a coefficient of error
(CE) calculated as described in an earlier report (Abrahão et
al. 2009). Group differences were assessed by using a oneway analysis of variance and Minitab version 15 or Unistat
version 5.5 statistical software. When significant betweengroup differences (P<0.05) were noted, Tukey’s test for
multiple comparisons was applied. To test for the nature of
relationships between SCG volume (the independent variable, in mm3) and the numbers of neurons and numbers of
synaptic disks (dependent variables), we applied Pearson’s
product-moment correlation and linear regression analysis
(Sokal and Rohlf 1981). Variables were log-transformed to
derive the allometric relationship N=a×Vscgb where Vscg
represents volume and N is the number. Log a represents the
intercept and b is the slope of the regression line.

Results
Our results are summarised in Tables 1, 2, 3 and 4. The
mean (CVobs) body weights of rats, capybaras and horses
were 0.389 kg (0.01), 56 kg (0.05) and 406 kg (0.01),
respectively (Table 1).
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Fig. 1 General principle of the
quantitative method for assessing the relative surface area of
dendrites occupied by axodendritic synapses (white
arrows). An axon profile (Ax) in
horse SCG, immunolabelled for
SYP (with black immunoprecipitate), makes synaptic contact
with a dendrite (D). Note the
presence of a dendritic spine
(ds), post-synaptic density specialisation (white arrows), small
agranular vesicles (av, ∼50 nm
diameter), larger granular
vesicles (gv, ∼70 nm diameter),
mitochondria (m) and Schwann
cell profiles (Sch). In the labelled axon, immunoprecipitate
is associated with the vesicle
membrane, the vesicle core, the
cytoplasmic side of the axolemma and the space between
inner and outer mitochondrial
membrane. The intersections
between test lines and the linear
membrane traces of the synaptic
density specialisation and dendrite are used to calculate the
fractional area of dendrite occupied by synapses. Bar 0.5 μm

SCG structure
In all animal species, SCGs were roughly spindle-shaped
and located in the most cranial part of the neck. In rats,
SCG width, length and thickness were 0.8 mm (0.18),
3.2 mm (0.06) and 0.63 mm (0.02), respectively (Table 1).
In capybaras, the corresponding values were 5.4 mm (0.04),
16.5 mm (0.05) and 4.67 mm (0.02) and, for horses,
6.8 mm (0.02), 20.6 mm (0.003) and 5.79 mm (0.004).
Apparent differences in linear dimensions between species
were highly significant (P=0.0001 in each case).
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 in rats (Fig. 2a, b) but, in capybaras and horses,
neurons were further apart and separated by spaces mainly
occupied by non-neuronal tissue, i.e. neuropil and connecTable 1 Body weights,
volumes and dimensions of
SCGs in three mammalian
species. Values are group means
given as coefficients of variation
(CVs). All apparent group
differences were significant
(P=0.0001)

tive tissue (Fig. 2c-f). The nuclei were located either
centrally or eccentrically in the perikarya of uninucleate
neurons. In capybaras, the nuclei of binucleate neurons
occupied two poles of the cell (Fig. 2c, d).
SYP immunocytochemistry
Laser scanning confocal microscopy (and a qualitative
analysis of 30 consecutive 1-μm images merged as maximal
projections) revealed that SCG neurons and synaptic boutonrelated light-green fluorescence labelling were densely distributed and packed in rats (Fig. 3a); this does not however
indicate more functional synaptic terminals per area. By
contrast, neurons and synaptic bouton-related light-green
labelling were more widely dispersed in capybaras and
horses (Fig. 3b, c). No immunolabelling for SYP was
observed when the primary antibody was replaced by nonimmune normal goat serum (Fig. 3d).

Variable

Rat (n=5)

Capybara (n=5)

Horse (n=5)

Body weight, kg
SCG volume, mm3
SCG length, mm
SCG width, mm
SCG thickness, mm

0.389 (0.01)
0.62 (0.02)
3.2 (0.06)
0.8 (0.18)
0.6 (0.02)

56 (0.05)
270 (0.01)
16.5 (0.05)
5.4 (0.04)
4.7 (0.02)

