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ABSTRACT

The thesis reviews previous work on the ultrastructure and
catecholamine content of the carotid body and describes areas of
sparse available data.

1) The question of sub-populations of Type I cells on the

basis of quantitative ultrastructure;

2) The reaction of the mitochondria and electron dense- cored
vesicles of the Type I cells to physiological hypoxic

stimuli;

3) The 1levels and type of catecholamines, stored within the

carotid body;

4) The influence of sympathectomy on these levels;

5) The influence of hypoxia, hyperoxia and hypercapnia on

catecholamine levels.

The experimental data obtained has revealed that the rat
carotid body contains only one cell population, whilst that of
the cat contains two. Both organs show ultrastructural changes in

the Type I cells in response to moderate hypoxia.

The catecholamine content studies have shown that the rat
stores predominantly dopamine in its Type I cells. 1In

confirmation of previous studies hypoxia 1is shown to deplete

dopamine levels; a new and potentially important finding is that

vi



hypercapnia and hyperoxia increase dopamine levels.

The possible significance of these findings 1is discussed

and a testable hypotheses suggested.

vii



CHAPTER ONE




CHAPTER 1
REVIEW QF THE LITERATURE

1.1. EARLY STUDIES

According to Valentin (1833) and Luschka (1862), the first
description of the carotid body must be ascribed to a Swiss
physiologist - Albercht von Haller - who, in 1762, mentioned it

as the "ganglion exiguum",.

There exists, however, several more accurate descriptions
before 1762. For example Taube (1743), a student of von Haller,
described the carotid body as the "ganglion minutum". Again
Andersch in 1797 reprinted the work of his father, which he
claimed was performed between 1751 anq 1755. The original
printing of this work was sold as wastepaper. Andersch called the
organ the "gangliolum intercaroticum", due to its location; he
also states specifically that the sympathetic, the
glossopharyngeal and the vagus nerves sent branches into the

organ,

For a while the carotid body remained forgotten, to be
"newly" discovered by Mayer of Bonn in 1833, who recognised
branches of the sympathetic, glossopharyngeal and vagus nerve as
the sources of the nerve plexus which innervated the "ganglion
intercaroticum". Valentin (1833) regarded the structurés part of

the sympathetic nervous system although he too recognised that

the vagus and glossopharyngeal contributed conspicuously to its



innervation.

Thus, it becomes evident that the anatomists of the
eighteenth and early nineteenth centuries regarded the 1little
structure in the carotid bifurcation as one of the many ganglia
which are interspersed in the course of the sympathetic. The
carotid body received little attention for the next thirty years,
indeed until microscopic investigation became more fashionable.
Beginning with Luschka (1862) the search for its microscopical

nature touched off a controversy which lasted until recent years.

Luschka (1862) revealed that the organ was not a ganglion
but a glandular structure rich in nerves and blood vessels;
thinking it was derived from endoderm, he named it the "glandula
carotica™, Luschka was hence the first to break with the
tradition of interpreting the 1little structure as another
sympathetic ganglion; he was undoubtedly the first to recognise
the glandular character of this organ and, by recognising its
morphological kinship with the adrenal and pituitary gland,
started one of the lines of thought which have continued to the

present day.

Arnold (1865) rejected Luschka's interpretation and
insisted that the structure was nothing more than a vascular
gomerulus; he named it "glomeruli arteriosi intercarotici", and
considered that the chief cells in the carotid body were derived
from the endothelial cells of the blood vessels., Considerable
controversy soon arose between the adherents to Arnold's vascular

hypothesis and those who followed Luschka's interpretation.



About this time the field of embryology was gaining
increasing importance. It was Kolliker in 1879 who first
suggested the study of the development of the carotid body.
Stieda (1881) regarded a thickening of the epithelium of the
third branchial cleft as the anlage of the carotid body since
this proliferation is placed closely to the carotid bifurcation.
Prenant (1894) concurred with Stieda (1881), whilst Born (1883)
and Prenant (1899) in a later publication doubted the branchial

origin of the "carotid body".

In 1887 Kastschenko declared that "this structure is not a
derivative of the branchial cleft but develops from a
proliferation of the wall of the internal carotid artery.
Subsequently the glossopharyngeal CN (N IX), vagus CN (N X) and
the cervical sympathetic make contact with the organ". Similar
contacts were described by Marchand (1891) Paultauf (1892) and
Verdun (1898). In addition, Marchand (1891) added another name to

the literature: he called the carotid body "nodulus caroticus",

In 1894 Prenant claimed the carotid body was derived from
the third branchial cleft and temporarily Jjoined the thymus
primordium; he called it "glanduli thymique". Jacoby (1896)
showed Prenant to be wrong in that what Prenant had demonstrated
was in fact the primordia of the parathyroid III (described by
Sandstrom in 1880) which, in some species, retains its position
in the carotid fork. Jacoby concurred with Kastschenko that the

carotid body is a derivative of the wall of the carotid artery.



Thus far, however, all these studies did not help wuch in
comprehending the nature of this organ. The question still
remained as to whether to classify it as a mere vascular
glomerulus, a gland, part of the autonomic nervous system or a

combination of these possibilities.

In 1898 Stilling first described a chromaffin reaction in
the carotid body. Since Henle (1865), this reaction had been
known in the adrenal medulla and was thought to be a specific
technique for histochemical detection of adrenaline (and other
amine-like substances). Subsequently, the chromaffinity or
otherwise, of carotid body cells has been one of the most
disputed questions in the study of the chemoreceptors. In 1903
Kohn defined the carotid body as being derived from
neuro-ectoderm, innervated by preganglionic. sympathetic nerve
fibres and showing a positive chromaffin reaction; he considered
the organ to be similar to the adrenal medulla and other
paraganglia, hence another term "paraganglion intercaroticum".
Although he called the chief cells of this tissue the "chromaffin
cells" it is doubtful that Kohn himself recognised a chromaffin
reaction in all of the cells of the carotid body. Kose (1907),
one of the protagonists of Kohn's 'paraganglion' theory did not
see a chromaffin reaction in these cells and, therefore, gave
them the name "farblose chromaffin zellen" - clear chromaffin

cells.

The carotid body received practically no attention for the
next 30 years except for mentions in textbook§of histology under
headings such as "enodecrines", "chromaffin tissue" or

4



"paraganglion caroticum" and, in some English texts, under the

non-committal name "carotid body".

The most outstanding contribution to the knowledge of the
significance of the carotid body was made by de Castro of Madrid
in the latter half of the 19205. Between 1926 and 1928 he
performed the first systematic studies of the innervation of the
carotid body. Using methylene blue and silver techniques de
Castro noted numerous nerve fibres and terminals in association
with parenchymal cells and described the following features of
carotid body nerve fibres (de Castro, 1926, 1928; and see
Eyzaguirre & Gallego, 1975):

a) ‘individual nerve fibres wundergo branching to innervate

many cells, often located in different glomeruli,
b) cells may be innervated by more than one nerve fibre;

¢) a single nerve fibre may give rise to terminals displaying
variable morphologies, including small boutons, cup-shaped
(calyceal) endings and large plate-like endings and nerve
terminals often give rise to fibres forming terminals

contacting other cells;

d) nerve fibres and terminals in the carotid body are derived
primarily from the carotid sinus nerve, (CSN a branch of the
glossopharyngeal nerve (CN IX)) section of which produced

degeneration of fibres and terminals within the carotid body.

