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I. Introduction

ReceNT histochemical and electronmi-
croscopic investigations have, with a high
degree of precision and selectivity, demon-
strated the existence of neural elements in
cerebral vessels. A regional distribution of
sympathetic (adrenergic) and parasympa-
thetic (cholinergic) nerves has also been
shown: e.g., the vessels of the rostral part
of the circle of Willis have a more dense
network of autonomic fibres than those of
the caudal part. Intracerebral vessels
(those vessels found within the cerebral
parenchyma proper) have so far been
found to receive only an adrenergic inner-
vation. These morphological findings,
along with the discoveries of endogenous
aminergic pathways, have reinforced the
considerable interest in the relationship
between amines and the cerebral circula-
tion.

The earlier studies in this field were
reviewed by Sokoloff in 1959 (641). How-
ever, since then a great variety of more
sophisticated techniques have been devel-
oped to measure cerebral blood flow. Some
techniques, such as the inert gas clearance
methods, are noninvasive and are not con-
sidered to disturb the cerebral circulation
during the measurement; other techniques
are less reliable. Nevertheless, despite the
greatly improved technology, there are
many conflicting opinions about the possi-
ble neurogenic influence on the cerebral
circulation. Such discrepancies can, in a
large part, be traced to the methodological
differences although other factors are also
involved. There is a general lack of aware-
ness about the fundamental principles
necessary for the interpretation of the cer-
ebrovascular effects of amines such as the
existence of aminergic blood-brain barrier
mechanisms, the possible effects of amines
on neuronal structures, and the pharmaco-

logical characteristics of the cerebrovascu-
lar receptors.

This review was undertaken to present
and to discuss the available information
about aminergic mechanisms and the cere-
bral circulation in an attempt to obtain a
relatively cohesive view of the field. Some
avenues of research that might lead to a
greater understanding of the physiological
role of amines in the cerebral circulation
are also mentioned —a most desirable un-
derstanding, as amines are being impli-
cated increasingly in cerebrovascular
pathologies such as vasospasm, cerebral
ischaemia, and migraine.

II. Methods of Assessing
Cerebrovascular Reactivity

Before any appreciation of the physiol-
ogy and pharmacology of the cerebral cir-
culation can be achieved there must be an
assessment of the available methods for
measuring blood flow through the brain.
Probably more than any other factor,
methodology accounts for the major dis-
crepancies in interpretation within the lit-
erature. The number of techniques that
measure, or are claimed to measure, blood
flow through the brain are almost legion
and the details of these techniques have
been reviewed fairly comprehensively
within recent years (382, 384, 387, 509, 536,
539). This section of the literature review
does not attempt to cover every method
that putatively measures cerebral blood
flow or the responsiveness of cerebrovascu-
lar smooth muscle; rather the validity, the
advantages, and the disadvantages of
more commonly used techniques are dis-
cussed.

A. In Vitro Models

A large number of investigations have
been performed with simple in vitro sys-
tems from various vascular beds to estab-
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lish the receptor mechanisms involved in
the vascular response. It is therefore sur-
prising that the receptor mechanisms in
such a complex and controversial system
as the cerebral circulation have not previ-
ously been examined in depth. Investiga-
tions that have used isolated brain vessels
have gained renewed interest and several
papers have appeared during the last 5
years. However, many of these studies
either do not contain sufficient quantita-
tive information or they have not taken
into consideration certain experimental
precautions necessary for a detailed char-
acterisation of the receptor mechanisms
(137, 212). For instance, knowledge about
the interaction between drugs and recep-
tors requires certain assumptions to be
made in order to characterise the various
amine receptor mechanisms. A drug-re-
ceptor system is composed of, firstly, the
tissue component which interacts with the
agonist; and secondly, the complete se-
quence of events which connects the recep-
tor with the response mechanism. The pial
arteries contain a variety of pharmacologi-
cal receptors. The way to identify the pres-
ence of these receptors is either to obtain
responses to various agonists and compare
their potencies, or to show that the re-
sponse can be antagonised by specific re-
ceptor blocking agents. Until the receptors
have been isolated biochemically and ul-
trastructurally, one has to depend on the
assumption that similarities or differences
in response reflect similarities or differ-
ences in the receptors that mediate these
responses. In this way numerous receptor
types have been discovered in smooth mus-
cle tissue.

Schild (600) has demonstrated that re-
sponses to agonists which interact with the
same receptor are blocked to a similar de-
gree by a given reversible competitive ago-
nist. From this observation it must follow
that the action of an agonist on various
tissues will be antagonised to the same
extent by a competitive blocking agent if
the receptors for the antagonist in those
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tissues are identical. Schild introduced the
concept of the pA, (log concentration of the
agonist necessary to increase the ED50 by
a factor of 2) to quantify this relationship.
A similar measure of antagonism can be
represented by the dissociation constant
(Kp) of the receptor-antagonist complex
which is the relation between the concen-
tration of antagonist and dose ratio minus
1 (211). Another quantitative way of defin-
ing the receptors is to use the dissociation
constant (K,) for the receptor-agonist in-
teraction (212). This requires the use of an
irreversible inhibitor (e.g., dibenamine or
phenoxybenzamine) which can block a
fraction of the receptors. The doses produc-
ing equal responses before and after this
reaction can be used to calculate K,. Fur-
ther, at equilibrium there exists a relation
between the fraction of receptors occupied
and the response which makes it possible
to achieve further information about this
receptor-agonist interaction (149, 212).

During any analysis of the receptors cer-
tain precautions have to be taken into con-
sideration: a fundamental problem which
has been particularly stressed by Furch-
gott (212). Factors, such as the exact
knowledge of the concentration at the re-
ceptor of agonist and antagonist and the
allowance of adequate exposure time, are
often neglected. In addition, the response
to the agonist should be the result of the
activation of only one receptor type. There-
fore, any additional receptors that are acti-
vated by the agonist under study must be
blocked.

When a response is measured, the con-
centration of agonist must be in equilib-
rium with the receptor. This is easily
achieved in preparations in vitro in which
the neuronal and/or extraneuronal uptake
of the agents can be inhibited by denerva-
tion and the use of uptake blockers. Such
precautions are, however, sometimes over-
looked in certain in vivo models in which,
for example, too short administration
times are used and thus the full agonist
response is not achieved.
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B. Pial Calibre Techniques

This technique, perhaps the method

that has withstood the advance of time and
scientific sophistication better than any
other, uses changes in pial arterial calibre
as an index of cerebral tissue perfusion. It
does not measure cerebral tissue perfu-
sion—the amount of blood supplying a
known amount of brain tissue during a
given time interval —because Poiseuille’s
law, relating direct flow to the fourth
power of the radius is only valid when
dealing with straight tubes, laminar flow,
and a Newtonian fluid. The cerebral circu-
lation does not possess any of these fea-
tures.
Perhaps an even more telling criticism
of the interpretation of the pial calibre
experiments involves the phenomenon of
autoregulation within the cerebral circula-
tion. Since Fog’s careful studies in 1939
(196) it has been known that the pial ves-
sels will constrict in response to increased
blood pressure and, after systemic hypo-
tension, will dilate. Later investigations,
in which cerebral tissue perfusion was di-
rectly measured, have confirmed the fact
that relative constancy of cerebral blood
flow is maintained in the face of moderate
variations of systemic arterial pressure; a
phenomenon which, for the moment, will
be termed autoregulation (170, 257, 269,
382, 654).

Now, should a systemic hypotensive or
pressor agent be administered, then it
would be difficult to tell whether that
agent had any direct effect on cerebral
blood flow from the variations in pial arte-
rial diameter. Adrenaline, when given in-
travenously, will constrict pial vessels; but
is this constriction due to the adrenaline
per se, or is it due to the increase in sys-
temic arterial pressure (195)? Autoregula-
tory adaptations of the cerebrovascular
bed can occur without any changes in sys-
temic arterial pressure; e.g., intracranial
pressure is increased (414, 469) after ca-
rotid ligation (612) and during the infusion
of an agent, such as serotonin, which se-
lectively constricts the larger arteries sup-
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plying the brain (123, 551). In all such
experimental instances the use of pial ar-
tery calibre variations to predict cerebral
tissue perfusion would be suspect.

One further factor should be taken into
consideration in pial calibre studies. If
pharmacological investigations are being
undertaken then, should the entire cortex
be flushed with the agent being studied,
any observed changes could be due to
either the direct cerebrovascular actions of
that agent, or to vascular actions that
would be secondary to metabolic altera-
tions of the cortical tissue.

A recent refinement to pial vessel stud-
ies has been the adoption of the image-
splitting television technique of Baez (21)
which allows the accurate and rapid mea-
surement of vascular calibre to be made in
situ. When the image-splitting technique
and micropuncture administration of var-
ious solutions into the subarachnoid space
have been used together, many profitable
and meaningful studies have resulted. The
reactions of pial arterioles to ionic changes
in their local milieu (42, 370, 685, 689) and
of a number of autonomic agonists and
blocking agents (369, 371, 683, 687) are
examples of pial calibre studies that have
yielded much useful information. How-
ever, as was discussed in the section on in
vitro techniques, a number of important
criteria are not under control in these
studies. Firstly, the concentration at the
receptors of the agents being studied is not
known. This is due to limitations such as
neuronal and non-neuronal uptake of the
agonists that are being tested (212). These
mechanisms would tend to reduce the ex-
posure of the test organ to the agent and
thereby reduce the recorded effect. Sec-
ondly, from pharmacological studies it is
well known that the response of an agent
will sometimes take more than 1 min, and
in some extreme cases up to 30 min before
the maximum is reached (212). With the
pial micropuncture technique the response
may well have disappeared in 30 to 40 sec
and only a fraction of the effect might have
been recorded. Furthermore, in the case of
antagonists, a period of 20 to 30 min is
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commonly considered necessary for equili-
bration with the receptors (212). Accord-
ingly, care must be taken in the interpre-
tation of pharmacological experiments
with the pial calibre technique.

