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                                  ABSTRACT 

 

The age-related changes in morphology and numerical distribution of rat pre-aortic (celiac and 

superior mesenteric) ganglia were studied using histological techniques and stereological 

analysis. 

The pre-aortic ganglia from developing rats of embryonic days 16, 18, 20, postnatal days 1, 4, 7, 

14, 21, adult rats of 4 months and ageing rats of 24 months were dissected out, immersion fixed, 

processed using standard histological technique and paraffin sectioned. The sections were stained 

with toluidine blue and analyzed with light microscope. 

The pre-aortic ganglia were seen as a ganglionic mass which were surrounded by a thick capsule. 

Each ganglionic mass was composed of three types of cells: neurons, glial cells or satellite cells 

and small granular cells. The size of pre-aortic neurons, which was estimated from the mean 

diameter of neurons, was observed to increase progressively with increasing age. This increment 

ranged from 4.0 µm at embryonic day 16 to 21.2 µm at ageing with mean of 5.5 - 16.5 and SEM 

0.23 - 0.49. In addition, the change in the shape of pre-aortic neurons was estimated from the 

ratios of the long axis to the short axis. This coefficient of cell shape ranged from 1.0 µm at 

embryonic day 16 to 2.3 at ageing with mean of 1.3 - 1.7 and SEM of 0.04 - 0.07. 

Stereological estimation of the volume of the ganglia employing the cavalieri principle showed 

that the size of pre-aortic ganglia progressively increased with increasing age. The progressive 

increment in the volume was uniform at postnatal day 1 to 21, but the percentage increment 

between 21st day and 4th month and between 4th month and 24th month was 66% and 73%, 

respectively, for CG and 68% and 67%, respectively, for SMG. The numerical density (number 

of neurons per unit volume) estimated by a physical dissector analysis, progressively decreased 

with increasing age. The progressive decrement observed was uniform at postnatal day 1 upto 21, 
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but the percentage decrement was 75% for CG, 78% for SMG between 21st day and 4th month 

and 66% for both CG and SMG between 4th month and 24th month. However, there was no 

significant difference among the total number of neurons found in the pre-aortic ganglia at the 

different age groups. In addition, the volume fraction of neurons which was estimated from the 

ratio of neurons within the ganglia, showed a progressive decrease with increasing age. This 

decrement was uniform at postnatal day 1 to 21, but the percentage decrement was 63% for both 

CG & SMG between 21st day and 4th month and 76% for CG, 85% for SMG between 4th month 

and 24th month. Furthermore, the total volume of pre-aortic neurons progressively increased from 

postnatal day 1 upto adult, but the mean volume increased from 0.059 to 0.066 mm3 for CG and 

from 0.058 to 0.064 mm3

 

 for SMG from adult to ageing.  

It is concluded that the rat pre-aortic ganglia reveals changes in the morphology and numerical 

distribution of neurons during development, during adulthood and ageing. These age-related 

changes may be due to the increased amount of interstitial connective tissue and the accumulation 

of lipofuscin granules (age-pigments). In addition, the changes may indicate the functions of the 

pre-aortic ganglia target organs, which includes stomach, intestine and accessory glands (liver 

and pancreas).  

Key Words: Pre-aortic ganglia; celiac ganglia; superior mesenteric ganglia; extracellular matrix;  

                      development; ageing; morphology; stereology. 
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                                  1. INTRODUCTION 

         1.1 THE AUTONOMIC NERVOUS SYSTEM 

The Autonomic Nervous System (ANS) is a part of the nervous system that functions to regulate 

the visceral processes needed for the maintenance of normal body functions. It operates 

independently of voluntary control, although certain events, such as emotional stress, fear, sexual 

excitement, and alterations in the sleep-wakefulness cycle, change the level of autonomic activity 

(Farr, 2002). As defined by Langley (1921), the autonomic nervous system was purely visceral 

motor and consisted of “visceral efferent cells and fibers that pass to tissues other than the 

skeletal muscle”. However, this definition has been expanded to encompass the fact that it also 

relays visceral sensory information into the central nervous system and processes sensory 

information in such a way as to make alterations in the activity of specific autonomic motor 

outflows, such as those that control the heart, blood vessels, and other visceral organs (Farr, 

2002). 

 

The ANS consists of three major divisions: the sympathetic nervous system, parasympathetic 

nervous system and enteric nervous system. The sympathetic and parasympathetic nervous 

systems often function in antagonistic ways (Gabella, 1976; Carpenter, 1976). The motor outflow 

of both sympathetic and parasympathetic nervous systems is formed by two serially connected 

sets of neurons. The first set, called preganglionic neurons, originates in the brain stem or in the 

intermediolateral column of the spinal cord, and the second set, postganglionic neurons also 

usually called ganglion cells, lies outside the central nervous system in collections of nerve cells 

called autonomic ganglia (Kuntz, 1956; Carpenter, 1976; Kaufmann and Korczyn, 1995). 

Parasympathetic ganglia tend to lie close to or within the organs or tissues that their neurons 

innervate, whereas sympathetic ganglia lie at a more distant site from their target organs 
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(Gabella, 1976; Kiernan, 2002). Both systems have associated sensory fibers that send feed back 

information into the central nervous system regarding the functional condition of target tissue 

(Wright, et al., 1983; Loewly and Spyer, 1990). 

               

              1.1.1 Sympathetic Nervous System 

Sympathetic preganglionic neurons are located in the intermediolateral column of the spinal cord 

at the level of all the 12 thoracic and the first 2 or 3 lumbar segments. The axons of these neurons 

exit the spinal cord through the ventral roots and then synapse on either sympathetic ganglion 

cells or specialized cells in the adrenal gland called chromaffin cells (Truex and Carpenter, 1969; 

Carpenter, 1976; Farr, 2002). For this reason, the sympathetic system is sometimes referred to as 

the thoracolumbar outflow. Carpenter (1976) described that the sympathetic preganglionic 

efferent nerve fibers pass through the branch of each spinal nerve known as the white rami 

communicantes (called white because the fibers are myelinated). These nerve fibers then pass 

into the ganglia of the paravertebral sympathetic ganglion chain, which is a series of ganglia 

located along the anterolateral aspect of the vertebral column that extends from the base of the 

skull to the coccyx. Most of the preganglionic nerve fibers synapse with the postganglionic 

neurons of the ganglia of the paravertebral chain while some others pass through the 

paravertebral chain to synapse with postganglionic neurons in the ganglia located in the abdomen 

close to the aorta and its major branches, or chromaffin cells of adrenal medulla (Coupland 1965; 

Loewy and Spyer, 1990). Most of these ganglia are collectively known as Pre-aortic ganglia (also 

called prevertebral or collateral ganglia) and are individually named after the blood vessels with 

which they are associated (Jones and Cowan, 1983). The largest are the celiac ganglia; the others 

are the superior mesenteric, aorticorenal, phrenic, and inferior mesenteric ganglia (Carpenter, 

1976). Preganglionic fibers that end in pre-aortic ganglia have their origin in the lower eight 
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thoracic and first two lumbar levels of the spinal cord. Postganglionic neurons from the pre-aortic 

ganglia innervate smooth muscles and glands of the abdominal and pelvic viscera and their blood 

vessels (Gibbins et al., 2000; Farr, 2002). These include organs of the digestive, urinary, and 

reproductive systems (Carpenter, 1976). Association neurons within the ganglia extend the 

potential range of response. Consequently, each preganglionic neuron synapses with several 

(perhaps 30 or more) postganglionic neurons as an example of divergence (Carpenter, 1976). As 

a result, sympathetic effects tend to be quite widespread rather than precise, usually involving 

many organs simultaneously (Farr, 2002).  

 

The autonomic neuroeffector junction differs significantly from the classical synapses of the 

skeletal neuromuscular junction and those present in ganglia (Burnstock, 1990). The junction 

between terminal varicosities and smooth muscle is not a synapse with well-defined pre- and 

postsynaptic specialization as exemplified by the skeletal neuromuscular junction or ganglionic 

synapses (Burnstock, 1986). According to the autonomic neuromuscular junction model proposed 

by Burnstock and his colleague, the transmitter is released en passage from varicosities during 

conduction of an impulse (Burnstock, 1970; Burnstock and Iwayama, 1971; Burnstock, 1990). 

This type of junction appears to be suitable not only for neurotransmission, but particularly for 

neuromodulation (Burnstock, 1986). Upon reaching their target organs by traveling with the 

blood vessels that supply similar organs, sympathetic fibers terminate as a series of varicosities or 

boutton de passage close to the end organ (Gibbins, 1982). Because of this anatomical 

arrangement, autonomic transmission takes place across a junction rather than synapse 

(Burnstock, 1981). “Prejunctional” sites can be identified because they contain aggregations of 

vesicles and membrane thickenings. Postjunctional membranes, on the other hand, rarely possess 

morphological specializations, but they do contain specific receptors for various 
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neurotransmitters (Burnstock, 1983). The distance between pre and postjunctional elements can 

be quite large as compared to typical synapses (Purves and Hume, 1981). Owing to these 

relatively large gaps between autonomic nerve terminals and their effector cells, transmitters tend 

to act slowly and become inactivated rather slowly as well (Burnstock, 1986). 

       

At first approximation, chemical transmission in sympathetic system appears simple: as the major 

neurotransmitter preganglionic neurons use acetylcholine (Ach), whereas most postganglionic 

neurons utilize norepiniphrine (NE) (noradrenaline (NA)) with the major exception that 

postganglionic neurons innervating sweat glands use acetylcholine (Farr, 2002). For many years, 

the only autonomic neurotransmitters recognized were acetylcholine and noradrenaline, and 

hence neurons were thought to be either cholinergic or adrenergic. However, in the 1960’s, the 

existence of nerves that were neither adrenergic nor cholinergic in the gastrointestinal tract, 

bladder and parts of the genital, vascular and respiratory system was discovered (Burnstock, 

1969). It was proposed that the neurotransmitter in these nerves was a purine nucleotide, 

probably adenosine triphosphate (ATP), and the term ‘purinergic nerve’ was introduced 

(Burnstock, 1981). Furthermore, the concept that one nerve fiber contains only one transmitter 

has been questioned (Chan-Palay and Palay, 1984). As a result of several investigations, over 16 

substances in addition to acetylcholine, noradrenaline, and adenosine triphosphate are now 

regarded as putative transmitters or modulators in the autonomic system (Burnstock, 1986; 1990). 

