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Abstract
Diabetes mellitus is the most common endocrine disturbance of domestic carnivores and can cause autonomic neurological disorders,
although these are still poorly understood in veterinary medicine. There is little information available on the quantitative adaptation
mechanisms of the sympathetic ganglia during diabetes mellitus in domestic mammals. By combining morphometric methods and
NADPH-diaphorase staining (as a possible marker for nitric oxide producing neurons), type I diabetes mellitus-related morphoquantitative changes were investigated in the celiac ganglion neurons in dogs. Twelve left celiac ganglia from adult female German shepherd
dogs were examined: six ganglia were from non-diabetic and six from diabetic subjects.
Consistent hypertrophy of the ganglia was noted in diabetic animals with increase of 55% in length, 53% in width, and 61.5% in thickness. The ordinary microstructure of the ganglia was modiﬁed leading to an uneven distribution of the ganglionic units and a more evident distribution of axon fascicles. In contrast to non-diabetic dogs, there was a lack of NADPH-diaphorase perikarial labelling in the
celiac ganglion neurons of diabetic animals. The morphometric study showed that both the neuronal and nuclear sizes were signiﬁcantly
larger in diabetic dogs (1.3 and 1.39 times, respectively). The proﬁle density and area fraction of NADPH-diaphorase-reactive celiac ganglion neurons were signiﬁcantly larger (1.35 and 1.48 times, respectively) in non-diabetic dogs compared to NADPH-diaphorase-nonreactive celiac ganglion neurons in diabetic dogs. Although this study suggests that diabetic neuropathy is associated with neuronal
hypertrophy, controversy remains over the possibility of ongoing neuronal loss and the functional interrelationship between them. It
is unclear whether neuronal hypertrophy could be a compensation mechanism for a putative neuronal loss during the diabetes mellitus.
 2007 Elsevier Ltd. All rights reserved.
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Introduction
Prevertebral sympathetic ganglia are organised in large
plexuses, such as the abdominal plexus, which includes
the celiac and the cranial mesenteric ganglia that lie close
to the abdominal aorta (Gabella, 2004). Miller et al.
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(1996) deﬁned the celiac ganglia (CG) as an integrator centre of gastrointestinal reﬂexes from diverse organs, thus
recognising its pivotal contribution to gastrointestinal
physiology.
It has been demonstrated that the CG may be altered as
a result of several types of neuropathy, e.g. diabetic neuropathy, immune neuropathy and degenerative diseases
as well as ageing (Schmidt, 1996). In addition, the left celiac
ganglion (LCG) is the main source of extrinsic innervation
to the pancreas (Miller et al., 1996), which is why it was
chosen for the present study.
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Diabetes mellitus (DM) is a complex metabolic dysfunction caused either by the inability of the pancreatic islets of
Langerhans to secrete insulin or in a deﬁciency of insulin
action at its tissue targets. DM is the most common endocrine disturbance found in domestic carnivores (Nelson,
1998) and, in accordance with its pathogenic mechanisms,
is classiﬁed in two clinical forms: insulin-dependent (type
I DM) and non-insulin dependent (type II DM). Type I
DM is more frequent in dogs and usually requires longterm insulin therapy (Nelson, 1998). In cats, however, type
II DM is much more common. Type I DM in dogs is characterised by a combination of genetic susceptibility and
immunological destruction of beta cells leading to complete
insulin insuﬃciency (Eisenbarth, 1986; Palmer and McCulloch, 1991).
In laboratory animals, several studies have been carried