C. Isolated Perfused Brain Techniques

There are obvious niceties about the
measurement of blood flow from isolated
perfused brains. Systemic influences are
removed, so allowing the determination of
direct effects of various agents and proce-
dures on the cerebrovascular bed.

Geiger and Magnes (220) isolated the
cerebral circulation of cats and measured
cerebral perfusion from the total venous
outflow from their preparation. Extensive
surgery was found necessary to separate
the cerebral from the extracranial circula-
tion in this species; a great number of ve-
nous, sinus, and arterial ligations were
involved. The absolute values found by
Geiger and Magnes for cerebral blood flow
are very high in comparison to other tech-
niques, being of the order of 100 to 150 ml/
100 g per min. This is approximately 100%
greater than the values quoted normally.
In a similar preparation, but in dogs, Sa-
gawa and Guyton (590) argued that the
pressure-flow relationship within the cere-
bral circulation was passive. The authors
went on even to doubt whether autoregu-
lation existed in any species.

These two examples of the isolated per-
fused brain technique highlight the great-
est pitfalls with the method. The high
flows found by Geiger and Magnes (220)
and the absence of autoregulation noted by
Sagawa and Guyton (590) are, in all proba-
bility, explained by ischaemic or hypoxic
insult to the preparation then resulting in
abolished autoregulation and cerebral hy-
per-perfusion at normotension (189, 207).
When great care is taken in isolating ca-
nine brains then autoregulation is noted
(376), although reactive hyperaemia is ob-
served after periods of complete ischaemia
as short as 1 min (375, 724). Further, it has
been shown that the stimulation of the
internal carotid artery with a pair of surgi-
cal forceps (which caused the vessel to go
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into spasm) could greatly affect the physio-
logical reactivity of the cerebral circula-
tion (273). This observation emphasises
the undesirability of surgically interfering
with the large arteries feeding the brain,
as is necessary with the isolated perfused
brain technique.

Other problems with the technique in-
clude cerebral microembolisation due to
platelet aggregation, although when ade-
quate steps are taken to filter the blood
this artifact can be minimised (226). The
low values obtained from these prepara-
tions for oxygen consumption (725) and for
glucose consumption (39) lead one to sus-
pect that either the functional activity of
the brain is pathologically depressed, or
that there is still contamination (due to
incomplete surgical “isolation”) from ex-
tra-cerebral tissues in these animals. In
either instance the studies of adrenergic
agents, supposedly on the cerebral circula-
tion, must be treated with caution.

D. Venous Outflow Techniques

Some of the disadvantages raised in the
section on isolated perfused brain tech-
niques also apply to the measurement of
cerebral blood flow by venous outflow. One
would mention especially the effects of
trauma (in this instance the trauma is
intracranial) and the impossibility of com-
pletely obliterating the anastomoses be-
tween the intracranial and extracranial
circulations in species such as the dog and
cat. The venous outflow technique should
really only be used in the dog and cat, if it
has to be used, because in primates there
are superior methods for assessing cere-
bral tissue perfusion. Notwithstanding the
methodological criticisms of the venous
outflow technique, it has been used in
Rhesus monkeys and baboons (453).

Green and Denison (243) investigated a
number of different surgical preparations
in the dog before they felt reasonably con-
fident that blood flow, as measured by ve-
nous outflow, was uncomplicated by alter-
ations in vasomotor tone within the extra-
cranial tissues. Their method, later re-
fined by Rapela and Green (549) and Ra-
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pela et al. (550), involved collecting and
measuring the cerebral venous outflow at
the confluence of the sagittal, straight,
and lateral sinuses, with the lateral si-
nuses occluded. This procedure, it was felt,
removed the majority of anastomotic chan-
nels between the venous drainage of the
face and scalp and the brain proper, al-
though then only some 50 to 70% of venous
outflow from the brain is estimated (673).
A somewhat similar technique has been
used in cerebral circulatory studies in the
cat (303). In dogs it is a matter of crucial
importance to obstruct the lateral sinuses
if cerebral blood flow is to be measured by
venous outflow. Should they remain pat-
ent (116, 117), then errors of interpretation
could result due to the presence of extra-
cerebral venous blood flowing through the
confluence of the sinuses, otherwise
known as the torcular Herophili (673).

E. Electromagnetic Flowmetry
Techniques

Electromagnetic flowmeters, when
placed around an artery or vein, measure
the velocity of blood flow through that ves-
sel. The theories and applications of elec-
tromagnetic flowmetry have been exten-
sively covered (82, 238, 275). It should be
remembered that the values obtained from
flowmetry are considerably affected by
variations in haematocrit (573).

This technique measures velocity in an
individual vessel, and not cerebral tissue
perfusion. Nevertheless, as such it does
have some value in neurosurgical practice,
an example being the operation of carotid
endarterectomy. The limitations and val-
ues of electromagnetic flowmetry in the
operating theatre have been discussed
(315).

For research applications in the cerebral
circulation the limitations of electromag-
netic flowmelry would tend to outweigh
any advantages in most situations. Exten-
sive surgery is required if flow probes are
to be placed around both carotid and both
vertebral arteries; more usually the verte-
bral arteries would simply be ligated (133).
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An alternative would be to place flow
probes around both internal jugular veins,
after ligation of the facial, external jugu-
lar, and vertebral veins (456, 460, 462). In
these experiments, in primates, flow
probes were additionally placed around
the vertebral arteries and the common ca-
rotid arteries, after ligation of the external
carotid arteries. Although one must ad-
mire the dedication and patience this
amount of surgery requires, considerable
methodological errors still exist. As a re-
sult of the extensive ligations, the extra-
cranial tissues will be supplied by the in-
ternal carotid arterial system via anasto-
motic channels such as the ophthalmic ar-
tery and its branches and the occipital di-
ploic vessels.

In the dog and cat the inability to iden-
tify a vessel that will supply solely the
cerebral circulation precludes the use of
electromagnetic flowmetry. The “equiva-
lent” of the internal carotid artery in the
goat (the internal maxillary artery) like-
wise supplies extracranial tissues as well
as the cerebral circulation (136).

However, in conjunction with a mea-
surement of cerebral tissue perfusion with
a diffusible isotope, electromagnetic flow-
metry can yield more information than the
former would by itself (123).

F. Microsphere Techniques

The calculation of cerebral blood flow
from labeled microspheres is based upon
the bolus fractionation principle, devel-
oped by Sapirstein (595). In brief, a known
amount of radioactive tracer is injected
and then the concentration of tracer in
various regions of the brain are measured
post mortem. However, accurate measure-
ment of unbound tracer has proved diffi-
cult, and it has been found advantageous
to bind the tracer to microspheres injected
into the heart that then lodge in the capil-
laries of the cerebral parenchyma.

Advantages of the microsphere tech-
nique are that it avoids any extracerebral
contamination, it allows the measurement
of blood flow in well-circumscribed regions
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of the brain, and surgical trauma to the
preparation is minimised. Nevertheless,
there are considerable pitfalls in, and
drawbacks with, the method. The tracer
must reach all areas being investigated at
the same time, which should also be the
time of sacrifice. The optimal time of death
is the instant the microspheres lodge in
the capillaries. There is the major disad-
vantage that only a limited number of
measurements of blood flow can be made
in one experimental animal. Furthermore,
the microsphere technique can be greatly
affected by rheological factors (389) such as
axial streaming and plasma skimming;
problems which might well occur within
the cerebrum where penetrating arterioles
come off at right angles from pial arteri-
oles and, in turn, these penetrating arteri-
oles give off vessels at right angles which
then run parallel to the cortex.

The size of the microsphere is also cru-
cial: larger (>15 um diameter) micro-
spheres will tend to be trapped in the pial
arterioles and the blood flow will be over-
estimated (9). This methodological factor
could lead to systematic errors: should pial
arterioles dilate and cerebral blood flow
increase, then this increase will be under-
estimated; should pial arterioles constrict
and cerebral blood flow decrease, then this
decrease will be likewise underestimated.

Another crucial point is the number of
measurements (i.e., the number of micro-
sphere injections) performed in each ani-
mal, since the trapping of microspheres in
the capillary bed should in itself tend to
disturb the normal flow. If such flow dis-
turbances are not possible to reveal in re-
peated injections, then one might question
the validity of the method to discriminate
small flow changes. It has yet to be demon-
strated that the microspheres do not result
in pathological changes, such as ischaemic
cell damage, within the brain.

In some instances the microsphere tech-
nique has yielded values in close agree-
ment with inert gas methods (191, 464),
whereas in other studies there are disturb-
ing discrepancies (10, 463). The micro-
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sphere technique can be, and has been,
used to compare responses to procedures,
such as catecholamine infusions and CO,
administration, in brain with responses in
peripheral tissues (311).

G. Autoradiography Techniques

This method, based upon the intra-arte-
rial injection of freely diffusible isotopes
and subsequent decapitation, involves
measuring the brain tissue concentration
of the labeled tracer by placing sections of
the brain on to x-ray plates. After a period
of times has elapsed for adequate exposure
the degree of darkening of the plate is
proportional to blood flow through the tis-
sue. For quantification, the arterial con-
centration at the time of death must also
be known.

For accuracy, the time of sacrifice must
be as close after the injection as possible
and yet allow homogenous saturation of
the tissue. A practical time would seem to
be about 30 sec (165, 465).

The first tracer to be used in cerebral
circulation studies, utilising autoradiogra-
phy, was “C-antipyrine (565, 566). There
is now considerable doubt that “C-antipy-
rine is a freely diffusible tracer (135, 165,
505) and that either “C-nicotine or “C-
ethanol would be more acceptable. Antipy-
rine is barrier limited and, accordingly, its
use to study conditions with greatly al-
tered flow is suspect (718).

