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ABSTRACT

Serotonin (5-hydroxytryptamine, S-HT) is known to influence cerebrovascular functions
such as local cerebral blood flow (CBF) and blood brain barrier (BBB) permeability, and
has been implicated in cerebrovascular diseases. The present study used a multifaceted
approach to determine the distribution, density and origin of the 5-HT innervation of
blood vessels at the base of the brain and overlying the cerei:ral cortex as well as those
embedded in the cortical parenchyma. In addition, the type(s) of 5-HT receptor(s) present
on intracortical blood vessels as well as their precise cellular localization within the vessel

wall was investigated.

Firstly, in extracerebral blood vessels, we showed that perivascular serotonergic nerve
fibers, immunocytochemically identified for the S-HT synthesizing enzyme, tryptophan
hydroxylase (TPH), are greatly reduced following removal of the superior cervical ganglia,
but not after specific lesion of the ascending S-HT fibers originating from the brainstem
raphe nuclei. In addition, we demonstrated that the distribution pattern of TPH-
immunolabelled perivascular fibers differed from those containing noradrenaline (identified
by dopamine-B-hydroxylase). These results suggest the existence of a subset of distinct S-
HT nerve fibers in extracerebral arteries and that the serotonergic innervation, most

probably, arises from the superior cervical ganglia or a structure closely related to it.

Secondly, in investigating the serotonergic input to the intraparenchymal microcirculation
at the ultrastructural level, we found that central TPH-containing nerve terminals are
intimately associated with intraparenchymal blood vessels and that these neurovascular
associations were closer and/or more frequent in brain regions where manipulations of the
brainstem raphe neurons elicited significant CBF changes, as compared to relatively
unresponsive cerebral area. These associations frequently involved the perivascular
astrocytes, suggesting a possible intermediary role for these non-neuronal cells in the
control of microvascular functions. Furthermore, the associations be_tween S-HT-
synthesizing nerve terminals with the microvascular bed appeared relatively selective since



neurovascular noradrenaline nerve terminals in the same cortical subdivision did not share
the same characteristics in terms of frequency, intimacy or distribution around the vessel
walls.

Finally, in an attempt to identify the exact site(s) of action of S-HT on the blood vessels,
we characterized, via reverse transcriptase-polymerase chain reaction and second
messenger assays, the 5-HT receptor(s) present on human intracortical blood vessels as
well as in cell cultures of human brain astrocytes and of endothelial and smootk muscle
cells of micro-vascular origin. We reported the differential expression not only of
messages but also of functional proteins for specific S-HT receptor subtypes in the
different cellular compartments of the blood vessel wall; a finding fully compatible with the
ability of 5-HT to regulate microvascular perfusion and BBB permeability.

Altogether, the present thesis provides an anatomical substrate for the 5-HT-mediated
responses in the microvascular bed. It demonstrates that the indoleamine can affect the
microvascular bed by interacting either directly with endothelial and/or smooth muscle
cells or indirectly with the perivascular astroglial cells suggesting that the neuronal-glial-
vascular triad most likely constitutes the functional unit in the regulation of microvascular
related responses. These studies are likely to contribute significantly to our undérstanding
of the relationships between 5-HT and non-neuronal vascular and astroglial cells as they
relate to the mechanisms involved in the regulation of CBF and BBB.



RESUME

La sérotonine (5-hydroxytryptamine, S-HT) joue un réle régulateur du débit sanguin cérébral
et de la perméabilité de la barriere hémato-encéphalique, et a aussi été impliquée dans
certaines maladies cérébrovasculaires. La présente étude a tiré avantage de plusieurs
approches méthologiques afin de déterminer la distribution, la densité et l'origine de
'innervation sérotoninergique des vaisseaux extracérébraux (polygone de Willis et leurs
ramifications) et de ceux localisés dans le parenchyme cortical. De plus, le type de
récepteur(s) de la 5-HT associé(s) aux vaisseaux intracorticaux ainsi que leur localisation

cellulaire dans la paroi du vaisseau ont été étudiés.