out on either celiac or cranial mesenteric ganglia. These
studies have looked at NADPH-diaphorase (NADPH-d)
and neuronal nitric oxide synthase (nNOS) expression during spontaneous or induced DM (Schmidt, 1993; Romano
et al., 1996; Belai and Burnstock, 1996; Schmidt et al.,
2000). NADPH-d has been recognised as a co-enzyme of
nitric oxide (NO) production (Palmer et al., 1987; Marletta, 1989; Förstemann et al., 1991; Hope et al., 1991; Vincent and Hope, 1992; Bredt and Snyder, 1992; Marletta,
1993). NO is primarily known as a potent vessel dilator
synthesised by NOS from L-arginine and released by the
endothelium (Palmer et al., 1987). Some studies have suggested an integration between NO and the vascular endothelium in the development of diabetic neuropathies
(Kihara and Low, 1995; Kilo et al., 2000).
Although the pathogenic characteristics of DM and
their relationship to NO have been well studied, particularly in rats and humans, there is still little information
on the quantitative adaptation mechanisms of the autonomic nervous system during DM in domestic mammals.
By combining morphometric and histochemical techniques, we investigated the interrelation between NO-associated neurons and type I DM in dogs in an attempt to
provide a morphofunctional insight into diabetic neuropathy in animals of veterinary interest.
Materials and methods
Animals
Twelve LCG from adult female German shepherd dogs were investigated. Six ganglia came from a non-diabetic group (group I) and six from
spontaneous diabetic dogs (group II). The experiments were approved by
the Animal Care Commission of the Department of Surgery of the College
of Veterinary Medicine of University of São Paulo (protocol number 193/
2002). It should be stressed that the euthanasia of diabetic female dogs was
oﬃcially authorised by the owners. All procedures were undertaken on
animals coming to our hospital for diagnosis and clinical or surgical
treatments.
Group I animals had bodyweights ranging from 21 to 25 kg (mean =
23.3 kg; SD = 1.5) and they were aged 35–37 months on the day of
euthanasia. Animals from group II had bodyweights varying between 23
and 27 kg (mean = 25.7 kg; SD = 1.7) and they were aged 39–42 months
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on the day of euthanasia. The animals were not related to each other,
either within groups or between groups.
For each dog, a detailed set of information was recorded, including
age, bodyweight, and clinical and laboratory test results to determine
whether it was non-diabetic or diabetic.
Animals were considered non-diabetic when they presented no clinical symptoms of DM (Group I), and showed normoglycaemia on ﬁve
consecutive monthly tests. In contrast, dogs from group II were deﬁned
as presenting with chronic type I DM when hyperglycaemia (>250 mg/
dL) and glucosuria were observed simultaneously with polyuria, polyphagia, polydipsia and eventually loss of bodyweight (Feldman and
Nelson, 2004; Catchpole et al., 2005).
Type I DM dogs were diagnosed at age 29–31 months and were under
therapy with human insulin (1 mg; 2.7 units/kg/twice a day) for a period
of 10 months. Animals were controlled for the whole treatment period and
tested each month for evidence of hyperglycaemia. The levels of blood
glucose were on average always over 250 mg/dL, which is higher than for
non-diabetic animals. These dogs had no history of any previous treatment and their conditions were not related to the stage of ovarian cycle.
Group I (non-diabetic animals) and Group II (diabetic animals) were
further divided into two subgroups, IA and IIA – for the morphometric
study, and IB and IIB – for the histochemical study of NADPH-d-positive
neurons. Subgroups IA and IIA consisted of three LCG each, and subgroups IB and IIB also possessed three LCG each.