Although autoradiography only allows
one flow measurement in one animal,
close correlation can be made between al-
ternate histological and autoradiographi-
cal sections through an area of brain tis-
sue, as measurements can be made in mi-
croscopic regions of the brain.

H. Blood Volume Techniques

Cerebral blood flow (tissue perfusion),
cerebral blood volume, and the mean tran-
sit time of the cerebral circulation are re-

lated by the following equation:
\%
F=3
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in which F = volume flow per unit time, V
= brain blood volume, and t = mean tran-
sit time (449).

Because cerebral blood volume can be
simply measured by the intravenous injec-
tion of a nondiffusible radioactive tracer
and then continuously monitored by exter-
nal detectors, the measurement of cerebral
blood volume as an index of perfusion of
the brain has a considerable attraction,
especially within the clinical situation.
The most common tracer for blood volume
studies is RISA (**'] labeled serum albu-
min). A linear relationship has been
shown to exist between changes in cere-
bral blood volume and cerebral blood flow,
the latter measured by the intra-arterial
133Xe clearance technique in cats (570).
Were this validated then the measure-
ment of cerebral blood flow could become a
simple routine laboratory test.

Unfortunately, there are a number of
reasons to believe that blood volume mea-
surements do not adequately reflect cere-
bral tissue perfusion. In the study by Ris-
berg et al. (570), the measurement of blood
flow in cats by intracarotid 3Xe and ex-
ternal counting is questionable due to the
numerous anastomoses between the cere-
bral and extracranial circulations in this
species. Further, mean transit time does
not vary linearly with cerebral blood flow;
the relationship between these two param-
eters approximates a parabola (216, 316,
586). In the clinical situation mean transit
time has been shown to be a most unrelia-
ble indicator of the adequacy of tissue per-
fusion (585). If one examines a limited por-
tion of the flow to transit time relationship
then the mean transit time, determined
angiographically, bears a near-linear rela-
tionship with the reciprocal of cerebral
blood flow (216). Therefore, should the re-
lationship between mean transit time and
blood flow be nonlinear, then so too will be
the relationship between cerebral blood
volume and flow.

Intracranial blood volume could vary
greatly without any flow alteration in situ-
ations such as hydrocephalus or cerebral
tumours where the increase in volume due
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to such conditions would displace the blood
out of the capacitance vessels of the cere-
brovascular tree.

Notwithstanding these criticisms of the
technique, blood volume measurement
could result in much useful information,
especially the latest x-ray fluorescence
studies that permit measurement of blood
volume in small, localised regions of the
brain (249).

I. Oxygen Electrodes, AV Oxygen
Techniques

Implanted O.-sensitive electrodes (366,
709) and cerebral arteriovenous oxygen
content difference (655) have both been
employed as indices of cerebral tissue per-
fusion. Implanted O,-sensitive electrodes
are not possible to quantitate, but the re-
ciprocal of the AV oxygen content differ-
ence is linearly related to cerebral blood
flow if the assumption that cerebral oxy-
gen consumption does not change is tena-
ble. This relationship was demonstrated
by Lennox and Gibbs (395) and is shown
mathematically below:

CMRO, = CBF x (A - V)0,

where CMRQO, = oxygen consumption by
the brain, CBF = cerebral tissue perfusion
(both in ml/100 g per min), and (A — V)O,
= arteriovenous oxygen content differ-
ence. These measurements have some
prognostic and diagnestic value in clinical
practice (221), but their use in the experi-
mental field depends upon (a) the con-
stancy of CMRO,, and (b) how representa-
tive the venous sample is of cerebral ve-
nous blood.

Even in man, considerable variations in
cerebral metabolism have been reported.
Kety (345) described a subject whose cere-
bral oxygen consumption increased from
3.7 to 5.0 ml O,/100 g per min during ex-
treme apprehension. This was confirmed
by King et al. (348). Other states that
would affect cerebral metabolism include
insulin coma, diabetic coma, anaesthesia,
cerebral trauma, severe hypotension, and
hypoxic hypoxia, as reviewed by Purves
(539). The variations in cerebral metabo-
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lism during most forms of anaesthesia in
experimental animals and in man would
virtually preclude the use of arteriovenous
oxygen content difference as an index of
tissue perfusion (603).

The second difficulty with this method is
obtaining blood samples that drain the
cerebral tissues and are not contaminated
by blood from extracranial sources. In
man, normally thought of as having the
most complete separation between the cer-
ebral and extracranial circulations, inter-
nal jugular venous blood is considered by
some workers not to be representative of
mixed cerebral venous blood and that,
therefore, it is of limited value in the study
of cerebral blood flow or metabolism (186).
This situation would be compounded in
experimental animals, leaving one with
no choice but to obtain cerebral venous
blood from the intracranial sinuses, even
though these may be contaminated in a
number of species.

J. Thermal Techniques

The qualitative estimation of blood flow
through the brain is possible with various
thermal techniques. As enunciated by
Betz (41), the principle is that the temper-
ature of a heated probe within tissue is
dependent upon two factors: the conduc-
tion of heat through the tissue, and the
convection of heat by the circulation
through that tissue. A probe with two
thermocouple junctions is inserted into the
tissue. One junction is heated, the other
not. The difference between the two junc-
tions, if recorded continuously, gives the
rate of heat clearance from that tissue.
From the rate of heat clearance an esti-
mate of blood flow through that tissue can
be derived.

Techniques similar to that described by
Betz have been developed in a number of
other laboratories (63, 338, 435). The great-
est disadvantage in research applications
of these techniques is that they necessitate
the introduction of a foreign body (the heat
probe) into the cerebral parenchyma. This
could result in an altered blood-brain bar-
rier permeability; effects recorded in con-
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junction with pharmacological testings
might therefore reflect effects on neuronal
metabolism rather than direct motor re-
sponses of the vascular smooth muscula-
ture. However, provided the small probe is
chronically implanted, the resulting oed-
ema and change in blood-brain barrier
permeability can be minimised and relia-
ble effects can be recorded (615, 618, 619).
Other criticisms of this technique revolve
around the conduction of heat through the
tissue (not convection by the blood). Were
cerebral metabolism to increase in the
area around the heat probe, then there
would be an accompanying rise in tissue
temperature which, in turn, would affect
the conduction. Conduction could also be
affected by factors such as focal cerebral
oedema around the heat probe.

However, several advantages of this
technique in basic research have emerged
as changes in heat clearance are directly
related to changes in blood flow with some
methods. When chronically (at least 2
weeks) implanted probes are used, the
damaged blood-brain barrier has fully re-
generated and the introduction of a feed-
back principle in the recordings ensures a
constant temperature in the measuring
probe. Any rise in tissue temperature is
fully controlled by the use of contralateral
probes measuring brain temperature in re-
gions similar to that under study. Contin-
uous atraumatic measurements can be
achieved as can very rapid changes in flow
in well-defined regions of nonanaesthe-
tised animals (615, 618, 619).

A number of modifications of the ther-
mal method exist, including thermistors in
the jugular veins (713), cold-sensitive
thermistors over the exposed cortex (79),
and the use of infra-red microscopes (15).
All of these refinements require further
evaluation before they can become gener-
ally acceptable.

K. Freely Diffusible Tracer Techniques

It was realised by Kety (344) that the
Fick principle could be adopted to measure
blood flow through the brain, as he said:

“Unfortunately, the brain, unlike the kidney,
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does not specifically and selectively remove foreign
substances from the blood and excrete them for ac-
curate measurement. Furthermore, although it does
consume large quantities of oxygen, that consump-
tion cannot independently be measured or even as-
sumed to be constant since it would be expected to
vary with activity and disease. The brain does, how-
ever, absorb by physical solution an inert gas such
as nitrous oxide, which reaches it by way of the
arterial blood. It was hoped that the quantity of this
gas absorbed by the brain would be independent of
the state of mental activity and susceptible of mea-
surement on the basis of physical solution alone. If
this were found to be the case, then the numerator of
the Fick equation applied to the brain could be
derived.”

The first method that was introduced to
measure the average blood flow of the hu-
man brain by using an inert, freely diffusi-
ble tracer is now known as the Kety-
Schmidt technique (346). Their method,
which used inhaled nitrous oxide as the
tracer substance, is based directly upon
the Fick principle which asserts that the
quantity of a substance taken up by an
organ per unit time is equal to the product
of the blood flow through that organ and
the arteriovenous concentration difference
for that substance. This can be expressed
as:

Q = Ft X (Ca -G)
where Q = quantity of substance taken up
per unit time, F; = blood flow per unit
time, and C; and C, = the arterial and
venous concentrations of that substance
respectively.

The Kety-Schmidt technique has a num-
ber of limitations. It measures average
blood flow throughout the brain, in con-
tradistinction to the gamma-emitting iso-
tope techniques that have superseded it
and measure regional cerebral blood flow.
As the Kety-Schmidt technique measures
global cerebral perfusion, flow variations
in small areas are overlooked (for exam-
ple, tumours and focal contusion) as well
as being incapable of detecting the local-
ised blood flow changes that occur, e.g.,
during intellectual effort (572).

The necessity of having to obtain cere-
bral venous blood introduces the problem,
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already discussed, of what is and what is
not unsullied cerebral venous blood. Al-
though Ferris et al. (186) felt that, in man,
representative cerebral venous blood could
not be obtained from the internal jugular
vein, Lassen and Lane (388) found gross
contamination in only 8% of the patients
they studied. In dogs (467, 518) and cats
(231) this problem can be overcome par-
tially by inserting a catheter into the supe-
rior sagittal sinus.

