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ABBREVIATIONS

AM: Adrenomedullin

Amb: Nucleus Ambiguus

AP: Area Postrema

BDNF: Brain-Derived Neurotrophic Factor

Cu: Cuneate Nucleus

DION: Dorsal Inferior Olivary Nucleus

DMNV: Dorsal Motor Nucleus of the Vagus

ERK: Extracellular signal-Regulated Kinase

GDNF: Glial cell line-Derived Neurotrophic Factor

Gr: Gracile nucleus

ION: Inferior Olivary Nucleus
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MedVe: Medial Vestibular Nucleus

MION: Medial Inferior Olivary Nucleus

NCAM: Neural Cell Adhesion Molecule

NSTT: Nucleus of the Spinal Trigeminal Tract

NT: Neurotensin

NTR: Neurotensin Receptor

NTS: Nucleus Tractus Solitarii

PDE: Phosphodiesterase

PION: Principal Inferior Olivary Nucleus

SD: Standard Deviation

TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP Nick End-Labelling

XII: Hypoglossal Nucleus
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ABSTRACT

INTRODUCTION – Central and peripheral structures, as the medullary nuclei and the carotid body, strictly

cohoperate for cardiovascular and respiratory regulation. In the literature, comprehensive and unbiased

analyses of morphometric parameters and apoptosis phenomena in infant and adult medullary nuclei are

still lacking. Data about local expression of different phosphodiesterase isoforms are also still poor. In

the carotid body, many different neurotransmitters/neuromodulators, adhesion molecules and signalling

transduction components have been identified but data are still lacking about the presence of some of

these, such as adrenomedullin (AM), neurotensin receptors, Neural Cell Adhesion Molecule (NCAM),

extracellular signal-regulated kinase (ERK), AKT. The aim of the present work was to give a

comprehensive analysis of morphometric parameters and apoptosis phenomena in human medullary

nuclei and to analyse the presence of the above components in the carotid body.

MATERIALS AND METHODS – Materials consisted of medullae oblongatae sampled at autopsy from 22

adults and 10 infants, and carotid bodies sampled at autopsy from 16 adult subjects and 6 foetuses. A

morphometric analysis with the optical disector method was performed to calculate the neuronal

densities, nuclear volumes and total neuron numbers of medullary nuclei. Apoptosis was also studied by

terminal deoxynucleotidyl transferase-mediated dUTP nick end-labelling (TUNEL) and the mean

percentages (± Standard Deviation) of TUNEL-positive neurons were morphometrically analysed. The

regional distribution and cellular localization of four isozyme forms of the phosphodiesterase 4

(PDE4A, PDE4B, PDE4C and PDE4D) were also studied in 8 of the above adult subjects by in situ

hybridization. In the study of the carotid body, we analysed by immunocytochemistry and double

immunofluorescence the expression of AM, neurotensin receptor 1 (NTR1), NCAM, ERK and pERK,

AKT and pAKT. AM, ERK/pERK and AKT/pAKT were also studied in foetal samples.

RESULTS – In both adults and infants, higher neuronal densities were found in the more ventrally located

nuclei of the spinal trigeminal tract (NSTT) (mean values ± Standard Deviation: 9217±2146 n/mm3 and

21347±5006 n/mm3, respectively) and inferior olivary complex (PION: 9149±1341 n/mm3 and

20910±1582 n/mm3; MION: 10102±3024 n/mm3 and 19267±3475 n/mm3; DION: 11318±3704 n/mm3
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and 23124±6740 n/mm3, respectively) than in the nuclei of the medullary tegmentum, i.e., hypoglossal

nucleus (XII) (1070±343.4 n/mm3 and 2799±1292 n/mm3), dorsal motor nucleus of the vagus (DMNV)

(1663±431.4 n/mm3 and 2915±568.1 n/mm3), nucleus tractus solitarii (NTS) (2982±639.9 n/mm3 and

8150±1735 n/mm3), medial vestibular nucleus (MedVe) (2964±380.8 n/mm3 and 6958±1076 n/mm3)

and cuneate nucleus (Cu) (1061±238.7 n/mm3 and 2686±843.6 n/mm3). All the medullary nuclei

showed higher volumes and lower neuronal densities in adults than in infants, without statistically

significant differences in total neuron numbers. Statistically significant differences between adults and

infants were found in the neuronal apoptotic indexes of the Cu (28.2±16.3% vs. 6.9±8.7%), MedVe

(24.7±15.0% vs. 11.3±11.4%), NTS (11.2±11.2% vs. 2.3±2.4%), DMNV (6.8±8.5% vs. 0.1±0.2%) and

XII (6.6±5.7% vs. 0.1±0.2%). Differences in neuronal apoptotic index were also statistically significant

among nuclei, those with higher neuronal apoptotic indexes being the Cu, MedVe and NSTT. In the

medullary nuclei PDE4B and PDE4D mRNA expression was abundant and distributed not only in

neuronal cells, but also in glial cells, especially on and around blood vessels. The hybridization signals

for PDE4B and PDE4D mRNAs in the AP were stronger than in any other nucleus considered. They

were also found in vomiting-related nuclei such as NTS and DMNV. In the carotid body, no AM,

NTR1, and NCAM immunoreactivities were visible in type II cells. Anti-NTR1 and -NCAM

immunohistochemistries showed positivity in 45.6 ± 9.2% and 78.3 ± 7.2% of adult type I cells,

respectively. Higher percentages of positive type I cells were found in adult than foetal subjects for anti-

AM (32.3 ± 7.7% vs 11.8 ± 2.7%, P<0.001), -ERK (32.3 ± 7.7% vs 11.8 ± 2.7%, P<0.001), -pERK

(32.3 ± 7.7% vs 11.8 ± 2.7%, P<0.001), -AKT (32.3 ± 7.7% vs 11.8 ± 2.7%, P<0.001) and -pAKT (32.3

± 7.7% vs 11.8 ± 2.7%, P<0.001) immunohistochemistries.

DISCUSSION – The higher nuclear volumes and lower neuronal densities in adults may be ascribed to

postnatal development of the neuropil and microvascularization. The higher apoptotic indexes in adults

indicate higher resistance of infant neuronal populations to terminal hypoxic-ischaemic injury or post-

mortem changes. Moreover, nuclei with higher apoptotic indexes are located in the lateral medullary

tegmentum and share the same vascular supply from the posterior inferior cerebellar artery, suggesting
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different characteristics of survival on vascular basis. High PDE4 expression in the AP suggests that

cAMP signaling modification could mediate the emetic effects of PDE4 inhibitors in human brainstem.

Immunohistochemical findings in the carotid body suggest that AM and NT may play a role in the

regulation of chemoreceptor discharge. The high expression level of NCAM in the carotid body

indicates a role in regulating adhesion between type I cells. It may be hypothetized that the ERK and

AKT signalling pathways in the carotid body are activated by neuromodulator/neurotrophic factors and

plays a role in producing long-term cellular modifications. The lower expression of AM, ERK/pERK,

and AKT/pAKT in foetuses may be ascribed to the absence of pulmonary respiration with lack of

regulatory role of the carotid body during the prenatal period.
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RIASSUNTO

INTRODUZIONE – Strutture nervose centrali e periferiche, quali i nuclei bulbari ed il glomo carotideo,

cooperano alla regolazione cardiovascolare e respiratoria. Le conoscenze dei parametri morfometrici e

dei fenomeni apoptotici nei nuclei bulbari di adulti e bambini, così come quelle relative all’espressione

locale delle isoforme delle fosfodiesterasi, sono ancora limitate. Nel glomo carotideo sono stati

individuati molti neurotrasmettitori/neuromodulatori differenti, molecole di adesione e componenti di

vie di trasduzione del segnale ma non ci sono ancora dati sulla presenza di alcuni di essi, quali

l’adrenomedullina (AM), i recettori della neurotensina, la molecola di adesione cellulare neurale

(NCAM), la chinasi regolata da segnale extracellulare (ERK) ed AKT. Scopo del presente lavoro è

fornire un’analisi completa dei parametri morfometrici e dei fenomeni apoptotici dei nuclei bulbari

umani e analizzare la presenza delle componenti sovrariportate nel glomo carotideo.

MATERIALI E METODI – I materiali usati sono stati bulbi encefalici prelevati in corso di autopsia da 22

adulti e 10 bambini e glomi carotidei prelevati da 16 adulti e 6 feti. E’ stata effettuata un’analisi

morfometrica con il metodo del dissettore ottico per calcolare le densità neuronali, i volumi nucleari e i

numeri totali di neuroni dei nuclei bulbari. E’ stata altresì studiata l’apoptosi mediante terminal

deoxynucleotidyl transferase-mediated dUTP nick end-labelling (TUNEL) e sono state analizzate

morfometricamente le percentuali medie (± Deviazione Standard) dei neuroni TUNEL-positivi. E’ stata

studiata la distribuzione regionale e cellulare delle quattro isoforme della fosfodiesterasi 4 (PDE4A,

PDE4B, PDE4C e PDE4D) in 8 dei soggetti adulti mediante ibridazione in situ. Per quanto riguarda

l’analisi dei glomi carotidei si è proceduto allo studio con immunoistochimica ed immunofluorescenza

doppia dell’espressione di AM, recettore della neurotensina di tipo 1 (NTR1), NCAM, ERK e pERK,

AKT e pAKT. L’analisi d’espressione di AM, ERK/pERK e AKT/pAKT è stata altresì effettuata su

prelievi fetali.

RISULTATI – Sia negli adulti che nei bambini densità neuronali maggiori sono state trovate nei nuclei

localizzati ventralmente, ossia il nucleo del tratto spinale del trigemino (NSTT) (valori medi ±

Deviazione Standard: 9217±2146 n/mm3 e 21347±5006 n/mm3, rispettivamente) ed il complesso olivare
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inferiore (PION: 9149±1341 n/mm3 e 20910±1582 n/mm3; MION: 10102±3024 n/mm3 e 19267±3475

n/mm3; DION: 11318±3704 n/mm3 e 23124±6740 n/mm3, rispettivamente), che nei nuclei del tegmento

bulbare, cioè il nucleo ipoglosso (XII) (1070±343,4 n/mm3 e 2799±1292 n/mm3), il nucleo motore

dorsale del vago (DMNV) (1663±431,4 n/mm3 e 2915±568,1 n/mm3), il nucleo del tratto solitario

(NTS) (2982±639,9 n/mm3 e 8150±1735 n/mm3), il nucleo vestibolare mediale (MedVe) (2964±380,8

n/mm3 e 6958±1076 n/mm3) ed il nucleo cuneato (Cu) (1061±238,7 n/mm3 e 2686±843,6 n/mm3). Tutti

i nuclei bulbari presentavano volumi maggiori e densità neuronali minori negli adulti rispetto ai

bambini, senza differenze statisticamente significative nel numero totale di neuroni. Differenze

statisticamente significative tra adulti e bambini sono state trovate negli indici apoptotici neuronali del

Cu (28,2±16,3% vs. 6,9±8,7%), MedVe (24,7±15,0% vs. 11,3±11,4%), NTS (11,2±11,2% vs.

2,3±2,4%), DMNV (6,8±8,5% vs. 0,1±0,2%) e XII (6,6±5,7% vs. 0,1±0,2%). Differenze statisticamente

significative erano altresì presenti per quanto riguarda il confronto tra i diversi nuclei, con il Cu, il

MedVe ed il NSTT che mostravano i maggiori indici apoptotici neuronali. Nei nuclei bulbari l’mRNA

di PDE4B e PDE4D era abbondante e distribuito non solo nelle cellule neuronali ma anche nelle cellule

gliali, soprattutto in vicinanza dei vasi sanguigni. I segnali di ibridazione per PDE4B e PDE4D erano

più intensi nell’AP che in ogni altro nucleo considerato. Sono stati altresì trovati in nuclei implicati nei

meccanismi del vomito come il NTS ed il DMNV. Nel glomo carotideo non sono state rilevate

immunoreattività per AM, NTR1, e NCAM a carico delle cellule di tipo II di entrambe le casistiche.

Analisi immunoistochimiche anti-NTR1 ed –NCAM hanno evidenziato positività del 45,6±9,2% e

78,3±7,2% delle cellule di I tipo dei soggetti adulti, rispettivamente. Percentuali maggiori di cellule di

tipo I positive sono state trovate negli adulti rispetto ai feti all’esame immunoistochimico per AM

(32,3±7,7% vs 11,8±2,7%, P<0,001), ERK (32,3±7,7% vs 11,8±2,7%, P<0,001), pErk (32,3±7,7% vs

11,8±2,7%, P<0,001), Akt (32,3±7,7% vs 11,8±2,7%, P<0,001) e pAkt (32,3±7,7% vs 11,8±2,7%,

P<0,001).

DISCUSSIONE – I maggiori volumi nucleari e le minori densità neuronali rilevati negli adulti possono

essere ascritti allo sviluppo postnatale del neuropilo e delle microvascolarizzazione. I maggiori indici
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apoptotici neuronali rilevati negli adulti indicano una maggiore resistenza delle popolazioni neuronali

infantili agli insulti ipossico-ischemici o ai cambiamenti postmortali. Inoltre i nuclei con maggiori indici

apoptotici sono localizzati nel tegmento bulbare laterale e condividono la stessa irrorazione vascolare

dall’arteria cerebellare posteriore inferiore, suggerendo differenti caratteristiche di sopravvivenza su

base vascolare. L’elevata espressione di PDE4 nell’AP suggerisce che modificazioni delle vie del

segnale che coinvolgono cAMP possano mediare gli effetti emetici degli inibitori di PDE4 nei tronchi

encefalici umani. I reperti immunoistochimici nel glomo carotideo suggeriscono che l’AM e la NT

possano svolgere un ruolo nella regolazione dell’attività chemorecettoriale del glomo. L’elevato livello

di espressione di NCAM nel glomo carotideo indica un ruolo nella regolazione dell’adesione tra cellule

di tipo I. Si può altresì ipotizzare l’attivazione delle vie di trasduzione del segnale ERK e AKT da parte

di neuromodulatori/fattori neurotrofici, con possibile ruolo nella produzione di modificazioni cellulari a

lungo termine. La minore espressione di AM, ERK/pERK, ed AKT/pAKT nei feti può essere ricondotta

all’assenza di respirazione polmonare con mancanza del ruolo regolatorio del glomo carotideo durante il

periodo prenatale.
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INTRODUCTION

The centres of cardiovascular and respiratory regulation, in particular the nucleus tractus solitarii (NTS),

dorsal motor nucleus of the vagus (DMNV), nucleus ambiguus (Amb), area postrema (AP), reticular

formation, are mainly located in the central nervous system at the level of the medulla oblongata. The

action of these nuclei is modulated by inputs arriving from peripheral structures such as the carotid

sinus, a baroreceptor sensing peripheral blood pressure, and carotid body, a chemoreceptor sensing

hypoxia, hypercapnia and acidosis.

The present work is focused on some neuroanatomic and neuropathologic aspects of MEDULLARY NUCLEI,

with particular reference to those involved in cardiorespiratory regulation, and of CAROTID BODY.

MEDULLARY NUCLEI

The medulla oblongata contains numerous intrinsic neuron cell bodies and their processes, some of

which are homolog of spinal neuronal groups. These include the sites of termination and cells of origin

of axons that enter or leave the medulla oblongata through the cranial nerves. They provide the sensory

and motor innervation of structures that are mostly in the head and neck. Additional groups of neurons

receive inputs related to the special senses of hearing, vestibular function and taste. The reticular

formation is an extensive, often ill-defined network of neurons that extends throughout the length of the

medulla oblongata. Some of its nuclei are concerned with cardiac and respiratory control, others in

aspects of many neural activities, and yet others provide or receive massive afferent and efferent

cerebellar projections (Standring et al., 2005). In particular, the neurons involved in autonomic

regulation are located approximately in the middle of each half of the medulla, extending obliquely from

a region lateral and rostral to the hypoglossal nucleus (XII) across the reticular formation to the

ventrolateral surface. The regions involved are the NTS, DMNV, and the intermediate reticular zone,

which includes the region of the ventrolateral medulla adjacent to the surface. In a transverse section of

the medulla at the caudal end of the fourth ventricle these nuclei are located in the ventricular floor
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interposed between the XII and the caudal ends of the inferior and medial vestibular nuclei. Moreover at

this medullary level, the total area of grey matter is increased by the presence of the large olivary

nuclear complex and nuclei of the vestibulocochlear, glossopharyngeal, and accessory nerves. The

arcuate nuclei are curved, interrupted bands, ventral to the pyramids. They project mainly to the

contralateral cerebellum through the inferior cerebellar peduncle. The inferior olivary nucleus (ION) is a

hollow, irregularly crenated grey mass. It has a longitudinal medial hilum, and is surrounded by

myelinated fibres which form the olivary amiculum. Dorsolateral to the pyramid, it underlies the olive

but ascends within the pons.

Gracile and cuneate nuclei

The gracile (Gr) and cuneate (Cu) nuclei are part of the pathway that is considered to be the major route

for discriminative aspects of tactile and locomotor sensation. Gr and Cu are continuous with the central

gray substance of the medulla spinalis, and may be regarded as dorsal projections of this, each being

covered superficially by the fibers of the corresponding fasciculus. On transverse section Gr appears as a

single, more or less quadrangular mass. The upper regions of both nuclei are reticular and contain small

and large multipolar neurons with long dendrites. The lower regions contain clusters of large round

neurons with short and profusely branching dendrites. Upper and lower zones differ in their connections

but both receive terminals from the dorsal spinal roots at all levels. Cu is divided into several parts. Its

middle zone contains a large pars rotunda, in which rostrocaudally elongated medium-sized neurons are

clustered between bundles of densely myelinated fibres. The reticular poles of its rostral and caudal

zones contain scattered, but evenly distributed, neurons of various sizes. The pars triangularis is smaller

and laterally placed. There is a somatotopic pattern of termination of cutaneous inputs from the upper

limb upon the cell clusters of the pars rotunda. Terminations are diffuse in the reticular poles. The nuclei

also contain interneurons, many of which are inhibitory.
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The accessory cuneate nucleus, dorsolateral to Cu, is part of the spinocerebellar system of precerebellar

nuclei and contains large neurons like those in the spinal thoracic nucleus. These form the posterior

external arcuate fibres, which enter the cerebellum by the ipsilateral inferior peduncle.

Vestibular nucleus

The medial vestibular nucleus (MedVe) continues a little from the medulla into the pontine tegmentum,

and is separated from the inferior cerebellar peduncle by the lateral vestibular nucleus. It is one of the

vestibular nuclei, together with the lateral (Deiters' nucleus), superior and inferior vestibular groups,

laterally placed in the rhomboid fossa of the fourth ventricle, subjacent to the vestibular area. They all

receive fibres from the vestibulocochlear nerve and send axons to the cerebellum, medial longitudinal

fasciculus, spinal cord and lateral lemniscus. MedVe broadens, then narrows as it ascends from the

upper olivary level into the lower pons, where it separates the vagal nucleus from the floor of the fourth

ventricle. It is crossed by the striae medullares nearer the floor. Below, it is continuous with the nucleus

intercalatus. The inferior vestibular nucleus (which is the smallest) lies between MedVe and inferior

cerebellar peduncle, from the level of the upper end of Gr to the pontomedullary junction. It is crossed

by descending fibres of the vestibulocochlear nerve and the vestibulospinal tract. The lateral vestibular

nucleus lies just above the inferior nucleus, and ascends almost to the level of the abducens nucleus. It is

composed of large multipolar neurons, which are the main source of the vestibulospinal tract. The

superior vestibular nucleus is small and lies above the medial and lateral nuclei.