Laboratorial examinations
Blood glucose levels were determined using a portable glucose meter
(Medisense Optium Abbott Laboratories). Urine glucose determination
was performed using a test strip (Dipstick – Combur UX, Roche Diagnostics) (Willard et al., 1994).

Histology
After euthanasia, the abdominal cavity was opened by a midline
incision. Abdominal organs such as stomach, intestines and adrenal were
moved aside to facilitate the identiﬁcation of the ganglia and their connections to the spinal cord, and also to facilitate the visualization of the
intermesenteric plexus and main vessels of the abdomen (abdominal aorta
and caudal cava vein).
Approximately 100 mL of phosphate-buﬀered saline (PBS) (Sigma)
(0.1 M; pH 7.4) containing 2% heparin (Roche) and 0.1% sodium nitrite
(Sigma) were perfused through the abdominal aorta close to the emergence of the celiac artery. The caudal vena cava was cut to empty the
circulatory system. This was followed by the perfusion of 100 mL ﬁxative
consisting of 5% glutaraldehyde (Merck) and 1% formaldehyde (Sigma) in
sodium cacodylate buﬀer (EMS) (0.125 M; pH 7.4) (for animals from
subgroups IA and IIA) or 4% formaldehyde in PBS (for animals from
subgroups IB and IIB).
The LCG were dissected out together with their connections to the left
major splanchnic nerve and the intermesenteric and celiac plexus. Then the
ganglia were immersion-ﬁxed in the same ﬁxative for 2–3 days at 4 C.
Perfusion-ﬁxed (wet) ganglia were measured for length, width and thickness using a digital pachymeter (Digimess).
Ganglia from subgroups IA and IIA were washed in sodium cacodylate
buﬀer (EMS), post-ﬁxed in 2% osmium tetroxide (EMS), block-stained
with a uranyl acetate saturated aqueous solution (Reagen), dehydrated in
graded ethanol and propylene oxide (EMS) and embedded in Araldite (502
Polyscience). The resin was cured at 60 C for 3 days. Sections, 2 lm thick,
were cut from the Araldite-embedded specimens using a glass knife. These
were then stained with toluidine blue (nuclear), dried on a hot plate and
mounted under a cover slip with a drop of Araldite.

Morphometry
Each ganglion was exhaustively cut and for the morphometric study
70–80 serial sections were cut, each 2 lm thick. For each ganglion, 30
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consecutive sections were collected on glass slides, stained with toluidine
blue and mounted in Araldite. A test-system comprising eight unbiased
counting frames was placed over each section and projected on a computer
screen. The total sampled area (a) in the test-systems was 40,000 lm2.
A fraction (1/fr) of the counting frames was random uniform and
systematically sampled (SURS) using a random start between 1 and fr.
The sampled ﬁeld’s images were observed on a computer screen using a
Leica DMR Microscope coupled with a DFC 300FX Leica digital camera.
In each counting frame (with a surrounding guard area), only the neurons
located inside the counting frame and not on the forbidden lines were
measured (Gundersen, 1977). This approach was also adopted in a 3-D
view ‘‘brick counting frame’’ (Howard and Reed, 2005).
Each neuron received the same number in all serial sections, and its
largest perikaryon proﬁle as well as its largest nuclear-proﬁle were identiﬁed and therefore measured for the cross-sectional area using the image
analysis system Q-Win Leica. In each animal group, a total of 150 neurons
(50 neurons per ganglion) and 120 neuronal nuclei (40 nuclei per ganglion)
were measured.

Histochemistry
The collected ganglia from subgroups IB and IIB were kept for 2–3 days
at 4 C in the ﬁxative (see details above). The samples were then transferred
to a cryoprotection solution composed of PBS and 20% sucrose and stored
overnight at 4 C. Next, ganglia were coated with Tissue Tek, immersed in
isopentane pre-cooled with liquid nitrogen. This was exhaustively cut at
30 lm in a Leica cryostat, mounted on glass slides coated with poly-L-lysine
and stored in a freezer at 20 C for 2–3 days, according to the protocol
published by Scherer-Singler et al. (1983), Santer and Symons (1993) and
Atoji et al. (2000) to identify NADPH-d activity in autonomic neurons.

NADPH-d staining
Slides were washed three times in PBS for 10 min and incubated in a
mixture of b-NADPH (1 mg/mL), nitroblue tetrazolium (NBT – 0.25 mg/
mL) and 0.3% triton X-100 in PBS for 60 min at 37 C. Control staining was
carried out by incubating the slides in a medium free of b-NADPH. The
histochemical staining of all investigated sections from subgroups IB and
IIB was simultaneously performed and using the same incubation protocol.

Proﬁle density (QA) of NADPH-d-reactive and NADPH-d-nonreactive neurons
The density of cell proﬁles in a given area (proﬁle or packing density)
was estimated using the following formula (Howard and Reed, 2005):
QA ¼ R profiles=given area:
A test-system comprising eight unbiased counting frames was placed
over each section ﬁeld’s image projected on a computer screen. The total
sampled area (a) in the test-systems was 40,000 lm2.