These include 5-Hydroxytryptamine (5-HT), Dopamine (DA), Enkephaline-dynorphin (ENK-

DYN), Vasoactive intestinal polypeptide (VIP), Peptide histidine isoleucine (PHI), Substance P 

(SP), Gastrin-releasing peptide (GRP), Somatostatin (SOM), Neurotensin (NT), Vasopressin-like 

peptide (VP), Cholecystokinin-Gastrin (CCK), Neuropeptide Y- Pancreatic polypeptide (NPY), 

Galanin (GAL), Angiotensin (ANG), Adrenocorticotrophic hormone (ACTH), and Calcitonin 
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gene-related peptide (CGRP) (Burnstock, 1990). There is also a substantial body of evidence to 

show that some of these substances act together as co-transmitters by being released from the 

same nerves in variable proportions depending on the tissue and species (Burnstock, 1986). 

                 

The sympathetic nervous system normally functions to produce localized adjustments (such as 

sweating) and reflex adjustments of the cardiovascular system. Under conditions of stress, 

however, the entire sympathetic nervous system is activated, producing an immediate, 

widespread response that has been called the “fight or flight” response (Gibbins et al., 2000; Farr, 

2002). This is characterized by the release of large quantities of epinephrine from the adrenal 

gland, an increase in heart rate, an increase in cardiac output, skeletal muscle vasodilation, 

cutaneous and gastrointestinal vasoconstriction, papillary dilation, bronchial dilation, and 

piloerection (Gibbins, 1995). The overall effect is to prepare the individual for imminent danger 

(Farr, 2002).  

 

Although part of the endocrine system, the adrenal medulla is also considered as part of the 

sympathetic system. There are mainly two types of adrenal medullary cells that are known as 

adrenaline and noradrenaline storing and secreting cells (Coupland, 1965). These cells are 

comparable with modified postganglionic sympathetic neurons that have no fibers, because of 

their similar development from the neural crest and have common property with the sympathetic 

neurons. They are also innervated by preganglionic sympathetic nerve fibers that pass from 

neurons in the intermediolateral column through the sympathetic chain and splanchnic nerves 

(Coupland, 1989). The adrenal medullary cells are usually called chromaffin cells for they have 

strong affinity for chromic salts (Coupland, 1965). The presence of chromaffin cells has also 

been reported outside the adrenal medulla and in sympathetic ganglia (Coupland, 1965). These 
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cells have an affinity for, and stain with chromate salts, although less intensely and less 

consistently than adrenal medullary cells (Gabella, 1976). Although species variable and often 

sparsely distributed, the chromaffin cells that are found in the sympathetic ganglia occur in both 

pre- and paravertebral sympathetic ganglia and persist throughout adult life unlike some of the 

prevertebral extra-adrenal chromaffin bodies (Coupland, 1989). Moreover, the adrenal medullary 

cells store and release several neuromediators that are also found in the sympathetic neurons 

(Pelto-Huikko 1989; Kando 1985; Afework and Burnstock 1995). 

               

              1.1.2 Parasympathetic Nervous System 

The parasympathetic nervous system is organized in a manner similar to the sympathetic nervous 

system. Its motor component consists of a two-neuron system. The preganglionic neurons lie in 

specific cell groups of nuclei in the brain stem or in the intermediolateral column of the spinal 

cord at sacral levels (S) (segments S2-S4). In the brain stem the preganglionic outflow arises 

from the cell bodies of the motor nuclei of the cranial nerves III, VII, IX, and X (Bakewell, 

1995). Because parasympathetic fibers exit from these two sites, the system is sometimes referred 

to as the craniosacral out flow. The Cranial nerves III, VII, & IX mainly supply fibers to the pupil 

and salivary gland secretions, whilest the vagus nerve (X) supply fibers to the stomach, and pass 

through the celiac and its subsidiary plexus, to end in the terminal ganglia of the intestine, liver, 

pancreas and the kidney (Bakewell, 1995). The sacral preganglionic parasympathetic fibers go to 

the terminal ganglia of the pelvic plexuses and innervate the lower portion of the large intestine, 

urinary system and reproductive system, including the erectile tissue. Unlike the sympathetic 

preganglionic neurons, those of the parasympathetic system synapse with only a few 

postganglionic neurons. For this reason the effect of the parasympathetic system are more precise 

and localized (Bakewell, 1995; Kiernan, 2002). In the parasympathetic system, both 
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preganglionic and postganglionic neurons secrete Ach as their major neurotransmitter, but, like 

sympathetic ganglion cells, they also contain other neuroactive chemical agents that function as 

co-transmitters (Bakewell, 1995; Farr, 2002).  

                

              1.1.3 Enteric Nervous system 

The enteric nervous system (ENS) consists of tiny, interconnected ganglia in the wall of the 

alimentary canal, from esophagus to anus. These ganglia, which supply the smooth muscle and 

secretary tissues of the gut, contain several types of neurons, with a wide variety of 

neurotransmitters (Kiernan, 2002). The enteric nervous system is arranged into two ganglionated 

plexuses. The larger, myenteric (Aurbach's) plexus are situated between the inner circular and 

outer longitudinal smooth muscle layer of the gut. Neurons of this plexus are responsible for 

motility and for mediating the enzyme out put of adjacent organs (Gershon, 1998; Farr, 2002). 

The smaller, submucosal (Meissner's) plexus, contains sensory cells that regulate the 

configuration of the luminal surface, controls glandular secretions, alters electrolyte and water 

transport and regulates local blood flow (Farr, 2002). 

 

As the interest of this investigation is to see some of the developmental changes in pre-aortic 

ganglia of the rat, special consideration will be given in describing the sympathetic ganglia and 

pre-aortic ganglia. 

  

         1.2. SYMPATHETIC GANGLIA 

Sympathetic ganglia & nerve cells have much wider distribution throughout the body, and some 

of the ganglia are of various sizes. These ganglia are invested by glial cells (satellite cells) which 

form a complete sheath around each of them and are referred to as the capsule of the ganglion 

cell, but these are small or absent in the smaller and terminal ganglia (Janig and McLachlan, 
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1992). A capsule of connective tissue, which is continuous with the epineurium of the nerve 

trunks, invests the ganglia, and connective tissue septum divides the groups of ganglion cells. 

Numerous small intraganglionic blood and lymphatic vessels lie in connective tissue of the 

ganglia (Gabella, 1976).  

 

Neurons in sympathetic ganglia show considerable heterogeneity in their neurochemical profiles, 

soma size, and dendritic morphology. These characteristics, especially the expression of 

neurotransmitters, are often tightly linked with the type of target tissue they innervate. 

Furthermore, in many cases, the neurochemical and morphological heterogeneity corresponds 

with specific populations of neurons identified by functional criteria (Gibbins, 1995). This 

morphological and functional evidence shows that sympathetic motor outflows are organized into 

multiple pathways whereby various effector organs can be regulated independently by the CNS. 

The neurons in sympathetic ganglia receive convergent central inputs from spinal preganglionic 

neurons (Janig and McLachlan, 1992). Many neurons in the prevertebral sympathetic ganglia 

receive additional convergent synaptic inputs from peripheral neurons located in the enteric 

plexuses. The number and strength of synaptic inputs varies considerably between 

subpopulations of sympathetic neurons (McLachlan and Meckler, 1989). Sympathetic ganglia 

can be divided into two main anatomical categories, paravertebral and preaortic (prevertebral), on 

the basis of their location within the body (Gibbins, 1995). The paravertebral ganglia are situated 

bilaterally along the ventrolateral aspect of the spinal column. Their connecting trunks form the 

sympathetic chains, which extend from the base of the skull to the sacrum (Gabella, 1976). There 

are usually 23 pairs of sympathetic ganglia: 3 cervical ganglia (Superior, middle & inferior), 12 

thoracic ganglia, 4 lumbar ganglia and 4 sacral ganglia. Sometimes, the inferior cervical ganglion 

fuses with the upper thoracic one to form the “stellate ganglion” (Gabella, 1976). The 
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Paravertebral ganglia provide through its postganglionic fibers sympathetic innervation to blood 

vessels in muscle and skin, arrector pili muscles attached to hair follicles, and sweat glands 

(Berthoud & Powley, 1993). The prevertebral or preaortic ganglia lie close to the median sagittal 

plane of the body ventral to the abdominal aorta. These ganglia retain a pattern of innervation that 

originates in the embryo .Thus, the celiac ganglion (CG) innervates structures derived from the 

embryonic foregut, including the stomach, liver, pancreas, and the upper part of duodenum; the 

superior mesenteric ganglion (SMG) innervates parts of the gastrointestinal tract that are, derived 

from the embryonic midgut including the lower part of duodenum and remaining part of the 

small intestine, ascending colon, and proximal two third of transverse colon; and the inferior 

mesenteric ganglion (IMG) innervates embryonic hindgut derivatives, which include the distal 

one third of transverse colon, descending colon, sigmoid colon, rectum, urinary bladder, and 

sexual organs (Farr, 2002).     

             

         1.3 PRE-AORTIC GANGLIA 

The pre-aortic ganglia, includes the celiac, superior mesenteric, inferior mesenteric and renal 

ganglia. Of these ganglia, the celiac and mesenteric ganglia are located ventral to the abdominal 

aorta (Langenfeld, 1991; Gabella, 1995). These ganglia are not bilaterally symmetrical; they are 

often ill-defined and form a plexus which is the most intricate in the body (Carpenter, 1976). The 

celiac and superior mesenteric ganglia are formed by irregular ganglionic masses which 

constitute a crescent shaped structure (ganglion semilunare) on both sides of the celiac trunk and 

between the celiac trunk and superior mesenteric artery respectively (Gabella, 1976). The celiac 

ganglia is also called the solar plexus since it gives rise to (or receive) a number of nerve trunks 

in all directions, including the hepatic, gastric, aortico-renal plexuses, the splanchnic nerves and 

the intermesenteric nerves (Carpenter, 1976). The splanchnic nerves are mainly composed of pre- 
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and post- ganglionic sympathetic fibers, ganglion cells and afferent fibers (Langenfeld, 1991). A 

large number of thoracic preganglionic fibers pass through the sympathetic chain without 

synapsing and form the thoracic splanchnic nerves. Such preganglionic nerve fibers from thoracic 

(T) T5 through T9 form the greater thoracic splanchnic nerve. This greater thoracic splanchnic 

nerve, however, contains some postganglionic fibers arising from intermediolateral cell column 

of spinal cord. The remainder, principally preganglionic fibers, passes through the diaphragm en 

route to the paired midline celiac ganglia (Langenfeld, 1991). The lesser thoracic splanchnic 

nerve, arising from T10 and T11, and the least thoracic splanchnic nerve arising from T12, follow 

a similar course through the diaphragm, ending in the celiac ganglia, the aortico-renal ganglia (at 

the origin of the renal arteries), or the superior mesenteric ganglion (at the origin of the superior 

mesenteric artery) (Gabella, 1976; Carpenter, 1976; Langenfeld, 1991; Miolan and Niel, 1996). 

