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a b s t r a c t
Recently, superior cervical ganglionectomy has been performed to investigate a variety of scientiﬁc
topics from regulation of intraocular pressure to suppression of lingual tumour growth. Despite these
recent advances in our understanding of the functional mechanisms underlying superior cervical ganglion (SCG) growth and development after surgical ablation, there still exists a need for information
concerning the quantitative nature of the relationships between the removed SCG and its remaining
contralateral ganglion and between the remaining SCG and its modiﬁed innervation territory. To this
end, using design-based stereological methods, we have investigated the structural changes induced
by unilateral ganglionectomy in sheep at three distinct timepoints (2, 7 and 12 weeks) after surgery.
The effects of time, and lateral (left-right) differences, were examined by two-way analyses of variance
and paired t-tests. Following removal of the left SCG, the main ﬁndings were: (i) the remaining right
SCG was bigger at shorter survival times, i.e. 74% at 2 weeks, 55% at 7 weeks and no increase by 12
weeks, (ii) by 7 weeks after surgery, the right SCG contained fewer neurons (no decrease at 2 weeks, 6%
fewer by 7 weeks and 17% fewer by 12 weeks) and (iii) by 7 weeks, right SCG neurons were also larger
and the magnitude of this increase grew substantially with time (no rise at 2 weeks, 77% by 7 weeks
and 215% by 12 weeks). Interaction effects between time and ganglionectomy-induced changes were
signiﬁcant for SCG volume and mean perikaryal volume. These ﬁndings show that unilateral superior
cervical ganglionectomy has profound effects on the contralateral ganglion. For future investigations,
it would be interesting to examine the interaction between SCGs and their innervation targets after
ganglionectomy. Is the ganglionectomy-induced imbalance between the sizes of innervation territories
the milieu in which morphoquantitative changes, particularly changes in perikaryal volume and neuron
number, occur? Mechanistically, how would those changes arise? Are there any grounds for believing in
a ganglionectomy-triggered SCG cross-innervation and neuroplasticity?
© 2011 ISDN. Published by Elsevier Ltd. All rights reserved.