De Castro (1928) sectioned the rootlets of CN IX



intracranially and carotid bodies were examined twelve days after
surgery. He observed no degenerative changes and concluded that
nerve endings on the cells were sensory with their cell bodies
located in the petrosal ganglia. It was further postulated that
Type I cells were chemoreceptors and that their sensory
innervation was through the CSN (Herring's nerve) which de Castro
called "intercarotidiene” because Herring's nomenclature did not
define either the anatomical distribution (both to sinus and
glomus) or the function of the nerve (presso-receptor and
chemoreceptor pathways). Hence de Castro in his morphological
studies firmly established the existence of two types of sensory
receptors at the 1level of bifurcation of the common carotid
artery, presso-receptors and chemoreceptors and, for the first
time, the "glomus caroticum" was described as a sensory,
independent organ. De Castro also proposed that the carotid body
was not a paraganglion but a chemoreceptor which perceived the
concentration of oxygen and carbon dioxide within the blood and
introduced the term "pseudo-chromaffinity" to described the brown
colouration of part of the chief cells when treated with chromium
salts which he thought was due, not to adrenaline-derived
compounds, but to the reducing action of cytoplasmic 1lipoid
inclusions., De Castro ascribed polarity to the chief cells with
one pole of the cell directed towards adjacent sinusoids (pole
sanguin) and the opposite pole associated with nerve endings
(pole nerveaux) (de Castro, 1940). The vascularity of the carotid
body was examined in detail (de Castro, 1951) and numerous

anastomosing blood vessels demonstrated.

The suggestions of de Castro were confirmed by



physiological experiments which showed that the area of the
carotid bifurcation was a peripheral reflexogenic area sensitive
to hypoxia and hypercapnia (Heymans & Heymans, 1927; Heymans,
Boukaert & Regniers, 1933). The discovery of afferent nerve
activity in whole CSN recordings which increased in response to
asphyxia (Heymans & Rijlant, 1933) confirmed the belief that the
carotid body was a sensory organ and supported the theories of de

Castro.

During the 1930s when the chemoreceptor theory of de Castro
was becoming popular, Kohn's paraganglion theory was essentially
revised by his pupils, Watzka (1931; 1938; 1943) and Penitschka
(1931). They -classified the paraganglion into two categories,
i.e. chromaffin paraganglia, originating from the sympathetic
nervous system, and non-chromaffin paraganglia derived from the
parasympathetic nervous system. According to them, the carotid
body was the representative of the non-chromaffin paraganglia.

Among the supporters of this theory were Palme (1934) and Seto

(1935; 1949).

During the 1950s and 1960s the fluorescent methods for the
histochemical demonstration of biogenic monoamines appeared.
Eranko's method (1951; 1952; 1954; 1955) of detecting
amine~storing cells was applied to the study of the carotid body
by Muscholl, Rahn and Watzka (1960), Rahn (1961), Niemi and Ojala
(1964) and by Palkama (1965) in different species. They found
that some cells of the carotid body showed specific fluorescen€®

after fixation with formalin.



In the 1960s rFalck and Hillarp iwproved Eranko's method by
introducing freeze-drying and formaldehyde gas treatwent. This
method was more sensitive and afforded far better localisation of
biogenic monoamines in various tissues than ﬁranko's method.
Numerous studies with this histochemical technique established
that the majority of carotid body cells in a number of species
showed a distinct formaldehyde-induced fluorescence and hence it
was concluded that the carotid body must contain amines (see

Biscoe, 1971, for review).

. MBRYOLOGICA RIGIN

At the end of the last century and the beginning of this,
investigations on the origin of the carotid body were based upon
the classical technique of descriptive embryology and produced

controversial results (see Pearse, 1973).

Early in the twentieth century the popular view was that
the carotid body chief cell was derived from cells that
differentiated from sympathetic neuroblasts and were identical

with the cells of the adrenal medulla and associated paraganglia

(see Boyd, 1937).

Some authors (e.g. Kastchenko, 1887; Rabl, 1922; Smith,
1924; Rogers, 1965 Kondo,1975) regarded the carotid body as a
mesodermal derivative taking origin from a condensation of

mesenchyme around the internal carotid artery. The CN IX, a

branch of the vagus (CN X) and cervical sympathetic fibres, then



grew dowb (o reacn the forming carotid body primordium
contributing various cellular elements to it (Smith, 1924; Boyd,

1937; Batten, 1960; Xondo, 1975).

It seems that the carotid body may have three sources for
its cells:

1) neuroblasts migrating down the cranial nerves;

2) sympathoblasts from the superior cervical ganglion;

3) mesenchymal cells from the primary condensation on third

aoftic arch.

The early work of many authors utilised the chromaffin
reaction. Some of these workers considered the carotid body as a
derivative of the sympathetic nervous system because it showed
sone positive chromaffin reaction. The negative chromaffin
reaction of many cells led other authors to assume that the cells
of which the developing carotid body is composed were mesenchymal

in origin (Korkala & Hervonen, 1973).

Using fluorescence techniques, Korkala & Hervonen (1973)
showed that, in the seven week human fetus, three types of cells
were observed in the surroundings of the carotid body. The
primordium of the carotid body consisted of non-fluorescent
fibroblasts and weakly fluorescent small cells with round nuclei.
Similar cells were found in the sympathetic anlage and also in a

cord of cells connecting the two structures. Among these two

types of cells a third type of moderately fluorescent cell was



also seen. In the nine week fetus, the fluorescent intensity of
the carotid body cells increased and the connecting cord of cells
disappeared; at 11 to 16 weeks the carotid body was a separate
entity with no cellular contacts to the sympathetic trunk or to
the arterial mesenchyme - the fluorescent intensity reached its
maximum in the twelfth week. The carotid body was fully mature
with a separate fluorescent cell cord and highly organised
vascularisation at between 17 and 22 weeks. In birds, at least,
the study of Pearse et al. (1973) established that Type I cells

of the carotid body arose from the neural crest.

Hence the carotid body seems to have a dual origin, a
neural one which gives rise to therType I cells and may be to the
Type II cells and a mesenchymal one which gives rise to the
remaining cells (fibroblasts, etc.) The best - evidence suggests
that the carotid body Type I cells are derived from the neural
crest by the migration of a primitive sympathetic cell population
along the nerves connecting the organ to the superior cervical

ganglion and is hence embryologically similar to other

paraganglia.

« GROSS ANATOMY

The carotid body in the majority of animals is located
somewhere near the bifurcation of the common carotid artery. 1In
amphibians the carotid labyrinth, a swelling at the termination

of each common carotid artery, is regarded as the homologue of

the carotid body (Adams, 1958; Kobayashi, 1971a,b; Ishii &

10



Oosaki, 1966; Rogers, 1963). In birds the carotid body is found
lateral to the common carotid artery in close proximity to the
ultimo-branchial body (de Kock,1958; Kobayashi, 1971a; ) and is
sometines surrounded completely by parathyroid forming a

parathyroid-carotid body complex (Kobayashi, 1969; 1971a).

In various mammalian species (e.g. man, cat, rat, camel,
guinea pig, ete.), the carotid body is usually located at the
carotid bifurcation and may be associated with any of the
arteries arising from that general area - internal carotid,
external carotid, occipital or ascending pharyngeal, depending
upon species (de Kock, 1959, 1960; Lever et al., 1959; Ross,
1959; - Al-Lami & Murray, 1968a; Grimley & Glenner, 1968;
Kobayashi, 1968; Etemadi, 1975; Prakash & Rao, 1976; Mcrita et

al., 1970).

4. UCTURE AND STRUCTURE

A - Specific Cells

The mammalian carotid body is invested with a collagenous
capsule which varies in thickness depending upon the species
studied. The fundamental histological unit. of the carotid body
consists of clusters of two cell types which, together with an

ad jacent vessel, form a functional unit or glomoid. The principal

cell type has been given different names over the years - amongst



them are 'chemoreceptor cell' (de Castro, 1926, 1951; Ross,
1959), ‘'specific cell' (Hoffman & Birreli, 1958), 'glomus cell!
(Lever et al., 1959), 'enclosed cell' (Al-Lami & Murray, 1968a)
and 'Type I cell' (Biscoe & Stehbens, 1966). The term 'Type I
cell! is used throughout this thesis as it implies no particular

functional attributes.