 

Axons of postganglionic neurons located in corresponding ganglia (celiac, superior mesenteric & 

inferior mesenteric ganglia) get to their target tissues accompanying blood vessels specific to 

each ganglia (i.e., celiac artery and superior & inferior mesenteric arteries) (Kiernan, 2002). 

Some of the preganglionic fibers also pass through the pre-aortic ganglia and enter the adrenal 

medulla to synapse with adrenal chromaffin cells (Coupland, 1989). At both lumbar and sacral 

levels, many preganglionic fibers pass through the sympathetic chain without synapsing and end 

in pre-aortic ganglia of the abdomen and pelvis. These preganglionic fibers form the lumbar and 

pelvic splanchnic nerves. Most lumbar splanchnic nerves end in the inferior mesenteric ganglion 

or join the pelvic splanchnic nerves and end in one of the small pelvic sympathetic ganglia in the 

hypogastric plexus (Kuntz, 1956; Gabella, 1976; Carpenter, 1976). 
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         1.4 DEVELOPMENTAL CHANGES IN SYMPATHETIC GANGLIA 

The ganglia of sympathetic chain originate from cells that have migrated from the neural crest 

(Gabella, 1976). The developmental stages of the sympathetic ganglia are remarkably similar in 

all classes of vertebrates. In mouse the first visible premordia of the sympathetic chain appear in 

the thoracic region in embryos of 11 days gestation (Fernholm, 1972; Gabella, 1976). At 12 days, 

the trunk reaches from the base of the skull to the sacral region. At 16 days, there is a well-

developed trunk with the superior cervical and the stellate ganglia, and 7 segmetally arranged 

ganglia in the thoraco-lumbar region (Gabella, 1976). 

 

Many sympathetic ganglia also contain chromaffin cells (Gabella, 1976). Chromaffin cells are 

small in size, have few, short processes, and are clustered in groups. In the mammalian fetus, 

sympatho-chromaffin cells originating from neural crest invade the medial side of the adrenal 

cortical anlage to form the adrenal medulla (Coupland, 1989). The pre-aortic ganglia, similar to 

the other autonomic ganglia are derived from the neural crest cells, as motile & pleuripotent 

population of cells that migrate and invade the ventral aspects of the aorta early in embryonic life 

(Dyck et al., 1975). 

               

              1.4.1 Morphological Changes in Development 

Differences might be found in the morphological structure of the autonomic nervous system in 

relation to age. In the newborn of many species, both sympathetic and parasympathetic ganglia 

consist mainly of sympathicoblasts and contain only a relatively small number of more or less 

well-differentiated sympathicocytes (Botar, 1966). During infancy the sympathicocytes gradually 

increase in number. In adolescents and in adults the sympathicoblasts are present only in small 

numbers and the ganglia are composed mainly of sympathicocytes. In ageing the autonomic 
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ganglia are composed predominantly of damaged or degenerating nerve cells (Gabella, 1976). 

These age dependent changes are relatively constant and the structure of autonomic ganglia 

permits certain conclusions to be drawn regarding the age of the species under investigation 

(Botar, 1966). In addition, age not only show changes in the structure of the autonomic ganglia, 

but also on the nerve fibers arising from them. In particular, the densities of the innervation of the 

organs and tissues exhibit marked differences, which are entirely dependent on age (Botar, 1966; 

Wright et al., 1983). In the autonomic nerve cells, it is generally known that the sympathicocytes 

develop as a result of growth and differentiation of the cells produced by the sympathicoblasts 

(Wright et al., 1983). The growth and differentiation of the sympathicoblasts is not always 

uniform. When the sympathicoblasts develop into sympathicocytes almost simultaneously, in 

such cases, the autonomic ganglion is homogeneous in structure and is composed of more or less 

equally mature cells. But when the development takes place at different times, the autonomic 

ganglion becomes heterogeneous in structure and contains simultaneously nerve cells of varying 

maturity (Botar, 1966). It is due to this peculiarity of their development that there are in all 

autonomic ganglia nerve cells of various stages of maturity simultaneously present at all stages of 

life (Birren and Anderson, 1993). 

               

              1.4.2 Factors Affecting Development 

The development of sympathetic ganglia are known to relay on target derived nerve growth 

factor for their continued survival into adult-hood, but in addition may also be affected by 

components of the extracellular matrix (Ruit et al., 1990). The extracellular matrix has many 

roles in the morphogenesis of the neural crest. These includes making certain parts of the embryo 

more or less accessible to the invasion of the motile cells and anchoring factors that influence 

neural crest cell proliferation and differentiation (Erickson & Reedy, 1998). The extracellular 
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matrix has been shown to bind to and regulate the activity and stability of several growth factors. 

More specifically, proteoglycans are able to bind growth factors and change their potency and 

affinity for receptors (Burgess & Maciag, 1989). 

 

The first neurotrophic factor to be identified, and still the best characterized, is known as nerve 

growth factor (NGF) (Davies, 1994). The significance of NGF for neuronal development was 

appreciated early on when it was found that injection of anti-NGF anti-serum into neonatal mice 

resulted in the selective destruction of the sympathetic nervous system (Levi-Montalcini, 1964).  

Nerve growth factor affects a variety of cell types, however, in the nervous system its influence is 

restricted to a few classes of neurons (Heumann et al., 1981). The apparent role of nerve growth 

factor in the development of sympathetic and sensory ganglia suggests that this agent is generally 

present in the targets of sensitive neurons, and has three major effects on sensitive neurons: it 

promotes cell survival, influences the direction of neuritic growth, and controls the extent of 

terminal arbors (Korsching & Thoenen, 1988). Experimental manipulation of NGF levels during 

development (Levi-Montalcini, 1987) and studies of mice with null mutations in the NGF gene 

and NGF receptor tyrosine kinase (trkA) gene (Smeyne et al., 1994) have clearly shown that NGF 

is required for the survival of developing sympathetic neurons and a subset of sensory neurons. In 

the absence of NGF, these neurons are eliminated shortly after they begin innervating their target 

tissues from which they would normally obtain NGF. However, several recent studies suggest 

that NGF-dependent sensory and sympathetic neurons also require other neurotrophins for 

survival at an earlier stage in their development (Wyatt and Davies, 1995). Neural cell death as a 

prominent feature of normal development has long been recognized (Heumann et al., 1981). The 

number of surviving neurons appears to depend on the amount of target tissue available for 

innervation by the neurons. Removal of the target tissue prior to the period of cell death causes 
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nearly all of the neurons to die subsequently, while transplantation of additional tissue to the 

embryo to serve as a potential target for the neurons permits more neurons to survive through the 

normal die-off period (Levi-Montalcini, 1987). 

          

         1.5 AGEING IN SYMPATHETIC GANGLIA 

Nerves are generally considered post-mitotic, where as several non-neuronal cell types in the 

nervous system retain a capacity for proliferation (Crutcher, 2002). There is little evidence of 

significant turnover of neurons in maturity, let alone ageing. Thus, one important feature of 

ageing nervous system is that the majority of neurons are as old as the organism they inhabit 

(Crutcher, 2002). However, there is resurgent interest in the possibility that relatively 

undifferentiated cells (stem cells) are retained in sufficient number to serve as a source of 

repopulation of both neuronal and non-neuronal cells following injury (Crutcher, 1987). In 

addition, within the autonomic nervous system, there appear to be highly variable age-dependent 

changes in innervation density across sympathetic targets (Cowen and Gavazzi, 1998). 

          

Age-related autonomic dysfunction causes several clinical problems. These may produce 

symptomatic disease itself, diminish the safety margin for autonomic transmission, or complicate 

therapeutic intervention in a variety of diseases (Schmidt, 2002). In addition, the ageing 

sympathetic nervous system may produce an abnormally exaggerated physiological response 

(Rowe & Troen, 1980), or diminished responses to various stressors (Iwase et al., 1990). Such 

variations are inconsistent with the global loss of postganglionic sympathetic neurons in ageing; 

rather, the problem may involve interference with the adaptive integration of autonomic reflexes, 

a complex process which may occur at various levels of the central and peripheral nervous 

system including the prevertebral sympathetic ganglia (Kreulen, 1984).  
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A study of age-related alteration in the innervation of gastrointestinal sphincters shows an 

increased density of excitatory neurotransmitters noradrenaline and substance P as well as a 

decreased density of inhibitory substances vasoactive intestinal polypeptide and calcitonin gene-

related peptide (Belia et al., 1995). Other studies of ageing rats demonstrated denderitic atrophy 

of the superior cervical ganglia neurons innervating the middle cerebral artery (which was 

reversed by local application of NGF), but not of those neurons innervating the iris (Andrews et 

al., 1996). It has been proposed that the trophic support of end organs on their innervating 

neurons may decline in old age due to decreased availability of target-derived neurotrophic 

substances or alterations in receptor expression (Uchida & Tomonaga, 1987). 

 

Changes in the innervation that is associated with development, adulthood and ageing of pre-

aortic ganglia, could affect the activities of the innervated visceral organs such as stomach, 

intestine, and accessory glands (liver and pancreas). In addition, investigations on the autonomic 

nervous function of ageing indicated that various physiological functions of these visceral organs 

gradually decrease with increasing age (Sato et al., 1987). There is however, no complete study 

done on the developmental changes that may take place in the pre-aortic ganglia, indicating the 

time at which the neurons appear, develop, mature, and reach ageing. This study therefore, using 

histological techniques aims to investigate the effect of age on the neurons and their environment 

in the pre-aortic ganglia (celiac and superior mesenteric) of the rat. The age-related changes in 

the pre-aortic ganglia may throw some light in an attempt to explain the changes occurring in the 

physiological activities of the organs innervated by the ganglia during development and ageing. 