Nucleus of the Spinal Trigeminal Tract

The nucleus of the spinal trigeminal tract (NSTT) is embraced by the spinal tract of the trigeminal nerve

formed by the descending fibres of the sensory root of the trigeminal nerve. The spinal nucleus is

considered to consist of three parts: the subnucleus oralis (which is most rostral and adjoins the principal

sensory nucleus); the subnucleus interpolaris; and the subnucleus caudalis (which is the most caudal part

and is continuous below with the dorsal grey column of the spinal cord).
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Dorsal Motor Nucleus of the Vagus

The DMNV lies dorsolateral to the XII, from which it is separated by the nucleus intercalatus. It extends

caudally to the first cervical spinal segment and rostrally to the open part of the medulla under the vagal

triangle. The vagal nucleus is a general visceral efferent nucleus and is the largest parasympathetic

nucleus in the brainstem. Most (80%) of its neurons give rise to the preganglionic parasympathetic

fibres of the vagus nerve. The remainder are interneurons or project centrally. Its fibres control the non-

striated muscle of the viscera of the thorax (heart, bronchi, lungs and oesophagus) and abdomen

(stomach, liver, pancreas, spleen, small intestine and proximal part of the colon). Neurons within the

nucleus are heterogeneous and can be classified into nine subnuclei, which are regionally grouped into

rostral, intermediate and caudal divisions. Topographic maps of visceral representation in animals

suggest that the heart and lungs are represented in the caudal and lateral part of the nucleus, the stomach

and pancreas in intermediate regions, and the remaining abdominal organs in the rostral and medial part

of the nucleus. There may be a sparse sensory afferent supply, which arises in the nodose ganglion and

projects directly to the nucleus and possibly beyond into the solitary tract nucleus.

Hypoglossal nucleus

The XII is derived from the base of the anterior column; in the lower closed part of the medulla

oblongata it is situated on the ventrolateral aspect of the central canal; but in the upper part it approaches

the rhomboid fossa, where it lies close to the middle line, under an eminence named the trigonum

hypoglossi. Numerous fibers connect the two nuclei, both nuclei send long dendrons across the midline

to the opposite nucleus; commissure fibers also connect them. The nucleus measures about 2 cm. in

length, and consists of large motor neurons interspersed with myelinated fibres and whose axons

constitute the roots of the hypoglossal nerve. These nerve roots leave the ventral side of the nucleus,

pass forward between the white reticular formation and the gray reticular formation, some between the

ION and the medial accessory olivary nucleus (MION), and emerge from the antero-lateral sulcus. It is

organized into dorsal and ventral nuclear tiers, each divisible into medial and lateral subnuclei. There is
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a musculotopic organization of motor neurons within the nuclei that corresponds to the structural and

functional divisions of tongue musculature. Thus, motor neurons innervating tongue retrusor muscles

are located in dorsal/dorsolateral nuclei, whereas motor neurons innervating the main tongue protrusor

muscle are located in ventral/ventromedial regions of the nucleus. Several smaller groups of cells lie

near the XII. They include the nucleus intercalatus, sublingual nucleus, nucleus prepositus hypoglossi

and nucleus paramedianus dorsalis (reticularis). Gustatory and visceral connections are attributed to the

nucleus intercalatus.

Inferior olivary nucleus

The olivary nuclear complex consists of the large principal inferior olivary nucleus (PION) and the

much smaller MION and dorsal accessory olivary nucleus (DION). They consist of small, round,

yellowish cells and numerous fine nerve fibers. They are the so-called precerebellar nuclei, a group that

also includes the pontine, arcuate, vestibular, reticulocerebellar and spinocerebellar nuclei, all of which

receive afferents from specific sources and project to the cerebellum. The ION is the largest, and is

situated within the olive. It consists of a gray folded lamina arranged in the form of an incomplete

capsule, opening medially by an aperture called the hilum emerging from the hilum are numerous fibers

which collectively constitute the peduncle of the olive. The axons, olivocerebellar fibers, which leave

the ION pass out through the hilum and decussate with those from the opposite olive in the raphe, then

as internal arcuate fibers they pass partly through and partly around the opposite olive and enter the

inferior peduncle to be distributed to the cerebellar hemisphere of the opposite side from which they

arise. The fibers are smaller than the internal arcuate fibers connected with the median lemniscus. Fibers

passing in the opposite direction from the cerebellum to the ION are often described but their existence

is doubtful. Much uncertainty also exists in regard to the connections of the olive and the spinal cord.

Many collaterals from the reticular formation and from the pyramids enter the ION. The MION lies

between the PION and the pyramid, and forms a curved lamina, the concavity of which is directed
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laterally. The fibers of the hypoglossal nerve, as they traverse the medulla, pass between the MION and

PION. The DION is the smallest, and appears on transverse section as a curved lamina behind the PION.

Nucleus Tractus Solitarii

The NTS is a complex integration centre subserving many diverse functions. It receives numerous

afferent inputs and, via oligo- and monosynaptic relations with other structures, it participates in

cardiovascular, respiratory and gastrointestinal regulation. The human NTS is subdivided into the

following subnuclei: commissural, paracommissural, medial, ventrolateral, ventral, dorsolateral, dorsal,

intermediate, interstitial, and gelatinosus. Among the subnuclei of the NTS, the first to be described was

the subnucleus gelatinosus (Olszewski and Baxter, 1954), located in the dorsal portion of the NTS and

reaching at the level of the obex its largest proportions. It is characterized by pale-staining neurons,

predominantly small to medium-sized and triangular to oblong in shape, with sparse large pigmented

and non-pigmented cells. There are also many glial cells, with the complete or almost complete absence

of myelinated axons. The most common type of axon terminal contains round clear vesicles and has

asymmetrical synapses with the dendritic profiles (Leslie et al., 1982).

The dorsal portion of the NTS shows selective dendritic lesions in adults who died after an episode of

acute heart failure with profound (<60 mmHg) and prolonged (>2 hours) hypotension (De Caro et al.,

2000, 2003). The limited extent of these lesions accounts for selective necrosis of a group of neurons

with greater vulnerability, due to their location at the watershed zone between the terminal branches of

vascularization of the medullary tegmentum. These lesions are characteristic of neuronal death due to

hyperexcitation (Olney, 1969, 1971), and an excitotoxic component to ischaemic cell death in the NTS

has been suggested (De Caro et al., 2000, 2003; Porzionato et al., 2004a; Parenti et al., 2005).

Nucleus Ambiguus

The Amb is a group of large motor neurons, situated deep in the medullary reticular formation. It

extends rostrally as far as the upper end of the vagal nucleus while caudally it is continuous with the
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nucleus of the spinal accessory nerve. The Amb contains several cellular subgroups, and some

topographical representation of the muscles innervated has been established. Individual laryngeal

muscles are innervated by relatively discrete groups of cells in more caudal zones. Neurons that

innervate the pharynx lie in the intermediate area, and neurons that innervate the oesophagus and soft

palate are rostral. The Amb is connected to corticonuclear tracts bilaterally and to many brainstem

centres. At its upper end, a small retrofacial nucleus intervenes between it and the facial nucleus.

Although the Amb lies in line with the special visceral efferent nuclei, it is a reputed source of general

visceral efferent vagal fibres.

Area Postrema

The AP is implicated as a chemoreceptor trigger zone for vomiting, through µ opioid, 5HT3 and H2

receptor binding (Borinson and Wang, 1953; Carpenter et al., 1988). It is a circumventricular organ

serving as an interface between the brain parenchyma and the cerebrospinal fluid (CSF)-containing

ventricles. The AP lacks a specific blood-brain diffusion barrier to large polar molecules and is thus

anatomically positioned to detect emetic toxins in the blood as well as in the CSF. The AP along with

the NTS and the DMNV makes up the so-called dorsal vagal complex, which is the major termination

site of vagal afferent nerve fibers. Lesions of the AP prevent vomiting in response to most, but not all,

emetic drugs. Moreover, many peptides, such as angiotensin, adrenomedullin, endothelin and endorphin,

regulate cardiovascular function (Szilagyi and Ferrario, 1981; Sander et al., 1989; Allen et al., 1997) by

binding on receptors located in the AP, the regulatory function of which is mediated through efferent

projections towards other medullary centres. The AP is located in the caudal fourth ventricle floor. In

rodents, it is a single midline structure at the apex of the calamus scriptorius; in humans, it is composed

of bilateral areas joining in the midline of the caudal levels. The body of the AP consists of a loose

network of neuroglia, with small sparse neurons. Microcirculation in the AP is characterized by high

capillary density (Shaver et al., 1991; Porzionato et al., 2004b, 2005b), large pericapillary spaces and

lack of a tight blood–brain barrier (Gross, 1991). Cytoarchitectonic and neurochemical studies in rat
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indicate the existence of distinct anatomical and functional compartments within the AP, and even

topographical diversity in its capillary organization (Gross et al., 1991; Shaver et al., 1991).

Brainstem Reticular Formation

The brainstem contains extensive fields of intermingled neurons and nerve fibres, which are collectively

termed the reticular formation. The reticular regions are often regarded as phylogenetically ancient,

representing a primitive nerve network upon which more anatomically organized, functionally selective,

connections have developed during evolution. However, the most primitive nervous systems show both

diffuse and highly organized regions, which cooperate in response to different demands.

The reticular regions tend to be ill-defined collections of neurons and fibres with diffuse connections.

Their conduction paths are difficult to define, complex and often polysynaptic, and they have ascending

and descending components that are partly crossed and uncrossed. Their components subserve somatic

and visceral functions. They include distinct chemoarchitectonic nuclear groups, including clusters of

serotoninergic neurons (group B cells), which synthesize the indolamine 5-hydroxytryptamine

(serotonin); cholinergic neurons (group Ch cells), which contain acetyltransferase, the enzyme which

catalyses the synthesis of acetylcholine; and three catecholaminergic groups composed of noradrenergic

(group A), adrenergic (group C), and dopaminergic (group A) neurons, which synthesize noradrenaline

(norepinephrine), adrenaline (epinephrine) and dopamine respectively as neurotransmitters. The

reticular formation is a continuous core that traverses the whole brainstem, and is continuous below with

the reticular intermediate spinal grey laminae. It is divisible, on the basis of cytoarchitectonic,

chemoarchitectonic and functional criteria, into three bilateral longitudinal columns: median; medial,

containing mostly large reticular neurons; and lateral, containing mostly small to intermediate neurons.
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MORPHOMETRIC DATA ON MEDULLARY NUCLEI

There have been a few studies in the literature detailing morphometric parameters of the medullary

nuclei, such as neuronal density, nuclear volume and total neuron number. Most studies showed intrinsic

bias due to counting in a two-dimensional plane and applying of correction factors to estimate neuron

numbers in three-dimensional space (Abercrombie, 1946). On the contrary, unbiased stereological

methods using a three-dimensional probe and not relying on any assumptions about size and shape of

the objects have been developed. Moreover, all previous studies, reviewed in Table 1, limited the

morphometric analysis to one or two nuclei, without providing the possibility to compare morphometric

data of different medullary nuclei, and few data are available about comparisons between infants and

adults. One of the aims of the present work was to provide a morphometric analysis, through the

unbiased method of the optic disector, of a wide series of medullary nuclei in both adult and infant

casistics



24

Table 1. Review of literature on morphometric parameters (neuronal density NVN; nuclear volume, V; total neuron number, NN) of medullary nuclei.

INFANTS REFERENCES N°
CASES

AGE
(±SD)

NVN

(neurons/mm3±SD)
V

(mm3±SD)
NN

(±SD)
XII Nara et al., 1989 1 2 Months - - ≈6000

O’Kusky and Norman,
1992

15
51.1±5.3 postc wks

Motor neurons
1200-3000

Interneurons
400-1200

≈2.7-≈6

Motor neurons
7450-7630

Interneurons
3050-3092

28 (SIDS)
50.8±1.5 postc wks

Motor neurons
1000-2300

Interneurons
300-800

≈3.2-≈7
Non statistically

significant differences

Konrat et al., 1992 4 20±18 wks 1500±500 7±4 9500±2000
6 (SIDS) 13±9 wks 2000±1000 4±2 9000±4000

O’Kusky and Norman,
1995

6
49.9±7.1(SEM)

postc wks

Motor neurons
2335±277 (SEM) 3.732±0.432 (SEM)

11210±637(SEM)
Motor neurons

8256±551 (SEM)

9 (SIDS)
49.8±2.8(SEM)

postc wks

Motor neurons
1681±81 (SEM) 5.067±0.363 (SEM)

11354±481(SEM)
Motor neurons

8355±430 (SEM)
Lamont et al., 1995 11 43-112 postc wks - 2.98±0.88 6475±1029

11 (SIDS) 43-112 postc wks - 3.13±0.78 6647±819
Pamphlett et al.,1996 8 42-88 postc wks - 1.94±0.43 -

12 (SIDS) 43-88 postc wks - 1.91±0.58 -
DMNV Konrat et al., 1992 4 20±18 wks 2000±1000 6±5 11000±4000

6 (SIDS) 13±9 wks 2500±1000 4.5±4 10400±4000
Lamont et al., 1995 11 43-112 postc wks - 1.99±0.50 11993±1895

11 (SIDS) 43-112 postc wks - 1.91±0.39 11298±1217
Amb Lamont et al., 1995 11 43-112 postc wks - - 1488±355

11 (SIDS) 43-112 postc wks - - 1497±381
Retram Lamont et al., 1995 11 43-112 postc wks - - 244±274

11 (SIDS) 43-112 postc wks - - 209±126
LatVe Fujii et al., 1997 1 2 months ≈0.75 ≈3750
LatCu Ma et al., 2002; 2006 1 2 months - 8.73 ≈17000

Cu Ma et al., 2005, 2006 1 2 months - 5.5 ≈8000
Gr Ma et al., 2006 1 2 months - 5.79 ≈5000

TrPSN Hamano et al., 1997 1 2 months 46000 1,11 51100
PION Kinney et al., 2002 29 410±87postc days 8889±255 (S.E.M.) - -

29 (SIDS) 378±62postc days 7687±255 (S.E.M.) - -
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ADULTS REFERENCES N°
CASES

AGE
(±SD)

NVN

(neurons/mm3±SD)
V

(mm3±SD)
NN

(neurons±SD)

XII Nara et al., 1989 2 16 and 63 years - - ≈5400-≈6200

DMNV Nara et al., 1991 1 63 years - ≈3.8 ≈11000

Huang et al., 1993 3 59-71 years
Motor neurons

1601±356 8±2
16826±967

Motor neurons
12410±1649

SupVe Suarez et al., 1997 8 30-55 years 2127 10.95 ± 1.45 (S.E.M.) 22309
Alvarez et al., 2000 8 35-89 years 9.6-12.39 17323-24575

MedVe Diaz et al., 1996 9 30-50 years 4136 30.44±0.85 (S.E.M.) 127737
Suarez et al., 1997 8 30-55 years 4196 30.44 ± 0.85 (S.E.M.) 127737
Alvarez et al., 1998 8 35-89 years 1617-4250 - 75915-122241
Alvarez et al., 2000 8 35-89 years - 24.82-38.36 75915-122241

Tang et al., 2001/2002 13 40-93 years 151000±23400
LatVe Fujii et al., 1997 1 63 years - 3,03 5410

Suarez et al., 1997 8 30-55 years 1563 16.33 ± 2.80 (S.E.M.) 25046
Alvarez et al., 2000 8 35-89 years - 19.28-24.77 21398-53421

DesVe Suarez et al., 1997 8 30-55 years 3303 17.1 ± 3 (S.E.M.) 56482
Alvarez et al., 2000 8 35-89 years 14.45-18.13 21602-48341

LatCu Ma et al., 2002 1 63 years - 27.65 ≈16000
Ma et al., 2006 1 63 years - 27.65 ≈16000

Cu Ma et al., 2005, 2006 1 63 years - 21.0 ≈25000
Gr Ma et al., 2006 1 63 years - 28.29 ≈11000

TrPSN Hamano et al., 1997 2 16 and 63 years 17000 and 20000 2,64 and 2,32 44900 and 46400
PION Lasn et al., 2006 6 17-57 years - - 760000

4 69-79 years - - 600000

SIDS: Sudden Infant Death Syndrome; Postc: postconceptional; wks: weeks; SD: Standard Deviation; SEM: Standard Error of Measurement; XII:

hypoglossal nucleus; DMNV: dorsal motor nucleus of the vagus; Amb: nucleus ambiguus; Retram: nucleus retroambiguus; LatVe: lateral vestibular

nucleus; MedVe: medial vestibular nucleus; SupVe: superior vestibular nucleus; DesVe: descending vestibular nucleus; LatCu: lateral cuneate

nucleus; Cu: medial cuneate nucleus; Gr: gracile nucleus; TrPSN: trigeminal principal sensory nucleus; PION: principal inferior olivary nucleus.
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NECROSIS AND APOPTOSIS IN THE MEDULLARY NUCLEI

In the literature, quite specific anatomic patterns of necrosis have been reported in the

medulla oblongata of neonates with perinatal hypoxia (Gilles, 1969; Dambska et al., 1976;

Leech and Alvord, 1977; Janzer and Friede, 1980; Pindur et al., 1992; Taylor and Roessman,

1984) and of adults with hypoxic-ischaemic injury (Gilles, 1969; Revesz and Geddes, 1988;

De Caro et al., 2000, 2003; Porzionato et al., 2004a; Parenti et al., 2005). Moreover,

preceding studies have found specific patterns of vascularisation in the medullary nuclei,

showing different microvessel densities (Porzionato et al., 2004b, 2005b). Neurons may also

undergo apoptosis in response to hypoxic-ischaemic injury (Snider et al., 1999). Apoptosis is

a common type of programmed cell death, characterised by chromatin condensation and

margination, cell shrinkage, membrane blebbing, and release of apoptotic bodies (Kerr et al.,

1972). It involves the activation of caspases, which cleave DNA molecules into small

fragments and disintegrate the cell into apoptotic bodies. The terminal deoxynucleotidyl

transferase-mediated dUTP nick end-labelling (TUNEL) is a method which can identify such

DNA strand breaks (Wyllie, 1980). In the central nervous system, apoptosis has mainly been

studied with regard to embryonic development (Chan and Yew, 1998), ageing (Anglade et

al., 1997) and cerebrovascular diseases (Zhang et al., 2004), with particular reference to

diencephalic and telencephalic structures; literature data regarding the topographic

distribution of apoptotic phenomena in human infant and adult medulla oblongata are still

lacking. The present study was also designed to evaluate the distribution of apoptosis of

neurons in the medullary nuclei of infant and adult subjects who died of hypoxic-ischaemic

injury, in order to identify possible anatomic and age-related patterns.