1. Introduction
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The superior cervical ganglion (SCG), which is a paravertebral
ganglion, provides sympathetic input to the head and neck as well
as to the mandible, submandibular glands, pineal and cerebral vessels (Andrews, 1996; Steele et al., 2006). In addition, SCG plays an
important role in some neuropathies including Horner’s syndrome
(Kisch, 1991; Boydell, 1995; Bell et al., 2001).
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Superior cervical ganglionectomy (SCGx) has been performed to
investigate a wide variety of scientiﬁc topics including regulation
of intraocular pressure (Zhan et al., 1999), secretion of the pineal
hormone melatonin (Karasek et al., 2002), the relationship between
periodontal disease and sympathetic nervous system-related bone
remodelling (Kim et al., 2009) and suppression of tumour growth in
cancer of the rat tongue (Raju et al., 2009). Despite these advances
in our understanding of the functional mechanisms underlying
SCG growth and development after unilateral or bilateral surgical ablation, there is still a lack of three-dimensional stereological
morphoquantitative information about the nature of relationships
between the removed SCG and its remaining contralateral ganglion and between the remaining SCG and its resulting broader and
imbalanced innervation territory.
By employing two-dimensional model-based morphometric
procedures, Usui and Sakamaki (1998) reported on the effect
of a unilateral SCGx on the contralateral ganglion neurons of
Sprague–Dawley rats. However, the aforementioned authors did
not use design-based methods to derive three-dimensional structural data, and their results are therefore questionable since the
neuron proﬁle cross-sectional area and neuron proﬁle density were
assumed to be the true cell size and the true total number of cells,
respectively, which conﬁrms the danger of drawing conclusions
based only upon ratios without considering the reference space –
the so-called ‘reference trap’ – (Braendgaard and Gundersen, 1986;
Hunziker and Cruz-Orive, 1986; Cruz-Orive, 1994; Mayhew, 2008).
In the light of these uncertainties, we decided to embark on
a light-microscopic study of unilateral ganglionectomy-induced
structural changes in the developing sheep SCG at three distinct
timepoints after surgery (2, 7 and 12 weeks) using 3D design-based
stereological methods. The data raised in this study provide a structural foundation which is novel and important for explaining the
processes underlying SCG adaptation and remodelling after unilateral ganglionectomy. We hope that the results obtained by this
work will pave the way for translational studies and extend the
basic-research knowledge to clinicians and surgeons devoted to
understanding the autonomic nervous system of large mammals
in the context of veterinary medicine.
2. Materials and methods
2.1. Animals
The present study was approved by the Animal Care Committee of the College
of Veterinary Medicine of the University of São Paulo. Left and right SCGs were
obtained from n = 15 male sheep (Santa Inês breed) maintained in the Department of
Veterinary Surgery and Anaesthesiology, School of Veterinary Medicine and Animal
Science in Botucatu, São Paulo, Brazil. Animals were pre-pubertal (Wańkowska and
Polkowska, 2006; Wańkowska et al., 2008a,b; Polkowska et al., 2008), i.e. 4 months
old, and the mean (standard deviation) body weight was 15 kg (2 kg). According
to the period of examination, animals were divided into three groups which were
evaluated 2 weeks (group 2wk), 7 weeks (group 7wk) and 12 weeks (group 12wk)
after surgery.
An age-matched sham-control group was not added to the present study design
for two reasons: (i) a plethora of in-depth and large-scale studies on the effects
of postnatal development – maturation and ageing – on SCG structure in various
species: rats, guinea pigs, pacas, capybaras, horses, cats and dogs (Ribeiro et al., 2004;
Ribeiro, 2006; Melo et al., 2009; Abrahão et al., 2009; Toscano et al., 2009). These
studies have clearly shown no differences in structure (ganglion volume, neuron size
and neuron number) between 4- and 7-month-old subjects; (ii) all sheep used in
this study were in the same pre-pubertal phase of development, which ranges from
15 weeks to 30 weeks after birth (Wańkowska and Polkowska, 2006; Wańkowska
et al., 2008a,b; Polkowska et al., 2008).
2.2. Operative technique
Animals were sedated with a 0.1 mg/kg i.m. injection of acepromazine (Bayer S.A.
São Paulo, Brazil) and 0.3 mg/kg butorphanol tartrate (Bayer). Anaesthesia involved a
combination of a 20 mg/kg i.m. injection of ketamine chloride (Bayer) and 1.5 mg/kg
xylazine hydrochloride (Bayer) and was maintained with 0.85–0.95% halothane. The
surgical procedure was slightly modiﬁed from that described elsewhere (Appleton
and Waites, 1957). Animals were placed in the right lateral decubitus position,