Since sympathetic ganglia of ageing rodents are assumed to be models of ageing in human 

sympathetic ganglia (Schmidt, 2002), the current investigation may help to explain some of the 
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morphological changes during ageing in the pre-aortic ganglia in human. It is also hoped that this 

work may render a better understanding of morphological changes and numerical distribution of 

the neurons and their relation with the extracellular matrix within the ganglia at different ages.  
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                                  2. OBJECTIVES 

 

General Objective: 

  

• To investigate the age-related changes occurring in the neurons and extracellular matrix 

of the pre-aortic ganglia in development, adult-hood and ageing. 

 

Specific Objectives: 

 

• To determine the size, shape and numerical distribution of neurons in the pre-aortic 

ganglia and their proportions with the extracellular matrix at different age groups. 

• To describe the time at which the neurons appear, develop, mature and reach ageing in the 

celiac and superior mesenteric ganglia. 
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                                  3. MATERIALS AND METHODS 

              3.1 ANIMALS 

The study was conducted on male (postnatal) and either sex (prenatal) of wistar albino rats. The 

animals were obtained from the Animal Breeding Unit at the Department of Pharmacology, 

Medical Faculty, Addis Ababa University. The ageing rats were obtained from Ethiopian Health 

and Nutrition Research Institute, Addis Ababa. The age of the animals was determined by 

counting from the appearance of a straw colored copulation plug or spermatozoa in the vaginal 

smear. The day on which the spermatozoa were found in the smear was considered as the first 

day of pregnancy or as day zero of embryonic life (E0) and the day of delivery as day 0 of 

postnatal life. They were kept in cages in the animal house under normal condition, at room 

temperature, 12 hours light and 12 hours darkness with free access to food and water.  

Pre-aortic ganglia from five rats of each of the following were studied: fifteen developing rats of 

embryonic days E16, E18, E20; twenty five rats of postnatal days 1, 4, 7, 14 and 21; five adult 

rats of 4 months; and five ageing rats of 24 months; and a total of 50 rats were used. 

              3.2 TISSUE COLLECTION 

Pregnant rats were sacrificed by an overdose of diethyl ether (Sisco Research Laboratories PVT. 

LTD, India). This was achieved by putting the animals in a tight dissector jar having cotton 

rinsed with ether. The embryos were then taken out for dissection. All other rats were sacrificed 

in a similar manner. Each of the animals was placed in the supine position (dorsal) over an 

operating board. The limbs were stretched and fixed by using pins. The abdominal cavity was 

opened by abdominal mid-sagittal skin incision. The flap of the skin and the abdominal muscle 

on both sides were reflected laterally and held with pins. The underlying abdominal contents 
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were reflected to the right and held laterally. The retroperitoneal tissue was exposed and the 

celiac and superior mesenteric ganglia following the celiac trunk and superior mesenteric artery 

ventral to the abdominal aorta were then dissected out. The identification of the celiac and 

superior mesenteric ganglia was assisted by Zeiss dissection microscope (Carl Zeiss, Stemi 2000, 

Germany).  

         3.3 TISSUE PREPARATION 

              3.3.1 Fixation 

The dissected celiac and superior mesenteric ganglia were immersion fixed in 4% formalin (see 

appendix A.1.1) in 0.1M phosphate–buffered saline (see appendix A.1.2) PH of 7.3 for 12 hrs at 

room temperature. 

              3.3.2 Tissue Processing  

The pre-aortic ganglia after complete fixation were processed with the aim to embbed the tissue 

in a solid medium firm enough to support the tissue and give it sufficient rigidity to enable thin 

sections to be cut. The processing was as follows:  

   Dehydration of the tissue with increasing concentration of alcohol, 50% alcohol for 2 hrs, 70%    

       alcohol for 2 hrs, 90% alcohol for 2 hrs, absolute alcohol-I for 2 hrs and absolute alcohol-II    

       for overnight (Ethanol 96%, VIA GIUBA, II MILANO),  

   Clearing with xylene, xylene-I for 2 hrs and Xylene-II for 2 ½ hrs (ALPHA Laboratory  

       Reagent, India),  

   Impregnating with paraffin wax, wax-I for 2 hrs and wax-II for overnight (Paraffin Wax 56- 

       580C, Research Organics, Thane-400602), and   

   Preparing tissue blocks by embedding with paraffin wax.  
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From each age and ganglion category 3-5 blocks were randomly selected and sectioned at 7 µm 

on Zeiss microtome (Carl Zeiss Zunch AG, West Germany). Every 10th section was saved on to a 

clean albumen coated glass slides (see appendix A.2 for the procedure of preparation). After 

deparaffination and fixation of the tissue on the glass slide in a 600

Stereology is defined as a body of mathematical methods relating three-dimensional parameters 

defining the structure to two-dimensional measurements obtainable on sections of the structure 

C oven for overnight, sections 

were cleared with xylene (xylene I and II for 5 minutes each) and hydrated with decreasing 

concentration of alcohol (Absolute, 90%, 70%, 50% alcohol and for 5 minutes each). The 

sections were then stained with 1% toluidine blue solution for 20-30 minutes (BDH Laboratory 

Supplies Poole, BH 15 1TD, England, see appendix A.3 and A.4 for toluidine blue preparation 

and staining procedure respectively). 

          
         3.4 LIGHT MICROSCOPY  

 Microscopic examination of the sections was done under a binocular Zeiss microscope (Carll 

Zeiss, Axiostar, Germany). Sections of the pre-aortic ganglia were examined under the compound 

light microscope with X25 objective. Photomicrographs of serially selected samples of the 

ganglion were then taken with TMX 100 film under X25 objective using a Leitz Dialux 20 wild 

photo automat MPS 51 (Wild Heerburgg Ltd., Heerburgg, Switzerland) and the stereology was 

done. In addition, areas of ganglion were selected through random field of view of the ganglion 

and photographed for descriptive purpose. The selection for random field of view was done by 

closing eyes and shifting the microscope stage a small amount in both the X and Y directions 

(Baddeley, 1993).  

          

         3.5 STEREOLOGICAL ANALYSIS 
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(Weibel, 1979). The stereological analysis used for this study included unbiased estimation of 

size and shape of neurons, volume of the ganglion, numerical density of neurons per unit volume, 

number of neurons, volume fraction of neurons within the extracellular matrix and the total 

volume of neurons at different age groups. These parameters were good mechanisms of 

investigating the numerical distribution and the morphological changes of pre-aortic ganglia with 

age. In addition, estimation of volume fraction of neurons in relation to the extracellular matrix 

helps to explain the possible developmental variations with increasing age and the effect of 

ageing on pre-aortic ganglia of the rat. Before starting the estimation of the above mentioned 

stereological parameters a pilot study was conducted and according to the results obtained, every 

10th section of the tissue blocks were taken as a representative sample, until the whole ganglia 

were completely sectioned. This was also in accordance with some of the previous studies done 

on sympathetic ganglion (Warburton & Santer, 1997; Ribeiro, et al., 2002). The methods of 

estimating the different developmental changes investigated were described as follows.   

               

              3.5.1. Estimation of Neuron Size and Shape 

To see the change of neuron size in the different age groups, the diameters of soma of the 

perikarya with clear nuclear outlines were measured by aligning an eye-piece calibration bar. The 

neurons were randomly selected from the area of ganglion in the random field of view. From 

each age group, neuronal diameters were measured using an X25 objective. The measurement 

was done with the long and short axes of the cell perpendicular to each other.  

From the long axis (l) and the short axis (s), a mean diameter (D) of the somata was calculated 

using the following equation (Neuhber et al., 1986; Afework, 1988).          

                      D = √ l x s                                  
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In addition to the microscopic observations, the ratio of the long to the short axes (l/s) was taken 

as an indication of the shape of the somata. 

              3.5.2 Estimation of Ganglia Volume (Vg) 

The volume of each ganglion was estimated by the cavalieri method as described by Cavalieri, 

(1635) and Gundersen & Jensen, (1987). According to the cavalieri estimator of volume an 

exhaustive series of parallel sections, a fixed distance (T units) apart is taken. The first section 

should be uniform random in an interval of 0-T. In this study, the volume of pre-aortic ganglia 

was estimated by taking every 10th section of the tissue block sectioned at 7µm thickness. The 

sampling distance between every two consecutive sections is 70µm. However, the first section 

taken was uniform random between the 1st and 9th section and this was maintained uniformly 

until the whole samples were collected. The samples taken were photographed as a whole and the 

photographs were randomly translated by a calibrated point-counting grid (Grid P3 from Agar 

Scientific Ltd., see appendix B1.1). The number of points overlying the image of the sections 

were counted and the areas represented by each point was then estimated by using a randomly 

translated point grid which has a known area associated with each point a/p (Warburton & Santer, 

1997 see appendix B.1). 

 The volume of the ganglion was estimated using the following equation (Howard et al., 1993): 

 

      Vg

 

= T. a/p. ∑ pi   where,          T - fixed distance between parallel sections.  

                                                     a/p  - area associated with each point (constant). 

                                                      pi   - the number of points landing with in the image 

                                                                of the ganglion. 
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              3.5.3 Estimation of Volume Fraction of Neurons (Vv) 

Estimation of volume fraction was achieved by using a much more efficient method, i.e. a point 

grid that combines two sets of points of different densities in the same grid (Cruz-Orive, 1982). 

The point grid contains nine fine points (crosses and circled crosses) per coarse point (circled 

crosses only). The area per point associated with each coarse point is thus nine times that of each 

fine point. Circled points thus act as both fine & coarse points. In this study, the volume fraction 

of the neurons with in a ganglion was estimated by throwing the transparent point-counting grid 

(Grid P4, from Agar Scientific Ltd., see appendix B1.2) on the photograph with uniform random 

translation. The number of fine points hitting the neurons, P(N) divided by the number of coarse 

points hitting the ganglion volume, Pc(gang) gave an unbiased estimate of volume fraction 

(Mathieu et al., 1981). 

 The volume fraction of neurons with in the ganglion was estimated by using the following 

equation (Thompson, 1930): 

 

                                    ∑ P (N) 
         Vv (N, gang) = ____________             
                                     
                                 9 ∑PC (gang) 
                                                                where, P (N) - the number of fine points hitting 

                                                                                        the image of neurons. 

                                                                      P (gang)   - the number of coarse points hitting  

                                                                                        the image of ganglion. 

Furthermore, the total volume of a neuron in the ganglion was estimated using the following 

formula (Cruz-Orive, 1982) 

         
 
         V(N)  =  Vg . Vv                where,   V g - the volume of the ganglion. 