406 (0.01)
450 (0.004)
20.6 (0.003)
6.8 (0.02)
5.8 (0.004)
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Table 2 Volumetric composition of SCGs (mm3/mm3) and total
volumes of their main compartments (mm3) in three mammalian
species. Values are group means given as CVs. Apparent group
differences were significant (P=0.0001), except for the fractional
volume of vessels (uni uninucleate, bi binucleate, ct connective tissue)
Variable
Fractional volumes
Neurons (uni)
Neurons (bi)
Neurons (uni+bi)
Neuropil+ct
Vessels
Total volumes
Neurons (uni)
Neurons (bi)
Neurons (uni+bi)
Neuropil+ct
Vessels

Rat (n=5)

Capybara (n=5)

Horse (n=5)

0.344
None
0.344
0.604
0.052

0.190
0.050
0.240
0.708
0.052

0.188
None
0.188
0.752
0.060

(0.03)
(0.03)
(0.01)
(0.16)

(0.04)
(0.20)
(0.02)
(0.16)

(0.06)
(0.06)
(0.01)
(0.26)

0.213 (0.04)
None
0.213 (0.04)

51.3 (0.04)
13.5 (0.20)
64.8 (0.03)

84.6 (0.06)
None
84.6 (0.06)

0.373 (0.02)
0.032 (0.16)

191 (0.02)
14.0 (0.16)

338 (0.01)
27.0 (0.26)

Immunolabelling at the TEM level revealed axon
profiles positive for SYP in the neuropil of all SCGs.
SYP immunolabelling was present in the axon varicosities
making synaptic contacts mostly on dendrites where
specialised postsynaptic dense regions were visible (Figs. 1,
4a-e). Presynaptic specialisations were usually obscured by
immunoprecipitate and hence difficult to distinguish from
the labelled intra-axonal structures. Some of the axodendritic synapses were associated with dendritic spines
(Figs. 1, 4b, d) and the terminals contained synaptic
vesicles. Two types of vesicles were observed: small
spherical agranular (electron-lucent) vesicles of about
50 nm in diameter predominated but a few larger granular
vesicles (with a dense core) of about 70-100 nm in diameter
were also present (Figs. 1, 4a, c). Immunoprecipitate
labelled the vesicle membrane and, partially, the vesicle
core, the cytoplasmic site of the axolemma and the
mitochondrial inter-membrane space (Fig. 1). Immunolabelled axo-dendritic synapses were asymmetrical. UnlaTable 3 Total numbers and mean volumes (μm3) of SCG neurons in
three mammalian species (uni uninucleate, bi binucleate). Values are
group means given as CVs. All apparent group differences were
significant (P=0.0001)
Variable

Rat (n=5)

Capybara (n=5)

Horse (n=5)

Number (uni)
Number (bi)
Number (uni+bi)
Volume (uni)
Volume (bi)
Volume (uni+bi)

24,100 (0.05)
None
24,100 (0.05)
8,900 (0.01)
None
8,900 (0.01)

2,241,000 (0.02)
540,000 (0.06)
2,781,000 (0.02)
24,100 (0.01)
25,000 (0.09)
24,300 (0.02)

4,140,000 (0.02)
None
4,140,000 (0.02)
19,600 (0.01)
None
19,600 (0.01)