Additional limitations of the Kety-
Schmidt nitrous oxide technique are that
the measurement of nitrous oxide is not
very accurate and large blood samples are
required to improve the accuracy. There is
evidence that, in conditions of cerebral hy-
poperfusion (e.g., during anaesthesia and
in severe cerebrovascular disease), the
blood flow is underestimated because satu-
ration between blood and cerebral tissue
has not occurred during the period of the
measurement (6, 452). Complete satura-
tion is an absolute necessity for the justi-
fied calculation of blood flow with inert gas
techniques.

These errors can be minimised by using
tracers that are more readily estimated in
blood, and by extrapolating the arteriove-
nous difference to infinity rather than the
10 min as was used with the classical
Kety-Schmidt technique. Examples of
such tracers, which have been used for
cerebral circulatory investigations in both
man and animals, are ®Kr (5, 446) and
hydrogen (240, 627).

A recent advance of Eklof et al. (164) has
been the development of a '3Xe Kety-
Schmidt technique in order to measure
cerebral blood flow in rats; this method
must certainly be superior to the tissue
sampling (165) or hydrogen electrode tech-
niques (259, 260). However, care must be
taken to avoid extracranial contamination
during the collection of cerebral venous
blood. While this problem seems to have
been overcome with some developments of
the rat cerebral blood flow (CBF) tech-
nique (493, 494, 496), extracranial contam-
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ination remains a distinct criticism with
other modifications of this technique (229).

A major development of the Kety-
Schmidt technique was the introduction of
the radioactive inert gases, **Xe and #Kr
(230, 302, 386) after intra-arterial injection
rather than inhalation. These gases ob-
viated the necessity for arterial and ve-
nous cannulation, as the clearance of the
isotope from an organ could be measured
by means of external detectors. Like ni-
trous oxide, their entry into and exit from
tissue from blood, and vice versa, is de-
pendent solely upon their physical attri-
butes of solubility and diffusion. If intro-
duced into the brain by either arterial or
tissue injection then there will be no prob-
lem of arterial recirculation because both
8Kr and '*Xe have a much higher affinity
for air than for blood and will tend to leave
the circulation on the first passage
through the lungs.

However, there are grave problems in
applying the inert gas techniques to labo-
ratory animals. Most species (except the
primates) have an enormous number of
anastomoses between the cerebral circula-
tion and the extracranial tissues. These
anastomoses exist on both the arterial and
the venous sides. The presence of such an-
astomoses invalidates the measurement of
blood flow by inert gas techniques in ani-
mals such as dogs and cats (276). Even in
primates the extracranial tissues should
be removed. It must be emphasized that
the measurement of cerebral blood flow in
the rat by an external scintillation detec-
tor, placed over the animal’s head (91),
would be subject to gross contamination —
even after selective injection of the tracer
into the internal carotid artery.

There is an exciting future for a reliable
technique for whole-brain blood flow in the
rat due to the inexpensiveness of the ani-
mal, and the large number of supplemen-
tary investigations, such as measure-
ments of energy metabolites or barrier
function, that can be carried out in this
species.
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Two modifications of the intra-arterial
133X e technique should be considered: the
intracerebral '*Xe injection technique and
the 3Xe inhalation technique. Both are
pertinent to the literature concerning the
influence of the autonomic nervous system
upon the cerebral circulation.

Cerebral blood flow can be measured
after the introduction of '*Xe into the cer-
ebral parenchyma by injection. The attrac-
tion of this technique is that it would be
theoretically possible to measure blood
flow from very well defined regions of the
brain. Unfortunately, that would seem not
to be the case. When Espagno and La-
zorthes (173) injected '*3Xe into cortical tis-
sue, and then resected that cortical tissue,
clearance of the isotope could be still de-
tected. This finding indicates that either
the tracer can diffuse some distance away
from the injection site or the tracer clears
from outside the field of view of the detec-
tor. In this latter situation the measure-
ment of blood flow would be erroneous.
Another serious objection with the tissue
injection technique is that, certainly in
some hands, the peak-to-background ratio
is very low which makes satisfactory reso-
lution of the clearance difficult, if not in-
valid (582). One further criticism is that it
is, of course, necessary to insert a foreign
body into the cerebral parenchyma and
thus run the undesirable risk of cerebral
trauma. The main advantage of the direct
injection technique is that relatively large
amounts of tracer can be delivered to an
ischaemic region thus making it possible
to measure low blood flows with a reasona-
ble number of detected photons.

In an attempt to avoid puncture of the
internal carotid artery, methods that in-
volved the inhalation and subsequent
clearance of !33Xe have been investigated
(352, 433, 680) in order to measure blood
flow with !33Xe. There are two fundamen-
tal problems to be overcome: the effects of
arterial recirculation of '¥Xe and the com-
plex computer analyses required to correct
for radiations detected from extracranial
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tissues (500). This latter factor would
make the use of '*3¥Xe techniques, involv-
ing inhalation, in experimental animals
most undesirable (322). One comparative
study between intracarotid and inhalation
133X e cerebral blood flow techniques came
to the conclusion that a quantitative eval-
uation of cerebral perfusion was not possi-
ble with the inhalation method (317).
However, modifications of the '*3Xe inha-
lation technique have been devised re-
cently that would minimise the problems
of arterial recirculation and extracranial
contamination (715, 716). These modifica-
tions involve a very short inhalation pe-
riod (2 min) and correlate well with cere-
bral blood flow calculated by the intracaro-
tid injection method. Nevertheless, the
precision of the method as it stands at the
moment is unlikely to detect the more sub-
tle effects of amines on the cerebral circu-
lation.

II1. Innervation of Brain Vessels
A. Sympathetic (Adrenergic) Innervation

Nerve fibres were first demonstrated on
the anterior and posterior cerebral arteries
by Willis in 1664 (712). This observation
has since been verified by many workers
who have also noted that the nerves ema-
nated, at least in part, from the superior
cervical ganglion (for reviews, see 137 and
539). These early studies were performed
in silver-impregnated tissue sections and,
therefore, it could not be determined
whether the fibres were motor or sensory,
sympathetic or parasympathetic, or even
nervous in origin (as with silver-impreg-
nation techniques no differentiation can be
made between reticular elements and
nerve fibres in the vessel wall), and such
techniques lacked considerably in specific-
ity and precision. It was not until the ad-
vent of modern histochemical techniques
(47, 356) that the basic characteristics of
the nerves in the cerebral vessels could be
described adequately.

A well-developed plexus of sympathetic
adrenergic nerves has been observed in
the pial vessels of man (fig. 1) (154) and a
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variety of laboratory animals: mouse (145);
rat (36-41, 109, 130, 145, 309, 310, 332, 333);
hamster (145); guinea-pig (145, 332); rabbit
(145, 178, 526, 615); cat (130, 145, 332, 333,
439, 645); dog (59, 501); and monkey (24,
285). The histofluorescence technique has
shown that the organisation of the sympa-
thetic innervation in the pial system re-
sembles closely that found in other parts of
the circulation.

Fluorescence microscopy has revealed
an adrenergic nerve plexus, located in the
adventitia and at the outer border of the
medial layer. Usually, the arteries are
seen to receive a richer supply than the
veins. Small vessels (down to 15 u) are
sometimes accompanied only by one nerve
fibre. Since few muscle cells are present in
the wall this innervation could be consid-
ered “satisfactory” for functional purposes.
Furthermore, these single nerve fibres
have been characterised by the presence of
typical, intensely fluorescent enlarge-
ments on the nerve fibres, the varicosities.
Extensive studies (497) have shown that
the transmitter is stored in special gran-
ules (or vesicles) within the adrenergic
neurons. These granules occur in all parts
of the sympathetic adrenergic neuron, in-
cluding the cell bodies, the nonterminal
axons and the terminals, although only
the latter contain high concentrations of
noradrenaline. The reason for this wide-
spread amine distribution is that the
transmitter granules are formed in the cell
bodies and transported down the axon (by
axoplasmic flow), and eventually pile up in
the varicosities of the terminals. Nor-
adrenaline is released from the terminals
into the synaptic cleft to act on specific
receptor sites.

The sympathetic adrenergic nerves of
the pial vessels originate from the superior
cervical ganglia, as revealed by denerva-
tion experiments which have demon-
strated the total disappearance of specific
fluorescence (138, 145, 309, 489, 615) and of
chemically measured noradrenaline (152)
within 3 days. The pial innervation has
been found to be strictly unilateral. The
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FiG. 1. Middle cerebral artery from a human foetus, cut open longitudinally and mounted flat. Magnifica-
tion x 155. Upper half: The vessel was exposed first to gaseous formaldehyde for 30 min in order to visualise
the adrenergic nerves. Lower half: The vessel was then incubated with acetylthiocholine for 6 hr; pseudocho-
linesterase was inhibited with Mipafox. Note that the plexus of acetylcholinesterase-containing nerves
resembles closely the adrenergic plexus, although some minor discrepancies can be found.

ascending nerves accompany the internal
carotid artery and have a characteristic
distribution in the vessels of the circle of
Willis. The innervation of the caudal part
of the vertebral arteries and the spinal
cord arteries has not been well described,
but these vessels are probably supplied
with nerves from sources other than the
superior cervical ganglia.