                                                                  Vv - the volume fraction of neurons in the ganglion. 
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               3.5.4 Estimation of Numerical Density of Neurons (Nvn) 

The numerical density of neurons was estimated using the physical dissector method as described 

by Sterio, (1984) and Gundersen, (1986). The dissector represents the ultimate minimalist 

approach to a three-dimensional probe. It consists of a pair of serial sections one a 'reference' 

section and an adjacent serial section as a 'look-up' section with a known distance, h apart. The 

method relies upon the principle that if a neuron transect is seen in one section and not the next, it 

is counted. This counting rule is an unbiased estimator of numerical density (Coggeshall, 1992; 

Mayhew & Gundersen, 1996). Accordingly, in this study sample areas from pairs of sections 

were photographed and on the photographs a representative area of the ganglion was selected by 

randomly overlying the transparent point-counting grid (Grid F4 from Agar Scientific Ltd., see 

appendix B.2) and the numerical density of neuronal profiles appearing in an unbiased counting 

frame (with frame area, a/f see appendix B.2) in one sample but not the other counted (Warburton 

& Santer, 1997). Profiles falling fully inside the counting frame of known area and those laying 

on the acceptance line (dashed) were included in the count, whereas those overlying an infinite 

forbidden line (fully drawn) were excluded (Gundersen, 1977). Counts for each age and ganglion 

category were then averaged.  

 The numerical density of three-dimensional neurons was then calculated using the formula 

established by (Sterio, 1984; Mayhew & Gundersen, 1996):  

                         1         ∑Q-     
            Nvn =   _____._____                             
                       a/f .h      ∑P 
                                              where, a/f  - area associated with each frame. 

                                                             h - distance between sections. 

                                                         Q -  - number of profiles seen on the reference section                                                                            

                                                                    but not on the look-up section. 

                                                             P - number of frame-associated points hitting the  ganglion.                                                                   
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              Estimation of Neuron Number (Nn) 

  
Estimation of the number of neurons, within a ganglion, was achieved by estimating the number 

of neurons per unit volume (numerical density) and then multiplying by the volume of the 

ganglion as described by Coggeshall, (1992); Coggeshall and Lekan, (1996); Saper, (1996) and 

Mayhew & Gundersen, (1996). Therefore, from estimation of volume of the ganglion (Vg) and 

numerical density of neurons (Nvn), an estimate of the total number of neurons (Nn) was obtained 

by using the following equation (Korbo et al., 1990; Moller et al., 1990; Bedi, 1991; Mayhew & 

gundersen, 1996; Warburton and santer, 1997): 

       

            Nn= Nvn . Vg      where,   Nvn - numerical density of neurons. 

                                                      Vg

                                    

 - volume of the ganglion. 

           

         3.6 STATISTICAL ANALYSIS 

Statistical analysis was done to see whether there is a significant difference among each of the 

size of neurons, volume of the ganglia, numerical density of neurons, number of neurons, volume 

fraction of neurons and total volume of neurons in the pre-aortic ganglia of the rat at different 

ages. Hence, the results were statistically analyzed and the level of significance was tested. The 

statistical analysis used was One-way analysis of variance (One-way ANOVA) and/or paired 

sample T-test. In addition, the age-related changes were analyzed by using Pearson correlation. 

The data were expressed as Mean ± Standard Error of the Mean (SEM). All the statistical 

analysis was done using SPSS program. P < 0.05 was considered significant.                           
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                                  4. RESULTS 

         4.1 GENERAL OBSERVATIONS 

The pre-aortic ganglia (CG and SMG) were fixed and processed for light microscopy in standard 

histological procedures. Sections from the CG and SMG were stained with toluidine blue. These 

enabled the neurons as well as the interstitial connective tissue, blood vessels and the capsule that 

surrounds the ganglia to be clearly visible under the light microscope in all age groups studied. 

Inside the neuronal cytoplasm the Nissl bodies and clearly demarcated nucleus with nucleolus 

were observed. Vacuolated neurons were also present in the adult and ageing ganglia. They were 

much more common amongst the ageing loosely packed groups of larger neurons (Fig. 1b & 2b).  

In each ganglionic mass various types of cells were observed. The neurons had a circular and 

spindle shaped profile and their nuclei were predominantly eccentric and contained one or two 

nucleoli. Surrounding each neuron there was a group of cells of the glial type (satellite cells), 

which together with the collagen fibers composed of glial capsule (Fig. 1b, 2b, 3c & 4b). 

Furthermore, in the interstitial connective tissue close to the neurons and blood vessels small 

granular cells were observed (Fig. 1a, 2a & 4b). The pre-aortic neurons could be broadly 

classified as either large or small in size. The larger neurons were clearly separated from each 

other by interstitial connective tissue whereas the smaller neurons were grouped closely together 

in large aggregations with relatively little interstitial connective tissue (Fig. 1 & 2). The presence 

of capillaries was also observed in the capsule and interstitial connective tissue surrounding the 

neurons (Fig. 1a, 2a, 2b, 3c, & 4b). Accordingly, the different morphological changes in the pre-

aortic ganglia seen in the general observation under the light microscope are investigated in the 

different age groups as developing (from E16 - 21st day), adult (4th month) and ageing rats (24th 

month). 
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         Developing Rats 

In the developing pre-aortic ganglia of the rat that included the three embryonic age groups E16, 

E18, & E20 and postnatal days 1, 4, 7, 14, 21, the CG and SMG were observed as compact cell 

islets around the origin of the celiac and superior mesenteric arteries along the abdominal aorta at 

E16. In the three embryonic ages these were seen as celiac-superior mesenteric ganglion complex 

without clear demarcation between the two ganglia. As seen under the light microscope, all the 

neurons of embryonic age groups take the toluidine blue stain densely (Fig. 3a). The neurons are 

also found as small sized cells with high packing density. Due to this staining nature and the 

small size of neurons, it was difficult to clearly see and differentiate the Nissl bodies, the nucleus 

and the nucleolus within the cytoplasm (Fig. 3a, 3b & 4a). In the pre-aortic ganglia of the 

developing postnatal ages some morphological changes were observed. These included relative 

increase in the neuronal size, clear demarcation of the nucleus and change in the shape of the 

neurons (Fig. 3a, 3b, 3c, 4a & 4b). 

         Adult Rats 

At this age the relative proportion of the larger neurons predominated with fewer amounts of 

smaller neurons. All the neurons were stained clearly and the nucleoli were seen occasionally to 

possess double nucleolus (Fig. 1a & 2a). The cytoplasm was concentrated with Nissl bodies. In 

addition, vacuolated neurons were also observed in the adult rats. Surrounding each neuron the 

satellite cells and small granular cells were clearly observed. In the interstitial connective tissue 

blood vessels with clear profile and varying size were also evident (Fig. 1a & 2a). 

         Ageing Rats 

At this age, the distribution of neurons was totally dominated by much larger neurons and there 

were also an increased mass of interstitial connective tissue compared with developing and adult 

rats (Fig. 1b & 2b). In the ageing ganglia some vacuolated neurons with large amount of 
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cytoplasmic lipofuscin granules (age pigments) were also seen, and such aggregations of 

lipofuscin granules were dispersed in the neuronal perykarya (Fig. 1b & 2b). Similar to those in 

the adult rats the nucleus with nucleolus (occasionally double) and the Nissl bodies were clearly 

observed. As was the case with the ganglia from the adult rats, blood vessels were also observed 

in the interstitial connective tissue (Fig. 1b & 2b).               
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Figure 1: Photomicrographs of toluidine blue-stained paraffin sections of celiac ganglia at (a) 4 

months and (b) 24 months. Neurons with clear profile and nucleoli, typical of those used for size 

and shape determination, are marked by big arrows in a and b. Satellite cells can be seen 

surrounding the neurons (small arrows in a and b) and small granular cells can also be seen 

(large arrow heads in a). In the ageing ganglia age-pigments are present in the neuronal 

cytoplasm (small arrow heads in b). In addition, blood vessels are evident (large black asterisks 

in a). Note also the vacuolated neurons (large arrows in b) and binucleolated neurons (small 

black asterisks in b). Bar = 18 µm: x 550.        
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Figure 2 : Photomicrographs of toluidine blue-stained paraffin sections of superior mesenteric 

ganglia at (a) 4 months and (b) 24 months. Neurons with clear profile and nucleoli, typical of 

those used for size and shape determination, are marked by big arrows in a and b. Satellite cells 

can be seen surrounding the neurons (small arrow heads in a and b) and small granular cells can 

also be seen (large arrow heads in a). In addition, blood vessels are evident (large black asterisks 

in a and b) and binucleolated neuron by small black asterisk in b. Note also the vacuolated 

neurons (large arrow in b). Bar = 18 µm: x 550.        
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Figure 3 : Photomicrographs of toluidine blue-stained paraffin sections of developing celiac-

superior mesenteric ganglion complex at (a) embryonic day 16; celiac ganglia at (b) postnatal 1st 

day and (c) postnatal 14th

 

 day. In CSMG densely stained neurons with high packing density are 

seen (big arrow in a). Densely stained neurons, typical of those used for size and shape 

determination, are marked by big arrow in a, b and c. Satellite cells can be seen surrounding the 

neurons (small arrow heads in c) and small granular cells can also be seen (large arrow head in 

c). In addition, blood vessels are evident (large black asterisks in c).Bar = 18 µm: x 550.        
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Figure 4 : Photomicrographs of toluidine blue-stained paraffin sections of superior mesenteric 

ganglion at (a) postnatal 1st day and (c) postnatal 14th

 

 day. Densely stained neurons, typical of 

those used for size and shape determination, are marked by big arrows in a and b. Satellite cells 

can be seen surrounding the neurons (small arrow heads in b) and small granular cells can also 

be seen (large arrow head in b). Bar = 18 µm: x 550.        
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              4.2 STEREOLOGY 

The age-related changes in size, shape, volume, numerical density, number and volume fraction 

of the pre-aortic ganglia of the rat was analyzed using one-way analysis of variance. In addition, 

the correlation of changes with age was analyzed. Estimation of the size and shape of neurons, 

the number of neurons and the volume fraction of neurons within the ganglia were performed in 

the different age groups with postnatal days 1, 4, 7, 14, 21, 112 (4 months), and 720 (24 months). 