with head and neck wholly extended. A ventro-lateral approach was adopted with
a skin incision from the proximal portion of the mandible towards the external
base of the auricle. On the superﬁcial surgical plane, the following constituent parts
were identiﬁed: left external jugular vein, left parotid gland and adipose tissue. The
vagosympathetic trunk, common carotid artery and internal jugular vein were identiﬁed on the deeper surgical plane. All important cervical structures were retracted
down to the level of the jugulohyoideus muscle which was sectioned to allow for
removal of the left SCG. After removal, the thickness, width and length of the left
SCG were measured using a digital pachymeter (Digimess Instrumentos de Precisão Ltda, São Paulo, Brazil) and immersion-ﬁxed with 5% glutaraldehyde and 1%
formaldehyde in sodium cacodylate buffer (0.1 M, pH 7.4).
The surgical intervention was accomplished by suturing the ends of the jugulohyoideus muscle as well as subcutaneous tissue and the skin. The retracted muscles
and subcutaneous tissue were sutured using cruciate mattress and simple continuous methods respectively. All suturing was performed using a monoﬁlament-nylon
thread. Post-operative antibiotic therapy comprised 3 days of 20 mg/kg i.m. benzathine ampicillin (Schering-Plough Animal Health, Cotia, São Paulo, Brazil). Flunixin
meglumine (1.1 mg/kg i.m., Schering-Plough Animal Health) and sodium dipyrone
(5 ml i.m., Schering-Plough Animal Health) were administered for 3 days. After
surgery, animals were kept in 6 m2 pens for clinical examination.
2.3. Clinical examination
Animals were examined during the three post-operative timepoints. The following clinical parameters were investigated: temperature of face and ear by
thermographic analysis (Purohit et al., 1980), ptosis, miosis and sudoresis.
2.4. Euthanasia and histology
At each timepoint, sheep were euthanised using a 200 mg/kg i.v. dose of pentobarbitone. Next, a bulbed cannula was inserted into the left ventricle of the heart and
a cleaning solution of 0.1 M, pH 7.4 phosphate-buffered saline (PBS) (Sigma–Aldrich,
São Paulo, Brazil) containing 2% heparin (Roche-Brasil, São Paulo, Brazil) and 0.1%
sodium nitrite (Sigma–Aldrich) was injected via the ascending aorta. This was followed by perfusion-ﬁxation with 5% glutaraldehyde and 1% formaldehyde in sodium
cacodylate buffer (0.1 M, pH 7.4). The right SCGs were dissected out and their wet
weights were converted into volumes using a tissue density of 1.06 g cm−3 (Weibel,
1979) for estimating tissue shrinkage distortion. The thickness, width and length of
each right SCG were also measured using a digital pachymeter (Digimess).
2.5. Embedding procedures
In order to produce vertical and uniform random (VUR) sections (Baddeley et al.,
1986; Tandrup, 1993; Tandrup and Braendgaard, 1994), SCGs were rotated along
their own long axis using a bar rotator and their vertical axes were marked using
a Tissue Marking Dye System (Cancer Diagnostics, Inc. Birmingham, USA). Subsequently, left and right SCGs were washed in sodium cacodylate buffer, post-ﬁxed
in a buffered solution of 2% osmium tetroxide, stained en bloc with a saturated
aqueous solution of uranyl acetate (Electron Microscopy Sciences (EMS), Hatﬁeld,
PA, USA) dehydrated in graded ethanol concentrations and propylene oxide (EMS)
and embedded in Araldite 502 (EMS). Araldite blocks of tissue were polymerised
in the oven at 60–70 ◦ C for three days. For light microscopy, 2- and 0.5-m thick
VUR sections were exhaustively cut with glass knives using a UC6 automatically
calibrated Leica ultramicrotome (for more details, see Section 2.6.2). 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 DMR Leica microscope (Leica Microsystems, Wetzlar, Germany) equipped
with a High-End DP 72 Olympus digital camera (Olympus, Essex, United Kingdom)
and projected onto a computer monitor. Stereological analyses were performed
using the auto-disector and the nucleator procedure of the newCAST Visiopharm
stereology system version 3.4.1.0 (Visiopharm, Copenhagen, Denmark).
2.6. Design-based stereology
2.6.1. Volume of ganglion, VSCG
The total volume of each SCG was estimated by means of the Cavalieri principle
(Gundersen and Jensen, 1987; Gundersen et al., 1999) in the same reference sections
used for disectors. Brieﬂy, SCG tissue blocks were exhaustively serially sectioned and
every 250th section was sampled and measured for cross-sectional area. Then:
VSCG :=T · ˙ASCG
where T is the between-section distance (500 m) and ASCG is the sum of the delineated proﬁle areas of the chosen set of SCG sections. The between-section distance
was determined by cutting 40 sets of sections each set having a distance of 12.5 m
(a 2-m thick section followed by another 0.5-m thick section and by six more
2-m thick sections). Proﬁle areas were estimated from the numbers of randomly
positioned test points (∼200 per SCG) hitting the whole reference space and the
areal equivalent of a test point. Irrespective of groups, the mean volume shrinkage (coefﬁcient of variation, CV, expressed as a decimal fraction of the mean) was
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estimated to be 3.8% (0.21) for the left SCG and 3.6% (0.20) for the right SCG. No correction for global shrinkage was performed since the between-side SCG difference
was not signiﬁcant.
2.6.2. Total number of neurons, NSCG
The physical fractionator was used for estimating the total number of SCG
neurons (Gundersen, 1986; Mayhew, 1991). Each Araldite block was exhaustively
serially sectioned into 2- and 0.5-m thick sections and a sampling fraction (ssf,
1/250) of these ‘reference’ sections was selected together with two companion
‘look-up’ sections, which were 0.5 m (look-up 1 section) and 12.5 m (look-up 2
section) distant from the reference sections. Look-up 1 sections were used for sampling the nucleolus and estimating neuron volume. Look-up 2 sections were used
for sampling the perikaryon (soma) and estimating the total number of neurons.
The disector height was 12.5 m. An area sampling fraction (asf) of 1/7 (group 2wk)
or 1/9 (groups 7wk and 12wk) of the chosen SCG sections was sampled using 2D
unbiased counting frames with a frame area equivalent to 29,900 m2 (Gundersen,
1977). The same sampled area was followed towards eight consecutive sections,
i.e. one 2-m thick section followed by another 0.5-m thick section and six more
2-m thick sections.
For group 2wk, an average of 246 disectors was used to count 158 neurons
(Q− ). In group 7wk, 136 disectors were applied to count 162 neurons. In group
12wk, 270 disectors were employed to count 155 neurons. The total number of SCG
neurons was then estimated by multiplying the counted number of particles by the
reciprocal of sampling fractions:
−1