The anterior and middle cerebral, inter-
nal carotid, and posterior communicating
arteries have been shown to have a more
dense network of adrenergic nerves than
that found in the posterior cerebral, cere-
bellar, basilar, and vertebral arteries.
This observation was based on a count of
the number of nerve fibres to the diameter
of the vessel. In the cat, e.g., the vessels
supplied by the carotid artery have
roughly 40 to 50 fibres while the posterior

part of the circle of Willis (the basilar and
vertebral vessels) has 12 to 22 fibres, thus
revealing a heterogeneity in the pattern of
innervation (137). This difference seems to
reflect the fact that the phylogenetically
older regions (the posterior part of the
brain and the brain stem) are influenced
less well by sympathetic mechanisms than
the neocortex. It has been shown by elec-
tronmicroscopy that nerve fibres, associ-
ated with Schwann cells, run in the adven-
titial layer and that some of these fibres
closely approach the outermost smooth
muscle layer (525). Furthermore, the
nerve endings contain both granular and
agranular synaptic vesicles, indicating the
presence of both adrenergic and nonadre-
nergic axons. The shortest distance be-
tween the axon terminals and the surface
of the outermost smooth muscle cells in
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the media is 80 nm (113, 145, 255, 487, 488,
492, 596). The further identification of the
perivascular nerve fibres has been studied
by three types of approach: (a) sympathec-
tomy, which eliminates all terminals with
small (50 nm) granular vesicles concomi-
tant with the disappearance of all the flu-
orescent nerves, (b) injection of the false
adrenergic transmitters, 6-hydroxydopa-
mine or 5-hydroxydopamine (to the nonde-
nervated animal), after which the vesicles
of adrenergic axons can be distinguished
by degenerative phenomena or the pres-
ence of highly electron-dense cores in the
synaptic vesicles, and (¢) permanganate
fixation, by which the catecholamine con-
tent in the synaptic vessel can be selec-
tively visualised (145, 309, 310, 492).
Taken together, the studies show that
both adrenergic and nonadrenergic fibres,
present in approximately equal numbers,
supply the pial arterial system. The ultra-
structural organisation of the pial inner-
vation resembles closely that of other beds
in which the innervation has been shown
to be fully functional. On the basis of cho-
linesterase histochemistry it is conceiv-
able that the nonadrenergic nerves are,
partly at least, cholinergic (see below).
The varicosities of the adrenergic and cho-
linergic fibres approach each other within
a fairly wide contact area by 25 nm (145,
492). This arrangement offers a distinct
possibility for a functional interaction be-
tween the two systems of nerve terminals.
However, no particular membrane speci-
alisations have been described which
might indicate the direction and nature of
such a functional relationship. It should be
noted that close appositions are also found
between those varicosities which, at the
same time, form contacts with the smooth
musculature of the tunica media. Evi-
dence has been presented to support a
function arising from this special anatomi-
cal arrangement (139). ’

The adrenergic nerve plexuses that en-
close the pial arteries accompany several
of the arterial branches which subse-
quently enter the brain parenchyma (142,
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615). The intraparenchymal arteries have
a small calibre and accordingly the net-
work of axons is fairly sparse. Many of the
intracerebral arterioles are accompanied
by one or two varicosed, fluorescent fibres,
and all these intraparenchymal nerve
fibres, like those supplying the pial circu-
lation, disappear after bilateral removal of
the superior cervical ganglia (615). It
should be emphasised again that the den-
sity of innervation of the vessels is not
necessarily related just to the number of
nerve terminals present, but obviously
also to the amount of smooth musculature
supplied locally by the nerves. The intra-
cerebral arterioles are very thin-walled,
the media being composed only of a single
layer of smooth muscle cells (114, 525). The
small number of fluorescent nerves and
small volume of smooth musculature may
thus represent an adrenergic innervation
of intracerebral arterioles as rich as that
seen in other parts of the circulatory sys-
tem. A direct comparison has yet to be
done that would investigate the number of
sympathetic terminals related to the
amount of underlying, innervated smooth
musculature between pial vessels and
those elsewhere in the body. There is fluo-
rescence microscopic evidence that the
number of sympathetic nerves to intracer-
ebral vessels is related to the density of
adrenergic innervation of the pial artery
supplying those intracerebral vessels. For
example, in the caudate nucleus which re-
ceives blood primarily from the richly in-
nervated middle cerebral artery, at least
half of the arterioles have sympathetic
nerves; whereas in the lateral geniculate
body, which is supplied from the poorly
innervated posterior cerebral artery, few
of the arterioles are accompanied by sym-
pathetic fibres (615).

Surprisingly little has been presented
on the ultrastructural appearance of the
intracerebral vascular innervation. Ac-
cording to Cervés-Navarro and Matakas
(90), the axons are located in the adventi-
tial space and are separated from the mus-
cle cells by a distance of at least 80 nm.
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The terminals are characterised by nu-
merous granular synaptic vesicles which
vary in size from 25 to 160 nm. Approxi-
mately 66% of the arterioles studied in the
cortex of the cat were found to be inner-
vated. The existence of a vascular innerva-
tion of the intracerebral vessels has been
denied by some authors on ultrastructural
grounds (114, 592, 596). However, a nega-
tive finding is of little value in any elec-
tronmicroscopic investigation because it
could take a decade to analyse adequately
1 mm?3 of brain tissue.

There is some controversy as to (a)
whether the intracerebral arterioles are
innervated only by adrenergic nerves, or
(b) whether they also receive cholinergic
fibres like the pial vessels, and (c) whether
the adrenergic nerves are entirely sympa-
thetic or also of intracerebral origin. Elec-
tronmicroscopic studies have demon-
strated that removal of the superior cervi-
cal ganglia abolishes all adrenergic sym-
pathetic nerves in the brain vasculature
(407). Twenty-four hours after cervical
sympathectomy, several perivascular ax-
ons show degenerative signs, whereas at a
later stage no axons could be found in any
of the intraparenchymal arterioles. These
experiments have confirmed that intrace-
rebral arterioles are devoid of cholinergic
nerves, and have shown that the sympa-
thetic nervous system innervates the in-
tracerebral arterioles in a conventional
manner. This, of course, does not rule out
the possibility that transmitter substances
and other vasoactive molecules, released
from the brain parenchyma, may influ-
ence the cerebral microcirculation. How-
ever, such influences must then be me-
diated by routes other than that of the
conventional neuromuscular relation.

B. Parasympathetic (Cholinergic)
Innervation

The  histochemical cholinesterase
method, in combination with appropriate
enzyme inhibitors, is at present the only
usuable method for the demonstration of
cholinergic nerves at the level of optical
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microscopy (295, 356), though non-neural
tissues commonly stain for cholinesterase.
This method has been used to localise and
study the distribution of acetylcholinester-
ase-containing nerves.

The extent and distribution of the cho-
linergic nerves are essentially similar to
the arrangement of the adrenergic nerves
(137, 145). Thus, a greater number of
nerves per vessel diameter was consist-
ently observed in the anterior, when com-
pared to the posterior, part of the pial cir-
culation. The plexus of cholinergic nerve
fibres has been demonstrated in vessels
with diameters as small as 15 u. The veins
are less well supplied with cholinergic
nerves than the arteries. This pattern of
innervation is seen in all the laboratory
animals that have been studied (mouse,
rat, rabbit, hamster, guinea-pig, cat, dog,
cow, pig, and monkey) (137, 145, 306, 391,
4717, 478) as well as in man (fig. 1) (154). No
cholinergic fibres have been found in the
intracerebral vessels by either histochem-
istry (516) or by electronmicroscopy (407).
When taken together, the findings would
suggest that there is a cholinergic inner-
vation of the extracerebral pial vessels
only.

The origin of the cholinergic nerves is
still unknown. It has been claimed that
the major supply of parasympathetic
nerves to the intracranial vessels run in
the facial nerve, course off in the region of
the geniculate ganglion, and continue in
the greater superficial petrosal nerve to
the plexus of the internal carotid artery
where they form ganglia (96). Transec-
tion of the intracranial parts of the
facial nerves does not affect the ace-
tylcholinesterase activity in the pial arter-
ies up to 2 weeks after the operation (137).
Thus, there is reason to believe that cho-
linergic ganglia may be located very close
to the effector system. Cholinergic gan-
glion cell formations have been identified
in the adventitia of the intracranial part of
the internal carotid artery and in the ca-
rotid sinus (59). Excision of the superior
cervical ganglia does not overtly affect the
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number and distribution of the cholinergic
nerves (145).

The regional distribution of the cholin-
esterase-containing nerve plexuses resem-
bles closely that of the adrenergic plexuses
and the arrangement has been analysed in
some detail (145). This analysis has shown
that the two systems —adrenergic and cho-
linergic fibres—run side by side in the
strands of the autonomic nerve plexuses
(fig. 1) (9).

Electronmicroscopy has shown that the
cholinergic nerves and terminals occur in
the adventitia and advential-medial bor-
der. The cholinergic terminals are located
80 to 100 nm from the vascular smooth
muscle cells and 25 nm from the adrener-
gic terminals (145, 492). The neuromuscu-
lar contacts have an arrangement that in-
dicates a true innervation with fused ax-
onal and smooth muscle membranes, and
the nerve terminals lie occasionally in a
shallow indentation of the plasma mem-
brane of the muscle cell.

C. Central Amine Neuron Systems

The organisation of the central amine
neuron systems will be described briefly
only, as this field of research, in itself,
deserves an extensive review. It was felt of
great importance, however, to include in
the present discussion the rough outlines
of these central neuronal systems because
cerebral blood flow is, of course, closely
linked with the metabolism and activity of
the underlying neuropil.

The mammalian brain is known to con-
tain several amines such as dopamine,
noradrenaline, adrenaline, 5-hydroxy-
tryptamine, histamine, and acetylcholine.
These amine stores have a characteristic
regional distribution and are linked
closely with typical neural responses.