belled axons synapsing on dendrite profiles were also
observed (not shown).
Stereological data
SCG volume Vscg amounted to 0.62 mm³ (0.02) in rats,
270 mm³ (0.01) in capybaras and 450 mm³ (0.004) in
horses (Table 1). Group differences were significant
(P=0.0001). The precision of the estimated ganglion
volume (expressed as CE) was 0.05 for rats, 0.08 for
capybaras and 0.06 for horses.
SCG volumetric composition The volume densities and
absolute volumes of SCG compartments are presented in
Table 2. Vv(uni) was about 0.35 (0.03) in rats, 0.19 (0.04)
in capybaras and 0.19 (0.06) in horses. Again, differences
between species were highly significant (P=0.0001). The
CE of the estimate of Vv(uni) was 0.05 for rats, 0.08 for
capybaras and 0.09 for horses. In capybaras, Vv(bi) was
0.05 (0.20) with an estimated CE of 0.05.
For neuropil+connective tissue, Vv(npct) was approximately 0.60 (0.01) in rats and 0.75 (0.01) in horses. Intergroup differences were significant (P=0.0001) and the
corresponding CE values were 0.05, 0.08 and 0.09. For
blood vessels, Vv(bv) was relatively constant between
species and the apparent between-group differences were
not significant (P=0.463): 0.05 (0.16) in rats, 0.05 (0.16) in
capybaras and 0.06 (0.26) in horses. The CE values were
0.05, 0.08 and 0.09 respectively.
In capybaras, the total perikaryal volume of binucleate
neurons was 13.5 mm³ (0.20). The total perikaryal
volume occupied by uninucleate neurons was roughly
0.21 mm³ (0.04) in rats, 51 mm³ (0.04) in capybaras and
85 mm³ (0.06) in horses. These group differences in Vuni
were significant (P=0.0001). The corresponding total
volumes of all perikarya (uninucleate+binucleate) were
0.21 mm3 (0.04), 65 mm3 (0.03) and 85 mm3 (0.06),
respectively.
In rats, Vnpct amounted to about 0.37 mm³ (0.02) and
volumes were substantially greater (P=0.0001) in capybaras
[191 mm³ (0.02)] and horses [338 mm³ (0.01)]. Vbv was
0.03 mm³ (0.16) in rats, 14 mm³ (0.16) in capybaras and
27 mm³ (0.26) in horses. Again, differences between groups
were significant (P=0.0001).
Absolute numbers of neurons Total numbers of neurons per
SCG are summarised in Table 3. Nuni was 24,100 (0.05) in
rats, 2.24 million (0.02) in capybaras and 4.14 million
(0.02) in horses. The group differences were significant
(P=0.0001). The CE of the estimated number was 0.06 for
rats, 0.08 for capybaras and 0.08 for horses. In capybaras,
the total number of binucleate neurons was approximately
540,000 (0.06) and the CE of this estimate was 0.06.
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Table 4 Design- and model-based estimates of the relative surface coverage (mm2/mm2), mean disk areas (μm2) and total and relative numbers of axodendritic synapses in three mammalian species. Values are group means given as CVs. All apparent group differences were significant (P=0.0001)
Variable

Rat (n=5)

Capybara (n=5)

Horse (n=5)

Surface coverage
Mean disk area
Total synapse number ×106
Number synapses per neuron

0.108 (0.08)
0.145 (0.25)
10.3 (0.16)
428 (0.14)

0.193 (0.01)
0.474 (0.13)
56,390 (0.36)
20,370 (0.38)

0.282 (0.06)
1.019 (0.17)
45,180 (0.23)
10,910 (0.23)

Altogether, the left SCG in rats harboured 24,100 (0.05)
neurons, whereas that in the capybara contained 2.78
million (0.02) and in the horse 4.14 million (0.02).

Mean volumes of neuronal perikarya The mean perikaryal
volume of uninucleate neurons (Table 3) was 8,900 μm³
(0.01) in rats, 24,100 μm³ (0.01) in capybaras and
19,600 μm³ (0.01) in horses. The differences between
species were significant (P=0.0001). In capybaras, Vbi was
25,000 μm³ (0.09).
Synaptic morphometry The synapse data are provided in
Table 4. The relative surface of dendrites occupied by
synaptic apposition zones was 0.11 (0.08) in rats, 0.19
(0.01) in capybaras and 0.28 (0.06) in horses. With mean
disk areas of 0.145 μm2 (0.25), 0.474 μm2 (0.13) and
1.019 μm2 (0.17), respectively, the total numbers of axodendritic synapses per ganglion averaged 10.3 million
(0.16), 56,390 million (0.36) and 45,180 million (0.23),
respectively. The numbers per neuron were 428 (0.14) in
rats, 20,370 (0.38) in capybaras and 10,910 (0.23) in
horses. All these inter-group differences were significant
(P=0.0001).

Fig. 2 Light-microscopic images of toluidine-blue-stained 0.5-μmthick semithin resin sections of SCGs from rat (a, b), capybara (c, d)
and horse (e, f). Note the densely packed smaller neurons (N) in the rat
and the larger neurons separated by greater amounts neuropil (ne) in
the capybara and horse. In the capybara (d) also note uninucleate (N1)
and binucleate (N2) neurons. One satellite glial cell (arrow), nerve
process (np), connective tissue (CT) and one small blood vessel (v)
can also be seen. Bars25 μm (a, c, e), 20 μm (b, d, f)