The Type I cells are arranged in small spherical or
cylindrical anastomosing cords and are enmeshed in a skein of
interlacing nerve fibres and fine capillary branches. The Type I
cells are ovoid or polygonal in shape with a large round nucleus
and are often separted from the capillary wall by processes of
the second variety of cell - the Type II. In addition, the Type
II cells partially surround groups of Type I cells. Various names
have been given to the Type II cells, .amongst which are
'sustentacular cell' (Ross, 1959; Grimley & Glenner, 1968), the
'pericyte cell' (Lever et al., 1959), 'enclosing cell' (Al-Lami &

Murray, 1968a) and 'Type II cell' (Biscoe & Stehbens, 1966).

B -  Blood Vessels

The carotid body is rich in blood vessels, most of which
are typical capillaries, but a few are clearly fine branches of
the arterial system, being large with thicker walls containing
two or more layers of smooth muscle cells. The capillaries
account for some 25% of total organ volume (Ballard et al.,

1982).

The capillaries are very thin walled and surrounded by a

12



well developed basal lamina, each capillary is lined by two or
more typical endothelial cells of variable thickness (Hodges et
al., 1975). Under the electron microscope the endothelial cells
have fenestrations(500 - 700 R in diameter) (Biscoe & Stehbens,
1966) and exhibit many pinocytotic vesicles ( Biscoe & Stehbens,

1966 ; de Kock & Dunn, 1966 ).

De Kock & Dunn (1964, 1966) claimed that in the cat the
Type I cells are always surrounded and ensheathed by
sustentacular cells and their processes; - thus Type I cells and
capillaries are never in close proximity. This view has been
challenged and is certainly untrue in other species (Hodges, et

al., 1975; Verna, 1979).

In the camel, the Type I cells have.direct contact with
primary unit basement membrane and the basal surface of vascular
endothelium and its associated basement membrane (Etemadi, 1975).
This arrangement was also shown in the cat and rabbit by Biscoe
and Stehbens (1966) and in rhesus monkey and cat (Al-Lami, Ph.D.
thesis, 1964; de Kock, 1960; de Kock & Dunn, 1964, 1966; Al-Lami,
1964; Al-Lami & Murray, 1968a, 1968b; Biscoe & Stehbens, 1966;
Morita, et al., 1970; Hodges et al., 1975; Bock etal., 1970;

Etemadi, 1975).

C - Connective Tissue

Within the carotid body capsule large blood vessels and

numerous myelinated and non-myelinated nerve fibres are present

in the connective tissue stroma. The development of the

13



connective tissue is very variable in different species (Verna,

1979).

Within the connective tissue fibroblasts, plasma cells,
eosinophils, collagen fibres, numerous mast cells and ganglion
cells can be seen but no elastic fibres are present (Lever et
al., 1959; Ross, 1959; Grimley & Glenner, 1968; Abraham, 1968;
Al-Lami & Murray, 1968a, 1968b; Kobayashi, 1968, 1969, 1971a,
1971b; Morita et al., 1969, 1970; de Kock, 1959, 1960; Etemadi,
1975). The connective tissue stroma also contains groups of both
myelinated and ummyelinated nerve fibres, the former being more
common at the point of entry of the carotid sinus nerve. Nerve
fibres, always by this time unmyelinated, enter the specific cell

groups where they are enfolded in Type II cell cytoplasm.

Whilst there may be quantitative differences in the carotid
bodies of different species, the cell structure, as reported to

date, is essentially similar in all species so far studied.

A - Type I cells

The Type I cells are complex in shape, with up to eight
finger-like extensions projecting from the cell body; these
processes are sometimes seen in close proximity to the vascular

endothelium and basement membrane. The Type I cells are usually

invested by Type II cells and associated processes except in

14



areas where they contact nerve endings, other Type I cells or are
in close proximity to blood vessels (see Verna 1979,). The Type I
cell contains a relatively large rounded nucleus which has a
finely granulated appearance with a dense periphery and a single
prominent nucleolus. Mitochondria are plentiful and evenly
distributed in the cytoplasm of the cell body, whilst in the
processes dense clusters or aggregations of mitochondria occur., A
branched form of mitochondrion, in the process of dividing or
budding, is not uncommon (de Kock & Dunn, 1966; Biscoe &
Stehbens, 1966). The Golgi apparatus is sometimes very prominent

and in a typical juxtanuclear position (Al-Lami, 1964).

‘The rough endoplasmic reticulum is well developed and
frequently oriented in parallel lamellae (arrays) reminiscent of
Nissl substance in neurons (Al-Lami, 1964). Microtubules, 170 -
250 i in diameter - are prevalent, particularly in the
centrosomal region and in close association with Golgi apparatus,
aligned in parallel in Type I cell processes where organelles are
sparse (Biscoe & Stehbens, 1966). Lysosome-like bodies are
multilobed and often contain a rounded lighter zone of homogenous
material(Al-Lami & Murray, 1968a, 1968b). Free grouped RNP
(ribosomes) are frequently seen (Al-Lami, 1964) (Ross, 1959;
Blumke et al., 1967; de Kock & Dunn, 1966; Al-Lami, 1964;
Hoglund, 1967; Biscoe & Stehbens, 1966; Al-Lami & Murray, 1968a,
1968b; Grimley & Glenner, 1968; Kobayashi, 1968, 1969, 1971b;

Kondo, 1971; Morgan et al., 1975).

Centrioles with their axes at right angles to each other

have been described in Type I cells by several authors (see

15



Biscoe, 1971). Some of the centrioles were continuous with a
cilium which may extend beyond the normal cell margin, has an
overall diamter of approximately 2200 E and circumferentially
arranged fibrils around 250 X each and together having a 9+1 or
8+1 pattern (Biscoe & Stehbens, 1966; Hess, 1968; Kondo, 1971;
Morgan et al., 1975). Irregular dense bodies embedded in a
fibrillar matrix which may represent a counterpart of lipid,
fuchsenophil or lipofuscin pigment are frequently present in the

cytoplasm (Al-Lami, 1964; Al-Lami & Murray, 1968a, 1968b).

Crystals with irregular bandings (spaces between bands
range from 100 A to 120 K) were seen in the cytoplasm
occasionally and in close association with lysosome-like dense
bodies (Biscoe & Stehbens, 1966; Grimley & Glenner, 1966; Al-Lami

& Murray, 1968a, 1968b).

Several authors described 'coated vesicles' of 400 - 1200
A scattered throughout the cytoplasm (Biscoe & Stehbens, 1966;
Hoglund, 1967). A junctional complex-like Zanulla adherence
occurred occasionally between adjacent Type I cells (Biscoe &

Stehbens, 1966).

The most striking and distinguishing feature of Type I
cells is the presence of electron opaque dense cored vesicles
(EDCV) in their cytoplasm; they were first described by Lever and
Boyd in 1957. The distribution and number of the vesicles varies
greatly from cell to cell and from area to area within the cell;

they are spherical in shape, each consisting of a core of

variable electron density surrounded by a lighter clear zone,
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encased by a single trilaminar membrane (Al-Lami, 1964; Al-Lami &
Murray, 1968a, 1968b). These vesicles are 200 - 2000 A in
diameter. The electron dense core is usually more prominent in
glutaraldehyde-fixed tissue post-fixed in 0s04 than in material
fixed without glutaraldehyde ( Garner & Duncan, 1958; Lever et

al., 1959; Duncan & Yates, 1967; McDonald & Mitchell, 1975a).