Although many studies have reported the apoptotic effect of opiates in animals and cell

cultures (Atici et al., 2004; Goswami et al., 1998; Yin et al., 1997; Hu et al., 2002), apoptosis

in human heroin addicts has not yet been studied. Thus, a comparison was also made between
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opiate addicts who died of heroin intoxication and the other adult cases, taken as a control

group.

PHOSPHODIESTERASE ISOFORMS IN THE MEDULLA OBLONGATA

Rolipram is an inhibitor of the protein family responsible for cAMP hydrolysis

phosphodiesterase 4 (PDE4) (Wachtel, 1982) that has anti-depressant effects modifying

PDE4 expression (Wachtel, 1983; Wachtel and Schneider, 1986; Scott et al., 1991; Takahashi

et al., 1999). However, its clinical use has been hampered by the high incidence of nausea an

vomiting (Hebenstreit et al., 1989). Emesis is one of the most common side effects of PDE4

inhibitors. The mechanism by which PDE4 inhibition results in increased vomiting and

nausea in species such as dog and human (Bertolino et al., 1988; Hebenstreit et al., 1989;

Heaslip and Evans, 1995) is not fully understood, but probably includes both central and

peripheral sites of actions. Emesis induced by PDE4 inhibitors in peripheral sites was initially

described with rolipram (Puurunen et al., 1978). This effect is presumably related to the

ability of PDE4 inhibitors to increase parietal cell cAMP content, enhancing acid gastric

secretion, an effect which correlates with the affinity for high affinity rolipram binding sites

(HARBS) (Barnette et al., 1998). Other studies on the potentiation of apomorphine-induced

emesis in dogs by RO20-1724 (Carpenter et al., 1988) suggest that nausea and vomiting are

likely to be produced, at least in part, via the direct stimulation at the emetic centers in the

brain. Consistent with these studies the administration of rolipram or 6-(4-pyridylmethyl)-8-

(3-nitrophenyl)-quinoline (PMPQ) in rats, elevated the Fos-like immunoreactivity in brain

regions potentially relevant to the emetic effects of PDE4 inhibition (Bureau et al., 2006).

The significance of emetic central sites has been additionally validated experimentally by the

use of YM976, a PDE4 inhibitor with low emetogenic potential likely due to its poor brain

penetration and low affinity for HARBS (Aoki et al., 2001).
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The presence of mRNAs coding for PDE4B and PDE4D has been reported in the AP in rats

(Pérez-Torres et al., 2000), suggesting that cAMP signaling modification in this area could

mediate the emetic effects of PDE4 inhibitors. Here, we describe experiments aimed at the

analysis of both regional and cellular expression of the mRNA coding for PDE4A, PDE4B

PDE4C and PDE4D in AP and in other medullary nuclei, i.e., XII, NTS, DMNV, NSTT,

ION, Cu, Gr, and lateroreticular nucleus (LatRet). 
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CAROTID BODY

The carotid body is a small ellipsoid tissue mass, which is located posterior to the carotid

bifurcation or between its branches. It is an arterial chemoreceptor which induces increases in

ventilatory volume and frequency in response to hypoxia, hypercapnia, or reduction of blood

pH. The carotid body is organized in lobules, separated by thin connective septa arising from

the capsule (Fig. 1A). The cells of the lobules belong to two different populations: type I (or

chief) cells, with much cytoplasm and a few dendritic processes extending into extracellular

spaces, and type II (or sustentacular) cells, with fusiform shape and located at the edges of the

clusters. Type I cells release dopamine in response to carotid body stimulation and are in turn

divided into light, dark, and pyknotic cells, which can be clearly recognized on the basis of

their nuclear and cytoplasmic configuration (Hurst et al., 1985; Pallot, 1987; Smith et al.,

1986). Light cells have large nuclei, with pale haematoxylin staining and open vesicular

pattern of chromatin. Dark cells show smaller and darkly-staining nuclei, due to dense

packing of heterochromatin. As to the cytoplasm, it is faintly eosinophilic, with indistinct

margin, in the light cells and more intensely stained in the dark cells. Pyknotic cells have a

small condensed nucleus and a small rim of darkly-staining cytoplasm (Hurst et al., 1985;

Smith et al., 1986) (Fig. 1B-C).

Molecular mechanisms of chemoreception have been proposed in low-O2 affinity

mitochondrial cytochromes, NADPH oxidase and heme oxygenase 2 (reviewed in Prabhakar

and Jacono, 2005). Type II cells show astrocytic markers and play a supportive role (Pallot et

al., 1986; Pallot, 1987), although it has also been reported that these cells exposed to

prolonged hypoxia may behave as stem cells precursors for type I cells (Pardal et al., 2007).

The carotid body is mainly innervated by sensitive glossopharyngeal fibres, which centrally

project to the commissural subnucleus of the NTS. Post-ganglionic sympathetic nerve fibres

from the superior cervical ganglion are present, innervating blood vessels and type I cells
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(Verna, 1997). Preganglionic parasympathetic and sympathetic fibres also reach ganglionic

cells, which are either isolated or found in small groups near the surface of the carotid body

(McDonald and Mitchell, 1975; Standring et al., 2005). Axons from the ganglion cells

innervate the blood vessels, the parasympathetic axons being vasodilator (Biscoe et al., 1969)

and the sympathetic vasoconstrictor (Purves, 1970).
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Fig. 1. A, Longitudinal section of human carotid body, showing parenchymal and connective

components (azan-Mallory; original magnification 10X). B, Section of carotid body showing

light (l) and dark (d) cells (original magnification 63X). C, Double-labelling

immunohistochemistry with anti-neurone-specific enolase (black stain) and anti-S100 (red

stain) antibodies, showing type I and II cells, respectively (original magnification 40X).
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DEVELOPMENTAL CHANGES OF THE CAROTID BODY

The carotid body develops as a condensation from the mesenchyme of the third pharyngeal

arch. As regards its functional development, this chemoreceptor does not contribute much to

breathing during foetal life, in spite of a hypoxia level of about 25 torr (Blanco et al., 1984),

and its activity is not necessary in order to establish rhythmic breathing at birth (Jansen et al.,

1981). In the following postnatal period a gradual increase in hypoxic chemosensitivity

develops, with a change in the hypoxic threshold to 55 torr (Blanco et al., 1984, 1988; Gauda

et al., 2004) and an increase in the slope of the hypoxic stimulus response curve (Blanco et

al., 1984; Bamford et al., 1999; Kholwadwala and Donnelly, 1992; Gauda et al., 2004).

Postnatal changes in the peripheral chemoreceptors are listed in Table 2. In adult cat, a three-

fold increase in the volume of the carotid body has been described with respect to newborns

(Clarke and Daly, 1985; Clarke et al., 1990). Some authors found very few mitoses in the

carotid body of newborn kitten (Clarke and Daly, 1985), rat (von Dalnok and Menssen, 1986)

and human (Heath et al., 1990), assuming improbable postnatal increase in the number of

type I cells. However, it has been found that type I cells from newborn rats divide in culture

(Fishman and Schaffner, 1984; Nurse and Fearon, 2002) and Wang and Bisgard (2005)

identified bromodeoxyuridine-labelled type I cells in newborn rats, providing evidence of

proliferation of type I cells in the postnatal period.

Some cellular and molecular changes associated with postnatal increase in hypoxic

chemosensitivity have been identified in the higher density of K+-channels (Peers and

O’Donnell, 1990), a greater rise in intracellular Ca2+ levels in response to hypoxia (Sterni et

al., 1995; Bamford et al., 1999) and changes in neurotransmitter profile (Gauda et al., 1996,

2000, 2004). Immunohistochemical and hybridisation studies have shown increased

neuropeptide Y (NPY) expression (Oomori et al., 1991) and reduced tyrosine hydroxilase

(Sterni et al., 1995; Holgert et al., 1995; Bamford et al., 1999), cannabinoid 1 (McLemore et
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al., 2004) and dopamine 2 receptor expression (Sterni et al., 1995; Holgert et al., 1995;

Bamford et al., 1999). In rats, an increase in the number of dense core vesicles of type I cells

has also been found by the end of the first postnatal week (von Dalnok and Menssen, 1986).

Proliferation of endothelial cells and type II cells (Wang and Bisgard, 2005) and increased

number of synapses between type I and II cells (Kondo and Iwasa, 1996) have also been

described in newborn rats. As regards innervation of glomic cells, some authors have found

proliferation of Schwann cells lining peripheral nerve fibres (Wang and Bisgard, 2005) and

glial and Schwann cells in the petrosal and superior cervical ganglia of rats (Wang and

Bisgard, 2005; Lemke, 2001).

Postnatal changes in the carotid body may be ascribed partly to the role of growth factors,

such as brain-derived neurotrophic factor (BDNF) and glial cell-line derived neurotrophic

factor (GDNF), produced by type I cells (Hertzberg et al., 1994a, 1994b; Erickson et al.,

2001; Wang and Bisgard, 2005). Trk B, which is the receptor of BDNF, is located in both

type I cells and chemoafferent neurons, suggesting that it has autocrine and paracrine

functions. Ret, which is the receptor of GDNF, is instead only found in petrosal sensory

neurons and nerve fibres (Wang and Bisgard, 2005).
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Table 2. Postnatal changes in carotid body

CAROTID BODY

Changes Species References

Proliferation of type I cells Rat Wang and Bisgard, 2005

Improbable postnatal increase

in type I cells

Cat

Rat

Human

Clarke and Daly, 1985

Von Dalnok and Menssen, 1986

Heath et al., 1990

↑ dense core vesicles in type I cells Rat Von Dalnok and Menssen, 1986

↑ K+ channels Rat Peers and O’Donnell, 1990

↑ rise in [Ca2+]i in response to hypoxia Rabbit

Rat

Sterni et al., 1995

Bamford et al., 1999

↑ neuropeptide Y Rat Oomori et al., 1991

↓ tyrosine hydroxylase Rabbit

Rat

Rat

Sterni et al., 1995

Holgert et al., 1995

Bamford et al., 1999

↓ cannabinoid 1 receptors Rat McLemore et al., 2004

↓ dopamine 2 receptors Rabbit

Rat

Rat

Sterni et al., 1995

Holgert et al., 1995

Bamford et al., 1999

↑ endothelial cells Rat Wang and Bisgard, 2005

↑ type II cells Rat Wang and Bisgard, 2005

↑ synapses between type I and II cells Rat Kondo and Iwasa, 1996

↑ Schwann cells of nerve fibres Rat Wang and Bisgard, 2005
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HYPOXIC CHANGES IN THE CAROTID BODY

In the carotid body, chronic hypoxia causes a series of morphological, cellular and

biochemical changes, most of which may be explained by the action of neurotrophic factors.

In chronic hypoxia due to lung disease or cyanotic congenital heart disease (Lack, 1978;

Heath et al., 1982; Smith et al., 1986; Habeck, 1986), carotid bodies have been found to be

enlarged, with a percentual increase in type II cells. In opiate addiction, the percentage of

type II cells and intralobular and interlobular connective components have also been found to

be increased (Porzionato et al., 2005a). The percentage of type I cells has been reported to

decrease in chronic obstructive pulmonary disease (Heath et al., 1986; Vinhaes et al., 2002)

and increase in chronic high-altitude hypoxia (Arias-Stella and Valcarcel, 1973, 1976).

Chronic hypoxia has been shown to increase O2 sensitivity in the carotid body through

changes in molecular chemoreceptors, ion channels and neurochemicals (reviewed in

Prabhakar and Jacono, 2005; Powell, 2007). NADPH oxidase plays an important role in

plasticity during chronic hypoxia, producing more superoxide which may enhance the effects

of other neuromodulators. Decreased K+ channel density and increased Na+ and Ca2+ channel

densities have been found in glomus cells cultured in conditions of chronic hypoxia or in

carotid bodies of chronically hypoxic neonatal rats (Stea et al., 1992; Hempleman, 1995,

1996). Acetylcholine has been considered a neurotransmitter involved in increased O2

sensitivity in chronic hypoxia, due to increased nicotinic cholinergic receptors on carotid

body afferent nerves. Endothelin 1 is the trophic factor which has been studied mainly with

reference to hypoxic adaptations, but other trophic factors are also involved.
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CAROTID BODY TRANSPLANTATION IN NEURODEGENERATIVE PATHOLOGIES

Recently, intrastriatal autotransplantation of carotid body cells has been proposed as a

therapeutic approach for Parkinson’s disease, as unilateral surgical resection of the carotid

body has been found to produce no significant side-effects (Honda, 1992). The root cause of

Parkinson’s disease is degeneration of the neurons of the substantia nigra, which send

dopaminergic connections to the striatum. Thus, the aim of carotid body grafts is to restore

dopamine release in the striatum. Neverthless, experimental studies demonstrated that

amelioration of the motor syndrome in carotid body-grafted rats mainly relies on restoration

of the nigrostriatal dopaminergic pathway, due to expression of the GDNF by glomus cells,

more than on simple dopamine release (Toledo-Aral et al., 2003; Villadiego et al., 2005).

Thus, intracerebral transplantation of carotid body has also been proposed for reduction of

stroke-induced deficits and a first experimental study demonstrated reduced stroke-induced

motor deficits and cerebral infarction in rats after carotid body grafts (Yu et al., 2004).

Neurotrophic effects of carotid body grafts probably rely not only on GDNF production but

also on many other growth factors. In particular, Yu et al. (2004) reported increased levels of

GDNF, Neural Growth Factor and BDNF in the ipsilateral ischemic striatum collected from

stroke animals which received carotid body grafts. Moreover, glomus cells have been verified

to be well suited for intracerebral transplantation, due to their extended viability in low

oxygen conditions. Carotid body grafts show remarkable longevity, appearing to be active for

almost the entire life of the animal, and maintaining a stable phenotype and typical

organization in glomerula. Growth factor production by glomus cells, also sustained by

hypoxia, probably plays a pivotal role in permitting long-term viability of implants.
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NEUROMODULATORS IN THE CAROTID BODY

Many neurotransmitters and neuromodulators have been identified in the carotid body and

chemoreception in the carotid body is known to be modulated by interaction between various

factors. There is also increasing evidence in the literature that neurotransmitters and

neuromodulators can have trophic effects on various cell types and also on glomic cells

(reviewed in Schwartz, 1992; Porzionato et al., 2008a). In the following section we consider

peptides, the role of which in glomic neuromodulation has been suggested, although some

components (neuromodulators or receptors) have not yet been fully investigated. Some of

these peptides have been studied in the present work, others will be evaluated in the next

years.

The calcitonin peptide family comprises calcitonin, calcitonin gene-related peptide (CGRP),

adrenomedullin (AM), amylin, intermedin, and calcitonin receptor-stimulating peptides.

Calcitonin is a 32 amino acid peptide produced by the parafollicular cells of the thyroid

gland, the main activity of which is inhibition of bone resorption by direct action on

osteoclasts. CGRP is a 37 amino acid peptide derived from alternative splicing of the

calcitonin gene. CGRP is widely distributed in the central and peripheral nervous systems,

where it plays a role as neurotransmitter or neuromodulator. AM, a multifunctional regulatory

peptide, was originally isolated in human pheochromocytoma (Kitamura et al., 1993) and has

been detected in human brain, heart, kidney, lung, and adrenal cortex and medulla (reviewed

in Nussdorfer, 2001). In the central nervous system, AM may play a role as a

neurotransmitter, neuromodulator, neurohormone, or as a cytoprotective factor in

ischemic/hypoxic conditions, through its vasodilator role (reviewed in López and Martínez,

2002). As regards the receptors of these peptides, the calcitonin receptor (CTR) belongs to

the type II seven-transmembrane G protein-coupled receptors. The interaction of calcitonin
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receptor-like receptor (CRLR) with subtype 1 of a family of receptor activity-modifying

proteins (RAMP) gives rise to the CGRP receptor; the interactions of CRLR with RAMP2

and RAMP 3 give rise to two distinct AM receptors, AM1 and AM2 (McLatchie et al., 1998).

Associations of CTR with the three RAMPs give rise to three different amylin receptors,

AMY1, AMY2 and AMY3 (Lerner, 2006).

Calcitonin-like immunoreactivity has been found in chief cells of the human infant carotid

body by light- and electron-microscopy immunohistochemical techniques (Wang et al.,

1993b), but data on the expression of the corresponding receptor are still lacking. There is

evidence that CT is also involved in cell growth, differentiation and morphogenesis. It plays a

role in the development of the mouse early blastocyst (Wang et al., 1998a). It shows

antiproliferative activity in human breast cancer cells (Ng et al., 1983) and HEK-293 cells

over-expressing the insert negative hCTR (Evdokiou et al., 1999; Findlay et al., 2002) but is

mitogenic in certain prostate cancer cell lines (Shah et al., 1994). CT also has antiapoptotic

effects in osteoblast/osteocyte-like cells (Plotkin et al., 1999) and prostate cancer cell lines

(Salido et al., 2000), and potentiates neuronal death due to hypoxia and glucose deprivation

(Asrari and Lobner, 2001). In light of the investigations herein reported, it may be

hypothesized that CT expressed by carotid body type I cells may exert trophic effects also on

carotid body itself.

Immunohistochemical studies have identified CGRP in nervous terminations proximal to

blood vessels and glomic cell clusters in mammals, birds and amphibians (Kondo and

Yamamoto, 1988; Kameda, 1989; Kummer and Habeck, 1991; Kusakabe, 1992; Kusakabe et

al., 1995). Immunoreactivity for CGRP was not found in the glomus cells of normoxic or

chronically hypoxic rat carotid bodies (Kusakabe et al., 1998). The density of CGRP fibers

has been found to decrease significantly in the chronically hypoxic rat carotid body

(Kusakabe et al., 1998) and to increase 4 weeks after the termination of hypoxia (Kusakabe et
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al., 2004). CGRP-induced proliferation has been reported in several cell types, such as

endothelial (Haegerstrand et al., 1990), Schwann (Cheng et al., 1995) and rat smooth muscle

cells (Mitsuhashi and Payan, 1987), fibroblasts (Kawase et al., 1999), retinal pigment

epithelial (Kishi et al., 1996) and neurogenic cancer cells (Pluder et al., 2007). However,

antiproliferative effects have also been found in rat vascular smooth muscle cells (Li et al.,

1997; Connat et al., 2001; Qin et al., 2004; Chattergoon et al., 2005) and human retinal

pigment epithelial cells (Troger et al., 2003). Different effects have been ascribed to different

species or cell types, and it has been suggested that the action of CGRP is more likely to

modulate the action of other trophic factors than to have a direct effect (Connat et al., 2001).

Although CGRP has been identified in nerve fibers and not in glomic cells, it cannot be

excluded that release of CGRP by nerve fibers may exert some local trophic effect.

AM is a multifunctional regulatory peptide which was originally isolated in human

pheochromocytoma (Kitamura et al., 1993a). AM gene expression has been detected in

human heart, kidney, lung, and adrenal cortex and medulla (Kitamura et al., 1993b).