However, in the embryonic age groups with prenatal days E16, E18, and E20, it was difficult to 

demarcate the boundary of individual ganglion and differentiate the celiac from the superior 

mesenteric ganglia. Because of this reason, estimation of absolute number and volume fraction of 

neurons was not done. In addition, estimation of the size and shape of neurons in the rats of the 

embryonic days was performed as Celiac-Superior Mesenteric Ganglia Complex (CSMG).                  

            

              4.2.1 Estimation of Size and Shape of Neurons in Pre-aortic Ganglia  

In the CG and SMG the size and shape of neurons was estimated from the diameter of neurons 

(mean diameter, D). The diameter of neuronal cell bodies of both CG and SMG with clear 

nuclear profiles was measured and their size and shape distribution was studied. The cell size 

distribution is shown in Table 1. The size of neurons in pre-aortic ganglia was observed to 

increase progressively with increasing age in all of the different categories of ages studied (i.e. 

E16, E18, E20 and postnatal days 1, 4, 7, 14, 21, 112, 720) (Fig. 5). The smallest neuron at 

embryonic day 16 had a mean diameter of 4.0 µm while the largest neuron at old age was 

observed to have a mean diameter of 21.2 µm. The overall mean ranged from 5.5 to 16.5 and 

SEM of 0.23 to 0.49 at E16 and 24 months respectively. The line graph for the cell body size 

distribution of the CG and SMG with different age groups showed a positive correlation of 

neuron size with increasing age. The positive correlation by Pearson correlation is 0.61 and 0.64 
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for CG and SMG respectively (correlation is significant at the 0.01 level). The increase in size up 

to 21st

 

 day was uniform and this was found to be statistically significant at P < 0.05. However, 

there was a high increase in size between age groups of postnatal days 21 and 112 by 72%, and 

between days 112 and 720 by 96%. These increases in size were found to be statistically 

significant (P < 0.01). Therefore, the one-way ANOVA result revealed a progressive increase in 

the size of neurons with increasing age (Fig. 5). In addition, to see if there is any change in size of 

neurons between CG and SMG paired sample T-test was done. The result indicated that there is 

no significant difference in the mean size of neurons between the two ganglia (P > 0.05).  

 

The ratios of the long axis to the short axis of pre-aortic neurons were studied to determine the 

shape of neurons. In addition to the light microscopic observation of the general shape of the 

neurons, the ratio of the diameters gave numerical indication for the determination of the shape of 

neurons. This coefficient of cell shape which is presented in Table 2 ranged from 1.0 for 

embryonic day 16 to 2.3 for postnatal day 720. The overall mean ranged from 1.3 to 1.7 and SEM 

of 0.04 to 0.07 at E16 and 720 days respectively. According to this coefficient, 1 represents round 

and 2 represents slightly oval in shape. Therefore, in the pre-aortic neurons as age increases from 

embryonic E16 to postnatal 720 days the shape of neurons change from round to slightly oval. 

Furthermore, the result of paired sample T-test indicated that there was no significant difference 

in the mean shape of neurons between the CG and SMG. 
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Table 1: The mean diameter (D) of neurons (in µm) in the pre-aortic ganglia taken from n = 5    

                animals, (Values are in Mean ± SEM). 

 

Age 
(Days) 

CG (D) SMG (D)      CSMG 

E16      -         -   5.55 ± .23    
E18      -         -   5.94 ± .29   
E20      -         -   7.02 ± .73 
1  8.11  ± .38  7.09  ± .34         - 
4  9.19  ± .29  9.21  ± .30         - 
7  9.27  ± .37 10.23 ± .36         - 
14 10.78 ± .32 10.41 ± .46         - 
21 11.46 ± .47 11.40 ± .39         - 
112 15.80 ±.66 15.93 ± .41         - 
720 16.43 ±.78 16.50 ± .49         - 

 

        

 

                    Age (Days) 
 

Figure 5: A line graph illustrating the mean diameter distribution of neurons,                   

               a uniform increment up to 21st day and a huge increment from 21st  

                       day - 4th month and from 4th month - 24th month in the pre-aortic  

               ganglia of the rat. 
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Table 2: The ratios of the long axis to the short axis of neurons in the pre-aortic ganglia from n =  

               5 animals, (Values are in Mean ± SEM). 

 

  

     

 

 

 

 

         4.2.2 Estimation of Number of Neurons in Pre-aortic Ganglia  

              4.2.2.1 The volume of the pre-aortic ganglia 

The absolute volume of CG and SMG as determined by Cavalieri principle was shown in Table 

3. These ranged from 0.12 ± 0.01 to 0.39 ± 0.02 mm3 for CG and 0.10 ± 0.01 to 0.3 ± 0.02 mm3

Age(Days) 

 

for SMG. This figure also showed that CG is greater in the ganglionic volume than the SMG. The 

difference in the mean volume of the ganglia between CG and SMG was analyzed by paired 

sample T-test and the result indicated as there is a significant difference at P < 0.05. In order to 

see if there is any difference in the volume of the ganglia at different age groups one-way 

ANOVA was performed. This showed that there is a significant difference between the different 

age groups (P < 0.05). In addition, multiple comparisons between the different age groups and 

volume of the ganglion indicated that there is a progressive increase in the volume of the 

ganglion with age (Fig. 6). Further statistical analysis to determine if there is any relationship 

between age and volume of the ganglia, indicated that the volume of the ganglion was positively 

correlated with Pearson correlation at 0.751 and 0.752 for CG and SMG respectively (correlation 

CG (ratio) SMG (ratio) CSMG 
E16        -         -  1.30 ± .06 
E18        -         -  1.30 ± .08 
E20        -         -  1.32 ± .10   
1 1.39 ± .12 1.33 ± .06         - 
4 1.36 ± .06 1.36 ± .05         - 
7 1.40 ± .07 1.46 ± .04         - 
14 1.43 ± .04 1.49 ± .06         - 
21 1.49 ± .05 1.53 ± .08         - 
112 1.57 ± .05 1.54 ± .07         - 
720 1.65 ± .05 1.68 ± .08         - 
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is significant at 0.01 level). This is shown in the Box-plot graph (Fig. 6). Similar with the 

significant increment observed in the size of neurons as described in 4.2.1 above, the one-way 

analysis of variance showed that the volume of CG and SMG also progressively increases at 

postnatal days 1 to 21 uniformly, i.e. there is a significant uniform increment in the volume of the 

ganglia at P < 0.05.  However, there was a further pronounced increment in the volume of pre-

aortic ganglia at 21st day through 4 months to 24 months. An average of 111 and 93 points (each 

points with an area of (a/p) = 0.0028 mm3) overlay the 21st day CG and SMG as a whole with a 

mean volume of 0.17 ± 0.019 and 0.14 ± 0.012 mm3 respectively. At 4 month (112 days), this 

average increased to 166 and 126 points, representing a mean volume of 0.26 ± 0.023 and 0.20 ± 

0.010 mm3 respectively. At 24 month (720 days), this average further increased to 244 and 187 

points, representing a mean volume of 0.39 ± 0.02 and 0.30 ± 0.02 mm3 respectively (Table 3). 

The percentage increment in the volume of the ganglion between 21st day & 4 month and 

between 4 month & 24 month was 66% and 73% respectively for CG and 68% and 67% 

respectively for SMG. These indicated that there is a significant increase in the volume of the 

ganglia with increasing age (P < 0.01). 

 Table 3: The volume (Vg) of pre-aortic ganglia (in mm3

Age (Days) 

) in n = 5 animals, (Values are in Mean  

                ± SEM). 

CG Vg SMG Vg 
1 .12 ± .012 .10 ± .010 
4 .13 ± .012 .10 ± .006 
7 .15 ± .014 .12 ± .012 
14 .16 ± .015 .13 ± .012 
21 .17 ± .019 .14 ± .012 
112 .26 ± .023 .20 ± .010 
720 .39 ± .020  .30 ± .020 
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              4.2.2.2 The numerical density of neurons in the pre-aortic ganglia 
 
The numerical density of CG and SMG neurons (per mm3) as determined by the physical 

dissector method at the different age groups is shown in Table 4. In order to see if there is 

significant variation in the numerical density of neurons at the different age groups one-way 

analysis of variance was done. This showed that the numerical density of the neurons decreases 

with increasing age and the statistical analysis is obtained to be significant at P < 0.05. 

Furthermore, the multiple comparisons between the different age groups and the numerical 

density are clearly shown in the Box-plot graph (Fig. 7). Pearson correlation also indicated that 

the numerical density of neurons on both CG and SMG was negatively correlated at -0.694 and -

0.766 respectively (correlation is significant at the level of 0.01). In line with the size of neurons 

and volume of the ganglia, the decrease in the numerical density of neurons observed was 

               

         

       Age (Days) 
 
Figure 6: A Box-plot showing the progressive increase in the volume (Vg in mm3), 

                a uniform increment up to 21st day and a high increment from 21st day - 4th  

                month through 24th month in the pre-aortic ganglia of the rat.  
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uniform at postnatal day 1 up to 21st day. However, there is a further pronounced decrease in the 

numerical density of neurons (per mm3) between 21st day & 4 months and between 4 months & 

24 months. The percentage decrement in the numerical density of neurons in the pre-aortic 

ganglia between 21st day & 4 months and between 4 months & 24 months was found to be 75% 

and 66% respectively for CG and 78% and 66% respectively for SMG. This is shown in Table 4 

and the variation observed between these age groups was highly significant (P < 0.01). In 

addition, paired sample T-test indicated that there is no statistically significant difference between 

the mean numerical density of CG and SMG (P < 0.05). 

 

Table 4: The numerical density of neurons (per mm3

Age (Days) 

) in the pre-aortic ganglia in n = 5  

              animals, (Values are in Mean ± SEM).  

 

CG (Nvn) SMG (Nvn) 
1 244733.33 ± 11365.14 234333.33 ± 8380.06 
4 235433.33 ± 13532.58 225300.00 ± 6909.41 
7 224966.67 ±  8911.93 215400.00 ± 7228.94 
14 217266.67 ± 10920.70 207833.33 ± 5527.13 
21 204266.67 ±  5758.82 193100.00 ± 5187.71 
112 149866.67 ±  5622.97 146600.00 ± 4287.36 
720 108166.67 ±  5078.59 106033.33 ± 4280.76 
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              4.2.2.3 The number of neurons in the pre-aortic ganglia  

 The number of neurons in the CG and SMG as determined by multiplying the numerical density 

of neurons with absolute volume of the ganglia at different age groups is shown in the Table 5. 