En premier lieu, nous avons montré, au niveau des vaisseaux extracérébraux, que les fibres
nerveuses sérotoninergiques, identifiées par voie immunocytochimique avec un anticorps
dirigé contre la tryptophane hydroxylase (TPH, l'enzyme de synthése de la 5-HT), sont
réduites suite a l'ablation du ganglion supérieur cervical mais non aprés la destruction des
fibres sérotoninergiques provenant des noyaux du raphé. De plus, la distribution des fibres
périvasculaires sérotonergiques ne correspondait pas parfaitement i celle des nerfs
sympathiques qui contiennent la noradrenaline (marqués par l'enzyme de synthése de la
noradrénaline, la dopamine-f3-hydroxylase). Cette observation a suggéré l'existence d'une

population distincte de fibres périvasculaires contenant la sérotonine.

Deuxiément, nous avons trouvé que les terminaisons sérotoninergiques centrales peuvent
s'associer avec les vaisseaux intraparenchymateux. De telles associations neurovasculaires
sont plus fréquentes et/ou plus intimes dans les régions cérébrales ou la manipulation des
neurones du raphé produit des changements notables de débit sanguin en comparaison avec
les régions qui ne changent pas ou peu leur perfusion locale suite a de tels traitements. De
plus, les terminaisons nerveuses périvasculaires sont fréquemment associées avec les feuillets
astrocytaires, ce qui suggére un role possible pour ces cellules dans la régulation de fonctions
microvasculaires. Les fibres noradrénergiques périvasculaires ne présentaient pas les mémes

caractéristiques de fréquence et de distribution autour du vaisseau, ce qui nous porte & croire

iv



que les relations qui s'établissent entre un neurotransmetteur/neuromédiateur et le lit

microvasculaire varient en fonction du role qu'il exerce localement sur la microcirculation.

Finalement, nous avons caractérisé, chez 'homme, les récepteurs de la 5.HT associés aux
microvaisseaux intracorticaux, de méme qu'aux cellules astrocytaires, cérébromicro-
vasculaires endothéliales et musculaire lisses en culture. En utilisant une approche moléculaire
et fonctionelle, nous avons montré non seulement !’expression de plusieurs récepteurs
distincts de la 5-HT dans les différents compartiments vasculaires ou astrocytaires, mais aussi
leur habilité a activer ou inhiber des systémes de signalisation intracellulaire.

Cette thése fournit une base morphologique aux effets cérébrovasculaires dans lesquels la
sérotonine a été impliquée. Elle démontre que la sérotonine peut avoir des effets sur les
vaisseaux intraparenchymateux, soit directement avec les cellules endothéliales et musculaires
lisses ou indirectement via l'astrocytes périvasculaires, ce qui suggére que cette triade
neurone-astrocyte-vaisseau joue un role important dans les interactions neurovasculaires
fonctionelles. Cette étude a également contribué a améliorer notre compréhension des types
d'interaction de la sérotonine avec les cellules non-neuronales, et plus précisement dans la
régulation du débit sanguin cérébral local et la perméabilité de la barriére hémato-
encéphalique.
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PREFACE OF THESIS

The structure of this thesis conforms to the manuscript based option permitted by McGill
University. In accordance with the Guidelines Concerning Thesis Preparation of the Faculty
of Graduate Studies and Research, the following excerpt is reproduced in the preface of the

thesis:

Candidates have the option of including, as part of the thesis, the text of one or more
papers submitted or to be submitted for publication, or the clearly-duplicated text of one or
more published papers. These texts must be bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges between the
different papers are mandatory. The thesis must be written in such a way that it is more
than a mere collection of manuscripts; in other words, results of a series of papers must be
integrated.

The thesis must still conform to all other requirements of the "Guidelines for Thesis
Preparation”. The thesis must include: A Table of Contents, an abstract in English and
French, an introduction which clearly states the rationale and objectives of the study, a review
of the literature, a final conclusion and summary, and a thorough bibliography or reference
list.