Immunoreactive AM was also detected in many regions of human brain, with the highest

concentrations found in thalamus and hypothalamus (Satoh et al., 1996). As a consequence it

has been suggested that AM may play a role as a neurotransmitter, neuromodulator, or

neurohormone, or as a cytoprotective factor in ischemic/hypoxic conditions, through its

vasodilator role (Satoh et al., 1996; Kis et al., 2001). AM has been found in the chromaffin

cells of the adrenal medulla (Kapas et al., 1998), a cellular type which shows a similar

mechanism of response to hypoxia, with dopamine release and increased expression of

tyrosine hydroxylase (Millhorn et al., 1996), and a common embryonic origin with the

glomus cells from the neural crest (Crowder, 1957; Le Douarin et al., 1972). Moreover,

Martinez et al. (2003) found AM immunoreactivity in type I cells of rat carotid bodies, and

observed that exposure of carotid bodies to AM resulted in dopamine release from these cells.
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One of the aims of the present study was to detect AM immunoreactivity also in the human

carotid body, with particular reference to the different cellular populations and to the age of

the subjects. It is known that AM enhances proliferation in human tumor cell lines (Miller et

al., 1996), endothelial cells (Xia et al., 2006) and in cultured cells from rat and human adrenal

zona glomerulosa (Nussdorfer, 2001; Trejter et al., 2002b) and in rat thymus (Belloni et al.,

2003), an organ sharing a common embryonic origin with the glomus cells from the neural

crest. It can also inhibit the apoptosis of several cell types, including neurons and glial cells

(Xia et al., 2006). Thus, it has been suggested that AM plays a role in mediating hyperplasia

of glomus cells in response to hypoxia (Martinez et al., 2003; Porzionato et al., 2006a),

although further experimental studies on animals subjected to hypoxic stimuli will be

necessary.

NT is a tridecapeptide, first isolated from bovine hypothalamus (Carraway and Leeman,

1973) and widely distributed in the central and peripheral nervous systems, mainly acting as a

neurotransmitter and neuromodulator. Three different NT receptors, NTR1, NTR2 and

NTR3, have been identified. NTR1 and NTR2 are, respectively, high- and low-affinity seven

trans-membrane domain G protein-coupled receptors. NTR3 is a high-affinity single trans-

membrane domain type 1 receptor (Kitabgi, 2006; Mazella et al., 1998; Martin et al., 2002;

Pelaprat, 2006). Nuclear internalization of all three has been reported, and it has been

suggested that they play a role in producing long-term genomic effects (Feldberg et al., 1998;

Laduron, 1992; Mazella and Vincent, 2006). Neurotensin has been demonstrated to stimulate

proliferation of various normal and neoplastic tissues (for a review, see Evers, 2006)

(Markowska et al., 1994). It also acts as a growth factor on various normal or cancer cells and

can exert immunomodulating actions (Navarro et al., 2006; Pelaprat, 2006). NT binding sites
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have been widely identified in brain, intestine (Carraway and Mitra, 1994), blood

mononuclear cells (Goldman et al., 1982) and endothelial cells (Schaeffer et al., 1995).

NT occurrence in glomic type I cells has been found by radioimmunoassay,

immunohistochemistry and immunogold techniques in humans and experimental animals

(Heath et al., 1988; Heym and Kummer, 1989; Smith et al., 1990). Thus, other aim of the

present study was to investigate, through immunohistochemistry, the presence and location of

NTR1 in the carotid body of both human and rat, with particular reference to the different cell

types.

Galanin is a 29 amino acid neuropeptide, widely distributed in the central and peripheral

nervous system. It is thought to act directly or by modifying the release of other

neurotransmitters. Three G protein-coupled receptors (GalR1, GalR2, GalR3) have now been

identified (Branchek et al., 2000). Galanin has been identified by immunohistochemistry in

the nerve fibers of rat and chicken carotid body (Kameda, 1989; Ichikawa and Helke, 1993).

In rat carotid body, Ichikawa and Helke (1993) reported the disappearance of galanin-

immunoreactive nerve fibers after transection of the carotid sinus nerve, and acquisition of

galanin immunoreactivity in originally immunonegative glomic cells and nerve fibers,

probably originating from the superior cervical ganglion. In chicken carotid body, galanin

immunoreactivity has been reported to originate from the 14th cervical ganglion of the

sympathetic trunk (Kameda, 1999). Galanin has antiproliferative effects on thymocytes,

cultured neural stem cells, olfactory-ensheathing cells, PC12 cell lines and proproliferative

action on the B104 neuroblastoma cell line, due to binding to GalR1 and GalR2/3,

respectively (Trejter et al., 2002a; Shen et al., 2005; Xia et al., 2005; Cheng and Yuan, 2007).

The presence of galanin in nerve fibers also suggests the possibility of local action on the

carotid body. Identification of galanin receptor types in carotid body components and
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experimental studies on carotid body cell cultures may also identify the presence and type

(proliferative or antiproliferative) of trophic actions on glomic cells.

NPY immunoreactivity has been found in nerve fibers and type I cells of dog, monkey and

rat carotid body (Oomori et al., 1991, 2002). In the rat carotid body, NPY-immunoreactive

type I cells were more numerous from birth to postnatal week 1, but quickly decreased from

postnatal week 2 onward. Instead, NPY-immunoreactive fibers were scarce at birth and

increased mainly after postnatal week 2 (Oomori et al., 2002).

Carotid body type I cells have been shown to exhibit Met/Leu-enkephalin-like

immunoreactivity (Lundberg et al., 1979; Wharton et al., 1980; Hansen et al., 1982; Varndell

et al., 1982; Heym and Kummer, 1989; Smith et al., 1990; Scraggs et al., 1992) in cat, dog,

rabbit, shrew, piglet and human. In the rat carotid body, nerve fibers but not type I cells show

Met-enkephalin-like immunoreactivity (Heym and Kummer, 1989). Type I cells of pig and

guinea pig show prevalent immunoreactivity for dynorphins (Heym and Kummer, 1989).

Chemoinhibitory action on the cat carotid body has been revealed for morphine, enkephalins

and beta-endorphin (McQueen and Ribeiro, 1980, 1981a, 1981b), and physiological

chemoreceptor stimulation decreases enkephalin content in the rabbit carotid body (Hanson et

al., 1986). Experimental studies in cats involving selective opioid receptor agonists and

antagonists provided evidence that depression of the chemosensory discharge caused by

opioids involves delta-opioid receptors (Kirby and McQueen, 1986) and such receptors have

been identified by immunohistochemistry in both rat carotid body type I cells and nerve

fibers (Ichikawa et al., 2005).
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Tachykinins are neuropeptides encoded in mammals by three different genes,

preprotachykinin A, B, and C (ppt-a, ppt-b, ppt-c). Ppt-a may encode substance P, neurokinin

A, neuropeptide γ and neuropeptide K. Ppt-b is the gene of neurokinin B. Ppt-c encodes a

protein which contains the sequence of hemokinin 1 and endokinins C and D (Conlon, 2004).

The biological actions of tachykinins are mediated by binding with the NK1, NK2 and NK3

receptors, which show preferential affinity for substance P, neurokinin A and neurokinin B,

respectively (Henry, 1987). Some novel tachykinin receptor types/subtypes have been

claimed to exist, although sufficient scientific evidence has not yet been endowed (Patacchini

and Maggi, 2004).

Substance P (Wharton et al., 1980; Cuello and McQueen, 1980; Chen et al., 1986; Hanson et

al., 1986; Prabhakar et al., 1989; Heym and Kummer, 1989; Smith et al., 1990) and

neurokinin A (Prabhakar et al., 1989) immunoreactivities have been found in type I cells and

nerve fibers of the mammalian carotid body. In the cat carotid body, they increased the

chemosensory response to hypoxia, and substance P has been found to bind to NK-1

receptors (Prabhakar et al., 1989). Some authors have considered the changes in tachykinin

content following acute or chronic hypoxia. Hanson et al. (1986) reported a reduction of

substance P in rabbit carotid body after 1 hour exposure to hypoxia; for the same type of

stimulus, Prabhakar et al. (1989) reported increased levels of substance P in cats. Lastly,

chronic hypoxia was found to dramatically reduce the number of substance P-positive type I

cells in cats (Wang et al., 1998b) but did not affect substance P immunoreactivity in rats

(Poncet et al., 1996). In the cat carotid body, neurokinin A content was not modified by acute

hypoxia but was reduced by acute hyperoxia (Prabhakar et al., 1989).
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Somatostatin-immunoreactive nerve fibers have been identified in the chicken (Kameda,

1989), guinea pig (Kummer et al., 1989) and amphibian (Kusakabe et al., 1991) carotid body,

but not confirmed in humans (Kummer and Habeck, 1992). Infusion of somatostatin in

humans selectively decreases the hypoxic but not the hypercapnic response, suggesting action

on the carotid body, although not excluding a central effect (Maxwell et al., 1986).

Somatostatin has also been shown to inhibit whole-cell Ca2+ current in rat type I cells (e Silva

and Lewis, 1995).

Bombesin is a 14 amino acid peptide which was first isolated from amphibian skin (Anastasi

et al., 1971) and then from porcine gastric and intestinal tissue (McDonald et al., 1979), with

the name of gastrin-releasing peptide. An homolog protein to gastrin-releasing peptide is

neuromedin B (NMB), which was first identified from porcine spinal cord (Minamino et al.,

1983). In mammals, three receptors for bombesin-like peptides have been identified: gastrin-

releasing peptide receptor (GRP-R) and neuromedin B receptor (NMB-R), with higher

affinity for the corresponding peptides, and bombesin-like peptide receptor subtype 3 (BRS-

3), which shows lower affinity for bombesin than GRP-R and NMB-R (reviewed in Ohki-

Hamazaki et al., 2005). In the literature, the presence of NMB in the carotid body has not

been investigated. Although an early immunohistochemical study (Helen et al., 1984) in rats

did not reveal bombesin in glomic type I cells, it was then found in the human carotid body

through radioimmunoassay (Heath et al., 1988) and immunohistochemistry in type I cells

(Smith et al., 1990). Instead, bombesin immunostaining was not found in the human carotid

bodies of foetuses at gestational ages of 13-19 weeks (Scraggs et al., 1992).

Cholecystokinin (CCK) is a multifunctional regulatory peptide which acts through two main

subtypes of receptors, CCK-A and CCK-B receptors. CCK has been identified by
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immunohistochemistry in type I cells of dog, Callithrix (Heym and Kummer, 1989) and

human infant carotid body (Wang et al., 1993b). In cats anesthetized with pentobarbitone,

spontaneous chemoreceptor discharge has been reported to be increased by intracarotid

injection of CCK (McQueen and Ribeiro, 1981a).

Vasoactive Intestinal Peptide (VIP) - Pituitary Adenylate Cyclase-Activating Polypeptide

(PACAP) – Secretin FamilyThe VIP/PACAP/secretin family comprises VIP, PACAP,

secretin, glucagon, glucagon-like peptide-1 (GLP(1)), GLP(2), gastric inhibitory peptide

(GIP), growth hormone releasing hormone, and peptide histidine methionine. Except for VIP

and PACAP, there are no data in the literature regarding the presence of the above peptides in

the carotid body. VIP is a 28 amino acid peptide which is widely distributed in the central

nervous system. PACAP is a neuropeptide, originally purified from ovine hypothalamus

(Miyata et al., 1989), which has been found in both central and peripheral nervous systems

and in endocrine organs, such as adrenal gland, islets of Langerhans and testis. For VIP and

PACAP, three G protein-coupled receptors have been reported: PAC1-R, showing much

higher affinity for PACAP than for VIP, VPAC1-R and VPAC2-R, showing equal affinity for

PACAP and VIP (Harmar et al., 1998).

VIP has been found by radioimmunoassay in human carotid body (Heath et al., 1988) and by

immunohistochemistry in nervous terminations in the carotid body of mammals, birds and

amphibians (Wharton et al., 1980; Kameda, 1989; Kummer, 1990; Kusakabe et al., 1991;

Kusakabe, 1992; Poncet et al., 1994; Kusakabe et al., 1995, 2003). Weak VIP

immunoreactivity was also found by Smith et al. (1990) in type I cells of human carotid body,

although their findings were not confirmed in the glomus cells of normoxic or chronically

hypoxic rat carotid bodies by another team of researchers (Kusakabe et al., 1998). In the rat,

the density of VIP fibers in the chronically hypoxic carotid body significantly increases
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(Poncet et al., 1994; Kusakabe et al., 1998) and return to density of a normoxic state in few

weeks after termination of hypoxia (Kusakabe et al., 2004). The effects of VIP on carotid

chemoreceptor activity have been investigated in cats, resulting in decrease or increase of

spontaneous chemoreceptor discharge by intracarotid injection of low or high doses of VIP,

respectively (McQueen and Ribeiro, 1981a). VIP causes vasodilation of blood vessels and it

may be involved in chemosensory mechanisms by controlling local circulation (Kusakabe et

al., 1998).

It has been found that intravenous injection of PACAP in dogs causes an increase in

ventilation, which is abolished by cutting of the carotid sinus nerve (Runcie et al., 1995), and

other studies have shown that PACAP-deficient mice show a reduced respiratory response to

hypoxia and hypercapnia (Cummings et al., 2004) and are more prone to sudden neonatal

death (Gray et al., 2001, 2002; Cummings et al., 2004). These findings suggest that PACAP

may contribute to chemosensory transduction in the carotid body. Thus, a recent experimental

study on rats demonstrated that PACAP, acting via the PAC1-R coupled PKA pathway,

inhibits a TWIK-related acid-sensitive K+-like K+ channel current and causes depolarization

and voltage-gated Ca2+ channel activation. The additive effect of PACAP and moderate

hypoxia has also been found, suggesting that PACAP may augment the hypoxia-mediated

[Ca2+]i elevation in type I cells (Xu et al., 2007, 2008).
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Angiotensin II (ANG II), an octapeptide derived from the circulating renin-angiotensin

system, plays a crucial role in the regulation of cardiovascular function and electrolyte/water

homeostasis. Intrinsic angiotensin-generating systems have also been found in organs such as

the pancreas, epididymis and carotid body. AT1 and AT2 receptors have been identified,

which are members of the seven-transmembrane G protein-coupled receptor family (Murphy

et al., 1991; Sasaki et al., 1991).

Angiotensinogen and ANG-converting enzyme, but not renin, are expressed in the rat carotid

body, suggesting an intrinsic angiotensin-generating system linked to a renin-independent

biosynthetic pathway (Lam and Leung, 2002). RT-PCR has identified gene expression of

both AT1 and AT2 receptors in the rat carotid body and AT1 receptors have also been

identified in type I cells by immunohistochemistry (Leung et al., 2000; Fung et al., 2001). In

the rat carotid body, ANG II has been found to increase the afferent activity of the carotid

body (Allen, 1998). In the rabbit carotid body, it increases expression of NADPH oxidase

components (Li et al., 2007) and the sensitivity of voltage-gated K+ channels to hypoxia in

type I cells by binding to AT1 receptors (Li and Schultz, 2006). In rat chronically hypoxic

carotid bodies, local up-regulation of angiotensinogen expression, ANG- converting enzyme

expression and enzymatic activity has been found (Lam and Leung, 2003; Lam et al., 2004).

In chronic heart failure in rabbits, elevation of endogenous ANG II and up-regulation of AT1

receptors in the carotid body contribute to enhanced carotid body chemosensitivity (Li et al.,

2006). Chronic hypoxia increases ANG II sensitivity in both rat pups and adults (Leung et al.,

2000; Fung et al., 2002). In the rat carotid body during early maturation, chronic hypoxia up-

regulates AT1a receptor subtype in type I cells and down-regulates AT1b receptor subtype

(Fung et al., 2002); in adult rats, it enhances both AT1a and AT1b receptor subtype expression

(Leung et al., 2000).
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Three mammalian natriuretic peptides have now been identified, i.e., atrial (ANP), B-type

(BNP) and C-type (CNP). Three different natriuretic peptide receptors have also been

identified, i.e., NPR-A, NPR-B and NPR-C, the first two being transmembrane guanylyl

cyclases (reviewed in Takei, 2000; Potter et al., 2006). ANP-like immunoreactivity has been

located in cat and human carotid body type I cells (Wang et al., 1991, 1992; Benvenuti et al.,

1996). It has been showed that incubation of carotid body with synthetic ANP analog

atriopeptine III elevates cGMP content, indicating the presence of receptors coupled to

membrane-bound guanylyl cyclase (Wang et al., 1992). ANP superfusion in in vitro rabbit

carotid body preparations showed inhibition of chemosensory discharge (Wang et al., 1993a;

He et al., 2000), whereas intra-arterial ANP stimulated cat carotid body chemoreceptor

activity in vivo (Di Giulio et al., 2003), these different effects probably being due to differing

experimental conditions. There are no data available on the presence of BNP and CNP in the

carotid body.

ADHESION MOLECULES IN THE CAROTID BODY

Carotid body cells are known to express many different growth factors and corresponding

receptors (reviewed in Porzionato et al., 2008a). Conversely, little is known about expression

of cell adhesion molecules (CAMs) by different carotid body cell types, although such

proteins have been suggested to play a pivotal role in modulation of the actions of

neurotransmitters/neuromodulators and growth factors. CAMs are cell surface molecules

grouped into four subclasses based on their structural characteristics, i.e., cadherins, selectins,

the integrin family, and the immunoglobulin (Ig) superfamily. Neural Cell Adhesion

Molecule (NCAM) is a member of the Ig superfamily and shows five membrane-distal Ig

modules and two membrane-proximal fibronectin type III modules. NCAM is encoded by a

single gene (NCAM1) but alternative splicing gives rise to several different isoforms, NCAM-
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120, -140, and -180 being the three major ones (Hansen et al., 2008). NCAM also undergoes

posttranslational modifications, the most important of which is addition of polysialic acid

(PSA). PSA is widely accepted to modify the adhesive properties of NCAM, probably

decreasing NCAM omophilic binding and favoring eterophilic binding to transmembrane

receptors, such as fibroblast growth factor receptor. It has been reported that NCAM triggers

signaling events which can result in many different cellular responses, such as differentiation,

survival, or modulation of synaptic plasticity, also through interactions with other cell surface

receptors. In the nervous system, PSA content is known to decrease during maturation and its

mainly roles have been identified in precursor migration, axon outgrowth/maturation, circuit

maturation and plasticity (Rutishauser, 2008). Thus, expression of PSA-NCAM is considered

a marker of neural progenitor cells (Izal-Azcarate et al., 2008). Izal-Azcarate et al. (2008)

reported PSA-NCAM immunoreactivity in type I cells of rat carotid bodies but to the best of

our knowledge there are not yet data regarding in toto expression of NCAM in the human

carotid body. One of the aims of the present study was to analize NCAM expression in the

human carotid body, with particular reference to the different cell populations, and to discuss

its possible involvement in the development/differentiation of the carotid body and its

changes in response to hypoxia.

SIGNAL TRANSDUCTION SYSTEMS: ERK AND AKT.

Research on the carotid body has mainly focused on neurotransmitters and receptors, while

little is known about the signalling pathways involved in neurotransmission/neuromodulation

and cellular proliferation, also with reference to the different developmental stages. Two

important signalling pathways involved in the integration of extracellular signals and which

are particularly important for cell survival and proliferation are the extracellular signal-

regulated kinase (ERK) and phosphatidylinositol-3-kinase (PI3K)/AKT pathways. ERK
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belongs to the family of the mitogen-activated protein kinases (MAPK), a group of

serine/threonine protein kinases linking various extracellular signals to nuclear events

(Waskiewicz and Cooper, 1995; Su and Karin, 1996; Nishio et al., 2001). ERK is activated

by dual phosphorylation of tyrosine and threonine residues by the MAPK kinases, MEK1 and

MEK2 (Derijard et al., 1995). There are two closely related ERKs, i.e., ERK1 (p44) and

ERK2 (p42). Activation of the ERK signalling pathway is known to be implicated in cell

proliferation (reviewed in Chambard et al., 2007) and occurs in two phases: a rapid initial

phase, in response to many different stimuli, and a later sustained phase, leading to cell

proliferation (Chambard et al., 2007).