Area fraction (AA) of NADPH-d-reactive neurons and NADPH-dnon-reactive neurons
Area fraction (AA) represents the fraction of total LCG area occupied
by NADPH-d-reactive and NADPH-d-non-reactive neurons obtained by
randomly throwing a point grid system over a given section. Next, the
total number of points falling within the reference space was counted
(P(rs)) as was the total number of points landing on neuronal cell bodies
P
P
(P(cb)). Then, AA was estimated as: AA = P(cb)/ P(rs). The results were
expressed as a percentage (Howard and Reed, 2005).

Statistical analysis
For continuous distribution data (ganglion measurements, cell area
and nuclear area), the analysis accounted for the comparative eﬀect

between groups (diabetic and non-diabetic dogs), using General Linear
Models (GLM) (F-test), through the PROC GLM procedure of the Statistical Analysis System software, version 8.02 (SAS, 1995). In case of
signiﬁcant data (P < 0.05), Student’s t test was applied for multiple comparisons. For cell counting (discrete distribution data), i.e. cell proﬁle
density and cell area fraction, the same comparative eﬀect between groups
(diabetic and non-diabetic dogs) was considered, though using a Generalised Linear Method, assuming a Poisson distribution with logarithmic
linking function through the PROC GENMOD procedure of the same
software. In case of signiﬁcant data (P < 0.05), the Chi-square test was
used for multiple comparisons.

Results
The results are shown as means (CV). CV is SD/mean.
In all animals examined the LCG was irregular in shape
and this was particularly apparent in diabetic subjects. The
LCG was located close to the abdominal aorta involving
the emergence of the celiac artery. The dorsal portion of
the ganglion was connected to the thoracic sympathetic
trunk by the left major splanchnic nerve and its caudal portion to the cranial mesenteric ganglion through interganglionic nerves.
Perfusion-ﬁxed (wet tissue) and not-fresh ganglia were
measured and the same procedure was performed in the
two groups for comparative purposes. Hence, the ganglion
length, width and thickness were 9.02 mm (0.1), 4.5 mm
(0.04) and 2.6 mm (0.1), respectively, for non-diabetic animals and 14.3 mm (0.2), 6.9 mm (0.05) and 4.2 mm (0.1),
respectively, for diabetic dogs. The results were diﬀerent
(P < 0.05).
In general, the LCG microstructure was represented by
a ganglionic mass surrounded by a capsule containing connective tissue and vessels. The capsule sent connective tissue septa inside the ganglion and divided it into
ganglionic units composed of various cell types, i.e. ganglion neurons (organised in tight clusters), glial cells and
small intensely ﬂuorescent (SIF) cells. Ganglionic units
were separated from each other by nerve ﬁbres, intraganglionic capillaries and septa of collagen ﬁbres (Fig. 1A). A
visible DM-related change was the non-homogeneous distribution of neuronal clusters when compared to the almost
homogeneous distribution in non-diabetic subjects. Nerve
cell bodies were far apart and the large spaces between
them were occupied mainly by axon fascicles (Fig. 1B).
The ganglion capsule thickness was 17.2 lm (0.20) in
non-diabetic dogs and 26.9 lm (0.15) in diabetic animals.
Diﬀerences between groups were signiﬁcant (P < 0.05).

Cell size
The neuronal cross-sectional area was 781.3 lm2 (0.39)
in non-diabetic dogs and 1,039.4 lm2 (0.28) in diabetic
dogs. Mean values were signiﬁcant between groups
(P < 0.05, Fig. 2). In non-diabetic subjects, the majority
of neurons had a cross-sectional area varying from 500 to
900 lm2 (43.3%), whereas in diabetic dogs 49.9% of neu-
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Fig. 1. Fine structure of the celiac ganglion of a non-diabetic (A) and a diabetic dog (B) in semi-thin sections photographed at the same magniﬁcation.
Note the homogeneous distribution of ganglion neurons (arrows) in non-diabetic (A) when compared to the non-homogeneous pattern (arrows) in
diabetic subjects (B). In the ganglion of diabetic dogs the nerve cell bodies are separated by large spaces occupied mainly by axon fascicles (%). Toluidine
blue. Calibration bar: 40 lm.

rons had a cross-sectional area varying from 900 to
1300 lm2.
Nuclear size
The nuclear cross-sectional area was 76.7 lm2 (0.60) in
non-diabetic dogs and 106.7 lm2 (39.7) in diabetic animals.
The diﬀerences between groups were signiﬁcant (P < 0.05,
Fig. 3). In non-diabetic animals, the majority of neurons
had a nuclear cross-sectional area varying from 10 to
70 lm2 (54.1%), whereas in diabetic dogs 54.2% of neurons
had a cross-sectional area varying from 70 to 130 lm2.