Allometry The regression lines of log N against log Vscg for
numbers of neurons and axo-dendritic synapses are shown
in Figs. 5, 6. The line for neuron number has an intercept
(log a) equal to 4.5449, which is numerically equivalent to
35,067 in the allometric equation. It equates to the number
of neurons in a ganglion of volume 1 mm3. The slope
(exponent) is 0.7810 (standard error of mean, [SEM]:
0.0026) and the product-moment correlation coefficient is
0.9999. With the observed mean volumes of SCG in this
study, the regression equation predicts neuron numbers in
excellent agreement with the observed mean values.
In the case of synapse number, the regression line constant
was equivalent to 20.095 million, the exponent was 1.3284
(SEM: 0.0397) and the correlation coefficient was 0.9942.
This allometric equation predicted synapse numbers of 10.6
million (rat), 34.1 billion (capybara) and 67.2 billion (horse).
However, the predicted values when compared with the actual
means of 10.3 million, 56.4 billion and 45.2 billion indicate
that the equation was not a good predictor of synapse number
in the capybara or horse. The equation underestimated
synapse number in the capybara but overestimated this
number in horses. Thus, SCG volume alone is not the
principal determinant of synapse number.
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Fig. 3 Confocal immunofluorescence microscopy of SCGs
(here, 30 consecutive 1-μm
images were merged as maximal
projections) immunolabelled for
SYP (light green in original
images). a Rat. b Capybara. c
Horse. In a-c, SYP-positive labelling (arrows) was located in
the neuropil among the ganglion
neurons (N). Note that labelling
is more densely packed in the rat
SCG compared with that in
capybara and horse. d Immunohistochemical control of horse
SCG; no immunolabelling for
SYP was observed when the
primary antibody was replaced
by non-immune normal goat
serum. Bars 50 μm

Discussion
The present work has tested the nature and strength of the
relationship between the numbers of neurons and synapses
and the volume of the SCG. It has shown the presence of
body-size-related changes in some structural parameters of
the SCG in passing from rats to horses. In comparison with
the rat, SCG volume is about 435-fold greater in the

capybara and 726-fold greater in the horse. Within the
ganglion, the total volume of neurons is 304-fold greater in
capybaras and 397-fold greater in horses but the main
compartment accounting for the increases in SCG volume
is the neuropil+connective tissue, which expands 512-fold
in capybaras and 906-fold in horses. By comparison,
vascular volumes increase 438-fold and 844-fold, respectively. The differences in total cell volumes are attributable
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Fig. 4 Transmission-electronmicroscopic images of SCG in
rat (a, b), capybara (c, d) and
horse (e) immunolabelled for
SYP (black immunoprecipitate).
a Note SYP-positive axon profile (Ax) asymmetrically synapsing on a dendrite profile (D);
postsynaptic densities (white
arrows) are clearly visible. Note
also that the axon profile is rich
in small agranular vesicles (av);
a few granular vesicles (gv) can
also be seen (m mitochondrion).
b SYP-positive axon profile
synapsing with dendritic spine
(ds). c SYP-positive axon terminal asymmetrically synapsing
on a dendrite profile; the axon
terminal contains a number of
small agranular vesicles. d SYPpositive axon profile synapsing
on dendritic spine. A few granular vesicles can be seen in
addition to small agranular
vesicles. e Asymmetric axodendritic synapse with heavily
labelled axonal profile. Bars
0.5 μm

to increases in both the numbers (115-fold and 172-fold)
and mean volumes (roughly three-fold and two-fold,
respectively). In capybaras and horses, axo-dendritic synapses occupy progressively larger proportions of the
membrane surfaces of dendrites within the neuropil and
these synaptic disks tend to be larger. The mean number of
synapses per neuron is about 48-fold larger in capybaras
and 25-fold larger in horses. Allometric analyses have
confirmed that SCG volume is an excellent predictor of

neuron number but a poor predictor of synapse number per
ganglion, at least for the larger mammals.
Qualitative findings All the examined SCGs are enveloped
by a connective capsule, which sends septa into each
ganglion, dividing it into several ganglion units. This
pattern is in agreement with previous studies of the
sympathetic ganglia of mammals including dogs, horses,
cats and rabbits (Ribeiro et al. 2002, 2004; Gagliardo et al.
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synapses seem to be directed to the dendritic spine itself,
although the synaptic specialisation may also be found at
the base of the spine or on the neuronal surface adjacent to
the base of the dendritic spine (Matthews 1983; Boyd et al.
1996; Gibbins and Matthew 1996; Gibbins et al. 1998,
2003).