Several authors have investigated whether the Type I cells
form a single population based on the cytoplasmic "~ electron
density and/or the size and density of their constituent electron
dense cored vesicles, In early electron microscopical studies
Type I cells were classified as "light" (L), which contained a
few EDVC and "dark" (D), which contained many EDVC (e.g. Lever &
Boyd, 1957) However as pointed out by Biscoe (1971), most of the
earlier attempts to subdivide the Type I cells were fruitless
because of poor fixation of the mwmaterial. However, this
sub~division was also noted in the mouse and dog by Hoglund
(1967), in the monkey by Kraus and Martinek (1967) and in man by
Grimley and Glenner (1968). Based on 1light and electron
microscopic studies, Kobayashi (1968) sub-divided the Type I
cells of the dog carotid body into chromaffin cells, with
extremely dense EDCV of irregular shape, and non-chromaffine
cells with rounded particles EDCV of moderate electron opacity.
These two types of Type I cells reported by Kobayashi (1968)
cannot be explained as fixation artefact. Morita et al (1969)
have divided the Type I cells of the cat into light and dark
cells and subsequently sub-divided the dark cells into three
types according to the number, size and density of their EDCV.

Unfortunately, these authors did not indicate if the calculated
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mean diameters were derived from one or several cells of each
kind, they did not state the number of measured vesicles, nor did
they describe the method of selecting cells. These inadequacies
render the study valueless in quantitative terms., McDonald and
Mitchell (1975a,b) and Hellstrom (1975a) introduced morphometry
to the study of Type I cells and the question of whether they are
an homogeneous population with regard to electron dense cored
vesicles. McDonald and Mitchell (1975a,b) described two cell
‘types and reported that the mnean diameter of the large
dense-cored vesicles of the cells called Type 'A' was nearly 30%
larger than that of Type 'B' cells. Similar results were reported
by Hellstrom (1975a), however McDonald and Mitchell's vesicles

were some 50% larger than Hellstrom's!

In the rabbit carotid body Verna (1977) reported great
variability in the size of EDCV, not only between cells but also
within a given cell. He concluded that it is impossible to
distinguish two kinds of Type I <cell by comparing the mean
diameter of their dense-cored vesicles. However, some cells
seemed to contained more than one kind of EDCV; a more
comprehensive analysis of this point 1is required. He also
supposes that there is a morphologic evolution of Type I cells,
which may be reflected by the size of the 'EDCV'. He explained
the great variability in the EDCV diameter and the presence of
unimodal bimodal or even three peaks in the diameter histogram
curve by:

1) Type I cells, or at 1least some of them, contained
different kinds of EDCV's, which differed in their mean

diameter. However, the positions of the different peaks vary
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from cell to cell and the relative proportions of the
different populations of vesicles (if they really exist) also
vary continuously from cell to cell. It is therefore
impossible to distinguish clear-cut categories of Type I

cells.

2) It 1is possible that Type I <cells contain a single
population of vesicles but that their distribution with
regard to size is too large and not uniform in the cytoplasm.
In this case the different peaks of the frequency curve would
be artefacts and it would be necessary to measure a great
number of vesicles in different areas of the cell before

having a good representation of distribution.

B - Typell Cells

These cells are much smaller and fewer than Type I cells
and are extensively branched with 1long cytoplasmic processes
extending several times the cell body length and surrounding the
Type I cells, The body of the cell is always located at the
periphery of the lobules where the perilobular basement membrane
separateS the outer aspect from the interlobular connective
tissue. The cells are flattened and finely granular with fewer
organelles than the Type I cells. The nucleus, situated in the
broadest segment of the cell is ovoid, renniform or triangular in
shape and possesses a more uniform rim of chromatin material than

Type I cells; organelles within the cytoplasm are located mostly

in the perinuclear region (Al-Lami, 1964; Al-Lami & Murray,
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1968a, 1968b; Biscoe & Stehbens, 1966). The Type II cells
ensheath many unmyelinatced nerve fibres of variable diameter and
may provide a covering layer for some of the Type I cell nerve
endings. Type II cells may function in a similar way to Schwann
cells and glial cells in the central nervous system (Biscoe,
1971). The unmyelinated nerve fibres enclosed by Type II cell
cytoplasm are of quite disparate size, ranging from some 1u to
0.1um (Biscoe & Stehbens, 1966). The smallest fibres have been
cited by Biscoe (1971) as possible afferent fibres. In this
context it has been shown by Pallot (1974) that a number of these
fibres terminate within the enclosing Type II cell without
forming any specialised contacts. Due to the nature of such
studies only four such fibres were positively identified; hence

their physiological importance is uncertain.
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The carotid body receives its blood supply from either a
branch of the external carotid artery or from one of the other
major arteries arising at the termination of the common carotid
artery. Even in a given species the precise topography of the

supplying vessels is variable (see Seidl 1975).

The veinous drainage of the organ joins either the external
or the internal jugular veins, depending on the species involved

(Chungcharoen et al., 1952; Daly et al., 1954).

‘Seidl(1975) described two different types of arterio-venous
anastomoses in the cat carotid body:

(a) bridge anastomoses,

and (b)spiral anastomoses.
According to McDonald & Mitchell (1981) the venules account for
only some 2% of vessels within the organ;‘ they also described
multiple parallel pathways between arterioles and venules in the
carotid body and venous connections of the carotid body exhibit
considerable redundancy so multiple pathways exist for the blood

to leave the organ.

Some authors believe plasma skimming takes place in the
carotid body; that is that the small capillaries are mainly
perfused by plasma while the red blood cells are re-routed
through shunt vessels (Acker & Lubber, 1976). This hypothesis was

evoked to explain the observation by Acker and Lubber (1976) that
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the PO2 change in the carotid body after stopping perfusion was
similar whether prior perfusion was with blood or saline. Verna
(1981b) denied the presence of plasma skimming in the rabbit
carotid body. More recent quantitative studies (Pallot & Verna,
in preparation) have shown that the Vv% of red blood cells within
the specific tissue is unaffected by the tension of O2 in the

inspired gas.

In proportion to its weight, the carotid body has the
largest blood flow and oxygen consumption of any tissue in the
body, nearly 2000 ml/100 gm C.B./minute (Daly et al., 195%4;
Keller & Lubberg, 1972). In comparison blood flow through the
brain ' is approximately 60 ml/100 gm tissue/minute (Dumke &
Schmidt, 1943), while in the heart, blood flow is approximately
64 to 151 ml/100 gm tissue/minute (Gregge, 1950). Other authors
(Fay, 1970, Leitner & Liaubet, 1971) described lower values for
carotid body blood flow but still high when compared to other
organs. They described a high oxygen consumption by the carotid
body - 7.5 times greater than that in the cerebral cortex'.. The
oxygen uptake is about 9 ml/100 gm carotid body/minute whilst it
is approximately one third of that value in the brain (Ketz &

Schmidt, 1945).

1. 6. INNERVATION

The carotid body of mammals is principally innervated by

the carotid (sinus) nerve (CSN) - a branch of the
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glossopharyngeal nerve (de Castro, 1926). It also receives fibres
from the superior cervical ganglion (see Biscoe, 1971). In birds,
the nodose ganglion of the vagus nerve (CN X) is the main source

of carotid body nerve fibres (Jones & Purves, 1958).

The carotid nerve contains both myelinated and unmyelinated
fibres which enter the carotid body (Gallego & Belmonte, 1983;
Eyzaguirre & Uchizono, 1961). Myelinated fibres lose their myelin
sheaths and ultimately become enveloped by the processes of the
Type II cells. The Type II cells of the carotid body de¢ not
receive any §pecific innervation but there 1is some anatomical
evidence supporting the idea that fine nerve fibres may end
enclosed in Type II cell cytéplasm without first making

specialised contacts (de Kock & Dunn, 1966; Pallot, 1976).

Generally a single nerve fibre may fqrm a number of endings
on a single Type I cell as well as several Type I cells of a

group (Biscoe & Pallot, 1972; Kondo, 1976b,; Nishi & Stensaas,

1974).