NADPH-d staining
Diﬀerences in NADPH-d perikaryal staining were
observed between non-diabetic and diabetic dogs, namely
a loss of neuronal cell body staining in the latter (Fig. 4A
and B). The proﬁle density (QA) of NADPH-d-reactive
and NADPH-d-non-reactive neurons was 27.5 · 105
lm2 (0.12) in non-diabetic dogs and 20.3 · 105 lm2
(0.19) in diabetic animals (Fig. 4A and B). Diﬀerences
between groups were signiﬁcant (P < 0.05). The area fraction (AA) of NADPH-d-reactive and NADPH-d-non-reactive celiac ganglion neurons was 61% (0.12) in non-diabetic
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Fig. 2. Line-graph documenting the percentage distribution of neuronal
sizes (cross-sectional area of the largest proﬁle of a neuron) divided into
classes of the same size for both non-diabetic and diabetic dogs and
ranging from the lowest (100–500 lm2) to the largest (1700–2100 lm2). A
shift to the right and an increased neuronal cross-sectional area is evident
in the diabetic dogs.
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40%
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Fig. 3. Line-graph documenting the percentage distribution of neuronal
nuclear sizes (cross-sectional area of the largest proﬁle of a neuron
nucleus) divided into classes of the same size for both non-diabetic and
diabetic dogs and ranging from the lowest (10–70 lm2) to the largest (250–
310 lm2). A shift to the right and an increased nuclear cross-sectional area
is evident in the diabetic dogs.

dogs and 43% (0.22) in diabetic subjects. Mean values were
signiﬁcantly diﬀerent between groups (P < 0.05).

Discussion
Independently from the speciﬁc group analysed in this
study, the localisation of the LCG was quite similar in both
non-diabetic and diabetic dogs. The LCG was separated
from the cranial mesenteric ganglion in all dogs in contrast
to the study pursued by Hammer and Santer (1981) and
Ghoshal (1986) which reported that the LCG was located
over the celiac artery. As with Promwikorn et al. (1998),
a very irregular shape of LCG was noticed in both groups,
although it was more prominent in diabetic animals. In this
sense, our results are quite diﬀerent from those reported
in the literature, i.e. those describing a semi-lunar shape
in rats (Gabella, 2004) and a plexiform nature in dogs
(Mizeres, 1955). In addition, in our study a consistent gan-