Additional material must be provided where appropriate (e.g. in appendices) and in
sufficient detail to allow a clear and precise judgement to be made of the importance and
originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the candidate is
required to make an explicit statement in the thesis as to who contributed to such work
and to what extent. Supervisors must attest to the accuracy of such statements at the
doctoral oral defense. Since the task of the examiners is made more difficult in these cases, it
is in the candidate's interest to make perfectly clear the responsibilities of all the authors of
the co-authored papers.



CLAIM OF ORIGINALITY AND CONTRIBUTION OF CO-AUTHORS

The work presented in this thesis constitutes an original contribution to the knowledge
regarding serotonergic neurons and their possible regulation of vascular functions. The
results presented herein have been either published, in press or submitted. Much of the results
have also been presented orally and in poster form at the 1991, 1993, 1994, 1995, 1996
Society for Neuroscience meetings, the 1993 and 1997 International Symposium of Cerebral
Blood Flow and Metabolism, the 1996 ACFAS meeting and the 1996 IBC’s International

Conference on Serotonin Receptors.

Chapter 1 presents an extensive review of the literature regarding serotonin and its relation
with the cerebrovascular bed with a particular emphasis on the microcirculation. In Chapter
2, the specific objectives of my research project are outlined.

Chapter 3 entitled “Cerebrovascular nerve fibers immunoreactive for tryptophan-5-
hydroxylase in the rat: Distribution, putative origin and comparison with sympathetic
noradrenergic nerves” describes the immunocytochemical experiments showing that the
distribution of serotonin-synthesizing cerebrovascular nerve fibers is not superimposable to
that synthesizing noradrenaline, suggesting the possible existence of a subset of distinct
perivascular S-HT fibers. Furthermore, these fibers do not seem to originate directly from
brainstem S-HT raphe neurons but rather from a peripheral structure closely related to the
superior cervical ganglia. This study was done in collaboration with the Cerebrovascular
Group at the. CNRS, Université de Paris VII (France), of which Drs J. Seylaz and E.T.
MacKenzie are the group leaders. Drs P. Lacombe and G. Bonvento visited our laboratory in
Montreal and started the lesion and immunocytochemical experiments, of which I completed.
The manuscript was prepared and written in conjunction with Drs E. Hamel, Lacombe and
Bonvento. My responsibilities in this manuscript included editing and revising it as well as all
the photographic work and montage.



In Chapter 4 entitled “Ultrastructural analysis of tryptophan hydroxylase immunoreactive
nerve terminals in the rat cerebral cortex and hippocampus: Their associations with local
blood vessels"” the S-HT neurovascular associations were characterized in the frontoparietal
and entorhinal cortices as well as the hippocampus. The results show that in regions where 5-
HT has a more profound effect on blood flow, these associations are more frequent and/or
closer. All experimental manipulations and analyses were performed exclusively by myself,
under the supervision of Dr E. Hamel. I was responsible for the original version of the
manuscript and worked side by side with Dr. E. Hamel is its editing and revision. The
tryptophan hydroxylase antibody was kindly provided by Drs M. Ehret and M. Maitre.

Chapter S entitled “Astroglial and vascular interactions of noradrenaline terminals in the
rat cerebral cortex” shows the morphological relationships of another monoamine, namely
noradrenaline, and the microvasculature in the frontoparietal cortex. The results show some
close noradrenaline neurovascular associations but these are less frequent and intimate than
those previously characterized in the 5-HT system. Nearly all manipulations and analyses
were performed by me under the supervision of Dr. E. Hamel while the rest was done by G.
Molinatti, a summer student from Lyon under my supervision. The first draft of the
manuscript was written by me and then revised and edited by Dr E. Hamel. The noradrenaline
antiserum was a generous gift from Dr. M. Geffard. '