Endings on Type I cells may take several forms. Generally
the synapse contains varying number of small (clear-cored)
vesicles (350 - 700 K in diameter), multivesicular bodies,
variable numberg of mitochondria and glycogen granules and a few
dense cored vesicles (450 - 750 A in diameter) (Ishii & OQosaki,
1966; Biscoe & Stehbens, 1967; Kobayashi & Uehara, 1970; McDonald

& Mitchell, 1975a,b; Morgan et al., 1975; Kondo, 1976a,b).

Regions of specialised membrane contact between nerve

23



endings and Type I cells may be found (see Fig. 1.1). The
specialised region is characterised by an increase in the
membrane thickness on both sides of the contact, accompanied by
increase inter-membrane distance (3005\apart); a fine 1line of
dense material may be seen between the two membranes. This
membrane specialisation may be one of four types:
a) the first type is characterised by asymmetrical, uniform
membrane thickenings with accumulations of clear vesicles in
the region of the membrane thickening on the nerve ending
side., The nerve membrane bears small, dense serrations
(pre-synaptic dense projections) (Gray, 1962, 1963). This
type of ending is thought to be efferent (Biscoe & Stehbens,
1966; Hoglund, 1967; Grimley & Glenner, 1968; Ishii & Oosak,
1969; Kobayashi, 1968, 1969, 1971b; Kondo, 1971; Morgan et

al., 1975; McDonald & Mitchell, 1975).

b) the second type is characterised by asymmetrical membrane
thickenings, those of the nerve endings being uniformly thick
and those of the Type I cells containing pre-synaptic dense
projections., Whilst vesicles are seen o&hﬁerve endings side,
accumulations of dense cored and clear vesicles (BOOX in
diameter) are seen on Type I cell side. This type of ending
is thought to be afferent (Al-Lami & Murray, 1968b; Ishii &
Oosaki, 1969; Kobayashi, 1969; Kondo, 1971; Morgan et al.

1975).

c) a third type of specialised contact is occasionally found
in both cat and rat carotid bodies (McDonald & Mitchell,

1975a,b) the so-called reciprocal synapse (see Reese &
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FIGURE 1.1

DIAGRAM SHOWING THREE TYPES OF TYPE I - CELL -
NERVE ENDING JUNCTIONAL SPECIALISATION

a) Efferent (ending presynaptic to Type I cell)
b) Afferent (ending postsynaptic to Type I cell)

c) Reciprocal (ending pre and postsynaptic to
Type I cell)
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FIGURE 1.1
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Shepherd, 1972). In this case pre- synaptic dense projections
are found on both the nerve and Type I cell membranes and it
is suggested that at one region the ending is pre-synaptic

to, and at the other post-synaptic to, the Type I cell.
d) endings where the membrane thickenings are symmetrical.

Quantitative studies of the types of nerve endings
occurring on Type I cells of the cat and rat carotid body have
been performed (McDonald & Mitchell, 1975a,b, 1981; Pallot &

Blakeman, 1982 and see below).

‘Despite these differing ultrastructural features many
authors assumed that all Type I cell endings were sensory;
however the presence of synaptic vesicles in the nerve endings on
Type I cells led to suggestions that  these nerve were
structurally more likev efferent rather than afferent endings

(Biscoe & Stehbens, 1966; Abraham, 1968).

Following on essentially from their own physiological
observations Biscoe,‘ Lall and Sampson (1970) repeated the
intracranial nerve section éxperiment. Briefly, they claimed that
some 60% of nerve endings on Type I cells degenerated with a slow
time course of several months. During this period normal
chemoreceptor activity could be recorded. The loss of ﬁerve
endings, allied to an essentially normal chemoreceptor discharge
led these authors to suggest that the Type I cell nerve endings

were efferent.
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A number of authors have now performed this intracranial
section experiment (Hess & Zapata, 1972; Nishi & Stensaas, 1974;
McDonald & Mitchell, 1975a,b). All claim to confirm the result of
de Castro (1928). Nishi and Stensaas (1974) and McDonald and
Mitchell (1975a,b) used only short recovery times after surgery
despite the fact that Biscoe et al. (1970) specifically remarked
on the unusually long time course of degeneration. Hess and
Zapata (1972) on the other hand used longer recovery times; one
of their illustrations, taken some 60 days after operation, shows
a markedly abnormal structure which is claimed as a normal nerve
ending. Whether this structure indeed represented a degenerating
nerve ending or was merely the result of inadequate fixation is

not clear.

With hindsight it must be stated that the study of Biscoe
et al. (1970) is unsatisfactory in a number of respects. The
question of normality of discharge is obviously highly
subjective., Thus, it 1is claimed that damage to the sensory
ganglion explains the degeneration (e.g. McDonald & Mitchell,
1975) and that a 60% loss of endings does not produce detectable
changes in chemoreceptor activity by the methods currently
available. Where the study of Biscoe et al. (1970) could have
been much improved is by a count of sensory ganglion cells and

nerve fibres in the sinus nerve. Neither was attempted.

The problems associated with degeneration experiments were
apparently circumvented by autoradiographic studies. Tritiated

proline (Fidone et al., 1975, 1977) and tritiated leucine (Smith

& Mills, 1976) were injected into the petrosal ganglion of the
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cat in the jugular foramen. Subsequent electron microscopic
autoradiography showed that labelled substances were 1located in
the region of both the myelinated and wunmyelinated fibres
entering the carotid body and also close to the endings on Type I
cells. The results suggest that some of the endings on Type I
cells arise from the petrosal ganglion. Tradition would have us
believe that this ganglion is formed exclusively by sensory

unipolar neurons.

Despite the claims made for autoradiographic studies it
must be emphasised that by their very nature they are not capable
of producing quantitative data with regard to numbers of endings
labelled. Furthermore, as pointed out by Williams et al.(1977)
the mere examination of autoradiographs is an inadequate test of
whether a structure is labelled. Various techniques exist for the
detailed analysis of autoradiographs - none of these was applied
in the studies referred to above and, hence, the confidence

limits of the study are not established.

Horseradish peroxidase transport techniques have also been
used in studying this problem with variable results. Some workers
claim that only areas containing established sensory neurons are
stained (Kalia & Davis, 1978) whilst others suggest an efferent

component in the sinus nerve (de Groat,1979)

In attempts to examine this question further Biscoe and
Pallot (1975, 1983) studied the carotid bodies from the mutant

Wobbler mouse. This animal has a genetic defect which results in

the spontaneous degeneration of its motor neurons. Quantitative
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ultrastructural studies demonstrated that a very large percentage
of Type I cell nerve endings were lacking in this animal (60 -
90%). Physiological studies, conducted in the same animals,
showed that the animals:

a) increased their minute volume in response to hypoxic

stimulus;

b) responded to one or two breaths of 100% 02 with a brief

reduction in minute volume.

Both of these effects were abolished by sinus denervation.
These observations are, unfortunately, again equivocal. Thus, at
first sight they suggest that many of the Type I cell nerve
endings are efferent, rather than afferent However, there still
remains the question of redundancy and the possibility that
whilst the endings are destroyed the parent axons remain intact

and act as chemoreceptors.