NSCG :=ssf

−1

· asf

. ˙Q −

where ssf is the section sampling fraction, asf is the area sampling fraction and Q−
is the total number of particles counted using physical disectors.
2.6.3. Mean volume of SCG neuron, vN SCG
The mean perikaryal volume of SCG neurons was estimated by the nucleator
method (Gundersen, 1988) using the 4 half-line nucleator probe available in the
newCAST Visiopharm stereology system and in the same reference sections used
for total number estimation. Nucleoli were sampled using one 2-m and one 0.5m thick section in a physical disector. The following formula was used to estimate
the mean perikaryal volume:



v̄N SCG :=˙

4
3



Fig. 1. Thermographic analysis of the face temperature of a sheep after left SCG
ganglionectomy. Note the rise in the temperature of the left side of the face (yellow areas labelled with *) 2 h after the surgical procedure. Also observe areas with
increased temperature (red areas) on the left ear and on the left side of the nasal
plane. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of the article.)

from group 7wk. Finally, ptosis of the left upper eyelid occurred at
2, 7 and 12 weeks.

Īn3

where Īn3 is the mean of all cubed distances from a central point (nucleolus) within
the perikaryon to its cell boundaries.
2.7. Statistical analyses
The precision of a stereological estimate was expressed as a coefﬁcient of error
(CE) calculated as described by Gundersen et al. (1999). Stereological data were
expressed as group mean (observed coefﬁcient of variation, CVobs ) where CVobs represents standard deviation/mean. Group differences were assessed by analysis of
variance (ANOVA) and paired t-tests using Minitab version 15 and Unistat version
5.5 statistical software. With two-way ANOVA, we examined the main effects of
post-operative time and ganglionectomy-induced changes. The interaction term
generated by this test identiﬁes whether or not the main effects act independently,
synergistically or antagonistically. In recognition that left and right SCGs came from
the same animals, lateral differences were analysed further by paired t-tests. Null
hypotheses (no main or interaction effects) were rejected when the probability level
for apparent differences was p < 0.05.

3. Results
3.1. Clinical ﬁndings
During surgical intervention, a rise in the temperature of the
left ear and left side of the face was observed in all animals. Postoperatively, the main clinical ﬁndings were [a] an increase in the
temperature of the ear and face (Fig. 1), [b] ptosis of the upper
eyelid, [c] miosis and [d] absence of sudoresis which occurred in
the same (left) side from which the SCG was removed. The increase
in ear temperature was a persistent clinical symptom from the ﬁrst
to the second week (group 2wk), between weeks 1 and 7 (group
7wk) and until week 8 after surgery (group 12wk). In all groups,
the rise in face temperature was discrete and persisted for 2 weeks
after surgery. Furthermore, miosis of the left eye occurred in the
animals from all groups and lasted 2 weeks after surgery and the
absence of sudoresis on the left side of the nasal plane persisted for
2 weeks (groups 2wk and 12wk) and lasted 4 weeks in the animals