Chapter 6 entitled “Molecular and pharmacological characterization of functional serotonin
receptors in human brain microcirculation and astrocytes” describes the expression of
various serotonin receptors on isolated human brain microvessels and capillaries as well as on
endothelial, smooth muscle and astrocytic cell cultures. It also describes the possible coupling
of these receptors to their expected second messenger. The majority of all experimental
manipulations and analyses were performed by me under the supervision of Dr. E. Hamel.
The establishment of endothelial and smooth muscle cell cultures and most second messenger
assays were done by Mrs. R. Ball, a technician working in the laboratory of Dr D.
Stanimirovic (National Research Council of Canada, Ottawa). The astrocyte cultures were
kindly provided by Dr V.W. Yong (McGill University). Dr. J.G. Villemure provided the
human tissue samples from which the cell cultures were derived while I. Bouchelet, a PhD

.



student in the laboratory, helped with some of the polymerase chain reaction work. The
detailed first draft was written by myself and edited with the help of Drs E. Hamel and D.
Stanimirovic. The final version will be submitted for publication.

In Chapter 7, a general discussion of my results and their significance is presented. In the
Appendix (Chapter 9), two additional published papers entitled “Serotonin in the regulation
of brain microcirculation” and “In vivo synthesized radioactively labelled a-methyl
serotonin as a selective tracer for visualization of the brain serotonergic system’ are also

included.
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1.0 INTRODUCTION OVERVIEW

My PhD thesis project essentially investigated the anatomical and some’ functional
evidence regarding the possible control by S-HT neurons contained in the dorsal and
median raphe nuclei of the cerebral circulation, with a particular emphasis on the
microcirculation. Essentially, I looked at whether or not 5-HT dorsal and/or median raphe
neurons directly project i) to extracerebral blood vessels, ii) to intraparenchymal blood
vessels located in the hippocampus and different cortical areas and if so, iii) what is the
identity of the S-HT receptors by which serotonin can act on the microvascular bed and

their specific localization within the vessel wall.

In the course of this thesis, I will first describe the anatomy of the cerebral circulation
(both overlying and inside the brain) with a strong emphasis on the arterial system as it
has consistently been shown to regulate cerebral blood flow. The current hypotheses of
CBF regulation will also be documented. Next, several general characteristics of the
central S-HT system will be presented. The synthesis and degradation pathways of 5-HT
will be discussed as well as the localization of major 5-HT cell groups and their
projections. A special emphasis will be given to the distribution pattern and density of S-
HT nerve terminals in various subdivisions of the cerebral cortex and hippocampus as

these regions specifically pertain to my research project.

In the following section, I will document the relevant information concerning the effects
of 5-HT on the cerebral circulation. A general overview will be presented regarding the
serotonergic innervation of extracerebral blood vessels and the apparent discrepancies.
More emphasis was thus placed in the control of S-HT on the local CBF as this was of
major interest to my work. Finally, a description of the 5-HT receptors that mediate
vasomotor responses in both central and peripheral vascular beds will be presented and
the possible S-HT effects on other vascular-related functions. A brief general description
of the major features of all characterized S-HT receptors will then be presented. Finally,
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the possible mechanisms underlying vascular contraction and dilatation will be presented.

1.1 THE CEREBROVASCULAR BED

1.1.1 GENERAL ORGANIZATION

For purposes of simplicity and practicality in the present thesis, the cerebrovascular bed
will be differentiated into its two main compartments, i) the extracerebral blood vessels,
composed of the major cerebral arteries and their ramifications as small pial vessels at the
base and over the convexities of the brain and ii) the intracerebral blood vessels that
encompass primarily small arterioles, microarterioles and capillaries that are embedded in
the brain parenchyma. These compartments are categorized mainly according to size and
function. They differ in their respective origin and patterns of innervation as well as their

response to various neuromodulators.