To see the change of absolute number with different age groups, one-way analysis of variance 

was done. This showed that there is no significant change between the different age groups at P > 

0.05. In addition, the multiple comparisons in the post hoc test indicated that there is no 

significant difference in the absolute number of neurons between the different age groups. This is 

shown in Box-plot graph (Fig. 8). Furthermore, paired sample T-test indicated that there is 

significant difference in the mean number of neurons between CG and SMG (P < 0.05).  

               

 

                          Age (Days) 
 
Figure 7:  A Box-plot illustrating the progressive decrement in the numerical  

                density of neurons (Nvn), a uniform decrement up to 21st day and a      

                 high decrement from 21st day - 4th month & from 4th month - 24th  

                 month in the pre-aortic ganglia of the rat. 
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Table 5: The number of neurons in the pre-aortic ganglia in n = 5 animals, (Values are in Mean ±  

               SEM). 

  

 

 

      

 

         4.2.3 Estimation of volume fraction of neurons in pre-aortic ganglia. 
 

The volume fraction of neurons in the CG and SMG which was determined from the ratio of 

neurons with in the ganglia is shown in Table 6. In order to see if there is any change in the 

Age 
(Days) 

CG (Nn) SMG (Nn) 

1 29841.80 ± 3743.92 24957.33 ± 2408.04 
4 31233.27 ± 3757.89  25840.00 ± 1590.14 
7 34720.27 ± 3450.11 26535.33 ± 2876.96 
14 37033.13 ± 4087.63 26981.00 ± 2505.70 
21 36869.27 ± 4521.38 28901.33 ± 2693.39 
112 40672.20 ± 4420.05 29836.00 ± 1993.58 
720 42219.67 ± 2915.32 32146.67 ± 2781.11 

               

 

                              Age (Days) 
 
Figure 8: A Box-plot showing the number of neurons (Nn), with no significant  

                 change in the pre-aortic ganglia of the rat with increasing age. 
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volume fraction of neurons at different age groups one-way analysis of variance was done. This 

analysis indicated that the volume fraction of neurons decreases with increasing age and this is 

found to be significant at P < 0.05 (Fig. 9). In support of the decrease in the numerical density of 

neurons in the pre-aortic ganglia, the volume fraction of neurons was found to decrease with 

increasing age. The decrement was uniform at postnatal day 1 upto 21st day. However, there is a 

huge decrease in the volume fraction of neurons between 21st day & 4 months and between 4 

months & 24 months. The percentage decrement between 21st

Age (Days) 

 day & 4 months and between 4 

months & 24 months was 63% & 76% respectively for CG and 65% & 87% respectively for 

SMG. Further statistical analysis by Pearson correlation indicated that the volume fraction of 

neurons is negatively correlated with age at -0.728 for CG and -0.701 for SMG (correlation is 

significant at the 0.01 level). The total volume of neurons in the CG and SMG which was 

determined by multiplying the volume fraction of neurons with the volume of the ganglia is 

shown in Table 8. The One-way ANOVA indicated that there is uniform variation in the total 

volume of neurons up to adult, but there is a significant increment from adult (4 months) to 

ageing (24 months). The paired sample T-test indicated that there is no significant difference in 

the mean volume fraction of neurons between CG and SMG, but there is significant difference in 

the mean total volume of neurons (P < 0.05).     

Table 6: The volume fraction of neurons in the pre-aortic ganglia in n = 5 animals,  

                (Values are in Mean ± SEM). 

CG Vv SMG Vv 
1 .36  ±  .010 .36 ± .006 
4 .35  ±   .011 .35 ± .006 
7 .35  ±   .015 .34 ± .010 
14 .34  ±   .011 .33 ± .008 
21 .33  ±   .067 .32 ± .014 
112 .21  ±   .012 .21 ± .014 
720 .16  ±   .012 .18 ± .013 
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Table 7: The total volume of neurons in the pre-aortic ganglia in n = 5 animals,  

              (Values are in Mean ± SEM). 

 
 
 
 
 
 
 
 
 
 
                                   

Age (Days) CG V(N) SMG V(N) 
1 .044 ± .0049 .035 ± .0041 
4 .047 ± .0047 .039 ± .0022 
7 .055 ± .0066 .043 ± .0051 
14 .058 ± .0068 .045 ± .0047 
21 .058 ± .0069 .049 ± .0055 
112 .059 ± .0068 .058 ± .0046 
720 .066 ± .0067 .064 ± .0061 

               

 

          Age (Days) 
 
Figure 9: A Box-plot illustrating the progressive decrement in the volume 

              fraction of neurons (Vv), a uniform decrement up to 21st day and  

              a high decrement from 21st day - 4th month through 24th month in  

              the pre-aortic ganglia of the rat. 
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                                  5. DISCUSSION 
 
 
The lack of specific and complete information on the age-related morphological changes and the 

changes in the numerical distribution of neurons in the pre-aortic ganglia of the rat was the main 

reason for carrying out this investigation. In addition, the time at which the ganglia appear, show 

developmental changes from the young to adult and the effect of ageing in the pre-aortic ganglia 

of the rat has not been adequately studied. However, several studies are available which 

investigated the sympathetic ganglia from varied angles. These include investigation on the 

sympathetic ganglia dealing with the gross anatomy of the celiac and superior mesenteric plexus 

in dogs (Dyce et al., 1997), effect of age on the hypogastric and thirteen thoracic ganglia of the 

rat (Warburtor and Santer, 1997), structure and ultrastructural changes in the celiac-mesenteric 

ganglion complex of the dog (Ribeiro et al., 2002), macro and microstructural organization of the 

dog's inferior mesenteric ganglion complex (Ribeiro, et al., 2003). In addition, the majority of the 

investigations dealing with sympathetic ganglia have focused on the superior cervical, celiac and 

pelvic ganglia in the laboratory animals, mainly rats and mice, in the adult and ageing only 

(Gabella et al., 1992; Gabella and Uvelius, 1993; Gabella, 1995; Miolan and Niel, 1996). 

 

In this study the pre-aortic ganglia is found to be constituted of a ganglionic mass and had almost 

circular profile with some irregularity on the borders. This is in line with what was described by 

Gabella (1995) in the rats. The ganglionic mass is characterized by the presence of connective 

tissue capsule surrounding each ganglion. In the celiac and superior mesenteric ganglionic masses 

there were no distinct units observed clearly separated by septae. This result is in agreement with 

Hsieh et al., (2000), who found in their study of the localization of sympathetic neurons 

innervating the superior mesenteric vein and artery, the vasomotor neurons were dispersed along 

the celiac and superior mesenteric ganglia in rats with no grouping of the cells into specific units. 
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However, showing species variation, this characteristic is different in the pre-aortic ganglia of 

dogs where the celiac-mesenteric ganglia is wrapped in a single vascularized connective tissue 

capsule and composed of distinct units clearly separated by septae containing collagen and 

reticular fibers and capillaries (Ribeiro et al., 2003; Miolan and Niel, 1996). In addition, a similar 

pattern of subdivisions of the ganglia has been described in buffalo and domestic cat (Ribeiro et 

al., 2000 a, b). Structurally, the pre-aortic ganglia receive connection not just from the spinal cord 

via the splanchnic nerves, but also from neurons localized in the intestinal wall (enterics) and 

from other pre-aortic ganglia (Ribeiro et al., 2003). In addition, the observations of vagal nerve 

terminals in close contact with the celiac, mesenteric and suprarenal ganglion cells suggest a 

vagal flux to these ganglionic cells (Berthoud and Powley, 1996). Lee et al., (1987) also 

described calcitonin-immunoreactive nerve fibers originating from the sensory ganglia of the 

dorsal root and form axodendritic synaptic contact with ganglionic cells in the sympathetic 

ganglia of dogs. Gibbins et al., (2000) reported that in many of the sympathetic ganglia, 

chemically similar neurons are grouped or separated into zones in order to facilitate hetrosynaptic 

interaction. This could be associated with organization of intraganglionic transmission, 

modulating the synaptic activity inside and between different functional pathways as described 

by Gabella et al., (1988). However, as shown in this study such distinct segmentation of 

ganglionic masses into separate units is not present in the pre-aortic ganglia of the rat.  

Nevertheless, it would be of interest and a matter of further investigation whether there is any 

functional segregation of the neurons into different units in the pre-aortic ganglia of the rat but 

not clearly demarcated structurally.  

 

Three types of cells; neurons, glial cells or satellite cells and small granular cells were observed 

in the developing, adult and ageing rat pre-aortic ganglia. In line with this result, Szurszewski and 
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Millar (1994) reported the same types of cells in the sympathetic ganglia of the rat. With regard 

to cytological neuron features, no binucleated neuron was observed in the pre-aortic ganglia of 

the rat. This is in agreement with Appenzeller (1990) and Miolan and Niel (1996) who reported 

that in mammals these cells are mononucleated, although Ermilov et al., (2000) have found 

binucleated neurons in the guinea-pigs. Furthermore, the predominance of neurons with eccentric 

nucleus which are occasionally binucleolated was observed. The same was reported by Ribeiro et 

al., (2003). The neurons observed in the pre-aortic ganglia were all individually ensheathed by a 

single layer of satellite cells (glial cells), such glial cell arrangement gives rise to a glial capsule 

which is suggested to limit the diffusion of extracellular fluids, in contrast to what is found, for 

example, in the sensory ganglia where the satellite cells are arranged loosely around the principal 

neurons allowing a free diffusion of neurotracers, such as horseradish peroxidase (Gabella, 1995). 

The third major cell type observed in the pre-aortic ganglia of the rat was small granular cells 

which are also called chromaffin cells. These cells are clearly evident at the light microscopic 

level, where the identification is based on their occurrence as small clusters, usually associated 

with neurons and blood vessels (Gabella, 1995). In spite of the nomenclature that was historically 

adopted for these cells as "formaldehyde-induced fluorescence" due to their catecholamine 

content, they can also be identified using standard light microscopy (Ribeiro et al., 2002). 

Elsewhere, using light and transmission electron microscopy, the presence of small-granule 

containing cells were reported in the superior cervical ganglia of the rat (Matthews and Raisman, 

1969). These cells function as neuroendocrine or interneuronal cells which send monoaminergic 

impulses to the neurons (Ribeiro, 2002).  

 

 Blood vessels with different sizes were observed inside the pre-aortic ganglionic masses, 

particularly in the interstitial connective tissue. A similar observation on the presence of blood 
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vessels was also reported by Warburtor and Santer (1997), in the hypogastric ganglia of the rat. 