Fig. 5 Linear regression line of logN on logVscg for SCGs (n=5) from
each species (rat, capybara, horse). N is the total number of neurons
(uninucleate + binucleate) and Vscg is the ganglion volume in mm3.
The equation for this line is logN=4.5449+0.7810×logVscg, where
4.5449 (SEM: 0.0054) is the intercept (the value of logN for a 1-mm3
ganglion) and 0.7810 (SEM: 0.0026) is the slope. The correlation
coefficient is 0.9999 (P<0.001; Tukey’s test). The line provides a
good predictor of neuron number in these species

2003; Ribeiro 2006; Fioretto et al. 2007; Sasahara et al.
2003). Consistent with data from the literature (McLachlan
and Meckler 1989; McLachlan 1995; Gibbins et al. 2003;
Gibbins and Morris 2006), classical morphological
synapse-associated characteristics have been seen in all
three animal species, i.e. clusters of two types of vesicles
(agranular and granular) directed towards a well-defined
density on a presynaptic membrane. Sometimes, the

Fig. 6 Linear regression line of logN on logVscg for SCGs (n=5) from
each species. N is the total number of axo-dendritic synaptic disks and
Vscg is ganglion volume in mm3. The equation for this line is
logN=7.3031+1.3284×logVscg, where 7.3031 (SEM: 0.0827) is the
intercept and 1.3284 (SEM: 0.0397) is the slope. The correlation
coefficient is 0.9942 (P<0.001; Tukey’s test). As is evident, the line
underestimates synapse number in the capybara and overestimates it in
the horse

Quantitative findings SCG volume is known to increase
with body size in most autonomic ganglia from small to
large mammals (Miolan and Niel 1996; Ribeiro et al. 2004;
Gagliardo et al. 2005; Abrahão et al. 2009; Toscano et al.
2009; Melo et al. 2009). The present study has confirmed
that these changes in the SCG are associated with major
differences in the volumes of neuropil+connective tissue
followed by changes in neurons and blood vessels
(Forehand 1985; Purves and Lichtman 1985; Purves et al.
1986; Abrahão et al. 2009; Toscano et al. 2009; Melo et al.
2009).
Whereas the body-size-related increase in neuron number certainly exists for smaller mammals, studies on the
guinea pig, paca, capybara and horse (Ribeiro et al. 2004;
Abrahão et al. 2009; Toscano et al. 2009) have cast doubt
on the value of body weight as a convenient way of
predicting neuron number. Use of a direct estimator of
neuron number estimator, the physical fractionator, has
shown that the size of the mammalian cerebellum affords a
satisfactory way of predicting the total number of Purkinje
cells (Mayhew 1991). More recently, both the ganglion
volumes and body weights of dogs have been reported to
allow the accurate prediction of the total number of neurons
in the caudal mesenteric ganglion (Gagliardo et al. 2005).
The present study suggests that, at least for rats, capybaras
and horses, neuron number can be accurately predicted
from SCG volume by using the allometric relation
N=35,067×Vscg0.781.
The current estimates are based on the left SCGs of
males but earlier studies have adduced evidence of lateral
asymmetry and sexual dimorphism in the numbers of SCG
neurons (Wright and Smolen 1983; Abrahão et al. 2009).
Consequently, we have calculated regression equations for
a dataset on the same three species but based on left SCGs
from females (Ribeiro et al. 2004). The resulting allometric
relation is N=30,775×Vscg0.753. Neither the constant nor
exponent are significantly different, suggesting that gender
differences are determined largely by the gender-dependent
variations in ganglion volume and body size. These
phylogenetic findings indicate that neuron number in the
SCG increases with volume raised to the power 0.75-0.79.
For Purkinje cell number, the corresponding exponent for
cerebellar weight is about 0.70 (Mayhew 1991). In the case
of neurons in the canine caudal mesenteric ganglion,
ontogenetic data suggest that the allometric relationship
with ganglion volume has an exponent of 0.75 (Gagliardo
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et al. 2005). The implication of these studies is that, during
ontogenesis and phylogenesis, cell number grows more
slowly than the size of the containing structure (sympathetic
ganglion or cerebellum). However, these relationships for the
SCG may not be universal across species. For example, recent
stereological analyses of the SCGs of developing guinea pigs
have shown that neuron numbers decline in adulthood and in
aged animals (Toscano et al. 2009) and predictions based on
the present allometric equation do not conform to the
observed numbers of neurons. Clearly, further analyses are
required to test the general validity of these relationships
across a wider variety of species.
Mean perikaryal volume increase about 1.5-fold from rats
to capybaras and 1.2-fold from rats to horses. Previous studies
have demonstrated SCG-volume- and body-weight-dependent
changes in these and other species but these relationships do
not have a high predictive value (Purves and Lichtman 1985;
Purves et al. 1986; Ribeiro et al. 2004; Abrahão et al. 2009;
Toscano et al. 2009). Earlier studies on a broad range of
species and body weights have shown that the proportion of
SCG volume occupied by neurons tends to decrease as body
weight increases and that the fractional volume occupied by
neuropil and blood vessels also increases. Indeed, larger
species tend to have SCGs with greater numbers of
myelinated fibres and to harbour neurons that exhibit greater
convergence, more complex dendritic arborisations and
higher incidences of axo-dendritic compared with axosomatic synapses (Hedger and Webber 1976; Forehand
1985; Purves and Lichtman 1985; Purves et al. 1986; Smolen
and Beaston-Wimmer 1986).
In the present investigation, we have found that the
fractional surface of dendrites occupied by synaptic apposition
zones increases from 11% in rats to 28% in horses. At the
same time, the average area of a synaptic disk increases from
0.145 μm2 to 1.019 μm2. In addition, numbers of synaptic
disks tend to increase with ganglion volume but the
relationship displays poor predictability. Our quantitative
data on synapses have been obtained by using only electron
microscopy because this reveals whether a pre-ganglionic
bouton makes contact with the surface of a neuron and
shows the morphological features conventionally associated
with synaptic specialisations, i.e. clusters of small vesicles
directed towards a well-defined density on a presynaptic
membrane. However, even this appearance might not imply
a functional synapse and the same is true for light
microscopy (Gibbins and Morris 2006). Ideally, a range of
neurochemical markers needs to be localised and correlated
with electrophysiological data for the same populations of
neurons (Gibbins and Morris 2006).
The immunochemical labelling of SYP, a synaptic vesicle
membrane glycoprotein, has been used to detect functioning
synaptic terminals (Weidenmann and Frank 1985; Navone et
al. 1986; Mochida et al. 1994; Calhoun et al. 1996; Tarsa and