Blood to the brain is supplied through two pairs of arterial trunks (Fig 1.1), namely the
internal carotid (anterior circulation) and the vertebral (posterior circulation) arteries.
These two systems are connected to each other through the circle of Willis which is
designed to maintain blood supply to both sides of the brain in the event of an
interruption to one of the main arteries. The internal carotid system delivers blood to the
rostral parts of the brain that includes most of the basal ganglia and interior capsule while
the caudal parts of the brain including the cerebellum, the thalamus and most of the
brainstem receive blood from the vertebral system. Posteriorly, the two vertebral arteries,
that originate from the subclavian artery, coalesce to form the single basilar artery which
in turn gives rise to the superior cerebellar and posterior cerebral arteries at its terminal
end. The posterior cerebral and the posterior communicating arteries, the latter coming
from the internal carotid artery, form the posterior margin of the circle of Willis.
Anteriorly, the internal carotid artery bifurcates into the middle and anterior cerebral
arteries, of which the former is usually the largest branch of the two. The anterior
cerebral arteries on each side are connected by the anterior communicating artery at the

rostral portion of the circle of Willis. This anatomical organization applies to humans,



Anterior communicating artery

Anterior cerebral artery

Middle cerebral artery

internal carotid artery

Posterior communicating
artery

Posterior cerebral artery

Superior cerebellar artery

Basilar artery

Vertebral artery

Fig 1.1: Schematic representation of the distribution of rat major cerebral arteries
at the base of the brain. Note that not all branches are defined. Adapted from

Zeman and Innes (1963)
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primates and laboratory rodents with slight variations (Lee, 1995).

These major arteries branch out as small pial vessels (Fig 1.2) and are both located in the
subarachnoid space found between the arachnoid and pial membranes. Historically, pial
vessels were generally considered as the primary resistance vessels and the major arteries
merely as conduit vessels. However, more recent investigations have shown that these
larger arteries play an important role in blood flow resistance and consequently blood
flow regulation (Faraci and Heistad, 1990). Together, the extracerebral arteries would
control global cerebral blood flow (CBF) to the brain in response to physiological and
systemic factors (Heistad and Kontos, 1983). At some point, small arteries further
bifurcate from the pial vessels and perforate the cerebral parenchyma at right angles. As
these penetrating arteries descend into the cerebral neuropil, they are initially surrounded
by the Virchow-Robin's space, which is filled with cerebrospinal fluid and separates the
vessel from the tissue (Fig 1.3). This perivascular space gradually disappears as the
basement membrane of the vessel and the surrounding cerebral tissue fuse together (Fig
1.3). At this point, blood vessels are considered to form the intraparenchymal
microcirculation and are composed of small arterioles, microarterioles and capillaries
which come in direct contact with brain tissue. These vessels are thought to regulate CBF
in highly localized and restricted brain regions in response to several factors (see section
1.1.4) and blood brain barrier (BBB) functions. Eventually, capillaries form numerous
anastomoses which combine into venules and veins to finally drain into a number of

venous sinuses.

1.1.2 MORPHOLOGY OF CEREBRAL BLOOD VESSELS

1.1.2.1 Extracerebral Blood Vessels: These vessels range in size from 700 um in
diameter for the internal carotid artery to about 50 um for the penetrating vessels. The
wall of extracerebral blood vessels consists of three layers, the tunica intima, the tunica
media and, most exteriorly, the tunica adventitia. The tunica intima is composed of a
single layer of endothelial cells without fenestrations that lines the lumen of the vessel



Fig 1.2: Dorsal (top) and lateral (bottom) views of the many branches of
the major cerebral arteries as pial vessels in rat brain. Arteries were
injected with a latex-black ink mixture. Taken from Scremin, 1995.