The PI3K/AKT signalling pathway is upstream activated by growth factors, cytokines and

other cellular stimuli. In this pathway, activated receptor tyrosine kinases (RTK) activate

class I PI3K, which phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to generate

phosphatidylinositol-3,4,5-trisphosphate (PIP3). The serine/threonine kinase AKT binds to

PIP3 and is phosphorylated by phosphoinositide-dependent kinase-1 at Threonine 308. RTK

signalling also activates mTOR complex 2, which phosphorylates AKT at Serine 473. AKT

may then activate many different substrates involved in various cellular functions, such as

cell survival, growth, proliferation, metabolism and migration (reviewed in Engelman et al.,

2006; Manning and Cantley, 2007). In the nervous system, the PI3K/AKT pathway has also

been found to be involved in synaptic plasticity, such as long-term potentiation and long-term

depression (Kelly and Lynch, 2000; Sanna et al., 2002; Man et al., 2003; Opazo et al., 2003).

There are no data in the literature regarding the involvement of the ERK and PI3K/AKT

signalling pathways in the carotid body and in its foetal stages of development. Thus, one of

the aims of the present study was to evaluate these pathways in the various cell populations of

carotid body in adults and foetuses, by immunolocalization of ERK/pERK and AKT/pAKT.
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AIM OF THE STUDY

The main fields of study of our research group in the Department of Human Anatomy and

Physiology have been the medulla oblongata (Macchi et al., 2004, 2005, 2006, 2008; Parenti

et al., 2005; Porzionato et al., 2004a, 2004b, 2005b, 2006b, 2008b, 2008c, Stecco et al., 2005;

Mori et al., 2009) and the carotid body (Porzionato et al., 2005a, 2006a, 2008a, 2008d, 2008e

2009a, 2009b). The aim of the present study was to give a comprehensive and reliable

analysis of some neuroanatomic and neuropathologic aspects of the medullary nuclei and

carotid body which have not yet been considered in detail in the literature.

Our previous studies about MEDULLARY NUCLEI have mainly considered the local effects of

hypoxic-ischaemic injuries in autoptic materials, through neuropathologic examination and

analysis of the expression of immediate early genes (Fos). We also considered how

neuropathologic findings could be at least partially explained on the basis of neuroanatomic

parameters. In the present work, this kind of study was continued with the following aims.

- Analysis of neuroanatomic parameters, as neuronal densities, nuclear volumes, and

total neuron numbers, in medullary nuclei of both adults and infants through an

unbiased morphometric method called ‘optical disector’;

- Morphometrical evaluation of apoptosis in the same medullary nuclei and casistics,

through TUNEL and calculation of apoptotic indexes through optical dissector

method;

- Analysis of expression of different PDE4 isoforms in the medullary nuclei of a

subgroup of adult medullae oblongatae.

As regards the CAROTID BODY, the review of the literature reported in the Introduction has

shown how the local expression of many neuromodulators/neuromodulator receptors,

adhesion molecules, trophic factors and signalling pathways components has not yet been
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investigated in detail. The present study was aimed at analyse through immunohistochemistry

and double immunofluorescence the expression of various proteins not yet considered in

detail in the available literature, i.e.,:

- AM,

- NTR1,

- NCAM,

- ERK and pERK,

- AKT and pAKT.

Expression of AM, ERK/pERK, and AKT/pAKT was also evaluated with reference to

development of the carotid body, considering two series of carotid bodies sampled from adult

and foetal subjects.
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MATERIALS AND METHODS

MATERIALS

Analysis of morphometric parameters and distribution of apoptosis in the medullary nuclei

was performed on 32 medullae oblongatae sampled during autopsy from the following

subjects: 15 adults (9 male, 6 female; age range: 25-58 years; mean age: 40 years; mean

death-autopsy interval (DAI) ± Standard Deviation (SD): 29 ± 2.1 hours) who died of

myocardial infarct (10 cases), haemorrhagic shock (3 cases) or bronchopneumonia (2 cases);

7 adults (7 male; age range: 20-38 years; mean age: 30 years; mean DAI ± SD: 31 ± 1.9

hours) who died of opiate intoxication; 10 infants (5 male, 5 female; age range: 1 month-1

year; mean age: 5 months; mean DAI ± SD: 30 ± 2.0 hours) who died of Sudden Infant Death

Syndrome (SIDS) (5 cases), bronchopneumonia (3 cases) or cardiopathologic causes (2

cases).

Analysis of the expression of the PDE4 isoforms through in situ hybridization was performed

on brainstems sampled during autopsy from 8 of the above adult subjects (6 males, 2 females;

age range: 31-71 years; mean age: 53 years) who died of myocardial infarct (4 cases), opiate

intoxication (2 cases), bronchopneumonia (1 case) or haemorrhagic shock (1 case).

As regards opiate deaths, confirmation of heroin intoxication and a search for other drugs of

abuse (cocaine, methadone, amphetamine, benzodiazepines, cannabis, alcohol) were

performed by toxicological immunochemical screening (Enzyme Multiplied Immunoassay

Technique) and confirmatory chromatographic techniques (High-Performance Liquid-

Chromatography and Gas-Chromatography, coupled with Mass Spectrometry in Selective Ion

Monitoring mode), on urine and venous blood samples. In all opiate deaths, morphine was

detected in blood (range: 0.3-2.7 µg/ml) and in 5 cases also in urine (range: 0.2-11.6 µg/ml).

In 5 cases, alcohol was detected in blood (range: 30-175 mg/100ml) and in 4 cases also in
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urine (range: 10-264 mg/100ml). In 1 case, tetrahydrocannabinol was detected in urine (0.1

µg/ml).

Autopsies were performed within 48 h of death. Brainstems were cut after fixation in 10%

formalin for 7 days and paraffin-embedded. Preliminary histological examination was

performed on transverse sections of the medulla oblongata, stained with haematoxylin-eosin,

Nissl, Klüver-Barrera and Luxol fast blue. In all cases, examination revealed the absence of

acute, chronic, localized or diffuse brain pathology.

Carotid bodies were obtained at autopsy from 16 adult subjects (10 males, 6 females; mean

age 44.3 years, SD ± 3.4), clinically negative for chronic pulmonary or cardiovascular

diseases, and 6 foetuses obtained from spontaneous abortion (3 males, 3 females; mean

gestational age 167 days, SD ± 11). Causes of abortion were eclampsia (4 cases) and

traumatic shock (2 cases). In adults, cardiac hypertrophy or preceding myocardial infarction

were excluded at autopsy. Autopsies were performed between 24 and 36 hours after death.

Right carotid bifurcations were sampled, fixed in neutral 10% formalin and embedded in

paraffin wax.

HISTOLOGICAL AND TUNEL TECHNIQUES

In each case, 5 sections, collected 100 µm from each other at the level of the caudal portion

of the IV ventricle, were examined by the TUNEL method. Sections were incubated with 20

µg/ml proteinase K for 15 min at room temperature and washed in 0.01 M PBS. They were

incubated in 0.3% hydrogen peroxide in deionised H2O to arrest endogenous peroxidase

activity, and then incubated with equilibration buffer (ApopTag, Oncor, Gaithersburg, MD,

USA) for 5 min at room temperature. Sections were treated with terminal-deoxynucleotidyl

transferase reaction mix for 1 hour at room temperature, soaked in stop-wash buffer, and
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incubated for 15 min at room temperature. Sections were then incubated with horseradish

peroxidase streptoavidin, diluted 1:500 in PBS, for 30 min at room temperature. After the

reaction, sections were washed with PBS, placed in 0.03% 3,3’-diaminobenzidine (DAB,

Sigma, Milan, Italy) containing 0.01% H2O2, and counterstained with haematoxylin. For

positive controls, incubation with DNase was performed. For negative controls, the terminal-

deoxynucleotidyl transferase reaction mix was omitted.

MORPHOMETRIC ANALYSIS

Sections were examined under a Leica DM4500B microscope (Leica Microsystems, Wetzlar,

Germany) with a Leica DFC320 high-resolution digital camera (Leica Microsystems), and

image data were transmitted to a personal computer equipped with appropriate software for

image acquisition and analysis (QWin, Leica Microsystems). The nuclei examined included

the XII, DMNV, NTS, MedVe, Cu, NSTT, PION, MION and DION. The boundaries of these

nuclei were defined according to McRitchie and Tork (1993) and Paxinos and Huang (1995).

In each section, they were traced as regions of interest. Haematoxylin counterstaining in

sections stained with the TUNEL method usually permitted precise delineation of the

boundaries of the medullary nuclei. Moreover, tracing of nuclear boundaries was also

confirmed by comparison with the adjacent serial sections, stained with haematoxylin-eosin,

Nissl, Klüver-Barrera and azan-Mallory. For DMNV, dorsal and medial fringes were not

considered. Sections were analysed at primary magnifications of x10-100. Apoptosis was

evaluated as neuronal apoptotic index. According also to preceding studies on neuronal

apoptosis in medullary nuclei (Machaalani and Waters, 2003; Kiryu-Seo et al., 2005),

neurons were distinguished from glial cells on the basis of their larger size, clearly defined

neuronal cytoplasm, with Nissl substance, and membrane-bound nucleus with a clear

nucleolus (Toft at al. 2005). Although it must be considered that the TUNEL method may
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obliterate some nuclear features which can be used to distinguish these cells, a quite

acceptable estimate may be provided by referring to size and cytoplasm characteristics. The

optical disector method also allows better evaluation of cytoplasm characteristics, due to the

greater thickness of the section and movement of the focal plane. Apoptotic phenomena were

analysed in term of percentages and not densities, because the cell densities of the nuclei are

very different from each other and would not have permitted comparisons. In each section

examined by the TUNEL method, all the above-mentioned nuclei were identifiable.

The optical disector method was used to count cell nuclei (Gundersen et al., 1988;

Pakkenberg and Gundersen, 1988; West, 1993). The focal plane (or optical section) was

moved through the thickness of the section, producing a continuous series of overlapping

sections within which counting could be carried out with the following disector counting

rules. Counting was performed with high numerical aperture (100X) oil immersion lenses, in

order to obtain the smallest possible focal depth. An unbiased counting frame of known area

was superimposed on an optical section. Profiles of nuclei in contact with the upper right

edges of the frame were considered to be inside the frame, and those in contact with the lower

left edges to be outside it. All cell nuclei seen in focus in the first, most superficial, look-up

plane were disregarded. Then all cell nuclei which came into focus through the thickness of

the section were counted, including those in the last optical section. The thickness of the

upper guard area was 1 µm, so that the disector in which the nuclei were actually counted

was 9 µm high. Counting was performed on 5 sections per case and 20 fields per section for

each nucleus. The total numbers of profiles corresponding to neuronal ( −
NQ ) nuclei in each

field were counted, and the numbers of the corresponding TUNEL-positive profiles ( −
NAQ )

were also recorded. The data obtained in each field and section were then summed over the 5
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analysed sections to provide the total number of profiles observed (∑ −
NQ ) and the number

of TUNEL-positive ones (∑ −
NAQ ).

An estimate of the total number of neuronal nuclei ( NN ) and of TUNEL-positive ones ( NAN )

was performed in a two-step process which involved estimating both the numerical densities

of the objects, NV, and the volumes of the medullary nuclei, V.

For each medullary nucleus, the densities of the neuronal nuclei were calculated as follows:

Neuronal density:
∑∑

∑
×

=
−

PdisVol

Q
NV N

N )(

Apoptotic neuronal density:
∑∑

∑
×

=
−

PdisVol

Q
NV NA

NA )(

Vol(dis) was the volume of each disector, i.e., the product of the area of the counting frame

and the height of the dissector; ∑P was the total number of the disectors counted in the

specimen.

For each nucleus, the total numbers of neuronal ( NN ) nuclei were estimated as follows:

Total neuron number: VNVN NN ×=

Total apoptotic neuron number: VNVN NANA ×=

V was the volume of each medullary nucleus, estimated using Cavalieri’s point-counting

method (Gundersen and Jensen, 1987; Gundersen et al. 1999):
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where )( pa is the area associated with each sampling point; d is the mean distance between

two consecutive studied sections (0.2 or 0.8 mm, depending on medullary nucleus); n is the
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number of sections studied for each nucleus; and )(
1
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n
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is the sum of points hitting a given

target.

For each nucleus, the neuronal apoptotic index was finally estimated as the following ratio:

Neuronal apoptotic index: 100×=
N

NA
NA N

N
I

For each nucleus, mean values (± standard deviations) were calculated for the various sample

populations.

PHOSPHODIESTERASE 4 IN SITU HYBRIDIZATION

Analysis of PDE4 isoforms expression through in situ hybridization was performed in

collaboration with the Departament de Neuroquimica i Neurofarmacologia, Institut d’Investigacions

Biomèdiques de Barcelona (Prof. Mengod). In each of the 8 cases studied for the expression of

PDE4 isoforms, 10 tissue sections, 14 µm thick, were cut on a microtome at the level of the

AP and then mounted onto Histogrip-coated slides (Zymed, Carlsbad,CA, USA).

Oligonucleotide probes for PDE4A, PDE4B, PDE4C and PDE4D complementary to regions

of each mRNA that share little similarity among the PDE family have been used accordingly

to Pérez-Torres et al. (2000). The oligonucleotides used were complementary to the following

bases of the human cDNAs: 2323–2374 of PDE4A (GenBank acc. no. L20965); 2410-2455

of PDE4B (GenBank acc. no. L20971), 2333-2378 PDE4C (GenBank acc. no. U66347) and

1916-1960 of PDE4D (GenBank acc. no. U50159). They were custom-synthesized by

Amersham Pharmacia Biotech (Little Chalfont, UK).

The oligonucleotides were 3'-end-labeled with terminal deoxynucleotidyltransferase and

[33P]α-dATP (3000 Ci/mmol, New England Nuclear, Boston, USA). Labeled probes were

purified by QIAquick Nucleotide Removal Kit (QIAGEN, Hilden, Germany).



-59-

The protocol for in situ hybridization histochemistry was based on previously described

procedures with minor modifications (Tomiyama et al., 1997). Tissue sections were

deparaffinized and fixed for 20 min at 4ºC in 4% paraformaldehyde in phosphate-buffered

saline (1x PBS: 8 mM Na2HPO4, 1.4 mM KH2PO4, 136 mM NaCl, 2.6 mM KCl), washed for

5 min in 3x PBS at room temperature, twice for 5 min each in 1x PBS, and incubated for 2

min at 21ºC in a solution of proteinase K (Calbiochem, San Diego, CA, USA) at a final

concentration of 100 µg/ml in 50 mM Tris-HCl pH 7.5, 5 mM EDTA, washed twice in 1 X

PBS, 5 min each and dehydrated through a graded series of ethanol and air dried.

For hybridization, labeled oligonucleotides were diluted to a final concentration of

approximately 2x107 cpm/mL in a solution containing 50% formamide, 4x SSC, 1x

Denhardt's solution, 1% sarkosyl, 10% dextran sulfate, 20 mM phosphate buffer pH 7.0, 250

µg/mL yeast tRNA, 500 µg/mL salmon sperm DNA. Tissues were covered with 100 µL of

hybridization solution, overlaid with Nescofilm (Bando Chemical Ind, Kobe, Japan)

coverslips, and incubated overnight in humid boxes at 42ºC. Sections were then washed 4

times (45 min each) in 600 mM NaCl, 20 mM Tris-HCl pH 7.5, 1 mM EDTA at 60ºC. The

sections were then briefly dipped in 70% and 100% ethanol, air-dried and dipped into Ilford

K5 nuclear emulsion (Ilford, Mobberly, Chesire, UK) diluted 1:1 with distilled water. They

were exposed in the dark at 4°C for 6 weeks, and finally developed in Kodak D19 (Kodak,

Rochester, NY, USA) for 5 min, and fixed in Ilford Hypam fixer (Ilford).

Several routine controls were carried out to determine the specificity of the hybridization

signals. For a given oligonucleotide probe, the hybridization signals were completely blocked

by competition of the labeled probe when hybridized in the presence of 50-fold excess of the

same unlabeled oligonucleotide (data not shown) (Pérez-Torres et al., 2000).

Tissue sections were examined in bright- and dark-field in a Wild 420 macroscope (Leica,

Heerbrugg, Germany) and in a Nikon Eclipse E1000 microscope (Nikon, Tokyo, Japan)
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equipped with bright- and dark-field condensers for transmitted light and with epi-

illumination. Microphotography was performed digitally using a DXM 1200 Digital still

camera (Nikon, Tokyo, Japan) and analySIS® 3.1 software (Soft Imaging System GmbH,

Münster, Germany). Images were captured separately as TIFF files. All images were slightly

enhanced in Photoshop 7.0 (Adobe Software, Mountain View, CA, USA) with the levels and

bright/contrast tools. All images were treated equally to make backgrounds appear similar.

The AP localization was verified by the examination of cresyl violet-stained sections.

IMMUNOHISTOCHEMICAL AND IMMUNOFLUORESCENCE PROCEDURES

For analysis of the carotid bodies, immunohistochemical examinations were carried out on

longitudinal serial sections, 5 µm thick, of the whole carotid bifurcation. Sections were

incubated in 0.3% hydrogen peroxide for 10 min at room temperature, to remove endogenous

peroxidase activity, and then in blocking serum (0.04% bovine serum albumin (A2153,

Sigma-Aldrich, Milan, Italy) and 0.5% normal goat serum (X0907, Dako Corporation,

Carpinteria, CA, USA) in PBS) for 30 min. Anti-NTR1 and anti-NCAM

immunohistochemical analyses were performed only in adult cases. For anti-AM and –pERK

immunohistochemistry, unmasking was performed with 10mM sodium citrate buffer, pH 6.0,

at 90 °C for 10 min, then sections were incubated with 0.01 M PBS containing 0.1% Triton®

X-100 for 10 min. For anti-NCAM, -ERK, -AKT, and -pAKT immunohistochemistry,

unmasking was performed with 10 mM sodium citrate buffer, pH 6.0, at 90 °C for 20 min.