It was suggested in 1972 by Hartman et
al. (277) that the central noradrenergic
system might directly innervate the brain
vessels and thereby intrinsically control
and modulate cerebral blood flow. The
close association of intracerebral adrener-
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gic nerve fibres to the wall of the arterioles
in the brain parenchyma has been shown
with the formaldehyde, glyoxylic acid, and
immunohistochemical techniques (109,
142, 277, 407, 431, 615). A series of electron-
microscopic studies has been performed
(407) on animals treated by sympathec-
tomy in order to evaluate the possibility
that there is a central neurogenic innerva-
tion in a true functional sense (as opposed
to close association) of the cerebral vessels.
During such circumstances it was some-
times noted that the cerebral neuropil,
containing axons with electron-dense vesi-
cles, extended very close to arteriolar
walls. However, there was always a thick
intervening basement membrane. These
findings might well correspond with the
close vascular association of parenchymal
nerves, observed at the level of optical mi-
croscopy. Should such fibres influence the
cerebral microcirculation then one either
has to accept an unconventional kind of
neurovascular relationship that would in-
volve long diffusion distances; or the fibres
might change the metabolism in neuronal
and glial components in the brain and thus
indirectly influence the cerebral circula-
tion.

The possibility has arisen that capillar-
ies in the central nervous system, or at
least the anterior hypothalamus of the cat,
are directly innervated by central neu-
rones (567). Such a possibility is alien to
the classic nerve to arteriolar smooth mus-
cle relationship but deserves further, in-
tensive investigation.

The catecholamine neuron systems are
the best described due to the sensitive his-
tofluorescence technique of Falck and Hil-
larp, described in detail by Bjorklund et
al. (47). The location of the cell bodies was
first noted in the mesencephalon, pons,
and medulla oblongata, although some of
the ascending axons were also visualised
(115). However, the finer elements of the
system contain only small amounts of the
amines and were not seen in conven-
tional formaldehyde-treated specimens.
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The introduction of a new technique, the
glyoxylic acid method (409), allowed the
clear visualisation of all parts of the neu-
ron system.

Noradrenaline neurons. The ascending
fibres from the mesencephalic, pontine,
and medullary nerve cell groups are asso-
ciated with four major conducting path-
ways: the periventricular fibre system; the
central tegmental tract; the medial fore-
brain bundle system; and the nigrostriatal
pathway, according to the description of
Lindvall and Bjorklund (410) with further
details being given elsewhere (213, 531,
662).

The dersal tegmental bundle emerges
from the locus coeruleus and then projects
rostroventrally. These fibres ascend
through the mesencephalon and the mid-
dle hypothalamus; two branches project
into the anterior and posterior colliculi.
The dorsal tegmental bundle contributes
also to the adrenergic innervation of the
thalamus. At the level of the subthalamic
nucleus some dorsal tegmental bundle
fibres run, intermingled with fibres of the
nigrostriatal dopaminergic system, into
the internal capsule to course towards the
catecholamine fibre system in the supra-
aortic decussations and the ansa lenticu-
laris, while others reach the cortex
through the neostriatum.

The central tegmental tract comprises
both ascending and descending fibres. The
descending axons emanate from the cau-
dal part of the locus coeruleus. The ascend-
ing medullary catecholamine axons origi-
nate from the catecholamine cell group in
the lateral reticular nucleus (Al) and in
A2 cell group [according to the terminol-
ogy of Dahlstrém and Fuxe (115)] with the
lesser vagal and the commissural nuclei.
Inflow of catecholamine axons comes from
the pontine cell groups (with caudal inflow
from A5, a massive inflow from A7, the
subcoeruleus group, and from the princi-
pal locus coeruleus) and they considerably
increase the density of fibres in the central
tegmental tract. The fibres from the locus
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coeruleus project principally into the cere-
bral cortex, the thalamus, the hippocam-
pal formation, the superior and inferior
colliculi, and the medial and lateral genic-
ulate bodies. The nonlocus system termi-
nates primarily in the hypothalamic re-
gion.

The dorsal periventricular system ex-
tends to the periventricular and periaque-
ductal regions of the medulla oblongata,
pons, mesencephalon, and diencephalon.
The fibres originate from numerous cell
bodies located in its course and possibly
also from Al and A2. The fibres terminate
in and around many regions in the ante-
rior and posterior colliculi, thalamus, epi-
thalamus, pretectum, and hypothalamus.

The system of ventral periventricular
fibres is found caudally in the rostral re-
gion of the mesencephalon, and then they
ascend through the supramammillary re-
gion to terminate in the medial and peri-
ventricular hypothalamus and in the cau-
dal septal area.

The medial forebrain bundle catechol-
amine fibres ascend from the brain stem
reticular formation towards the dienceph-
alon and telencephalon. These fibres as-
semble at the mesodiencephalic junction
and are composed of fibres from the teg-
mental catecholamine radiations, mesen-
cephalic catecholamine cell groups and, to
a minor extent, from the dorsal tegmental
bundle, the dorsal periventricular system,
and the mammillary peduncle. The medial
forebrain bundle fibres project into hypo-
thalamic nuclei, the supraoptic decussa-
tions, the ansa lenticularis, the stria ter-
minalis, and in the preoptic region. Al-
though the description of the central nor-
adrenergic pathways is based on work
done primarily in rats, the topography is
essentially the same in man, as revealed
in foetuses (95, 495).

Dopamine neurons. The nigrostriatal
dopamine pathway is known to originate
from cell bodies that are located in the pars
compacts of substantia nigra (A9) and also
possibly in the more caudally situated A8
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group (12). The fibres ascend in the inter-
nal capsule and terminate in the neostria-
tum. Recent evidence has suggested that
the dopaminergic neurons of the substan-
tia nigra additionally project to the rostral
limbic cortex.

Other ascending dopamine-containing
fibres (sited in the medial forebrain bun-
dle) are formed by the mesolimbic system,
which emanates from the mesencephalic
A10 cell group. The major terminations
are in the septal area (408), the olfactory
tubercle, and the nucleus accumbens (675)
as well as in the frontal cortex (12, 411).

Adrenaline neurons. The storage and
synthesis of adrenaline have been demon-
strated in the rat brain (293). Despite the
fact that adrenaline can be visualised with
the formaldehyde fluorescence technique
(47), no histochemical evidence has so far
been presented to suggest the existence of
adrenaline neurons within the mamma-
lian brain. This negative finding might be
due to the difficulties in separating nor-
adrenaline and adrenaline with the fluo-
rescence method. However, the introduc-
tion of an immunohistochemical tech-
nique, utilising antibodies against phenyl-
ethanolamine-N-methyltransferase (the
enzymes converting noradrenaline to
adrenaline), has demonstrated two groups
of cell bodies that satisfy the criteria for an
endogenous neuronal pathway in the me-
dulla oblongata. These cell bodies have
been called C1 and C2 (293). The first one
(C1) was localised in the ventrolateral re-
ticular formation and the second one (C2)
rostrally in the medulla, surrounding the
medial part of the ventral surface of the
fourth ventricle. These neurons give rise
to both ascending and descending axon
terminal plexuses in the pons, mesenceph-
alon, diencephalon, and spinal cord, but
the exact distribution has not yet been
demonstrated.

Indolamine neurons. The formaldehyde
histofluorescence technique has been used
to visualise 5-hydroxytryptamine, which
emits a weak yellow fluorescence (47). The
sensitivity of the fluorescence method to

EDVINSSON AND MACKENZIE

identify 5-hydroxytryptamine stores can
be improved greatly by selective chemical
lesions with the neurotoxic dihydroxytryp-
tamines, thus permitting a more detailed
anatomical analysis of the control indo-
lamine neuron systems. The 5-hydroxy-
tryptamine cell bodies are located in the
pons and mesencephalon and ascend via
two bundles, a dorsal and a ventral (48).
The dorsal indolamine bundle emanates
from the pontine indolamine cell groups
(B5 and B6) (215) which comprise only a
minor portion of the ascending 5-hydroxy-
tryptamine fibres. The dorsal indolamine
bundle intermingles with the ventral bun-
dle at the level of the fasciculus retro-
flexus. The ventral indolamine fibre bun-
dle is formed from components that origi-
nate in the B7 and B9 cell groups. The
fibres ascend in the medial forebrain bun-
dle and terminate in the mammillary re-
gion, the subcommissural organ, the ha-
benula, the suprachiasmatic nucleus, the
globus pallidus, the septum, and the pre-
tectal area. Destruction of the ventrome-
dial tegmentum removes fibres from all
the above mentioned regions except the
pretectal area.

Histamine neurons. Histamine has an
uneven distribution with about 0.5 to 3.0
ng/mg of protein in most brain areas, al-
though several hypothalamic nuclei have
relatively high concentrations (between 15
and 25 ng/mg of protein) (244, 640). Subcel-
lular fractionisation studies have estab-
lished that a substantial portion of the
amine, as well as of its specific synthesis-
ing enzyme (r-histidine decarboxylase), is
located in the nerve terminal fraction
(608). Unilateral lesions of the medial fore-
brain bundle have resulted in an ipsilat-
eral decrease in L-histidine decarboxylase
by 25% in the hypothalamus and 50% in
the cortex. A simultaneous decrease in
cortical histamine content by 30% was
noted. This evidence would suggest an as-
cending neuronal fibre system containing
histamine (218). However, the existence of
a large non-neuronal pool of histamine has
been suggested (577), a hypothesis that is
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based on the distribution of brain mast
cells in a pattern resembling that of the
measured histamine levels.

Cholinergic neurons. The neuroanatom-
ical techniques at present available for the
mapping of the central cholinergic systems
have a sensitivity and a specificity that is
not comparable to that of the above men-
tioned techniques. It is therefore difficult
to offer a description of the anatomical
relationship of such neurons to other cen-
tral aminergic systems.

IV. Blood-Brain Barrier Mechanisms
to Amines and Amine Precursors

Specific transport mechanisms to the
passage of ions and metabolites across the
blood-brain barrier will not be discussed
here as full details of these processes can
be found in Davson’s review (121). How-
ever, with respect to the passage of amines
and amine precursors, three features of
the blood-brain barrier deserve special
mention: firstly, current concepts for the
structural basis of the blood-brain barrier;
secondly, the blood-brain barrier as an en-
zymatic mechanism, with particular refer-
ence to dopa decarboxylase and mono-
amine oxidase; and lastly, those agents or
procedures which are capable of causing
changes in the permeability of the blood-
brain barrier.