3.2. SCG structure
In all animals, irrespective of groups and side of the body, the
left and right SCGs were roughly spindle-shaped and located in
the most cranial part of the neck. Dorsally, ganglia were in contact with the vagus nerve and, ventrally, they were close to the
occipital artery. The caudal pole of SCG continued into the cervical
sympathetic trunk.
In group 2wk, left SCG width, length and thickness were 3.2 mm
(0.27), 5.6 mm (0.26) and 2.6 mm (0.21), respectively. For the right
SCG, width, length and thickness were 4.3 mm (0.17), 8.6 mm (0.16)
and 2.9 mm (0.23), respectively. For group 7wk, left SCG width,
length and thickness were 4.2 mm (0.26), 6.1 mm (0.12) and 2.7 mm
(0.20), respectively. The right SCG, width, length and thickness were
4.2 mm (0.17), 7.7 mm (0.26) and 2.9 mm (0.14), respectively. In
group 12wk, left SCG width, length and thickness were 4.4 mm
(0.17), 7.1 mm (0.16) and 2.4 mm (0.23), whilst the same ﬁgures in
the right SCG were 3.5 mm (0.21), 7.3 mm (0.13) and 2.4 mm (0.13)
respectively. Apparent differences in linear dimensions between
post-operative times and between right and left SCGs were not signiﬁcant, for either ganglion width (p = 0.13) and length (p = 0.15) or
ganglion thickness (p = 0.22).
Regardless of body side, 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. In the left SCG (collected during surgery), neurons were packed and homogeneously distributed. However, in the
right SCG (harvested 2, 7 and 12 weeks after surgery) neurons were
larger, not homogeneously distributed, further apart and separated
by spaces mainly occupied by neuropil (neurites and glial cells) and
by blood vessels and connective tissue. Irrespective of body side and
post-operative period, neuron nuclei were located either centrally
or eccentrically in the perikarya (Fig. 2A–F).
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Fig. 2. Light-microscopic images of toluidine blue-stained, 2-m thick, semithin resin sections of left (excised) and right (remaining) sheep SCGs from groups 2wk (A and
D), 7wk (B and E) and 12wk (C and F) post-surgery. Note the densely packed and homogeneously distributed smaller neurons (arrows in A–C) and the larger neurons
non-uniformly distributed (arrows in D–F) and separated by spaces mainly occupied by neuropil (neurites and glial cells) and by blood vessels and connective tissue (*). Scale
bar = 200 m.

3.3. Stereological data
3.3.1. Volume of ganglion, VSCG
SCG volumes are summarised in Fig. 3. For group 2wk,
the volumes of left and right SCGs were 43.0 mm3 (0.22) and
74.7 mm3 (0.09) respectively. In group 7wk, the volumes of left
and right SCGs were 45.7 mm3 (0.15) and 70.7 mm3 (0.22) respectively. The corresponding values in group 12wk were 39.2 mm3
(0.15) and 48.8 mm3 (0.09). Two-way ANOVA demonstrated
signiﬁcant main effects of post-operative time (p = 0.001) and
ganglionectomy-induced changes (p < 0.001) together with a signiﬁcant post-operative time × ganglionectomy-induced changes
interaction effect (p = 0.029). The right SCG was always bigger than
the left SCG irrespective of the week studied but the magnitude of
these differences diminished with time after surgery. Paired tests
conﬁrmed that ganglionectomy-induced differences were signiﬁcant at 2 weeks (p < 0.001) and 7 weeks (p = 0.004) but not at 12
weeks. The precision of estimated left SCG volume (expressed as

Fig. 3. SCG volume (VSCG ) of left (excised) and right (remaining) sheep SCG from
groups 2, 7 and 12 weeks after surgery. Group differences were signiﬁcant for the
post-operative time effect (p = 0.0012* for group 2wk; 0.001* for group 7wk and
0.0001* for group 12wk) and there were signiﬁcant ganglionectomy-induced differences (i.e. the right SCG tended to be bigger than the left at 2 and 7 weeks (p = 0.004*
for group 2wk and 0.003* for group 7wk)). Triangles indicate individual values and
horizontal bars show group means.