4 . Cerebral artery
Arachnoid e AN | (with perivascular
membrane ‘ !5?9 3 fibers)
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Fig 1.3: Schematic representation of the relationships between extra- and intracerebral
blood vessels. An extracerebral artery (pial vessel), located in the subarachnoid space,
penefrates the cortical parenchyma and is initially surrounded by the Virchow-Robins's
space. As the vessel descends into the cortical tissue, the space eventually disappears
qiving rise to intraparenchymal arterioles and capillaries. (Adapted from Kandel and
Schwartz, 1991)
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and, only in larger arteries, a prominent internal elastic lamina. The tunica media is made
up of collagen fibers and mostly of smooth muscle cells; the amount and number of
which depend on the size of the vessel. The tunica adventitia includes bundles of collagen
and fibroblasts and at the outer border this coat is made up of thin cellular processes. The
adventitia in humans is separated from the media by the extémal elastic lamina whereas
in rats it is absent. Nerve fibers of autonomic and sensory sources (see below) innervate
the extracerebral blood vessels and travel in the subarachnoid space, they are localized in
the adventitial layer and at the media/adventitia border.

1.1.2.2 Intraparenchymal Blood Vessels: The microcirculation is composed of small
arterioles (20-50 um luminal diameter), microarterioles (10-20 um) and capillaries (< 10
pm). Apart from luminal diameter, intracerebral arterioles and capillaries differ from
each other by the presence of one or two layers of smooth muscle cells in the former
vessels. Cerebral capillaries are characterized by a single layer of flattened and elongated
endothelial cells that are enclosed within a basal lamina (Fig 1.4). These endothelial cells
lack fenestrations and are joined together to form zomae occludentes. These tight
junctions are the basis of the BBB and they confer to the cerebral endothelial cells their
unique characteristic in preventing certain molecules from passing freely into the brain
tissue. The cerebral endothelial cells are readily permeable to oxygen, water and other
vital nutrients that are important in maintaining a stable environment. Only few
specialized areas lack a well-defined BBB, such as the area postrema and pineal gland,
where the endothelial cells are fenestrated. Specific enzymes such as y-
glutamyltranspeptidase, alkaline phosphatase and Na'/K -ATPase are present in high
concentrations in cerebral endothelial cells and are useful markers to identify these cells
and BBB activity (Joo, 1996). In addition, other markers have been used to characterize
brain microvascular endothelial cells such as factor VIII-related antigen, angiotensin-
converting enzyme, uptake of low-density lipoprotein and binding of certain specific
lectins (Cancilla et al,, 1993a). Other features of cerebral endothelial cells include a
paucity in pinocytotic vesicles and an enrichment of mitochondria (Joo, 1996, Fig 1.4).



Pericyte (or smooth muscle
cells in arterioles)
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Fig 1.4: Schematic representation of a cerebral capillary. The endothelial cells that
line the blood vessel lumen are characterized by the presence of tight junctions, an
enrichment of mitochondria and a paucity of pinocytotic vesicles. Surrounding the
endothelial cells are pericytes and their processes which in arterioles are replaced
by smooth muscle cells. Invariably, the capillary and also the arteriole is surrounded
by astrocytic end-feet processes. Adapted from Kandel and Schwartz, 1991
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Interestingly cerebral endothelial cells have also been reported to contain contractile
proteins suggesting that they could possibly mediate vasomotor responses (Owman et al.,
1978).

In addition to the endothelium, pericytes and their processes are frequently contained
within the capillary basal lamina. These cells are closely related to the smooth muscle
cells in arterioles and have been considered their equivalent in the capillary bed. In fact,
as the vessels go through the transition from arteriole to capillary, pericytes are thought to
replace smooth muscle cells. They contain similar smooth muscle proteins (see Nehls and
Drenckhahn, 1993; Shepro and Morel, 1993 for review) and have even been shown to
develop into smooth muscle cells under certain conditions (Meyrick and Reid, 1978). By
virtue of the presence of smooth muscle-related proteins, pericytes are thought to mediate
microvascular contractility although direct proof is still lacking. Pericytes are also
functionally related to the endothelial cells as they control, in part, their proliferation
(Orlidge and D'Amore, 1987) and seem to play an active role, together with brain
astrocytes (see below), in the regulation and maintenance of the BBB (Nehls and

Drenckhahn, 1993).