A. Morphology of the Blood-Brain Barrier

The original concept of a barrier be-
tween the brain and the circulation arose
from the pristine studies of Ehrlich (160)
and Goldmann (237). In the years before
the advent of electronmicroscopy, anatom-
ical studies on the blood-brain barrier
were merely extensions of the crude dye
methods, first used by Ehrlich and Gold-
mann, and the structural basis for the
blood-brain barrier was much debated
(128).

Reese and Karnovsky (564) injected
horseradish peroxidase (an enzymatic
tracer substance that can be visualised un-
der the electron microscope after a se-
quence of reactions) into mice. Passage of
horseradish peroxidase into the brain was
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not noted, although the tracer can freely
enter the extravascular space of other tis-
sue beds, e.g., heart and skeletal muscle.
This remarkably different permeability of
the brain, when compared to other organs,
was thought by Reese and Karnovsky to be
due to a number of structural specialisa-
tions that are unique to the cerebral vas-
cular endothelium. Firstly, the interspace
between cerebral endothelial cells is
closed by true tight junctions, and adhe-
sions between the cerebral vascular endo-
thelial cells could be said to form a mor-
phological continuum. Another significant
feature of the endothelium within the
brain is the paucity of intracellular vesi-
cles, these vesicles being noted frequently
within peripheral endothelial cells. Al-
though some of the few endothelial vesi-
cles contained horseradish peroxidase,
there is no evidence of these vessels dis-
charging their contents on the contralu-
minal side of the capillary endothelium.
The original observations of Reese and
Karnovsky have been confirmed in a num-
ber of subsequent investigations (30, 51,
69, 559, 568, 587).

Although there is no evidence to suggest
that the vesicles in the cerebral capillary
endothelial cells transport their contents
to the abluminal face of the endothelium,
there is the possibility that this process
occurs in segments of some arterioles (707).
Pial and intraparenchymal arterioles have
the same morphological features as the
capillaries within the brain; the endothe-
lial cells adhere together by tight junc-
tions. Portions of arteriolar endothelium
are capable of vesicular transport from the
lumen to the extravascular space, these
vessels being sited primarily in the depths
of sulci (pial arterioles) and within the
ventral diencephalon and adjacent brain
stem (intraparenchymal arterioles). Based
on electronmicroscopic investigations, it
has been claimed that this vesicular trans-
port can be enhanced by 5-hydroxytrypt-
amine (705) and by noradrenaline and
cyclic-3',5'-adenosine monophosphate
(cAMP) (328, 329, 706). From the available
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evidence, it is not clear whether histamine
affects the permeability of the blood-brain
barrier (64, 714). In peripheral vessels,
considerable evidence would suggest that
histamine can increase vascular permea-
bility (7, 432). A further suggestion is that
the function of the endothelial vesicles is
the ability to transfer foreign proteins
from the brain to the blood (684).

Few ultrastructural investigations have
examined the intima of cerebral vessels
other than the capillaries. However, both
intraparenchymal and pial arterioles seem
to be protected by the continuous sheet of
endothelial cells, joined together by tight
junctions, which is a singular property of
the cerebral circulation (182, 564, 707). It
would be of interest to know whether
larger arteries, such as the middle cere-
bral and internal carotid arteries, have a
morphological barrier. The presence, or
absence, of endothelial tight junctions
might well influence the physiological and
pathological responses of the different
types of vessels within the cerebral circu-
lation.

The available evidence would suggest
that the ependyma, lining the cerebral
ventricles, does not have the same struc-
tural barrier features as the cerebral capil-
lary endothelium. Intraventricular injec-
tion of horseradish peroxidase results in
electron-dense particles being detected mi-
croscopically within the parenchyma of the
brain (66). Channels about 200 A wide are
detected between the plasmalemmae of ad-
jacent cell processes within the brain (67).
Thus even large molecules could diffuse
fairly readily through cerebral tissue were
these molecules to be introduced into a
ventricle. Such an exchange of materials
across the ventricular ependymal barrier
has been demonstrated for inulin (547), for
urea and creatinine (534), and for some
chemotherapeutic agents (49). The epen-
dymal cells are ciliated and are said to
have unmyelinated nerve fibres running
across their ventricular surface (528, 569,
610, 704). It has been suggested that the
function of these fibres is concerned with
either secreting into, or registering the
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composition of, the cerebrospinal fluid
(704). The various factors concerning the
transport and passage of materials across
the ependyma have been reviewed in 1974
(184).

In passing, it is of interest to note that
the retina, which is embryologically an
extension of the central nervous system,
possesses a barrier (the blood-retinal bar-
rier) that is structurally identical with
that found within the brain (89, 110, 622).

Before the use of electronmicroscopy, it
was widely postulated that the neuroglia
were the cells responsible for the barrier.
However, in a review of the function of
glial cells, Lasansky (381) pointed out that
within the central nervous system of
higher vertebrates the neuroglia do not
form continuous perivascular barriers.
The capillary endothelium is the sole con-
tinuous barrier between the blood and the
cerebral interstitial fluid.

B. Enzymatic Barrier Mechanisms to
Amines and Amine Precursors

With fluorimetric assay (696, 697) and
fluorescence microscopic (37, 38, 517) tech-
niques, it has been shown that amines are
not able to penetrate the brain in signifi-
cant amounts. The histochemical investi-
gations have revealed that there is a spe-
cific trapping mechanism—an enzymatic
blood-brain barrier—located within the
capillary endothelium for the amine pre-
cursors, L-dopa and L-5-hydroxytrypto-
phan (25, 37, 102, 103, 516, 670). This trap-
ping mechanism for amine precursors has
essentially three phases: the active trans-
port of the precursor into the endothelial
cell; the decarboxylation of the precursor
by the anabolic enzyme, dopa decarboxyl-
ase; and finally, the amines so formed are
metabolised by the catabolic enzyme,
monoamine oxidase.

The uptake of amine precursors into the
brain is primarily by an active transport
mechanism (502, 504, 683, 722), passive
diffusion accounting for a small fraction of
the total transfer of L-dopa from blood to
brain (683). The transport mechanism is
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the same for all neutral amino acids, in-
cluding phenylalanine, tryptophan, and
histidine, and has the characteristics of
stereospecificity and competitive inhibi-
tion (252, 504, 506, 722). It is functionally
distinct from the transport mechanisms for
other amino acids, sugars, and monocar-
boxylic acids (40, 503, 504, 506, 721). The
transport mechanism for L-dopa can be
inhibited by 3-O-methyldopa, the major
metabolite of L-dopa (682), as both sub-
stances share the same neutral amino acid
uptake mechanism.

Amphetamine passes rapidly into the
brain by a separate carrier-mediated pro-
cess which can be inhibited by a structural
analogue of amphetamine, B-phenyleth-
ylamine (521), whereas a second structural
analogue, parahydroxyamphetamine, is
unable to penetrate the barrier (403).

When the amine precursor has been
transported into the capillary endothelial
cells and pericytes, it is decarboxylated
and the precursors and the resulting
amines can be detected by fluorescence mi-
croscopy (37, 103, 377, 517, 670). The capil-
lary decarboxylation is noted particularly
well after the administration of a mono-
amine oxidase inhibitor, to prevent the
catabolism of the amines formed by dopa
decarboxylase (37, 103). However, if a pe-
ripherally-acting dopa decarboxylase in-
hibitor is administered then the capillary
fluorescence is diminished, while neurons
in the parenchyma are markedly fluores-
cent (37, 102, 103, 377, 670). These findings
indicate that the enzymatic barrier to
monoamines is dependent on, firstly, a
rapid decarboxylation of amine precursors;
and secondly, oxidation of the amines. The
decarboxylase activity of cerebral capillar-
ies differs from that found in cerebral neu-
rons in that the two processes can be selec-
tively affected by differing dopa decarbox-
ylase inhibitors (25). This information,
gained from fluorescence histochemistry,
regarding barrier mechanisms to mono-
amine precursors has been confirmed by a
number of functional studies (13, 438). The
rate of capillary decarboxylation is approx-
imately the same in all regions of the
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brain studied (267, 683). It has been sug-
gested that there are species differences in
capillary decarboxylase capacity (267,
377).

The existence of blood-brain barrier
mechanisms to noradrenaline is in keep-
ing with the findings of Oldendorf (502).
He compared the penetration of a number
of 'C-amines, including noradrenaline,
into the brain with a “freely diffusible”
test substance (*(HOH). The brain uptake
index of noradrenaline was about 4%,
which was just above the lower limit of
measurability of Oldendorf’s technique.
However, it is now known that even water
is not freely diffusible at normal values for
cerebral blood flow (55, 228, 534, 543, 544),
and therefore the actual penetration of
noradrenaline will be less than the value
obtained by Oldendorf (502). The finding
raises the possibility that the passage of
other substances, including amines and
their precursors, is dependent upon blood
flow and, indeed, the blood-brain passage
of tritiated water is determined almost
solely by blood flow and exchangeable
brain space (62). There is a considerable
heterogeneity of blood flow within the
brain, and an attempt should be made to
correlate these regional variations with
the barrier passage of amine precursors.
Marked regional variations of noradrena-
line and adrenaline uptake have been de-
scribed (122, 307, 593, 594, 696, 697).