CE) was 0.05 for group 2wk, 0.08 for group 7wk and 0.06 for group
12wk. For the right SCG, the values were 0.05, 0.06 and 0.06 for
groups 2wk, 7wk and 12wk, respectively.
3.3.2. Total number of neurons, NSCG
In group 2wk (see Fig. 4), total numbers of neurons per left and
right SCG were 265,100 (0.24) and 249,900 (0.18), respectively.
For other groups, corresponding numbers were 358,700 (0.24) and
335,600 (0.27) for group 7wk and 416,000 (0.14) and 344,000
(0.07) for group 12wk. SCGs in the latter group had more neurons than those in groups 2wk and 7wk. With two-way ANOVA,
this post-operative time effect was highly signiﬁcant (p = 0.001) but
no signiﬁcant ganglionectomy-induced or interaction effects were
detected. However, paired t-tests showed that numbers were not
signiﬁcantly different between left and right SCGs in group 2wk but
were greater in left SCGs at 7 (p = 0.034) and 12 weeks (p = 0.018)
post surgery. For the left SCG, the precision of estimated NSCG was
0.05 for group 2wk, 0.06 for group 7wk and 0.05 for group 12wk. For
the right SCG, the corresponding values were 0.04, 0.06 and 0.05.

Fig. 4. Total number of neurons (NSCG ) in left (excised) and right (remaining) sheep
SCG from groups 2, 7 and 12 weeks after surgery. Group differences were signiﬁcant
for the post-operative time effect (p = 0.001* for group 2wk; 0.001* for group 7wk
and 0.0002* for group 12wk) and ganglionectomy-induced differences were significant only at 7 and 12 weeks (p = 0.034* for group 7wk and 0.018* for group 12wk).
Triangles indicate individual values and horizontal bars show group means.
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4.2. Clinical ﬁndings

Fig. 5. Mean volume of left (excised) and right (remaining) sheep SCG neurons
(vN SCG ) from groups 2, 7 and 12 weeks after surgery. Group differences were signiﬁcant for both the post-operative time (p = 0.0003* for group 2wk; 0.0002* for group
7wk and 0.0001* for group 12wk) and ganglionectomy-induced effects although
the latter were signiﬁcant only by 7 and 12 weeks (p = 0.035* for group 7wk and
0.001* for group 12wk). Triangles indicate individual values and horizontal bars
show group means. RL. Antonio Augusto Coppi.

3.3.3. Mean volume of SCG neuron, vN SCG
For group 2wk, the mean perikaryal volume of left and right
SCG neurons was 13,040 m3 (0.34) and 14,390 m3 (0.16) respectively (Fig. 5). For group 7wk, the corresponding mean volumes
were 14,710 m3 (0.29) and 26,150 m3 (0.25) and, for group
12wk, 16,000 m3 (0.20) and 50,470 m3 (0.24). There were significant effects of post-operative time and ganglionectomy-induced
changes (p < 0.001 in both cases) and a signiﬁcant interaction
between them (p < 0.001). SCG neurons from animals in group
12wk tended to be bigger than neurons from groups 2wk and
7wk. Paired t-tests conﬁrmed that ganglionectomy-induced differences in mean perikaryal volumes were not signiﬁcant at 2 weeks
but neurons were signiﬁcantly greater in right SCGs at 7 weeks
(p = 0.035) and 12 weeks (p = 0.001).
4. Discussion
In our sheep model of left unilateral ganglionectomy, our main
ﬁndings were: (i) the right SCG tended to be bigger than the left
but the lateral differences decreased with time after surgery (74%
at 2 weeks, 55% at 7 weeks and no difference by 12 weeks), (ii) by
7 weeks after surgery, the right SCG harboured fewer neurons than
the left SCG (no difference at 2 weeks, 6% fewer by 7 weeks and 17%
fewer by 12 weeks) and (iii) by 7 weeks, right SCG neurons were
also larger than those in the left and the magnitude of the difference
increased markedly with time (no difference at 2 weeks, 77% by 7
weeks and 215% by 12 weeks).
4.1. Operative technique
Relative to the unilateral left SCG ganglionectomy described
here, the original surgical approach described by Appleton and
Waites (1957) was more invasive because it involved the partial resection of the zygomatic arch (midway between the eye
and the base of the auricle) and thyroid cartilage. In the present
study, a slightly modiﬁed surgical access (a ventro-lateral cervical
approach) was undertaken in order to identify the left SCG and its
surrounding structures. The surgical intervention was fairly successful, i.e. no casualties or complications were observed during
the operative and post-operative periods.