What was needed was a more physiological type of
experimental approach. Such was attempted by Morgan, Pallot and
Willshaw (1976, 1981) and Pallot, Morgan and Willshaw (1981). It
was shown by McDonald & Mitchell(1975a,b) that in the rat the
synaptic vesicle content of Type I cell nerve endings was
effected by the inspired gas mixture so that 100% O2 increased
vesicle density whilst 10% 02 reduced it over room air control
values. Morgan et al. ventilated adult cats with either 10% 02 in
N, or 100% 02. One carotid body was innervated by an intact sinus

2

nerve whilst the contralateral nerve was sectioned immediately

prior to ventilation with the test gas. After 100% 02 there were
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always fewer synaptic vesicles in the sectioned nerve Type I cell
endings than the contralateral intact side. After 10% 02 the
situation was reversed, viz: the sectioned nerve side endings now
contained more vesicles than those on the contralateral intact
side. Furthermore, the concentrations of vesicles in the cut side
nerve endings are similar after 10% and 100% 02. These results
demonstrate that some descending influence relayed via the sinus
nerve @ffects vesicle content of the nerve endings; in other
words, that the carotid sinus nerve relays efferent fibres to the
cut carotid body. In view of the quantitative morphological
studies (Pallot & Blakeman, 1982) it seems 1likely that these
efferent fibres in the cat carotid body terminate on Type I

cells.,

Kondo (1976a) examined the development of rat carotid body
ultrastructurally. He described two types of synapses - efferent
and afferent. The afferent synapses were more numerous than the
afferent ones and, as development proceeds, the afferent synapses
increase in number whilst the efferent increase was very 1little
until 50 days after birth at which time the afferent synapses are
22 times more numerous than the efferent. Kondo suspected this
was due to an increase in the number of synapses per nerve

fibres, rather than an increase in the number of nerve fibres.

Recent studies by MecAllen and Willshaw  (1979) have
demonstrated that acute intracranial section of the CN IX nerve
does not abolish the efferent activity recorded from the central

cut end of the sinus nerve. This study suggests, therefore, that

the cell bodies of the efferent neurons are located peripherally
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rather than in the brain stem. If true, this observation is of

considerable importance.

Can we correlate all of the above data with the

ultrastructural features referred to above?

McDonald and Mitchell (1975a, b) performed an extensive
quantitative study of the rat carotid body. These authors
described endings that were:

a) pre-synaptic to Type I cells;

b) post-synaptic to Type I cells;

¢) endings where the pre-synaptic dense projections were

found in both the neural and cellular elements.

McDonald and Mitchell (1975a, b) also demonstrated that
section of the sinus nerve resulted in the loss of 95% of Type I
cell nerve endings and also that section of the pre-ganglionic
trunk, as well as removal of the superior cervical ganglion,
resulted in degeneration of a small number of nerve endings on
Type I cells, thus accounting for the remaining terminal§observed
after peripheral section of CN IX. They further postulated that
both pre~ganglionic sympathetic efferent terminals and
glossopharayngeal @fferent nerve terminsl were present on Type I
cells in the carotid body. The fine structure of these terminals
was examined with quan.-titative methods and it was concluded that

sympathetic @fferent and CN IX Type I cell sensory nerve

terminals could be differentiated on the basis of differences in
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synaptic vesicle size and density.

The hypothesis from these experiments was that most, if not
all, of the endings in the sinus nerve were sensory (because they
survived 10 days after intracranial section of CN IX); the
pre-synaptic (to Type I cells) were present because the second
element of the reciprocal synapse was not visible in that

particular plane of section.

These results, with regard to percentage of the different
Jjunctional complexes in the carotid body have been confirmed by
Pallot & Blakeman(1982); in addition, these authors have
demonstrated that ventilation with 1004 and 10% O2 does not
produce different effects on the vesicle content of the nerve
endings depending on the the state of the sinus nerve and, hence,
the rat apparently lacks any substantial efferent innervation via

the sinus nerve.

Quantitative studies of cat Type I cell nerve endings
(Pallot & Blakeman, 1982,) have yielded quite different results,
In this studies of several thousand nerve endings some 93% lacked
any membrane specialisation, 4.9% were pre-synaptic to Type I
cells, 1.5% were post-synaptic to Type I cells and some 0.6%
formed reciprocal synapses. From this data, showing a
predominance of apparently efferent endings, coupled with the
effects of 100% and 10% 02 on the vesicle density of nerve
endings, the authors concluded that it seems likely that a number
of Type I cell nerve endings, perhaps some 50%, are truly

efferent; also they found no evidence for strict division of the
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endings to small bouton-like terminals and large calyceal endings
as has been claimed by some authors (Kondo, 1976a,b; Nishi &

Stensaas, 1974).

Nerve to nerve endings have occasionally been reported
(Verna, 1975; Morgan et al. 1975). These observations are of
considerable interest because of the controversy over the
efferent pathway (discussed below). The major problem here lies
in the identification of nerve ending profiles. Thus it is
relatively simple to identify a nerve ending on a larger Type I
cell profile; regrettably, however, the Type I cell often
possesses thin cytoplasmic processes containing clear vesicles,
glycogen granules and mitochondria. If one of these processes is
contacted by a nerve ending it is impossible to elucidate the
ultrastructural picture without serial reconstruction studies.

These have not been performed.

Although the presence of autonomic ganglion cells in the
carotid body was well documented by early 1light microscopic
studies, McDonald and Mitchell (1975a,b) and Kondo (1976b) were
the first to describe the ultrastructure of these cells in
detail. McDonald and Mitchell (1975) considered most ganglion
cells to be parasympathetic in nature and to provide
post-ganglionic axons which innervated the vascular smooth
muscle. They also noted a few sympathetic ganglion cells which
were innervated by pre-ganglionic axons from the superior
cervical ganglion. Again, these cells gave a post-ganglionic

vascoconstrictor innervation to the vasculature, In their

degeneration studies McDonald and Mitchell claim also to have
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found sympathetic pre-ganglionic endings which were pre-synaptic
to the Type I cells and apparently did not innervate blood
vessels. These endings were considered to be the only truly
efferent innervation to rat Type I cells. Some authors (Kondo,
1971; Verna, 1975) have shown that post-ganglionic sympathetic
terminals may be seen also close to Type I and Type II cells.
Verna (1979) demonstrated that varieties of post-ganglionic
sympathetic nerve fibres are present not only ;round blood
vessels but also around Type I/Type II clusters and may even be
in contact with Type II cells. It may be seen that no clear
picture with regard to Type I cell sympathetic innervation has
appeared. It is worth mentioning, however, that O'Regan (1977)
has reported physiological results which strongly suggest a Type

I cell sympathetic innervation.

ACTO CT c D_BOD

HYPOXIA AND ANOXTA

Hypoxia, both acute and chronic, cause changes in the
content and structure of the carotid body. Only the effects of

acute exposure will be discussed here.

Blumcke et al. (1967) reported that, after ten minutes of

2.59 O the electron dense cored vesicles were decreased in

2!
number by 'reverse pinocytosis'. They claimed that the vesicles
fused with the plasma membrane, ruptured and released electron

dense material into the intercellular space. Along with these
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changes the mitochondria were swollen, nuclear chromatin
disintegrated and the nuclear pores increased in number.
Fluorescence in these cells disappears after twenty minutes of
hypoxia. To the present author these changes were probably caused
by cell death; indeed it is doubtful if many of the animals
survived such insults. Hoffmann and Birrell (1958) and Mitchell
and McDonald (1975) also noted a decrease in the number of
vesicles in the Type I cells following hypoxia using more
physiological stimuli. Chen et al. (1969) did not see a decrease
in electron dense cored vesicles in anoxic hamsters although the
mitochondria were swollen, whilst Al-Lami and Murray (1968a)
claimed that there is a relative increase in the number of such
vesicles in cats subjected to severe anoxia together with swollen

mitochondria.

On the other hand, Holler et al. (1974) claimed that the
number of dense cored vesicles showed a marked increase in
rabbits exposed to hypoxic conditions, suggesting an increase in

the production of catecholamines during hypoxia.

From this brief resume it is apparent that there is no
coherent picture of the effects of acute hypoxia on carotid body
structure. It seems important therefore that this situation be
rectified and that the exberiments be performed using sensible,

physiological stimuli.

Studies on the effects of reserpine on the carotid body
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provided both interesting and controversial results.