Another important feature of intracerebral blood vessels is the astrocytic processes or
end-feet that surround them and, at the capillary level, form an almost complete sheath
around the basal lamina (Fig 1.4). The presence of glial fibrillary acidic protein and, at
times, glycogen particles in the cytoplasm help in the identification of astrocytes.
Although originally thought to play uniquely structural and supporting roles, astroglial
cells have now been involved in a variety of functions within the brain. These include
synthesis and release of neurotrophic factors for neuronal and vascular growth and
survival (Muller et al., 1995), maintenance of the extracellular homeostasis (Hertz, 1992)
and, in conjunction with neurons, regulate energy metabolism (Magistretti and Pellerin,
1996) and, possibly, CBF (Pauison and Newman, 1987, Alkayed et al., 1996).
Furthermore, astrocytes have been implicated in the formation, maintenance, functional
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regulation and repair of the BBB (Cancilla et al., 1993b; Montgomery, 1994).

As for extracerebral blood vessels, the intracerebral microcirculation also seems to be
neurally regulated but, in this case, the neuronal input is assumed to originate from brain
intrinsic neurons (Lou et al., 1987; Reis and Iadecola, 1989 for review). This aspect has
been the subject of several recent studies and will be covered in more detail below (see

section 1.1.3.2).

1.1.3 INNERVATION OF CEREBRAL BLOOD VESSELS

The detailed innervation of the cerebral circulation by neurotransmitters and
neuropeptides has been greatly aided with the improvement of sensitive
immunocytochemical techniques along with the development of specific antibodies
against neurotransmitters/modulators and the enzymes involved in their synthesis.
Similarly, lesion/stimulation of specific neuronal structures and tract tracing experiments
have greatly helped in identifying the origin of perivascular nerves. The innervation of
the extracerebral circulation has been extensively studied and several good review
articles have been published over the past years (Hardebo, 1989; Bonvento and Lacombe,
1993; Dauphin and MacKenzie, 1995). In contrast, a neurogenic control of the
microvascular bed is a rather novel issue and only recently did anatomical and

physiological data appear in favor of such mechanism.

1.1.3.1 Extracerebral Blood Vessels The major cerebral arteries and small pial vessels
are richly innervated by fibers from the peripheral nervous system, namely from

sympathetic, parasympathetic and sensory ganglionic structures (Table 1.1). They are
densely innervated by noradrenaline nerve fibers that originate primarily from the
superior cervical ganglia with a minor component from the stellate ganglia (Edvinsson et
al,, 1977a; Arbab et al., 1986). In addition to noradrenaline, neuropeptide Y is present in
these cerebrovascular sympathetic nerves where it is often, if not exclusively, co-
localized with the monoamine (Edvinsson et al., 1984; 1987) (Table 1.1). As will be



TAaBLE l1.1: PERIVASCULAR INNERVATION OF CEREBRAL BLOOD VESSELS BY VARIOUS
NEUROTRANSMITTERS AND MODULATORS

NEUROTRANSMITTERS ORIGIN VESSEL CEREBROVASCULAR
MODULATORS INNERVATED RESPONSE
Noradrenaline Superior cervical and
Stellate ganglia AV Constriction
Locus coeruleus M
Neuropeptide Y Superior cervical ganglia - A,V Constriction
Cortical and Subcortical
Neurons M
5-Hydroxytryptamine Superior cervical ganglia A Constriction
Raphe nucleus A2 M
Acetylcholine Sphenopalatine and Otic
ganglia AV Dilatation
Basal Forebrain M
Cortical Interneurons M
Nitric Oxide Sphenopalatine and
Trigeminal ganglia AV Dilatation
Cortical Interneurons M
Vasoactive intestinal Sphenopalatine and Otic
polypeptide ganglia AV Dilatation
Cortical Interneurons M
Dopamine Substantia nigra M Dilatation
Calcitonin gene- Trigeminal ganglia AV Dilatation
related peptide
Substance P/ Trigeminal ganglia A VM Dilatation

Neurokinin A

A, extracerebral arteries; V, extracerebral veins; M, intraparenchymal microvessels

Adapted from Lou et al (1987) and Edvinsson et al (1993)
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