The main clinical ﬁndings during the post-operative period
(high temperature of the face and ear, ptosis of the left upper eyelid,
miosis and absence of sudoresis) are related to Horner’s syndrome,
which was milder than that described earlier in dogs (Kisch, 1991;
Boydell, 1995; Bell et al., 2001). Symptoms persisted mostly for
two weeks after surgery, with the exception of the ptosis of the left
upper eyelid, which occurred until week 12.
The involvement of SCG in maintaining body temperature has
been investigated in rats. Bilateral SCG ganglionectomy impaired
the ability to induce a febrile response (Romeo et al., 2009) and
rats subjected to SCG ganglionectomy barely survived in a cold
environment beyond 48 h despite prior cold-adaptation for one
month (Romeo et al., 1986). Taken together, these data suggest
that SCG may be implicated in either physiological adaptation to
thermal environment and febrile response or in producing a mild
hypothermia (Romeo et al., 2009). Since bilateral SCG ganglionectomy impairs the ability to induce a febrile response, and SCG
may be implicated in producing a mild hypothermia (Romeo et al.,
2009), we hypothesise that the discrete rise in the face temperature
(in the left side of the face) after surgery may be attributable to a
compensatory thermal mechanism initiated by the right (remaining) SCG in response to the surgical procedure.
4.3. SCG structure
Irrespective of body side and week studied, all SCGs encapsulated the same structural arrangement which is in line with
previous qualitative studies on the sympathetic ganglia of mammals including sheep, dogs, horses, cats and rabbits (Gabella et al.,
1988; Ribeiro et al., 2002, 2004; Gagliardo et al., 2003; Ribeiro,
2006; Fioretto et al., 2007; Sasahara et al., 2003).
A notable ﬁnding in this study was the differential distribution
of neurons between right and left SCGs, i.e. neurons were smaller,
densely packed and homogeneously distributed in the excised
left SCG, whereas neurons were bigger, unevenly distributed and
separated by spaces mainly occupied by neuropil (neurites and
glial cells) and by blood vessels and connective tissue in the nonoperated right SCG. SCG neurons from some aged rodents, e.g.
guinea pig and pacas, are also distributed non-uniformly and separated by non-neuronal tissue, especially connective tissue (Toscano
et al., 2009; Abrahão et al., 2009; Melo et al., 2009).
4.4. Stereology
4.4.1. Ganglion volume
In all groups, the right (remaining) SCG appeared to be bigger
than the left (excised) SCG. However, the right SCG hypertrophy
decreased gradually after surgery and its volume was not significantly different from that of the left SCG by 12 weeks. In the
present study, the increase in SCG volume could be explained
by an increase in the combined volume of all perikarya and this
occurred despite neuron loss. A number of previous studies have
shown lesion-induced neuroplasticity resulting in increased innervation territory. By assessing the effects of a unilateral SCGx on
rat tooth eruption, Ladizesky et al. (2001) reported a lower eruption rate of denervated incisors at the impeded eruption side, and
a higher eruption rate of incisors at the unimpeded side. In addition, Ladizesky et al. (2000) assessed the effects of a unilateral SCGx
on bone metabolism (bone mineral content and density) in the rat
mandible. Their main results encapsulate an increase in the hemimandibular bone ipsilaterally to SCGx whereas a decrease in the
hemi-mandibular bone was noticed contralateral to SCGx. Along
similar lines, Wang et al. (1994) and Wang and Chiou (2004) documented the sympathetic cross-innervation of the Eustachian tube
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and of the tongue of rats subjected to unilateral SCGx respectively.
By analogy, we hypothesise that the hypertrophy of the right SCG
is the result of the increase in the size of its innervation territory,
although the latter was not measured in the present study.
4.4.2. Total number of neurons
The right (remaining) SCG contained fewer neurons than the
left (excised) SCG by 7 weeks post surgery and this depletion was
greater by 12 weeks. The greater decrease in number of right SCG
neurons in group 12wk was remarkable.
From the existing literature on sympathetic ganglionectomy,