Amine depleting drugs like reserpine may operate by one of
five different mechanisms. They may:

1. inhibit the synthesis of catecholamines;

2. inhibit their storage mechanism;

3. cause displacement of their storage sites;

4, cause cell damage leading to cell degeneration;

5. result in stimulation and subsequent physiological release

of catecholamines (Carlsson, 1975).

Reserpine acts by blocking the ATP-dependent uptake
mechanism by which monoamines are incorporated into a complex ATP
and a specific protein and sequeStered in protective vesicles.
Catecholamines within the c¢ytoplasm are then subjected to the
cell monoamine oxidase which de-aminates and metabolises these
substances resulting in depletion of catecholamines within the
cell and its vesicles (Carlsson, 1975; Hess, 1977a); it is known
to deplete the catecholamine content of the cells containing
adrenaline and noradrenaline and also enfrochromaffin cells

(Lillie, 1965).

The normal catecholamine fluorescence of the carotid body

disappears after reserpine treatment yet granular profiles still

remain within the Type I cells unlike the situation which exists
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in the adrenal medulla where the granules are entirely depleted
(Duncan & Yates, 1967; Chen et al., 1969; Hess, 1977; Mollmann et

al., 1972; Chiocchio et al., 1971).

Hess (1976, 1977b) has shown that calcium prevents
reserpine depleting catecholamines from the Type I cells and is
effective against doses not higher than 5 mgm/kgm. Calcium might
counteract the effects of reserpine by occupying attachment sites
of vesicular membrane and thereby preventing it from reaching its
site of action. In his morphometric study on the effect of
reserpine on the carotid body, Hess (1976; 1977b) claimed that
the numerical density ‘of the electron dense cored vesicles
remains unchanged but their volume density is reduced. The
persistence of dense granules in Type I cells after reserpine
treatment could be due to several factors. The effect of
reserpine on the carotid body may result from the binding between
the catecholamines and other components of the storage vesicles
being more resistant to its action. This was supported by
Coupland and Hopwood (1966) who showed that there is intense
reaction between gluteraldehyde and noradrenaline resulting in
the formation of a highly insoluble electron dense compound. A
second possibility is that the catecholamines and other
components leave the vesicles or are made non-reactive to the
effect of fixatives by some other mechanism. A third possibility
is that the vesicles may contain a binding protein which, with
the catecholamines, makes a complex that remains within the
vesicles when the catecholamines are depleted. A fourth

possibility is the existence of a polypeptide hormone produced

and stored by the carotid body which remains unaffected by
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reserpine treatment.

TERQID

Administration of glucocorticoids, dexamethazone (Hellstrom

& Koslow, 1976) methylprednisolone and hydrocortisone (Korkala et

al., 1973), caused an increase in the fluorescent intensity of

carotid Type I cells (Korkala et al., 1973) as well as an

increase in the volume density of the dense cored vesicles of the

Type I cells (Hellstrom & Koslow, 1976). Glucocorticoids most
I

likely cause an increase in the storage of catechoamines possibly

by stimulating synthetic enzymes.
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CATECHOLAMINES AND THE CAROTID BODY

Catecholamine-containing cells synthesise their endogenous
amine content of dopamine (3,4-dihydroxy~-B-phenylethylamine;
3-hydroxytyramine) (ba), L-noradrenaline (atrenol;
norepinephrine) (NA) and L-adrenaline (epinephrine) (AD) from the
plasma amino acid L-tyrosine by a pathway first suggested by
Blaschko in 1939, viz: L-tyrosine s [,-dopa =i _Dopamine—»

L-noradrenaline ==-p=L-adrenaline (Iversen, 1970).

The fact that the carotid bodies of all species studied to
date contain catecholamines has been reported above. Firstly,
there was the controversy as to the chromaffinity, or otherwise,
of Type I cells (e.g. Stilling, 1898; Kose, 1907) and, more
recently, the demonstration of formaldehyde -induced fluorescence
(e.g. Palkama, 1965). This cytochemical work has been followed up
in the last fifteen years by numerous chemical determinations of

carotid body catecholamine levels.

Noradrenaline and dopamine were found to be the main
catecholamines in several mammalian species (Chiocchio et al.,
1966; Dearnaley et al., 1968; Hellstrom & Koslow, 1975; Hellstrom
et al., 1976, 1977a,b; Mills et al., 1978) whilst, in the carotid
labyrinth of Rana temporaria adrenaline is the predominant
catecholamine, with traces of dopamine and noradrenaline

(Bannister et al., 1967).

In 1964 Niemi and Ojala obtained cytochemical evidence for

the presence of catecholamines in the human carotid body.
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Chiocchio et al. (1966) found adrenaline, noradrenaline and
dopamine in the carotid body of the cat and they suggested that
dopamine, which was present in a concentration of 0.1 to 0.2
ng/carotid body, might be stored in mast cells in the tissue and
that it may Dbe the precursor of other catecholamines. Using a
trihydroxyindole procedure to measure the rabbit carotid body
catecholamine levels, Dearnaley et al. (1968) estimated the
dopamine level to be 20 to 40 ug/g and the noradrenaline level to
be about 1.5 ug/g of carotid body tissue. Furthermore, they found
that there were no fluorescent mast cells in the organ and, due
to the high levels of dopamine found, suggested that dopamine is
of more significance in the carotid body other than as a

metabolic intermediary.

The literature on the catecholamine content of carotid
bodies is vast, confusing and embittered with claim and
counter-claim. Table 1.1 1illustrates the results of studies of

catecholamine levels in several species up to 1982.

The data from these reports are difficult to interpret
because the differences seen within the same species, or within
different reports from the same laboratory, could be due to:

1. differences in the sensitivity of the method employed,

2. the physiological stimulus in normal conditions;

3. statistical errors in data and interpretation;

4, other factors.
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ANIMAL REPORT NA DA
CAT Chiocchio et al (1966) 479 875(d)
Zapata et al (1969) 579 1331(d)
Mills et al (1978) 957 221(e)
Mir et al (1982) 820 162(b)
860 168(c)
RAT Hellstrom & Koslow (1975) 8.5 14.5(a)
Hellstrom et al (1976) 3.6 15.0(a)
Hellstrom (1977) 3.6 14.5(a)
Hanbauer & Hellstrom (1978) 2.5 8.5(a)
Chiocchio et al (1981) 4.5 5.1(b)
Mir et al (1982) 14.6 8.1(c)
Hansen et al (1981) 9.7 14.2(c)
RABBIT Dearnaley et al (1968) - 137(e)
Sorensen (1967) 72 294
Mir et al (1982) 84 216(c)
GUINEA-PIG Mir et al (1982) 218 46(c)
FERRET Mir et al (1982) ‘ 15 105(c)

Table 1.1

Catecholamines in the cat, rat, rabbit, guinea-pig and ferret
carotid body.

Values expressed as p mol/carotid body.

(a) gas chromatography and mass spectrometry;

(b) radioenzymatic assay;

(c) HPLC and electrochemical detection;

(d) fluorimetric analysis;

(e) fluorimetric analysis and ion exchange chromatography.
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Some of the methods employed (such as the trihydroxyindole
technique used by Dearnaley (1968) and Mills & Slotkin (1975))
measure the total noradrenaline and adrenaline; others, such as
that used by Chiocchio et al. (1971), give values for dopamine
and L-dopa together. The gas chromatographic and mass
spectrometric assay method used by Hellstrom et al. (1975, 1976,
1977a,b) might affect the dopamine value estimation ~since this
method includes an acid 1lyophilization step which may cause
release of free dopamine from the conjugated form of this amine
present in plasma contained within the carotid body (Mir et al.,
1982). The fluorimetric procedures used in earlier studies
(Chiocchio et al., 1966; Zapata et al., 1969) are not only less

sensitive but also lack specificity (Mills et al., 1978).