glion hypertrophy was seen in diabetic dogs, i.e. 55% in
length; 53% in width and 61.5% in thickness.
In non-diabetic dogs, LCG microstructure was quite
similar to that previously reported by Ribeiro et al.
(2002) in dogs, by Sasahara et al. (2003) for rabbits, Ribeiro et al. (2004) for rats, capybaras and horses, and
Schmidt (1996) for humans. In general, the connective tissue of the ganglionic capsule sends out connective septa
inside the LCG dividing the parenchyma into ganglionic
units. Each unit is made up of three elements: ganglion
neurons, glial cells and SIF cells. In addition, capillaries
were observed within the parenchyma and were therefore
classiﬁed here as inter-unit and intra-unit capillaries.
A similar vascular classiﬁcation was adopted by DePace
(1981), Abe et al. (1983), Chau et al. (1991), Mascorro et al.
(1995) and Chau and Lu (1995). However, this regular
microstructure was modiﬁed in diabetic dogs, i.e. a remarkable non-homogeneous distribution of ganglionic units
which was accompanied by a 29.5% increase in non-neuronal ganglionic tissue, namely axon fascicles. In addition, a
56.4% increase in the ganglion’s capsule thickness was
noticed. A comparable pattern was reported by Schmidt
et al. (1993) in diabetic humans.
Some additional DM-related changes such as lymphocyte inﬁltration and vacuolated neurons were not observed
in the diabetic dogs, though they have been reported in
humans (Duchen et al., 1980; Schmidt, 1996). Furthermore, in the diabetic dogs, axonal degeneration and loss
of either sympathetic or parasympathetic unmyelinated
post-ganglionic ﬁbres were not seen although these have
been reported in cats (Post and McLeod, 1977a,b) and in
humans (Schmidt, 1993). In fact, the main eﬀect of DM
on the autonomic nervous system is the axonal dystrophy
of pre-vertebral ganglia (human and rat), manifested by
pre-terminal axonal dilatation and an atypical synaptic
morphology (Schmidt et al., 1983, 1992; Schmidt and Plurad, 1986). Structural changes were also reported within
axon varicosities of enteric nervous system of experimental
diabetic rats (Loesch et al., 1986).
The neuronal size (cross-sectional area) of LCG was signiﬁcantly larger (1.3-fold) in diabetic dogs. A similar neuronal hypertrophy (increased cell long axis) was also
reported for the cranial mesenteric and cranial cervical
ganglia of diabetic rats (Schmidt et al., 1983). Moreover,
a signiﬁcant increase in nuclear size (1.39-fold) was noticed
in LCG neurons of diabetic dogs in this study. This agrees
with the ﬁnding by Nadelhaft et al. (1993), i.e. that average
sizes of neurons in major pelvic, dorsal root, caudal mesenteric and sympathetic chain ganglia were signiﬁcantly larger (from 13 to 68%) in streptozotocin-induced diabetic
rats. However, these authors also reported no size diﬀerences in the cranial cervical ganglion neurons between control and diabetic animals, which contradicted the ﬁndings
of neuronal hypertrophy detected by Schmidt et al.
(1983) and the present study.
Although an increase in cell body size was veriﬁed in our
study, the neuronal shape was unaltered in diseased ani-
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Fig. 4. Microstructure of the celiac ganglion’s NADPH-d reactive neurons (arrows) of a non-diabetic (A) and NADPH-d-non-reactive neurons of a
diabetic dog (B) in cryosections photographed at the same magniﬁcation. The non-homogeneous distribution of celiac ganglion neurons (arrows) in
diabetic subjects leads to a smaller proﬁle density. Also, note axon fascicles (%) and lack of NADPH-diaphorase labelling (arrows) in diabetic dogs.
Calibration bar: 40 lm.

mals, in disagreement with Schmidt (1996, 2001) who
reported deformations in the neuronal cell bodies of sympathetic ganglia from diabetic humans and rats. Schmidt
et al. (1983) and Schmidt and Plurad (1986) reported that
there was no evidence of signiﬁcant loss of neurons, or a
diﬀerence in mean diameter of principal sympathetic ganglion neurons in the cranial cervical ganglion in DM compared with control values, although there was a hint of a
shift to larger neuronal diameters. Furthermore, no significant reductions in nerve cell size in either cranial cervical
or cranial mesenteric ganglia of human diabetic subjects
have been reported (Schmidt et al., 1993). The diﬀerences
between our ﬁndings and other results may be related to
the ﬁxation method and perfusion pressure used and the
type of size measurement pursued, i.e., Schmidt et al.
(1993) used a linear measurement (diameter) whereas we