Antigen unmasking was not necessary for anti-NTR1 immunohistochemistry. Primary

antibody incubations were performed as follows: anti-human AM 1:1000 [Rabbit anti-AM 1-

52 (human) serum, Peninsula Laboratories Inc, San Carlo, CA, USA] in blocking serum for

18 hours at 4° (Satoh et al., 1996); rabbit polyclonal anti-NTR1 antibody at 1:600 dilution in
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blocking serum for 1 hour at room temperature; anti-NCAM primary antibody (Monoclonal

Mouse Anti-CD56 (NCAM), NCL-CD56-1B6, Novocastra) diluted 1:100 in PBS for 1 hour

at room temperature; anti-ERK (rabbit anti-ERK 1 (K-23) sc-94, Santa Cruz Biotechnology

Inc., CA, USA), diluted 1:1500 in blocking serum for 1 hour at room temperature; anti-pERK

(mouse anti-pERK (E-4) sc-7383, Santa Cruz Biotechnology), diluted 1:250 in blocking

serum for 1 hour at room temperature; anti-AKT (Akt (C67E7) Rabbit mAb #4691, Cell

Signaling Technology Inc., Boston, MA, USA), diluted 1:100 in blocking serum for 1 hour at

room temperature; anti-pAKT (Phospho-Akt (Ser473) Rabbit mAb #4060, Cell Signaling

Technology), diluted 1:100 in blocking serum for 1 hour at room temperature. Anti-NTR1

antibody was raised against amino acids 1-28 and 50-69 of rat NTR1 and also detected

human NTR1 (Feldberg et al., 1998; Castagliuolo et al., 1999; Brun et al., 2005). Sections

were then washed three times for 5 min in PBS. Primary antibody binding was revealed by

incubation with anti-rabbit/mouse serum diluted 1:100 in blocking serum for 30 min at room

temperature (DAKO® EnVision + TM Peroxidase, Rabbit/Mouse, Dako Corporation,

Glostrup, Denmark) and developed in 3,3’-diaminobenzidine for 3 min at room temperature.

Finally sections were counterstained with hematoxylin. Negative controls were performed by

omission of primary antibody. AM immunoreaction detected in hypothalamus, NTR1

immunoreaction detected in rat and human substantia nigra, NCAM positivity in Natural

Killer cells were used as positive controls. Endothelial cells served as positive internal

controls for anti-ERK and -pERK immunoreactivities. Human breast carcinoma was used as

positive immunohistochemical controls for AKT and pAKT. In order to verify the

immunohistochemical specificity of the anti-AM reaction, absorption tests with human AM,

CGRP, corticotropin releasing hormone and arginine vasopressin were performed. In order to

verify the immunohistochemical specificity of the reaction for NTR1, absorption tests with
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NTR1 peptide antigen (NTS1 Blocking Peptide, 2 mg/ml, P14020 Neuromics, Edina, MN)

for 1 hour at room temperature were also performed.

The percentage of type I and II positive cells was evaluated at a magnification of 40X, and 5

sections and 3 fields per section were examined. The mean percentages of positive type I and

II cells were calculated for each case and for the entire series.

Counterstaining with haematoxylin permitted differentiation between light and dark cells,

showing both positive and negative immunoreaction, on the basis of the morphological

characteristics and staining properties of the nuclei. The percentages of dark and light cells

showing immunoreactivity were evaluated at a magnification of 40X, and 5 sections and 3

fields per section were examined. The mean percentages of positive dark and light cells were

calculated for each case and for the entire series.

In order to confirm the cellular location of immunoreactivities in the carotid body, a double

immunofluorescent staining was performed in 4 frozen carotid bodies taken at autopsy from 3

adult subjects (2 males, 1 female; mean age 45.3 years, SD ± 1.2) and one male foetus

(gestational age 180 days). The other antibody used to mark type I cells was monoclonal anti-

Neurone-Specific Enolase [Mouse anti-NSE; Dako, Milan, Italy] diluted 1:300 in PBS for 1

hour at room temperature, as NSE is a marker of type I cells (Abramovici et al., 1991;

Porzionato et al., 2005a). Then sections were incubated with Alexa fluor 488 goat anti-rabbit

(Molecular Probes, Leiden, the Netherlands) and then with Alexa fluor 594 goat anti-mouse

(Molecular Probes). Both incubations were performed for 30 min at a concentration of 1:1000

in PBS. After thorough washes, the slides were mounted and observed with a Fluorescence

Microscope Olympus BH-2. 
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STATISTICS

The Mann-Whitney U-test was performed to verify any differences in morphometric

parameters and apoptotic indexes in the medullary nuclei between opiate deaths and controls,

SIDS and the other infant cases, and between adults and infants. In order to reveal differences

between the morphometric parameters and apoptotic indexes of the nuclei, statistical analysis

was performed in both adult and infant cases by the Kruskal-Wallis test and Dunn’s multiple

comparison test. In all sample populations, statistical analysis of the linear correlation of

apoptotic indexes with age and DAI were performed.

In the study of the carotid body, comparisons of immunopositivity between different cell

types and between adult and foetuses were performed by the Mann-Whitney test. A P value

of 0.05 was considered significant. Statistical calculations were carried out by Prism 3.0.3

(GraphPad Software Inc., San Diego, CA, USA).
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RESULTS

MEDULLARY NUCLEI

NEUROANATOMIC MORPHOMETRIC PARAMETERS

Table 3 shows the estimates of neuronal densities, nuclear volumes and total neuron numbers

with reference to adult and infant series. The Mann-Whitney U-test did not reveal any

statistically significant differences in total neuron numbers between adults and infants for the

medullary nuclei considered. All the medullary nuclei showed lower nuclear volume and

higher neuronal density in infants than in adults (P<0.05).

In both adult and infant cases, the Kruskal-Wallis test revealed that the differences in

morphometric parameters between the nuclei reached statistical significance (P<0.0001). In

infants, the inferior olivary complex and NSTT showed higher neuronal densities than

DMNV, XII and Cu. In adults, the neuronal densities of the inferior olivary complex and

NSTT were higher than neuronal densities of NTS, MedVe, DMNV, XII and Cu. NTS and

MedVe showed higher neuronal densities than XII and Cu (Fig. 2).

In infants, PION showed higher volume than Cu, DMNV, XII, MION and DION; NTS

presented higher volume than XII, MION and DION; volumes of MedVe and NSTT were

higher than volumes of MION and DION, and Cu had higher volume than DION. In adults,

PION showed higher volume than NSTT, Cu, XII, DMNV, MION and DION; NTS showed

higher volume than Cu, XII, DMNV, MION and DION; MedVe presented higher volume

than XII, DMNV, MION and DION; volumes of NSTT and Cu were higher than volumes of

MION and DION, and XII had higher volume than DION.

In infants, PION showed higher total neuron number than MION, DION, Cu, DMNV and

XII; NSTT showed higher total neuron number than DION, Cu, DMNV and XII; NTS had

higher total neuron number than Cu, DMNV and XII; MedVe presented higher total neuron
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number than DMNV and XII; total neuron number of MION was higher than that of XII. In

adults, PION showed higher total neuron number than MedVe, MION, DION, Cu, DMNV

and XII; NSTT showed higher total neuron number than MION, DION, Cu, DMNV and XII;

NTS had higher total neuron number than DION, Cu, DMNV and XII; MedVe presented

higher total neuron number than Cu, DMNV and XII; total neuron number of MION was

higher than those of DMNV and XII, and total neuron number of DION was higher than that

of XII.

Table 3. Morphometric parameters (neuronal density NVN; nuclear volume, V; total neuron

number, NN; ± Standard Deviation) of adult and infant medullary nuclei.

ADULTS INFANTS

NVN

(n/mm3)
V

(mm3)
NN

(n)
NVN

(n/mm3)
V

(mm3)
NN

(n)

XII 1070±343.4 12.3±2.9 12368±1972 2799±1292 5.4±1.6 13437±1722

DMNV 1663±431.4 11.5±2.9 18051±2623 2915±568.1 6.1±1.4 17063±1391

NTS 2982±639.9 38.2±5.2 111582±16833 8150±1735 15.0±2.5 119505±16881

Cu 1061±238.7 21.7±3.1 22451±2743 2686±843.6 8.1±2.1 20168±2511

MedVe 2964±380.8 30.6±3.7 89533±6819 6958±1076 13.7±2.2 93213±8441

NSTT 9217±2146 25.0±3.6 224416±29686 21347±5006 11.8±2.5 241139±27242

PION 9149±1341 82.9±8.5 748945±60529 20910±1582 36.9±4.1 768002±71935

MION 10102±3024 6.0±1.4 56823±4316 19267±3475 3.0±0.4 55685±5870

DION 11318±3704 3.3±0.8 35534±4526 23124±6740 1.8±0.4 38114±3824
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Fig. 2 A: Histological section of medulla of an adult case at level of caudal portion of IV

ventricle (Klüver-Barrera, 1X). B: Sketch showing varying neuronal densities in medullary

nuclei of infants (left) and adults (right) through grey scales (data expressed in neurons/mm3).

(Cu, Cuneate nucleus; MedVe, medial vestibular nucleus; NTS, nucleus tractus solitarii;

DMNV, dorsal motor nucleus of vagus; XII, hypoglossal nucleus; NSTT, nucleus of spinal

trigeminal tract; PION, principal inferior olivary nucleus; MION, medial accessory inferior

olivary nucleus; DION, dorsal accessory inferior olivary nucleus).
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DISTRIBUTION OF APOPTOSIS

Apoptotic neuronal cells were found in all medullae examined (Fig. 3-5). The majority of

TUNEL-positive neurons showed morphologic characteristics of apoptosis, such as

chromatin condensation and margination and nuclear fragmentation.

The Mann-Whitney U-test did not reveal any statistically significant differences in neuronal

apoptotic indexes between opiate deaths and controls, or between SIDS and the other infant

cases. A statistically significant difference in neuronal apoptotic index was found between

adults and infants in the following nuclei: Cu (28.2±16.3% vs 6.9±8.7%; P<0.005), Ve

(24.7±15.0% vs 11.3±11.4%; P<0.05), NTS (11.2±11.2% vs 2.3±2.4%; P<0.05), DMNV

(6.8±8.5% vs 0.1±0.2%; P<0.05) and XII (6.6±5.7% vs 0.1±0.2%; P<0.005) (Table 4).

In both adult and infant cases, the Kruskal-Wallis test revealed that the differences in

neuronal apoptotic indexes between the nuclei did reach statistical significance (P<0.001 and

P<0.005) (Figs. 3C, 5). In adults, Dunn’s multiple comparison test revealed significant

differences in comparing the neuronal apoptotic index of Cu with those of PION (P<0.05),

NTS (P<0.05), MION (P<0.001), XII (P<0.001), and DMNV (P<0.001). The neuronal

apoptotic indexes of NSTT and Ve were higher than in MION, XII and DMNV (P<0.05 and

P<0.01, respectively). In infants, the differences between NSTT (20.2±19.0%) and XII

(0.1±0.2%) and between NSTT and DMNV (0.1±0.2%) were statistically significant

(P<0.05). Differences in the neuronal apoptotic indexes between the other nuclei were not

statistically significant (P>0.05).

No significant statistical correlation of apoptotic indexes with age was found in any group.

There was no statistically significant difference in the mean DAI between the three groups,

and no statistically significant correlation of apoptotic indexes with the DAI interval in any

group.
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Table 4. Total neuron numbers ( NN ) and neuronal apoptotic indexes ( NAI ) in medullary

nuclei of adults and infants. (Values expressed as mean ± s.d.).

ADULTS INFANTS

NAI NAI

XII 6.6 ± 5.7 0.1 ± 0.2 (P<0.005)

DMNV 6.8 ± 8.5 0.1 ± 0.2 (P<0.05)

NTS 11.2 ± 11.2 2.3 ± 2.4 (P<0.05)

NSTT 24.4 ± 19.3 20.2 ± 19.0 (P>0.05)

Cu 28.2 ± 16.3 6.9 ± 8.7 (P<0.005)

Ve 24.7 ± 15.0 11.3 ± 11.4 (P<0.05)

PION 12.9 ± 15.0 12.1 ± 21.2 (P>0.05)

MION 10.0 ± 14.4 3.0 ± 6.5 (P>0.05)

DION 13.8 ± 14.3 4.9 ± 7.8 (P>0.05)
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Fig. 3 A: Sketch showing varying incidence of neuronal apoptosis in medullary nuclei. (Cu,

Cuneate nucleus; Ve, medial vestibular nucleus; NTS, nucleus tractus solitarii; DMNV,

dorsal motor nucleus of vagus; XII, hypoglossal nucleus; NSTT, nucleus of spinal trigeminal

tract; PION, principal inferior olivary nucleus; MION, medial accessory inferior olivary

nucleus; DION, dorsal accessory inferior olivary nucleus). B: Histological section of medulla

of an adult case at level of caudal portion of IV ventricle (Klüver-Barrera, 1X). C: Medullary

tegmentum stained by TUNEL method, showing higher neuronal apoptosis incidence in Cu,

Ve and NSTT, corresponding to lateral area, than in XII, DMNV and NTS.

Photomicrographs (10X) mounted together by Photo Stitch 3.1, Canon Inc.
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Fig. 4 TUNEL-positive neurons of inferior olivary complex, showing chromatin

condensation (63X).
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Fig. 5 Differences in incidence of neuronal apoptosis in hypoglossal nucleus (A, 20X), dorsal

motor nucleus of vagus (B, 20X), cuneate nucleus (C, 20X), medial vestibular nucleus (D,

20X), nucleus of spinal trigeminal tract (E, 20X) and principal inferior olivary nucleus (F,

20X).
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PHOSPHODIESTERASE ISOFORMS

Table 5 summarizes the results obtained. In the AP, very low hybridization signal for

PDE4A, low for PDE4B, and strong for PDE4D were seen (Fig. 6A-I). In the NTS and the

DMNV, no hybridization signal for PDE4A could be observed, whereas it was low for

PDE4B and moderate for PDE4D (Fig. 6A-C). Hybridization levels for PDE4B and PDE4D

were stronger in the AP than in the NTS or DMNV. PDE4C mRNA expression was totally

absent in the tissue sections analyzed as in the rat tissue sections examined by Pérez-Torres et

al. (2000). PDE4B and PDE4D presented a diffuse hybridization signal in the reticular

(ventral, medial and dorsal) nuclei. Somatosensory nuclei, such as Cu, Gr and NSTT showed

low to moderate hybridization signals for PDE4B and PDE4D. The XII weakly expressed

PDE4B and PDE4D mRNA. In addition, low levels of PDE4B mRNA were observed in the

inferior olivary complex, including PION and MION where also moderate hybridization

signal for PDE4D was seen, especially in the PION. In the NTS, both PDE4B and PDE4D

mRNAs were detected in the different subnuclei. Low to moderate levels were visualized in

both paracommissural and commissural solitary nuclei and lower levels in the intermediate

solitary nucleus. PDE4B and PDE4D were found expressed at low levels in the cells of the

locus coeruleus. Very low hybridization signals for PDE4A mRNA were seen in the LatRet,

whereas no hybridization signal for PDE4A mRNA could be observed in the other nuclei.

Very low hybridization signal for PDE4A was detected on and around blood vessels (Fig.

6G) and on neurons (Fig. 7A, D, G). Moderate number of silver grains for PDE4B were

observed on and around blood vessels (Fig. 6H) and on neuronal and glial cells (Fig. 7B, E,

H). Strong hybridization signal for PDE4D was also seen on and around blood vessels (Fig.

6I) and on neuronal and glial cells (Fig. 7C, F, I).
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Table 5. Distribution of PDE4 mRNAs in the medullary nuclei

PDE4A PDE4B PDE4D

AP -/+ ++/+ +++

XII - + ++

DMNV - + ++

NTS - + ++

NSTT - + ++

Cu - + ++

Gr - + +

LatRet -/+ + ++

ION - + ++

The levels of intensity are indicated from '+' for low intensity up to '+++' for the highest

intensity. '-', not detected.
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Fig. 6. Distribution of PDE4 isozyme mRNAs in the human medulla oblongata and cellular

localization of PDE4 isozyme mRNAs in the area postrema (AP). A-I are bright-field

photomicrographs from emulsion-dipped sections showing the presence of PDE4A (A, D, G),

PDE4B (B, E, H) and PDE4D (C, F, I) mRNAs. D-I are higher magnification of A-C from

AP. Note absence of the labeling of PDE4A (D, G). Low densities of the labeling of PDE4B

can be observed in AP (E) and located on and around blood vessels (H). Strong levels of

hybridization for PDE4D are seen on and around blood vessels of AP (F, I). Sections (G-I)

are stained with cresyl violet. DMVN, dorsal motor vagal nucleus; STN, solitary tract

nucleus; st, solitary tract. Bar in A = 500 µm (applies to A - C). Bar in D = 100 µm (applies

to D - F). Bar in G = 40 µm (applies to G - I).
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Fig. 7. Cellular localization of PDE4 isozyme mRNAs in the dorsal motor nucleus of the

vagus (DMNV) (A-C), nucleus tractus solitarii (NTS) (D-F) and inferior olivary nucleus

(ION) (G-I). Autoradiographic images are presented as bright-field photomicrographs from

emulsion-dipped tissue sections in which autoradiographic grains are seen as black dots. All

sections are stained with cresyl violet. Most neurons contain few grains for PDE4A mRNA in

DVMN (A), NTS (D) and ION (G). Moderate labeling for PDE4B mRNA can be seen on

neuronal and glial cells in the three nuclei (B, E, H). High levels of hybridization for PDE4D

mRNA are observed on neuronal and glial cells in the three nuclei (C, F, I). Bar in G = 40 µm

(applies to A-I).
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CAROTID BODY

NEUROMODULATORS: ADRENOMEDULLIN AND NEUROTENSIN SYSTEMS

Immunohistochemistry revealed the coexistence of both AM+ and AM- type I cells in all

specimens examined. When present, AM immunoreactivity was intense and widely

distributed in the cytoplasm. The percentage of positive type I cells was higher in adult

subjects (32.3 ± 7.7%) with respect to the foetuses (11.8 ± 2.7%, P<0.01) (Fig. 8).

Immunostained cells were distributed both in the centre and in the periphery of the lobules.

No AM immunostaining was observed in type II cells. Double immunofluorescent staining

with anti-NSE confirmed the selective location of AM immunoreactivity in type I cells (Fig.

9).

Concerning subpopulations of type I cells, dark cells showed a higher percentage of positive

immunoreaction with respect to light cells, both in adult subjects (61.7 ± 13.4% vs 19.2 ±

5.2%, P<0.01) and in foetuses (25.3 ± 4.4% vs 6.2 ± 2.0%, P<0.01). Pyknotic cells were

rarely immunostained.

Sinusoids located in the context of the lobules of the carotid body showed a faint AM

immunoreactivity, less intense than immunostained type I cells. Blood vessels in the

connective tissue in proximity of the carotid body showed positive immunostaining in the

endothelium and/or in the smooth muscle cells (Fig. 8E).

Preabsorption with human AM eliminated the immunostaining, while preabsorption with

CGRP, corticotropin releasing hormone and arginine vasopressin did not affect the

immunostaining.
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Fig. 8. Sections of the carotid body immunostained for adrenomedullin (AM) displaying

higher percentages of immunostained type I cells in adult subjects (A,B) with respect to

foetuses (C). At higher magnification (D) preferential immunostaining of dark cells (arrows)

with respect to light cells (arrowheads) and type II cells (asterisks) is recognizable. In Fig. E

positive AM immunostaining of a blood vessel (arrow) is visible, near to a glomic lobule with

immunostained type I cells (arrowheads). Fig. F shows positive AM immunostaining of

hypothalamus, taken as positive control. Negative controls are not shown. Magnifications:

(A,B,C,E) 40x, (D) 100x, (F) 20x.
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Fig. 9. Double immunofluorescence of a frozen section of an adult carotid body. Neurone-

specific enolase was demonstrated in red (A), adrenomedullin (AM) in green (B). The

combination of the previous images (C) shows colocalization of AM and NSE in some type I

cells (yellow) and absence of AM immunostaining in other type I cells (red). Magnifications:

(A,B,C) 20x.
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In adult human carotid bodies, a preliminary analysis of subpopulations of type I cells did not

reveal any statistically significant differences between dark, light or pyknotic cells (P>0.05).