we found only one quantitative paper (Usui and Sakamaki, 1998).
By employing histology and two-dimensional model-based morphometry, the authors reported on the effect of a unilateral
superior cervical ganglionectomy on the contralateral ganglion
of Sprague–Dawley rats. The aforementioned authors found no
changes in the number of SCG neurons and this is in stark contrast
to the neuron loss reported in our study. From our point of view,
their data are nevertheless misleading, since Usui and Sakamaki
(1998) did not estimate the total number of neurons (as we have
performed) but rather the number of neuron proﬁles. (for more
details, see Introduction.) We strongly contend that the 2D methodological approach could account for the discrepancy between the
two sets of ﬁndings, rather than differences in animal species, i.e.
rats vs sheep, or in postnatal development and survival time.
4.4.3. Neuron size
There is little information on the volumes of SCG neurons in
sheep. Using a model-based morphometrical approach treating
neurons as spheres, values were reported varying from 1600 m3
to 93,000 m3 (Gabella et al., 1988). These estimates are greater
than our estimates (13,000–50,000 m3 ) which were obtained
using a design-based stereological estimator, the nucleator. In other
areas of quantitative morphology, the use of such stereological
methods is likely to be beneﬁcial in terms of estimation precision
and bias, e.g. (Mühlfeld et al., 2010).
Except for 2 weeks post surgery, the neuron perikarya in right
(remaining) SCGs were larger than those in the left (excised). The
increases in neuron size were substantial: 78% (week 7) and 2fold (week 12). Whilst using 2D model-based methods, Usui and
Sakamaki (1998) also communicated neuron hypertrophy (in the
remaining SCG neurons) induced by a unilateral superior cervical
ganglionectomy in rats. The latter was interpreted as the result of a
cross-innervation, viz, a nerve input from the contralateral territory
previously innervated by the removed SCG. Despite the methodological differences (2D vs 3D), it seems that the increase in neuron
size is a real event triggered by superior cervical ganglionectomy.
Neuron hypertrophy (Cabello et al., 2002; Gagliardo et al., 2005;
Abrahão et al., 2009; Melo et al., 2009) or atrophy (Toscano et al.,
2009) have been studied widely during ageing and, although agerelated cell hypertrophy is usually considered to be an indication
of cell degeneration or necrosis, a recent study has cast doubt on
that proposition. Neuron hypertrophy could be a compensatory
mechanism triggered by signiﬁcant neuron loss. Therefore, the total
amount of cell substance capable of producing essential transmitters would not be reduced to a critically low level as a result of
ageing (Cabello et al., 2002; Sanchez et al., 2008). By the same token,
another compensatory sympathetic growth (or ingrowth) from SCG
into the hippocampus has been reported during degenerative disorders such as Alzheimer’s disease. The rescue effect upon denervated
hippocampal neurons consists in the fact that a peripheral adrenergic system can replace a central degenerated cholinergic system in
terms of function in order to elicit neuroprotection (anti-apoptosislike action) and synaptic plasticity (Masliah et al., 1991; Booze et al.,
1993; Harrell et al., 2001, 2005a,b).

Hypertrophy has also been reported in pelvic ganglion neurons
after rat urinary bladder outlet obstruction and contralateral pelvic
ganglionectomy (Gabella et al., 1992; Gabella and Uvelius, 1993),
and in the musculature of the obstructed rabbit urinary bladder
(Sasahara et al., 2007).
4.5. Conclusions and remarks for future studies
We suggest that future studies may usefully focus on the
functional and clinical consequences of the surgical ablation
of SCG. Another interesting line of research enquiry would be
the interaction between the SCGs and their innervation targets
after ganglionectomy. Are there any grounds for believing in a
ganglionectomy-induced SCG cross-innervation and neuroplasticity?
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Wańkowska, M., Misztal, T., Romanowicz, K., Wójcik-Gladysz, A., Polkowska, J.,
2008a. The intrapituitary endocrine events during maturation and timing of
puberty in the female sheep. Anim. Reprod. Sci. 105, 258–271.
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