Goda 2002). SYP is a member of the physin family, which
also comprises SYP 1, synaptoporin, pantophysin, mitsugumin and synaptogyrin (Leube 1994; Janz et al. 1999). Other
proteins may contribute to the complex that causes synaptic
vesicles to fuse with the presynaptic membrane (Hui et al.
2006; Tang et al. 2006). Given the variety of potential labels
of synapses and their vesicles, the synapse labelling achieved
in this study might have been sub-optimal and the
quantitation based upon SYP staining might have underestimated total synapse number. Our decision to confine
counts to axo-dendritic synapses rather than axo-somatic
synapses is based upon the finding that, in autonomic
ganglia, the former occur more frequently (Matthews 1983;
Forehand 1985; Gibbins and Morris 2006).
We have found that the rat SCG contains 10.3 million
SYP-labelled axo-dendritic synapses; this estimate is within
the range of previously published values for the same
species and is based on both design-based (Siklós et al.
1990) and model-based (Östberg et al. 1976; Smolen and
Raisman 1980; Field and Raisman 1985) estimates. The
numbers equate to about 430 axo-dendritic synapses per
neuron; this estimate is somewhat greater than earlier
values of 250-330 per neuron (Östberg et al. 1976;
Forehand 1985). Numbers per neuron are roughly 48-fold
larger in capybaras and 25-fold higher in horses.
Concluding remarks Because the SCG has a heterogeneous
population of nerve cells (e.g. secretomotor, pilomotor,
vasomotor), SCG neurons and their synapses might be
subject to a variety of structural changes depending upon
the organs that they target. For instance, neurons innervating the iris have the largest cell bodies and most extensive
dendritic arborisations, whereas vasomotor neurons are the
smallest (Andrews 1996). Since the target tissue of the
SCG, from small to large species, increases in volume and
surface area, we consider it reasonable to suggest that future
supplementary studies on the SCG should estimate the total
number of synapses and neurons taking into account the
features of the target organs innervated by SCG neurons
and the neurotrophic factors produced by the target tissue.
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