Immunohistochemistry revealed the coexistence of both NTR1-positive and -negative type I

cells in all specimens examined. Anti-NTR1 immunohistochemistry showed positivity in 45.6

± 9.2% type I cells (Fig. 10). When present, NTR1 immunoreactivity was intense, and

distributed in the cytoplasm or nucleus. The percentage of nuclear NTR1 immunostaining on

the total was 13.9 ± 11.1%. Immunostained cells were distributed in both the center and

periphery of the lobules. Type II cells did not show immunostaining (Fig. 10-11). Glomic cell

immunostaining was eliminated when antiserum, preabsorbed with its peptide antigen, was

used.

Fig. 10. Anti-NTR1 immunohistochemistry - Sections of adult carotid bodies (E,F) showing

selective positivity of glomic type I cells. Scale bars = 20 µm.
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Fig. 11. Double immunofluorescence of a frozen section of human carotid body. NTR1

shown in green (A), neurone-specific enolase in red (B). Combination of the previous images

(C) shows colocalization of NTR1 and NSE in type I cell (yellow). Original magnifications:

63X.
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ADHESION MOLECULES: NEURAL CELL ADHESION MOLECULE

Anti-NCAM immunohistochemistry performed in adult carotid bodies revealed the

coexistence of both NCAM+ and NCAM- type I cells in all specimens examined. When

present, NCAM immunoreactivity involved cell membranes. The percentage of positive type

I cells was very high, i.e., 78.3 ± 7.2%. Immunostained cells were distributed both in the

centre and in the periphery of the lobules (Fig. 12A-B). Concerning subpopulations of type I

cells, statistically significant differences were not found in anti-NCAM immunostaining of

light and dark cells (80.2 ± 6.2% vs 74.7 ± 13.4%, P>0.05) (Fig. 12C). Pyknotic cells also

frequently showed positive immunoreaction. No NCAM immunostaining was observed in

type II cells. Connective tissue components were negative, immunoreactivity being present

only in the glomic lobules.
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Fig. 12. A-B: Sections of the carotid body immunostained for Neural Cell Adhesion

Molecule (NCAM) displaying high percentages of immunostained type I cells and negativity

of type II cells. C: At higher magnification immunostaining of both dark (arrows) and light

(arrowhead) cells is recognizable. Negative controls are not shown. Original magnifications:

A-B, 20X; C, 63X.
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SIGNAL TRANSDUCTION SYSTEMS: ERK AND AKT

Table 6 lists the mean values (± standard deviation) of immunopositive cells in foetuses and

adult subjects. In adults, percentages of ERK-, pERK, AKT- and pAKT-immunopositive

type II cells were lower than corresponding percentages of ERK-immunopositive type I cells

(P<0.05). A preliminary analysis of subpopulations of type I cells did not reveal statistically

significant differences between dark, light or pyknotic cells for each of the

immunohistochemical analysis (P>0.05). ERK immunopositivity was mostly cytoplasmic,

with only rare cells also showing nuclear immunoreactivity. pERK immunolabelling was also

predominantly cytoplasmic in both type I and II cells. AKT immunolabelling in type I and II

cells was mainly cytoplasmic, although nuclear and nucleo-cytoplasmic immunolocalisation

was also present. pAKT immunolabelling in type I cells was mainly nuclear. Type II cell

immunolabelling was not detectable. Immunolabelled cells were distributed both in the centre

and in the periphery of the lobules. Mann-Whitney tests revealed a significantly lower

percentage of ERK-, pERK-, and AKT-immunopositive type I cells in foetuses in comparison

to adults (P<0.05). Significantly lower percentages of ERK-, and AKT-immunopositive type

II cells were also found in foetuses in comparison to adults (P<0.05). (Fig. 13-14).
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Table 6. Mean percentages (± standard deviation) of ERK, pERK, AKT and pAKT

immunopositive carotid body cells in foetuses and adults

Carotid Body

Type I cells Type II cells
ERK

Foetuses 19.5 ± 8.5 10.3 ± 4.3

Adults 59.4 ± 8.5 29.4 ± 5.1

pERK

Foetuses 5.3 ± 2.8 2.0 ± 1.3

Adults 15.9 ± 5.1 4.9 ± 2.0

AKT

Foetuses 4.0 ± 2.8 0.0 ± 0.0

Adults 38.4 ± 7.8 
 

4.7 ± 3.1

pAKT

Foetuses 2.3 ± 0.5 0.0 ± 0.0

Adults 4.6 ± 3.0 0.0 ± 0.0
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Fig. 13. ERK (A, B) and pERK (C, D) immunohistochemistry in the carotid body, displaying

higher percentages of immunopositive cells in adults (A, C) than in foetuses (B, D). (arrows:

type I cells; arrowheads: type II cells; asterisk: endothelial cells). Scale bars = 20µm.
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Fig. 14. AKT (A, B) and pAKT (C, D) immunohistochemistry in the carotid body,

displaying higher percentages of immunopositive cells in adults (A, C) than in foetuses (B,

D). (arrows: type I cells). Scale bars = 20µm.
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DISCUSSION

NEUROANATOMIC MORPHOMETRIC PARAMETERS

Estimates of cell total numbers in various tissues have for much time been carried out

applying indirect and biased methods based on counts in a two-dimensional plane. In fact, the

probability for objects of being hit by a single section is proportional not only to their number

but also to their size and form. Thus, direct and unbiased methods for cell counting have been

developed, the so-called disector (Sterio, 1984) and fractionator (Gundersen, 1986). The

basic principle of these methods is that the probability that an object is hit by a section but is

not hit by a parallel section is independent from object size and form. The physical disector

method relies on parallel physical sections separated by a distance smaller than the minimum

particle height; objects counted in a section but not in the other one are considered. In the

optical disector method (Gundersen, 1986) relatively thick sections are used, through which

two or more parallel optical sections are performed by moving the plane of focus (reviewed

in Gundersen et al., 1988; Pakkenberg and Gundersen, 1988; West, 1993). The fractionator

method (Gundersen, 1986) relies on the same basic counting principles as the disector; the

estimate of the total object number derives from multiplication of counted particles with fixed

fractions of sections and fields counted. In the present work, the optical disector method was

applied, due to the advantage of eliminating the difficult and time consuming task of

identifying corresponding portions in different physical sections. In Table 1 a review of the

morphometric data of the medullary nuclei from previous studies is presented. Most

morphometric studies on medullary nuclei, with few exceptions (Tang et al., 2001/2002; Lasn

et al., 2006), did not apply the disector or fractionator methods, indicating a not yet complete

acquaintance of the importance of the unbiased principles at the basis of such methods. A

research group compared analyses of total neuron numbers in MedVe with two-dimensional
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and three-dimensional probes (optical fractionator), finding 18% higher total neuron number

with the unbiased method (Lopez et al., 1997; Tang et al., 2001/2002). Moreover, it must be

considered that preceding studies concern one or few nuclei, lacking a comprehensive and

contemporary study of many medullary structures. The use of different methods in the above

studies limits the reliability of the comparison of morphometric data from different nuclei.

Moreover, morphometric data regarding NTS, NSTT and accessory inferior olivary nuclei are

completely lacking. To the best of our knowledge this is the first study applying the unbiased

optical disector method to detail reliable morphometric data of a relatively wide series of

medullary nuclei.

Previous works reported noteworthy differences between the various medullary nuclei in

terms of vascularization (Porzionato et al., 2004b, 2005b) and responses to hypoxic-

ischaemic injuries (Gilles, 1969; Revesz and Geddes, 1988; De Caro et al., 2000, 2003;

Parenti et al., 2005; Porzionato et al., 2004b, 2008a). Our present study also revealed

statistically significant differences between morphometric parameters of the different

medullary nuclei. In particular, the nuclei of the medullary tegmentum (XII, DMNV, NTS,

MedVe, Cu) showed lower neuronal densities than the NSTT and the nuclei of the inferior

olivary complex, which are located in a more ventral position (Fig. 2). Further analysis could

consider the relationships between morphometric data of neuronal populations and

microvascularization.

As regards comparison between adults and infants, we have not found statistically significant

differences in the total neuron numbers in all the nuclei examined. In the literature, higher

total neuron number was only found in the medial Cu of an adult than in a 2-month infant,

and was ascribed to continuation of the development of this nucleus also after birth (Ma et al.,

2005). However the small number of specimens examined in that study strongly limited the

reliability of the finding. The absence of statistically significant differences in total neuron



-91-

number between adults and infants indicates the completment of the development of the

medullary nuclei considered, at least for total neuron number, in the prenatal period. On the

contrary, both literature data and our findings showed an increased volume and

corresponding decreased neuronal density in adult medullary nuclei with respect to infant

ones. Such changes may be ascribed to development of the neuropil and microvascularization

(Bourrat and Sotelo, 1984; Porzionato et al., 2004b, 2005b). Some authors focused on aging

effects on nervous structures. Significant age-related losses of neurons were found in the

cerebral cortex (Anderson et al., 1993), cerebellar Purkinje cell population (Hall et al., 1975),

putamen (Pesce and Reale, 1987), substantia nigra (McGeer et al., 1977), locus coeruleus

(Mann et al., 1983), vestibular nuclei (Alvarez et al., 1998, 2000), while no age-related

neuronal loss was found in the ventral cochlear (Konigsmark and Murphy, 1972), abducens

(Vijayashankar and Brody, 1977), facial (Van Buskirk, 1945) and inferior olivary nuclei

(Moatamed, 1966). In our study, we did not find significant age-related neuronal losses in

medullary nuclei. Most of the above literature studies on aging effects on neuronal

populations have been performed with biased methods. Further investigations performed with

unbiased methods will be necessary to better clarify differential aging effects on the various

nervous structures. At the moment, data arising from literature and our investigations, seem

to indicate a lower susceptibility to aging of the rombencephalic nuclei, which are

phylogenetically and ontogenetically more ancient. Moreover, further studies considering

morphological and morphometric parameters could be of interest in order to fully evaluate

the development of the medullary nuclei regarding synaptogenesis and maturation of the

neuropil, also with reference to the different patterns of dendritic arborisation (isodendritic,

allodendritic and idiodendritic).
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DISTRIBUTION OF APOPTOSIS

It has been reported that the TUNEL method can potentially detect random DNA

fragmentation due to necrosis (Gold et al., 1994) or post-mortem damage (Scott and Hegyi,

1997). However, in our study, TUNEL-positive cell nuclei did not show any of the

characteristics of necrosis, i.e., swelling, dispersion or flocculation of chromosomal material

(Clarke, 1990). Moreover, tissue fixation time was quite constant for all specimens, and the

apoptotic indexes did not correlate with post-mortem delay. However, although some authors

report that post-mortem periods of up to 48 hours do not influence in situ end-labelling in rat

brain (Petito and Roberts, 1995a) and that post-mortem intervals of up to 70 hours do not

have significant effects on the detection of apoptosis by the TUNEL method in human brain

(Adle-Biassette et al., 1995; Gelbard et al., 1995; Petito and Roberts, 1995b; Vincent et al.,

1999; Cosenza et al., 2004), we must consider that some of the apoptotic phenomena

evidenced in our study are to be ascribed to post-mortem changes.

In the present study, differences in apoptotic indexes between opiate deaths and controls were

analysed, as opiates have been shown to induce apoptosis of neuronal cells in experimental

studies in rats (Atici et al., 2004), chick embryo cell cultures (Goswami et al., 1998), and

murine (Goswami et al., 1998) and human (Yin et al., 1997; Hu et al., 2002) neuroblastoma

cell lines. It has also been suggested that long-term neurobehavioural damage (Steingart et

al., 2000) and developmental abnormalities (Basheer et al., 1992; Seatriz and Hammer, 1993;

Harlan and Song, 1994; Malanga and Kosofsky, 1999) in the brains of neonatal animals born

to pregnant animals exposed to opiates may be ascribed to morphine-induced apoptosis of

neurons (Hu et al., 2002). In our study, comparison between apoptotic indexes of opiate

deaths and controls did not show statistically significant differences. Thus, the in vivo

apoptotic effect of morphine was not evidenced in our study. This finding may be ascribed to

post-mortem changes or to a common effect due to terminal hypoxic-ischaemic injury. Opiate
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deaths and controls shared systemic hypoxic-ischaemic injury as terminal cause of death, and

the literature has clarified that this kind of injury may produce neuronal apoptosis (Snider et

al., 1999).

As regards the infant cases, a higher incidence of neuronal apoptosis within the brainstem of

SIDS victims has been described, with particular reference to the gracile nucleus, Cu, NSTT,

NTS, lateral reticular formation and lateral Cu, and ascribed to hypoxia (Waters et al., 1999).

In our study, however, we did not find higher apoptotic indexes in SIDS cases with respect to

other infant cases, although this may be due to the small number of cases.

A comparison was also made between adults and infants, due to the absence of significant

internal differences in the two populations. The neuronal apoptotic indexes of infants were

lower than those of adults, with statistical significance for XII, DMNV, Cu, Ve and NTS.

These findings indicate that neuronal populations show different characteristics of survival

between adults and infants. The neurons of these infant nuclei may be more resistant to

hypoxic-ischaemic injury or post-mortem changes. Instead, no statistically significant

correlation between age and apoptosis was found in the adult series.

Heterogeneity was found among the neuronal apoptotic indexes of the various nuclei of the

medulla oblongata. The topographical pattern of apoptosis in the medulla oblongata of adults

did not differ significantly from that of infants. These findings may be explained by reference

to differing hypotheses. It may be that neurons of different nuclei simply take different times

to become apoptotic, as a result of post-mortem changes. Otherwise, these findings may

indicate the different vulnerability of the medullary nuclei in response to hypoxic-ischaemic

injury. Further studies on experimental animals will be necessary to verify this hypothesis.

Three areas of vascularisation have been described in the medulla, i.e., median, fed by the

paramedian arteries; middle, fed by the short circumferential arteries; and lateral, fed by the

posterior inferior cerebellar artery (PICA) (Foix and Hillemand, 1925; Lazorthes, 1961).
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Although at the moment we cannot evaluate the apoptotic component due to post-mortem

changes, it is intriguing that the nuclei with higher neuronal apoptotic indexes, i.e., Cu, Ve

and NSTT, are all located in the lateral area of the medullary tegmentum and share the same

vascular supply from the PICA, thus suggesting that local vascularisation plays a role in

determining the spatial distribution of apoptosis.

PHOSPHODIESTERASE ISOFORMS

By using oligonucleotide probes that selectively recognize the transcripts of the four isozyme

forms of the PDE4 family (PDE4A, PDE4B, PDE4C and PDE4D), we have examined their

regional distribution and cellular localization in human brainstem. Our results show that

PDE4D mRNA expression was in general stronger than PDE4B. Additionally, PDE4B and

PDE4D mRNA expression was abundant and distributed not only in neuronal cells but also in

glial cells, especially on and around blood vessels. An important finding is that the signals for

PDE4B and PDE4D mRNAs in the AP were stronger than those in any other nuclei in the

brainstem. To our knowledge, this is the first detailed report of the regional distribution and

cellular localization of the PDE4 isozymes in human brainstem.

We observed positive hybridization signals for PDE4B and PDE4D in several nuclei in

human brainstem, especially in the AP. The AP modulates cardiovascular responses through

local action of a series of circulating peptides, such as ANG II, vasopressin and endothelins,

and has been implicated as a chemoreceptor trigger zone for vomiting (emesis) (Miller and

Leslie, 1994). Emesis is one of the most common side effects of PDE4 inhibitors

administration. The mechanism by which PDE4 inhibition results in increased vomiting and

nausea in species such as dog and human (Bertolino et al., 1988; Hebenstreit et al., 1989;

Heaslip and Evans, 1995) is not fully understood, but probably includes both central and
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peripheral sites of actions. Treatment of rats with rolipram elevated Fos-like

immunoreactivity (an activity marker for a variety of neuronal populations in the brain) in

brain regions associated with emesis such as the AP and NTS (Bureau et al., 2006). Our

finding suggests that cAMP signaling modification in this area could mediate the emetic

effects of PDE4 inhibitors in human brainstem.

In the present study, hybridization signal for PDE4B and PDE4D mRNAs was stronger in the

AP than in any other nuclei in human brainstem and those signals were expressed in

association with blood vessels. Morphologically, the AP shares many features with the

subfornical organ and the vascular organ of the lamina terminalis, including rich vascularity

(numerous blood vessels), modified ependyma, and a network of neuroglia (Weisinger et al.,

1990). In a previous work (Porzionato et al., 2005b) we evaluated the regional differences in

microvessel density of the human medullary tegmentum and reported that DMNV and AP

showed higher microvessel density with respect to NTS, ST and XII. These findings indicate

that the expression of PDE4B and PDE4D mRNAs in the AP might be regulated by chemical

substances originated from blood vessels.

The anatomical distribution of PDE4B and PDE4D mRNAs presented in this study partially

agrees with that reported by Lamontagne and coworkers (Lamontagne et al., 2001) who

detected expression of PDE4D mRNA and protein in the medulla and nodose ganglion of

squirrel monkey. However, and in contrast with our results, they were unable to find PDE4B

expression mainly due, according to them, to the lack of selective antibodies for this

isoenzyme and to inconclusive results obtained with their in situ hybridization experiments.

Further evidence that supports the role of PDE4D in the emetic response is the increased

reversion of alfa-2-mediated-anaesthesia, a behavioural surrogate of emesis in non vomiting

species found with pro-emetic PDE4 inhibitors (Robichaud et al., 2002a), that has also been

demonstrated using PDE4D deficient mice (Robichaud et al., 2002b). In contrast, in the same
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study, PDE4B deficient mice exhibited the same sleeping time than their wild-type

littermates under xylacine/ketamine induced anaesthesia (Robichaud et al., 2002b). In our

study, the AP contained higher levels of PDE4D mRNA than those of PDE4B mRNA in

human brainstem (Table 5) when compared to their own expression in other brainstem nuclei,

similar to what it has been previously described in the AP of rat brainstem (Pérez-Torres et

al., 2000). The AP is a region which is known to mediate vomiting and nausea as emesis

(Borinson and Wang 1953; Carpenter et al., 1988). Based on their results, Miller and

Ruggiero (1994) have proposed that there is not an unique group of neurons that might

function as “vomiting center”, but rather that those neurons involved in coordinating emesis

could branch out from the AP and NTS to an arc in the lateral tegmental field implicated in

somato-autonomic integration. The majoritary presence of PDE4D mRNA in some of these

brainstem nuclei in this study points to its possible participation in emesis and other

functions.

PDE4 inhibitors such as roflumilast and cilomilast have been proposed for the treatment of

chronic respiratory diseases, such as asthma and COPD, where they have shown modest but

significant improvement in several clinically relevant readouts (Rabe et al., 2005; Lipworth,

2005). Full exploitation of their therapeutic potential has been hampered though by the dose

limitation imposed by the appearance of unwanted secondary effects, of which nausea has

been consistently considered as one of the most prominent (Compton et al., 2001; Chung,

2006).