However, detailed investigation in the vascular organization needs to be studied from an overall 

perspective, focusing on its relationship with other ganglionic elements such as connective tissue, 

nerve cells and mainly their distribution along the ganglionic mass.  

 

Only a limited number of studies are available on the development of pre-aortic sympathetic 

ganglia. The prevertebral plexus has been reported to differentiate from the pre-aortic 

sympathetic tissue starting from E15 in the mouse (Fernholm, 1972). In the rat, neural crest cells 

start migration ventrally around the 10th embryonic day (Black, 1978). Such migrating neural 

crest cells give rise to the sympathetic chain ganglia on the 12-13th

The stereological analysis performed in this study included unbiased estimation of size and shape  

of neurons, volume of the ganglion, numerical density of neurons per unit volume, number of 

 day of gestation with a cranio-

caudal time gradient. Thereafter, some catecholamine containing cells migrate further to the 

lateral and ventral aspects of the aorta. These cells differentiate later to the noradrenaline and 

adrenaline synthesizing cells of the adrenal medulla and to the pre-aortic sympathetic cells 

(Ahonen et al., 1987). In this study, the rat celiac-superior mesenteric ganglion complex was 

observed as compact cell islets around the origins of the celiac and superior mesenteric arteries 

along the abdominal aorta at E16. These islets consisted mainly of neuron-like cells and some 

clusters of small granular cells. The presence of such ganglionic cells in the rat at this 

developmental stage has also been previously reported by Ahonen et al., (1989). During the 

subsequent stages of development, the pre-aortic ganglia of the rat showed different changes in 

the morphology and numerical distribution of neurons. These were evident from the stereological 

studies carried out in this study. 
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neurons, volume fraction of neurons with in the extracellular matrix and the total volume of 

neurons at different age groups. These parameters are suitable mechanisms for investigating the 

numerical distribution and the morphological changes of pre-aortic ganglia with age. In each 

case, adequate representative samples were taken until the whole ganglia were completely 

sectioned. The sampling method was as used by other investigators for similar studies 

(Warburton and Santer, 1997), and is free from bias. In addition, estimation of volume fraction of 

neurons in relation to the extracellular matrix has revealed developmental changes with 

increasing age and the effect of ageing on pre-aortic ganglia of the rat. 

 

In this study, the mean diameter of neurons was observed to show a uniform progressive increase 

in the developing rat pre-aortic ganglia and a further pronounced increase in the adult and ageing 

rats. The uniform progressive increment seen during development appears to follow the normal 

development for functional maturity of the neurons and may be accounted for by the increase in 

the functionally active component of the cytoplasm, such as the Nissl granules. The huge 

increment specially observed in the neurons of ageing rats of pre-aortic ganglia is, however, 

interesting; the exact reason for such an increase during this stage needs further investigation. 

However, the accumulation of lipofuscin granules (ageing pigments) may partly contribute for 

the increase. 

 

Changes in the shape of neurons in the pre-aortic ganglia were observed as age increases from 

embryonic days to ageing. The change in shape was from circular or round to slightly oval. This 

change may be due to normal functional maturity of the cells with increased neurite sprouting for 

development and establishment of neuronal connectivity. Furthermore, the change in the shape of 

neurons could also be related with the gradual increase in the angular nature of multipolar 
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neurons. A similar trend of change in the shape of neurons was also reported in the celiac-

mesenteric ganglion complex and inferior mesenteric ganglia of the dog (Ribeiro, et al., 2002; 

2003). 

 

The other observation made in this study was the significant decrease in the numerical density of 

neurons (number of neurons per unit volume) found in the pre-aortic ganglia of the rat with 

increasing age. The decrement is more pronounced in the ageing (24 months) rat pre-aortic 

ganglia. This reduction in the neuronal packing density may be explained interms of the 

following two reasons. Firstly, as the neurons increase in size with increasing age a relatively 

fewer number of neurons occupy a similar volume in the ganglia (which also increases in size) as 

was occupied by a larger number of small sized neurons. Supporting this, it is also found that the 

total volume of pre-aortic neurons progressively increased with age and there is a pronounced 

increment from adult to ageing. This increment in the neuron cell volume with increasing age 

appears to be due to the growth of the neurons. Furthermore, the pronounced increase in the cell 

volume during ageing might be due to the accumulation of lipofuscin granules (age pigments), 

but may not necessarily be associated with increase in the functionally active parts of the 

cytoplasm. Secondly, the reason for the decrease in the neuronal packing density could be 

because the neurons are dispersed by an increasing production and deposition of the extracellular 

matrix with increasing age. In line with this, the finding that the volume of the pre-aortic ganglia 

increased respectively, by 73% and 67% between 21st day & 4 months and between 4 months & 

24 months with no significant increase in the absolute number of neurons, the increase in the 

amount of interstitial connective tissue with increasing age could be realized. Consequently, the 

number of neurons being included in the frame area, and hence in the count, is decreased. In 

agreement with this, estimation of volume fraction of neurons within the ganglia that indicates 
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the relative proportion of neurons verses that of the interstitial connective tissue in the CG and 

SMG significantly decreased with increasing age. 

 

In agreement with the present observation, Warburton and Santer, (1997) have reported that in 

the sympathetic ganglia the small sized neurons during development are found more closely 

grouped together, while the large neurons are more spread out, separated by a greater amount of 

interstitial connective tissue in aged ganglion. The other alternative that the reduction in the 

observed neuronal packing density could be due to an overall reduction in the number of neurons 

of the pre-aortic ganglia is unlikely. This has also been found not to be the case as the study from 

the dissector analysis showed that there is no significant change in the absolute number of 

neurons in the ganglion as mentioned above. This is in agreement with the widely held view that 

neurons are ' post-mitotic' cells showing no mitotic activity once they reach functional maturity.            
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                                  6. CONCLUSION 

 

This study has revealed that in the pre-aortic ganglia (CG and SMG) of the rat, morphology and 

numerical distribution of neurons are affected by age from development to ageing. These age-

related changes may reflect functional changes occurring in the target organs of the pre-aortic 

ganglia, which include stomach, intestine and accessory glands (liver and pancreas). 

In the pre-aortic ganglia the size of neurons progressively increases with increasing age. The 

shape of neurons also shows a change in the different age groups. In addition, the pre-aortic 

ganglia as a ganglionic mass comprise three cell types: neurons, glial cells or satellite cells and 

small granular cells. These cells may act as a morphofunctional unit of the pre-aortic ganglia 

independent of age of the animals. 

Stereological analysis has revealed the following changes in the Pre-aortic ganglia with 

increasing age. The total number of neurons in the pre-aortic ganglia remains unchanged with 

increasing age. However, while the volume of pre-aortic ganglia progressively increases the 

numerical density of neurons progressively decreases with increasing age. Such increase in the 

ganglionic volume and decrease in the neuronal packing density closely correlated with an 

increasing change in the extracellular matrix with increasing age. Furthermore, the total volume 

of pre-aortic neurons progressively increases up to adulthood, but the more pronounced 

increment occurs from adult to ageing. This huge increment in the neuron cell volume in ageing 

may partly be accounted for by the observed accumulation of lipofuscin granules (age pigments).  
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                                  7. RECOMMENDATIONS 

 

• The relationship of age-related changes in morphological and numerical distribution with 

the functions of the target organs needs investigation. 

 

• Although the number of pre-aortic neurons is constant in the young, adult and ageing rats, 

further investigation is needed to answer why there is significant increment in the amount 

of extracellular matrix, and hence in the volume of the ganglia with age. 
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                                  9. APPENDICES 

  Appendix A: Tissue Preparation 

   A.1 Solutions for Tissue Processing 

      A.1.1  4 % Formaldehyde in 0.1M Phosphate Buffer 

        The 4 % formaldehyde is prepared by adding 50 ml of 40 % formalin to 450 ml of     

        0.1M phosphate buffer solution. 

       A.1.2  0.1M Phosphate Buffer at PH 7.3 

                      Solution A: 

                           Potassium dihydrogen orthophosphate       7.8 gm 

                           Distilled water                                             250 ml 

                      Solution B: 

                           Disodium hydrogen orthophosphate           7.07 gm 

                           Distilled water                                             250 ml 

                 Add solution A to solution B until a PH of 7.3 is reached. 

    A.2 Preparation of Albumin Coated Glass Slides 

            - Dissolve 50 ml of egg albumin in 50 ml of glycerin in 1:1 ratio.  

            - Dip slides, arranged in a clean slide rack, into the solution for 2 minutes.  

            - Leave the slides to air dry for 10 minutes. 

    A.3 Toluidine blue stain preparation 

                     Staining solutions: 

                              Toluidine blue stain                      1 gm 

                               Distilled water                             100 cm3 

                               Acetic acid                                   0.25 cm

     

3 
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A.4 Toluidine blue Staining Procedure 

           - Rinse sections in water. 

           - Stain sections for 20-30 minutes in 0.1 % toluidine blue made in distilled water. 

           - Rinse in distilled water. 

           - Dehydrate in successive concentrations of 50%, 70%, 90% and two 100%  

             alcohol. 

          - Clean in two changes of xylene, mount with a mountant and coverslip. 

 

Appendix B: Setting of stereological grids 

     The following set of grids were used in the stereological study of this investigation  

    and all of them were obtained as a set of photocopiable masters from Agar Scientific       

    Ltd. 

    B.1 Point Grids 

    In each case the grids (P3 and P4) are quadratic and a multiple of the fundamental  

    inter-point spacing of the grid, ∆x, is shown. On the grid, after measuring the distance  

    between a known number of grid spacing, the calculation of the area per point (a/p)  

   of the grid, corrected for magnification (M) will be obtained from a/p = ∆x2/M2

 

 .For     

   multipurpose grid (P4), the ratio of plain points to circled points is 9:1. 
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B.1.1 Point-counting Grid P3 (for estimation absolute volume of the ganglion). 
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B.1.2 Point-counting Grid P4 (for estimation volume fraction of neurons with in the  

              ganglia). 
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B.2 Sampling Frames 

      In the case of sampling frames F4, the frames are square and a multiple of the frame  

     width, ∆x, is shown. The calculation of the area per frame-associated point (a/f),  

     corrected for magnification will be obtained from a/f = ∆x . ∆y / M2

 

. The sampling  

     frame, F4 was used for estimation the numerical density of neurons per unit volume. 
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