estimated neuronal proﬁle sizes using 2-D areal measurements, which are more accurate than linear approaches
to size estimates.
As to the non-signiﬁcant loss of neurons reported by
Schmidt et al. (1983) and Schmidt and Plurad (1986), it is
clear that they did not used 3-D design-based stereological
methods and, therefore were not entitled to report on the
number of neurons. For this reason we reported on the
number of neuronal proﬁles per area and not on the number of neurons.
In the present study a diﬀerential NADPH-d perikaryal
staining was observed between non-diabetic and diabetic
dogs, namely lack of staining in diabetic dogs. In agreement with our ﬁndings, a lack of NADPH-d staining was
also reported by Schmidt et al. (1993) for the prevertebral
cranial mesenteric ganglia of diabetic rats. However, no
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diﬀerences were observed between non-diabetic and diabetic animals in the NADPH-d staining pattern in the cranial cervical ganglion. It might therefore be assumed that
diﬀerent autonomic ganglia diﬀerentially react in diabetic
conditions. It should be mentioned that NAPDH-d staining is an indirect labelling of dehydrogenases and NOS isoforms, including nNOS (Lincoln et al., 1997) and has been
used to label putative NO-producing neurons (e.g.
Schmidt, 1993; Romano et al., 1996; Belai and Burnstock,
1996; Schmidt et al., 2000). NOS may also be an NADPHd (Hope et al., 1991) and the extensive co-localisation of
reactivity of the two enzymes in various tissues including
brain, adrenals, kidneys and gut is well established (Dawson et al., 1991; Bredt and Snyder, 1992). However, the
co-localisation of NOS immunoreactivity with the
NADPH-d reaction does not mean that the two enzymes
are the same (Lincoln et al., 1997). This lack of certainty
may be relevant to unﬁxed biological tissues (Tracey
et al., 1993). On the other hand, more reliable NADPH-d
staining can be used to demonstrate NOS when the tissues
have been ﬁxed with formaldehyde/paraformaldehyde
(Afework et al., 1992; Hassall et al., 1992; Saﬀrey et al.,
1992; Nakos and Gossrau, 1994; Worl et al., 1994), as
was in the case in our study.
The area fraction and the number of NADPH-d reactive
and NADPH-d-non-reactive neuronal proﬁles per area
were investigated comparatively between non-diabetic
and diabetic dogs, respectively. The proﬁle density of the
NADPH-d-reactive LCG neurons was signiﬁcantly larger
(1.35-fold) in non-diabetic dogs. Similarly, the area fraction of those neurons was signiﬁcantly increased by 1.48fold in non-diabetic dogs. By taking the two parameters
together, i.e. proﬁle density and area fraction, and combining them with the nerve cell size, one may infer that the
decrease of proﬁle density and area fraction might be
related to the increase in nerve cell size as a result of
DM. Furthermore, Schmidt et al. (1993) have reported a
14% signiﬁcant decrease (P = 0.04) in the neuronal proﬁle
density in the superior mesenteric ganglion but not in the
superior cervical ganglion of diabetic human patients. Several papers have reported that long-term DM (10 months)
in man caused no substantial loss of neurons (as measured
by the neuron density/mm2) (Schmidt et al., 1983; Schmidt
and Plurad, 1986).
More recently, Schmidt (2001) reported that 10 months
of severe untreated experimental DM failed to produce
both signiﬁcant neuron loss and decrease in neuronal density in either rat cranial mesenteric or cranial cervical ganglia. These results do not support the hypothesis that
apoptosis would be involved in the pathogenesis of diabetic
neuropathy and would therefore lead to a loss of signiﬁcant
numbers of neurons as a characteristic ﬁnding of experimental streptozotocin-induced diabetic autonomic neuropathy (Appenzeller and Richardson, 1966; Duchen et al.,
1980; Russell and Feldman, 1999; Russell et al., 1999). Several hypotheses have been proposed to explain the pathogenesis of diabetic neuropathy. One of these shows a

similarity between age- and DM-related sympathetic system damage, suggesting the potential for shared pathogenic
mechanisms in experimental DM and ageing (Schmidt
and Plurad, 1986; Schmidt et al., 1989 and Schroer et al.,
1992).
Conclusions
Although it is widely known that diabetic neuropathy
causes a neuronal hypertrophy as reported in the literature,
there is still controversy over whether it leads to a decrease
in the total number of neurons in sympathetic ganglia. Few
studies have been undertaken using design-based stereological methods to address this crucial question. Thus, several aspects remain unclear, namely, (1) is there any
neuronal loss during the process? (2) If there is a neuronal
loss, might it be compensated for by the neuronal hypertrophy as postulated by Cabello et al. (2002) for the substantia
nigra in humans? Further 3-D unbiased quantitative investigations of the total number of neurons are necessary to
shed light on this point. An increased understanding is crucial to both the treatment and the prognostics of DM in
veterinary medicine.
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