In conclusion, our studies have demonstrated that PDE4B and PDE4D mRNAs are present in

human brainstem, especially in the AP in association with blood vessels. This evidence,

together with the expression of PDE4D in the nodose ganglia and the functional results on

KO mice suggests that PDE4D, could be associated to distinct functions of the AP such as
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emesis in men. In contrast the functional role of PDE4B in human brainstem, and especially

in the AP, remains to be elucidated.

NEUROMODULATORS: ADRENOMEDULLIN AND NEUROTENSIN SYSTEMS

Many neurotransmitters and neuromodulators have been identified in glomic cells, such as

dopamine, serotonin, noradrenaline, adrenaline, acetylcholine, adenosine, met- and leu-

enkephalins, NPY, CGRP, galanin, endothelins, bombesin, NO and AM (Bairam and Carroll,

2005; Porzionato et al., 2008a). The data of our study demonstrated AM immunoreactivity in

the type I cells of human carotid body, in accordance with previous data on rats (Martinez et

al., 2003). The association of amines and peptides has been considered of importance for the

chemoreceptor properties of the carotid body (Wharton et al., 1980). In the carotid body there

are afferent glossopharingeal nerve endings which are considered the true chemoreceptors

and their sensivity is regulated through releasing of dopamine by type I cells (McDonald and

Mitchell, 1975). Martinez et al (2003) evidenced that AM induced dopamine release in vitro

from glomus cells and that AM expression and secretion were elevated after hypoxic stimuli.

Thus, the detection of AM in type I cells of the human carotid body supports a role of AM in

the regulation of chemoreceptor discharge.

Carotid body is characterized by an elevated blood flow (2000ml/100g/min) (Ganong, 2003).

Local changes in blood flow has been considered to be involved in carotid body

chemoreceptor discharge (Joels and Neil, 1963). For instance, it has been pointed out that

serotonin may be involved, through its vasoactive effect, in a vascular-mediated control of

carotid body function (Kirby and McQueen, 1984). AM has a known vasodilator effect which

probably plays a role in regulation of local blood flow and, indirectly, in chemoreceptor

discharge.
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An intriguing result of our study is the lower expression of AM in foetuses with respect to

adult subjects. Different patterns of expression of von Willebrand factor, in relation with age,

have been found at the level of the microvasculature of the human medulla oblongata

(Porzionato et al., 2005a). Also the expression of NPY in the type I cells of the rat carotid

body appeared to be developmentally regulated (Oomori et al., 1991). Our results indicate

that the AM is fully expressed in the carotid body only in the postnatal period. This may be

ascribed to the absence of pulmonary respiration with lack of regulatory role of the carotid

body during the prenatal period.

In our study, positive AM immunoreaction was mainly detected in the dark cells, both in

adult subjects and foetuses. Some authors (Pallot et al., 1992) suggested that previous

descriptions of light, dark and pyknotic cells in the human carotid body could represent a

description of post-mortem changes in that they found an almost linear decrease in the

number of light cells with the post-mortem interval in an histological study performed on rat

carotid body. These data have not been confirmed in humans and light and dark cells

continue to be considered as variants of the same cell type (Verna, 1997; Vinhaes et al., 2002;

Porzionato et al., 2005a). In particular, it has been suggested that dark cells could represent a

higher functional status of type I cells (Vinhaes et al., 2002) in that dark cell hyperplasia was

observed in rabbits exposed to altitude hypoxia (Smith et al., 1993), in patients with asthma

(Bencini and Pulera, 1991) and acute respiratory distress syndrome (Vinhaes et al., 2002).

Moreover, Biscoe and Stehbens (1966) detected a highly complex secretory structure in the

dark cells with larger number of electron-dense granules with respect to light cells.

The almost selective synthesis and storing of AM in the dark cells is consistent with a

specific functional (and not artifactual) significance of this cell type. In particular, it supports

the hypothesis that dark cells may be a higher and more complex functional state of type I

cells and may represent the cell types mainly involved in chemoreceptor discharge. The fact
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that not all dark cells are AM immunoreactive may be also explained with reference to the

secretory characteristics of the peptide and to the different functional states of the cells. The

different AM immunostaining between the two casistics and between cell types may not be

ascribed to an artifact due to sampling and immunohistochemical technique because of the

uniformity of sampling, postmortem interval and fixation time among the cases.

It has been suggested a role of AM in mediating hyperplasia of glomus cells in response to

hypoxia (Martinez et al., 2003) as AM is also known as an antiapoptotic and growth

promoting factor (Miller et al., 1996; Belloni et al., 2003). Hence, it could be of interest to

quantify the AM in hypoxic diseases accompanied with changes in cellular populations of the

carotid body and to evaluate whether a correlation with apoptosis is identifiable.

NT occurrence and distribution has been studied by radioimmunoassay (Heath et al., 1988),

immunohistochemistry (Heym and Kummer, 1989) and immunogold techniques (Smith et al.,

1990). In human carotid bodies, radioimmunoassay showed higher levels of NT expression

than VIP and substance P, and lower levels of bombesin, met- and leu-enkephalin (Heath et

al., 1988). The immunogold technique revealed the weakest immunoreactivity for

neurotensin with respect to the other neuropeptides (Smith et al., 1990). A species-specific

pattern of NT expression was also reported, with NT immunolabeling only in beagle glomus

cells among various animal species (Heym and Kummer, 1989). The location of NTR1 in the

carotid body has never been investigated before, so that our study demonstrates for the first

time the selective expression of NTR1 in human and rat type I cells. In some cases,

immunoreaction was cytoplasmic and in others nuclear, thus also confirming NT

internalization in the carotid body. The higher cytoplasmic NTR1 positivity in humans than

in rats may be explained on the basis of the different kinetics of internalization, or longer

post-mortem intervals. Thus, NT produced by type I cells may act in an autocrine or
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paracrine way on the same cell type. It is possible that NT acting on type I cells also derives

from NT-positive sympathetic or parasympathetic fibers innervating type I cells, although

there is no direct evidence of this in the literature. NT probably plays a modulatory role on

chemoception by type I cells, as the neuromodulatory effects of NT have already been

proposed in ganglion transmission (Bachoo and Polosa, 1988; Stapelfeldt and Szurszewski,

1989a, 1989b). Further functional studies will be necessary to understand the effect of NT in

glomic cells. Binding of NT to NTR1 stimulates phosphorylation of ERK and AKT (Hassan

et al., 2004) and probably contributes to the activation of ERK and AKT signalling pathways

in the carotid body. Cell line PC12, which shows oxygen-sensing properties and has been

considered as a model for carotid body function (Millhorn et al., 1996), cannot be used for

investigation of NT action, as these cells express and release neurotensin (Tischler et al.,

1991) but seem not to show functional NTR (Caillaud et al., 1995). However, it is intriguing

to note that NT attenuates dopamine-induced inhibition of midbrain dopamine neurons

(Seutin et al., 1989; Shi and Bunney, 1992), as dopamine is the main glomic

neurotransmitter. It may be hypothesized that, also in the carotid body, NT reduces the

inhibitory effect of dopamine on chemoception.

ADHESION MOLECULES: NEURAL CELL ADHESION MOLECULE

In the literature, NCAM has been identified in Natural Killer cells and in a subset of activated

T lymphocytes. Moreover, it has also been identified in many different cells of

neuroectodermal origin. NCAM is widely distributed in neurons and glial cells of both central

and peripheral nervous systems whereas, in the adult central nervous system, PSA-NCAM is

restricted to brain regions showing ongoing neurogenesis and morphofunctional plasticity,

such as the subventricular zone of the forebrain or the hippocampus (Seki and Arai, 1993;
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Gubkina et al., 2001). NCAM has also been detected in cells of thyroid follicular epithelium,

adrenal cortex and medulla, pancreatic islets and pituitary gland (Langley et al., 1989; Grant

et al., 1992; Berardi et al., 1995; Zeromski et al., 1998). Apart from chromaffin cells of the

adrenal medulla, NCAM has also been found in extraadrenal chromaffin cells of paraortic

bodies of adult rabbits (Moftaquir et al., 1996). PSA-NCAM immunoreactivity has been

found in type I cells of rat carotid bodies and its possible role as marker of precursor cells has

been stressed (Izal-Azcarate et al., 2008). The present report is the first to confirm the

expression of NCAM, apart from the isoform, in the human carotid body and to detail its

expression in the different subpopulations of type I cells. Confirmation in humans of

expression data arisen from experimental animals is particularly important in the carotid body

which is known to show morphological and molecular differences between species. For

instance, type I cells of many non human carotid bodies do not show subdivision in dark,

light, and pyknotic subtypes. Moreover, some neuromodulators, such as Met-enkephalin

(Lundberg et al., 1979; Wharton et al., 1980; Heym and Kummer, 1989; Smith et al., 1990)

and somatostatin (Kameda, 1989; Kummer et al., 1989; Kusakabe et al., 1991; Kummer and

Habeck, 1992), are expressed in the carotid body of some species but not of others.

Type I cells are known to express many different neurotransmitter/neuromodulator systems

and to modulate chemoreception through autocrine/paracrine mechanisms (Nurse, 2005;

Porzionato et al., 2006a). NCAM specifically regulates adhesion between type I cells in

glomic lobules and as a consequence probably plays a role in permitting such paracrine

modulation of chemoreception through neuromodulation.

The carotid body is characterized by a peculiar development/differentiation process which

can extend in the postnatal period and by the capability to undergo cellular/molecular

changes in response to chronic hypoxia. It develops from a specific condensation of

mesenchymal cells in the wall of the third branchial artery (Kondo, 1975); type I cells then
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originate from neural crest elements and glomus cells showing serotonin immunoreactivity

begin to appear in the E16.5 mouse carotid body (Kameda et al., 2002; Kameda, 2005). The

carotid body does not contribute greatly to breathing during foetal life but, in the following

postnatal period, gradual increases in hypoxic chemosensitivity and in the slope of the

hypoxic stimulus response curve develop (Blanco et al., 1984; Bamford et al., 1999; Gauda et

al., 2004). Postnatal changes (reviewed in Porzionato et al., 2008d) include carotid body

volume increase, proliferation of type I, type II, endothelial and Schwann cells lining

peripheral nerve fibers and increased number of synapses between type I and II cells. In the

carotid body, chronic hypoxia causes a series of morphological, cellular and biochemical

changes such as volume enlargement, percentual increase in type II cells, increased O2

sensitivity through changes in molecular chemoreceptors, ion channels and neurochemicals

(reviewed in Prabhakar and Jacono, 2005). In opiate addiction, which is characterized by

repeated hypoxic episodes, the percentage of type II cells and intralobular and interlobular

connective components have also been found to be increased (Porzionato et al., 2005a). Our

study reported expression of NCAM in the great majority of human type I cells. The high

expression level of NCAM and its ascertained role in neural mechanisms of differentiation,

survival and cell plasticity suggest a possible involvement in the development/differentiation

process of the carotid body and in determining cellular/molecular changes due to hypoxia.

Further studies will be necessary to better evaluate the expression of other CAMs in the

different glomic cell types. At the moment, there are no consistent data in the literature about

the presence of selectins, integrins, cadherins or other members of the Ig superfamily in the

carotid body. However, the high expression level of NCAM suggests a possible role played

also by other CAMs in the regulation of steric interactions between cells and cell types in the

carotid body, modulating chemosensitive function and cell plasticity through modulation of

the local effects of neurotransmitters/neuromodulators and growth factors.
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SIGNAL TRANSDUCTION SYSTEMS: ERK AND AKT

Our study demonstrated both ERK and AKT immunolocalization and activation in the carotid

body. ERK and AKT immunolabelling were mainly found in cytoplasm; pERK

immunolabelling was located mainly in the cytoplasm, but also in the nucleus of some cells;

pAKT immunolabelling showed different patterns of positivity. pERK and pAKT nuclear

immunoreactions were consistent with nuclear translocation of the phosphorylated forms.

However, nucleo-cytoplasmic pERK immunopositivity is also consistent with previous

studies in the central nervous system, which revealed immunolabelling in multiple subcellular

compartments, including nucleus, cytosol, proximal dendrites and terminals (Flood et al.,

1998; Koh et al., 2002; Springell et al., 2005) and the cytoplasmic location of pAKT

immunolabelling has also been reported by some authors (e.g. Dubé et al., 2008). ERK- and

AKT-immunopositive cells were more numerous than pERK- and pAKT- immunopositive

ones, in accordance with ERK and AKT activation in a subpopulation of cells expressing

ERK and AKT. To our knowledge, this study is the first to reveal ERK and AKT

immunolocalization and activation in cell populations of the human carotid body. Both I and

II cell types showed ERK and AKT immunopositivity, although more intense

immunopositivity was found in type I cells, which are considered to be the chemosensitive

element of the carotid body (Verna, 1997; Wang and Bisgard, 2005).

In the literature, ERK and AKT activation has mainly been considered to be related to cell

proliferation and survival, respectively. Some neurotrophic factors, such as brain-derived

neurotrophic factor (BDNF) and insulin-like growth factor (IGF), have been reported to

activate ERK and AKT in various cell types, including neurons (Gottschalk et al., 1998;

Zheng et al., 2000; Sweatt, 2001; Yamada et al., 2001; Qiao et al., 2004; Shelton et al., 2004;

Cowen, 2007). Such growth factors are known to exert a local action also on carotid body

type I cells (Wang and Bisgard, 2005; Nurse and Fearon, 2002). Both ERK and AKT
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phosphorylation have also been reported for activation of D2 dopaminergic (Roberson et al.,

1999; Beom et al., 2004; Beaulieu et al., 2007), muscarinic (Jones et al., 1999; Roberson et

al., 1999; Rosenblum et al., 2000; Krieg et al., 2002), α2 adrenergic (Taraviras et al., 2002;

Roberts, 2004), 5HT2A serotoninergic (Martini et al., 2004; Cowen, 2007), GABAB

(Balasubramanian et al., 2004; Rane et al., 2005), and A2A adenosine (Canals et al., 2005;

Wiese et al., 2007) receptors, which are known to be present in type I cells. Thus, activation

of ERK and PI3K/AKT signalling pathways in carotid body type I cells may be ascribed to

neurotransmitters/neuromodulators or neurotrophic factors.

Both ERK and AKT signalling pathways have also been reported to be involved in neuronal

synaptic plasticity (Kelly and Lynch, 2000; Sweatt, 2001; Sanna et al., 2002; Man et al.,

2003; Opazo et al., 2003) and the carotid body may undergo long-term sensory facilitation or

depression as a consequence of chronic hypoxia (Prabhakar and Jacono, 2005; Powell, 2007)

or hyperoxia (Bavis, 2005), respectively. Thus, it may be hypothesised that ERK and AKT

signalling pathways are involved in such long-term cellular modifications in the carotid body,

although further studies in animals and carotid body cultures need to be undertaken.

In the literature, ERK and AKT activation has been reported to be regulated on a

developmental basis. For instance, basal levels of pERK are lower in CA1 cells from

immature mice than from adult ones Vanhoose et al. (2002) and Kato et al. (2005) found that

pERK appeared in different neuron populations of the dorsal root ganglia of the chick embryo

at specific embryonic stages, i.e., on E5 and E9 in the ventrolateral and dorsomedial

ganglionic regions, respectively. Other authors have found that, during the embryonic

development of the retina, the insulin survival effect is selectively mediated by ERK

activation at E5 and by AKT activation at E9 (Chavarria et al., 2007). To the best of our

knowledge, this is the first study to evaluate the involvement of the ERK and AKT signalling

pathways in the human carotid body at foetal and postnatal periods. 
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We found both lower ERK and AKT immunopositivity and activation in foetal cell

populations of carotid body with respect to post-natal periods. In accordance with literature

and our data about developmental expression of NPY (Oomori et al., 1991) and AM,

respectively, and with full development of the chemosensitive function of the carotid body

only in the first post-natal weeks (Blanco et al., 1984, 1988; Gauda et al., 2004), our findings

indicate that ERK and AKT signalling pathways are not yet fully operative in humans during

foetal life.
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CONCLUSIONS AND FUTURE PERSPECTIVES

The present study is the first in the literature to give reliable data, obtained with the unbiased

method of optical dissector, about morphometric parameters (neuronal densities, nuclear

volume, total neuron numbers) and apoptotic distribution about a wide series of medullary

nuclei. Original are also our contributions about regional expression of the different PDE4

isoforms in the AP and other medullary nuclei. About carotid body, to the best of our

knowledge our study is the first to identify the presence in the carotid body of some

neuromodulators or correspondent receptors (AM and NTR1), adhesion molecules (NCAM)

and signaling pathways components (ERK/pERK, AKT/pAKT). Our findings and

methodological approaches developed during this study will permit us in the future a

widening and deepening of our research project.

During this study very numerous samples of human medullae oblongatae and carotid bodies

have been collected by our Research Group. This autoptic material will also permit in the

future years the analysis of other neuroanatomic and neuropathologic data. In the

Introduction Paragraph entitled “Neuromodulators in the Carotid Body”, literature data about

the glomic presence of a series of neuromodulators have been considered. Reliable data about

expression of many neuromodulators or neuromodulator receptors are still lacking. Thus,

these neuromodulators will also be analysed by immunohistochemistry and

immunofluorescence in the following years. Moreover, literature data about expression of

various PDE in the carotid body are also still lacking so that in situ hybridization and

immunohistochemical studies, analogous to those performed in the medullary nuclei, will

also be performed in our carotid body samples.

Apart from analysis of human materials, we are also developing new in vivo and in vitro

studies. An experimental project on rats have also been begun aimed at evaluating changes in

the medullary nuclei and carotid body in response to hypoxic or hyperoxic conditions, the
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modulation of O2 and CO2 partial pressures being performed with the help of OxyCycler

technology (BioSpherix, OxyCycler model A84XOV, Redfield, NY). A series of samples

have been collected and first results will be available in the following months.

In the recent years, new technologies have been developed which could be applied to

selective analysis of patterns of expression of different neuronal populations and cell types in

the medullary nuclei and carotid body. Laser-capture microdissection has recently been

applied to obtain homogeneous cell populations from endocrine and nervous structures, such

as the pituitary gland (Lloyd et al., 2005), hippocampus (Kamme et al., 2003) and amygdala

(Zirlinger and Anderson, 2003). Microarray analyses have also been performed on mRNA

extracted from these cell populations. Laser-capture microdissection in conjunction with

microarray analysis may allow genome-wide screening of transcripts from selective neuronal

populations and glomus cells. Studies of proteomics could also provide complete and

accurate profiles of protein expression in response to exposure to various noxious or trophic

stimuli.

Techniques for producing and maintaining carotid body cell cultures have also been

developed. In the Department of Human Anatomy and Physiology a protocol has been

prepared for developing such cultures from carotid bodies of newborn rats. These cultures

will permit the evaluation of the effects of neuromodulators, such as AM and NT, on carotid

body cells. Changes of expression of various neuromodulators, trophic factors, adhesion

molecules and signalling pathway components will also be analysed in response to hypoxic

or hyperoxic conditions.
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