The difference in the noradrenaline content of the rat
carotid body as reported by Hellstrom et al. (see Table 1.1) may
not be explained by variations in the endogenous noradrenaline
content found within different groups of animals (Mills et al.,
1978) but may reflect rather the action of a physiological
mechanism operating to deplete noradrenaline while the animal

breathed room air.

Statistical errors in reports and in data interpretation
were other factors in this mor'assof reports. For example, the
catecholamine (adrenaline, noradrenaline and dopamine) contents
of the cat carotid body reported by Chiocchio et al. (1966) were

approximately 30 times 1lower than those reported in their

previous study (Chiocchio et al, 1960) and are probably below the
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sensitivity of the assay method. Also Chiocchio et al. (1971)
reported dopamine values in two pooled samples of cat carotid
bodies to be 122 - 131 ng/carotid body but it is stated that
these values are inclusive of any L-dopa present. When separation
on Dowex ion exchange resin was used the value for L-dopa was
found to be 86 - 150 ng/carotid body and thus it would seem that
subtraction of this value from that given for dopamine plus
L-dopa should yield a very low figure for dopamine alone (0 - 50
ng/carotid body). However, in the text, the value of dopamine
alone 1is given as 260 ng/carotid body whilst'"the Abstract

given
(Chiocchio et al. 1971) dopamine as 122 - 131 ng/carotid body.

-Other factors which may affect the catecholamine content of
carotid bodies 1include methods of sacrificing the animals, the

animal strains, number of estimations, and dissection procedures.

There is also considerable confusion and controversy in the
literature concerning the relative concentrations of
noradrenaline and dopamine in the rat carotid body. For example,
dopamine was reported to be the predominant amine in the carotid
body of the cat (Chiocchio et al., 1966; Zapata, 1969) and rat
(Hellstrom & Koslow, 1975; Hellstrom et al., 1976; Hellstrom,
1977a,b; Hanbauer & Hellstrom, 1978) whereas Mills et al (1978)
and Mir et al. (1982) have reported that the cat carotid body
contains substantially higher concentrations of noradrenaline
than dopamine. Similar findings were reported in the rat carotid

body by other authors (Al-Neamy et al., 1980; Mir et al., 1982).

The results of the work by Chiocch io et al. (1966) show
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that, despite the dopamine level being higher than that of
noradrenaline (in the cat carotid body) the difference calculated
from the mean and standard error of the raw data is not
significant. Hellstrom and Koslow (1975) also reported in the rat
carotid body a higher 1level of dopamine as compared with
noradrenaline but the standard error estimated from the published
bar graph suggests the difference between the noradrenaline and

dopamine content to be not significant.

1n contrast to the cat and guinea pig carotid bodies, those
of the ferret and rabbit appear to contain predominantly

dopamine.

The situation is obviously confused, and requires a

systematic study.

FACT AFFECTING THE CA D BODY CATECHOLAM E

In the cat carotid body systemic hypoxia (10% 02 for 60
minutes) was reported by Mills and Slotkin (1975) to cause a
significant reduction in noradrenaline and adrenaline content
(measured together). They also reported that the reduction was
greater when the inspired oxygen was less and that the depletion
of these catecholamines was markedly attenuuated, but not
prevented completely, when the carotid sinus nerve was cut

acutely Jjust prior to the hypoxic tests. The dopamine level was

not measured separately in their study. In the rat carotid body
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Hellstrom and Koslow (1975), Hellstrom et al., (1976), Hellstrom
(1977a) and Hanbauer and Hellstrom (1978) all reported that
systemic hypoxia (5% O2 for 30 minutes) had no effect on
noracdrenaline levels, while the dopamine content was
significantly reduced. They also claim that the reduction was
dependent upon the severity and duration of the stimulus and that
sectioning of the sinus nerve and sympathetic denervation had no
effect on the amount of the dopamine reduction. Hence, it seems
that systemic hypoxia (short-term) causes a selective reduction

of the catecholamine level which may be dependent on the sinus

nerve innervation in the cat but not in the rat.

In marked contrast, chronic hypoxia is reported to cause an
increase in both noradrenaline and dopamine (Chiocchio et al.,

1981; Pallot & Barer, 1982).

YPEROX

Mills and Slotkin (1978) reported an increase in
noradrenaline and adrenaline content of the cat carotid body
following ventilation with 40% 02 for 90 minutes while, in rats,
Hanbauer and Hellstrom (1978) reported no effect of hyperoxia

(100% 02) on either noradrenaline or dopamine content.
Despite the above findings no systematic study on the

effects of hypoxia, hyperoxia and hypercapnia on carotid body

catecholamine content has been carried out.
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1. 9. 3, SYMPATHECTOMY

In the rat, Hellstrom and Koslow (1975) and Hellstrom
(1977b) found that neither sympathetic denervation nor chemical
sympathectouy (6-OHDA) had any effect on the carotid body
catecholamine content. In later reports, however, Hanbauer and
Hellstrom (1978) showed a 50% reduction in noradrenaline content
following ganglionectomy, whilst dopamine content was not
affected. Chiocchio et al. (1981) also reported a 75% loss of
noradrenaline in the rat carotid body following ganglionectony.
Zuazo & Zapata (1978) reported that sympathectomy had no effect
on cat carotid body catecholamines, a fact confirmed by Mir et

al. (1982).

1. 10, MERCHANISM OF CHEMORECEPTION AND EVIDENCE CONCERNING

E IDENTITY OF SENSOR

Despite the many studies of the carotid body there is still
no all-embracing hypothesis as to how it functions and, indeed,
there is still controversy concerning which structure within this

organ acts as the sensory transducer.

One of the central issues concerns the identity of the
chemoreceptor; at different times each of the specific structural
entities (Type I cells; nerve endings and nerve fibres; Type II

cells) have been proposed as the receptors.

IYP CELLS CHEMORECEPTORS
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Historically, and on the basis of their close association
with nerve ENDINGS, the Type I cells have been considered as
receptor cells which 'taste the blood' (de Castro, 1926; 1928).
In this theory the Type I cells are sensory cells., Eyzaguirre et
al. (1965b;1968b) suggested that the Type I cell releases
acetylcholine in response to hypoxia which, in turn, stimulates
afferent nerves. The evidence for this suggestion came from a
Loewi-type experiment. Subsequent studies (e.g. Fidone et al.
1977) have, indeed, demonstrated the presence of acetylcholine
within the carotid body. However, the difficulty here is that
Douglas (1952) and Sampson (1971, 1975) could block the effects
of exogenous acetylcholine pharmacologically but could not
prevent the chemoreceptive response to hypoxia. So, is the Type 1
cell necessary for chemoreception? Most of the evidence currently
cited in support of the view that the Type I cell is a sensor

candidate comes from three types of experiments:
1. Re = innervation of the carotid bod ith orei nerve

Three groups of workers have performed this type of
re-innervation experiment: de Castro et al. (1940; 1951) used the
vagus nerve; Zapata et al. (1969) used the superior laryngeal
nerve and Digger et al. (1983) used the 1lingual nerve. All of
them demonstrated chemosensitivity in the re-innervated organ.
The criticism that the first two groups had used nerves known to
contain some fibres that responded to changes in inspired gas
tensions was overcome by Fidone et al. (1983) when they used the

lingual nerve,
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These experiments undoubtedly establish that single fibres
which have been grown into the carotid body from a foreign nerve
can exhibit an essentially normal chemoreceptor activity when
compared with single sinus nerve fibres. In the absence of
quantitative structural data the assertion that there appears to
be a relationship between the amount of chemoreceptor activity
and the number of contacts between Type I cells and nervous
elements is purely subjective., The cited authors interpret their
findings as indicating that the Type I cells are essential for

chemoreception.

2. Re = innerva no e rotid bod h its own s S

The results of these experiments were somehwat equivocal.
Zapata et al. (1976; 1977) crushed the sinus nerve at va