The classical opinion is that 5-hydroxy-
tryptamine is incapable of crossing the
blood-brain barrier. As would be expected,
5-hydroxytryptamine can cross the blood-
brain barrier in neonates (264, 415); and
can be taken up by central monoaminergic
neurons after intraventricular injection
(214). However, some studies have indi-
cated that 5-hydroxytryptamine can cross
the blood-brain barrier in mature animals
after intravenous injection (74, 75); al-
though this finding is at variance with
another study (502). The discrepancies as
to whether 5-hydroxytryptamine crosses
the blood-brain barrier might be explained
if 5-hydroxytryptamine per se was able to
increase the permeability of the blood-
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brain barrier, a phenomenon that is
known to occur under certain conditions
(705) but not under others (643). There is
now considerable correlative (but not
causal) evidence that associates elevated
brain 5-hydroxytryptamine levels with var-
ious types of cerebrovascular injury, these
in turn being associated with lesions of the
blood-brain barrier (107, 461, 471, 515).
More research is needed to clarify the rela-
tionships between circulating 5-hydroxy-
tryptamine and the blood-brain barrier.

After gross structural damage to the
blood-brain barrier, systemic noradrena-
line can enter the cerebral parenchyma
where it then can be localised by histoflu-
orescence techniques (190, 262). In these
studies the barrier lesions were induced by
intracarotid infusion of mercuric chloride,
a procedure which results in ultrastruc-
tural damage to the blood-brain barrier
(693). A disadvantage of using mercury-
induced barrier lesions in the experimen-
tal situation is that the transport into the
brain of essential nutrients (sugars and
amino acids) is inhibited in addition to the
endothelial damage per se (646-648).
Similar heavy metals, lead and nickel, in-
duce ultrastructural changes in the cere-
bral capillary endothelium (327, 588).

The intraperitoneal administration of
morphine has been said to decrease the
permeability of the blood-brain barrier to
noradrenaline (542). A wide variety of ana-
leptic and sympatholytic agents have
been reported to change (increase and de-
crease) the barrier passage of a variety of
labeled substances (541). Nortryptyline
and chlorpromazine greatly enhance the
barrier passage of dopamine, but this fea-
ture is believed to be due to a non-specific,
toxic effect (membrane lysis at the ultra-
structural level) rather than due to block-
ade of the monoamine uptake mechanism
(523). This question of possible drug influ-
ences on the barrier mechanisms to
amines is interesting, and these influences
would have considerable experimental and
clinical applications. It is, accordingly, im-
portant that future research in this topic
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should use reliable and quantitative tech-
niques for assessing barrier passage, and
that cerebral blood flow should be mea-
sured concomitantly.

Dopa decarboxylase and monoamine ox-
idase are not the only enzymes present in
high concentrations with the cerebral cap-
illary endothelial cells. Both acetyl- and
butyrylcholinesterases have been noted by
histochemical and electronmicroscopic
techniques (192, 267, 330, 373) and these
enzymes are believed to be involved in the
barrier mechanisms to circulating acetyl-
choline. The acetylcholine precursor, cho-
line, is rapidly taken up by the brain by an
active transport system (604, 605). Thus,
the brain has a capillary trapping mecha-
nism for acetylcholine analogous to that
for the catecholamines. Many cholinomi-
metics are quaternary ammonium salts
and, as markedly polar molecules, are un-
able to cross the blood-brain barrier (52).
The existence of high concentrations of al-
kaline phosphatase in the capillary and
arteriolar endothelial cells within the
nervous system (22, 283) indicates that
these cells are a highly active transport
site, similar to the intestinal and renal
epithelia.

Stimulation of the locus coeruleus has
been reported to increase the brain vascu-
lar permeability of water (545) and, based
on these findings, it has been suggested
that the central noradrenergic system has
the singular function of regulating cere-
brovascular permeability. However, much
further research remains to be done be-
fore such a hypothesis can be considered
tenable: the increased permeability could
be due simply to a reduction in blood flow.
For example, changes in barrier permea-
bility have been associated with a de-
creased function of the visual pathways,
quite unconnected with the central norad-
renergic system (57).

C. Factors Affecting Barrier Function

The many factors and agents that can
effect permeability changes in the blood-
brain barrier have been discussed lucidly
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and comprehensively in a review pub-
lished in 1975 (522). The function of this
section is to present the factors that might
complicate an experimental study con-
cerned with the relationship between
amines and the cerebral circulation.

Hypertension. Acute hypertension, in-
duced by either metaraminol infusion or
clamping of the thoracic aorta, results in
multiple blood-brain barrier lesions as evi-
denced by the extravasation of a protein-
bound tracer (180, 320, 321, 429). The sud-
den elevation of blood pressure results in
more frequent barrier lesions than a grad-
ual, incremental rise in blood pressure
(258). Transient intracranial hyperten-
sion, produced by the rapid injection of
cerebrospinal fluid into the epidural space,
leads also to focal barrier lesions (278), as
do other mechanical stresses such as re-
peated brain concussion (512) or the uni-
lateral carotid injection of saline or blood
at high pressure (258, 560).

In chronic hypertension both blood-
brain barrier lesions (223, 513) and oedema
development are known to occur (2, 3). The
pathogenesis of these lesions is thought to
be similar in both chronic and acute hyper-
tension; the greatly increased intralumi-
nal pressure within the cerebral arterioles
overdistends the vascular wall. This path-
ological stretch results in the increased
cerebrovascular permeability, which has
been clearly demonstrated in a recent ul-
trastructural investigation (266).

Hypercapnia. Hypercapnia can greatly
increase the penetration of various bar-
rier-limited substances into the brain (64,
80, 98, 112, 235, 394). However, in most of
these experimental studies the inspired
CO; content was exceedingly high (10-
25%) and it would be more relevant to
discuss blood-brain barrier penetration in
carbon dioxide narcosis. In man, where
the arterial CO, tension was raised to be-
tween 50 and 60 mm Hg, there is an in-
crease in permeability-surface area coeffi-
cient (54), but this is thought to be due to
the increase in blood flow and not a hyper-
capnic effect as such.
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Contrast media. It has long been recog-
nised that the contrast media used for cer-
ebral angiography have a marked neuro-
toxicity, and that lesions of the blood-brain
barrier frequently occur after the intraca-
rotid administration of these agents (70-72,
318, 481, 710). It is probable that the con-
trast media disrupt the blood-brain barrier
because of the necessary hypertonicity of
their solutions, but their neurotoxicity is
related also to the lipid solubility of these
agents (555, 558, 561). The iodinated con-
trast agents increase cerebral blood flow
(248, 286) and impair the autoregulatory
responses of the cerebral circulation (248).
Whenever possible, angiography should be
avoided in cerebral circulatory investiga-
tions for the reasons outlined above.

Hypertonicity. Hyperosmotic solutions
(administered into the internal carotid ar-
tery) of many lipid insoluble electrolytes
are able to disrupt the blood-brain barrier
transiently and reversibly (554, 557). This
action is believed to be due to the ability of
hypertonic solutions to shrink the cerebral
capillary endothelial cells and so open the
tight junctions between these cells (564).

The intracarotid infusion of hypertonic
solutions opens the barrier to molecules of
widely varying size, such as horseradish
peroxidase (68, 649), penicillin G (521),
sugars (533, 644), noradrenaline (268, 427),
and sodium (656). There is a high inci-
dence of brain necrosis with neurological
sequelae after the intracarotid infusion of
hypertonic urea, but only when the com-
mon carotid artery is ligated before the
infusion (556). If the vascular supply to the
brain is not compromised, then osmotic
opening of the barrier is not associated
with neurological deficits (559). However,
intracarotid hypertonic urea seems to
stimulate the facilitated uptake of glucose
into the brain as well as increase the sim-
ple diffusion of sugars across the blood
brain barrier (533, 644). In anaesthetised
baboons, intracarotid hypertonic urea does
not affect cerebral blood flow, cerebral oxy-
gen consumption, and cerebral glucose
uptake, measured 5 min after the infusion
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(529). The physiological responsiveness of
the cerebral circulation — assessed by auto-
regulatory and hypercapnia tests—was
likewise unaffected. Thus, the intracarotid
hypertonic urea should prove useful in
studies on the cerebral circulatory effects
of barrier-limited agents, such as the
monoamines. Certainly, the hypertonic
technique is likely to prove superior to an
acute hypertensive insult to open the bar-
rier (519).

Miscellaneous agents and procedures.
Electrocautery (unipolar diathermy im-
mediately above the calvarium), simple
atmospheric exposure of the cerebral cor-
tex, and retraction of brain tissue have all
been shown to increase the permeability of
the blood-brain barrier (204, 298). As all
these techniques are common in experi-
mental studies on the cerebral circulation,
the findings of Hudgins and Garcia (298)
have some relevance. Experimentally-in-
duced seizures transiently disrupt the bar-
rier (416) as dose electroshock treatment
(578).

V. Amines and Cerebral Metabolism

Catecholamines can influence the rate
of carbohydrate metabolism in most body
tissues. These influences, however, are de-
pendent on a number of variables: the cat-
echolamine concerned, the route of admin-
istration, the species being studied, and
the organ involved. In this field, reviews
published in 1966 and 1967 have pointed
out (287, 423) that no universal statement
can be made about the metabolic actions of
the catecholamines: their effect must be
determined for each individual case. Nev-
ertheless, there are two fairly general
principles: the effects of catecholamines in
stimulating intermediary metabolism are
mediated through beta adrenoceptors in
the majority of cases; and the phosphoryl-
ase-activating effects of the catechol-
amines are closely linked to intracellular
levels of cyclic-3',5’'-adenosine monophos-
phate (cCAMP) (548).

The enzyme phosphorylase catalyses the
first stage in glycogenolysis, the break-
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down of glycogen to glucose- 1-phosphate.
Thus modulation of phosphorylase activity
can significantly affect the state of inter-
mediary metabolism. Phosphorylase exists
in two forms; phosphorylase “a” (the active
state) and phosphorylase “b” (the inactive
state). cAMP greatly accelerates the for-
mation of phosphorylase a. In turn, cAMP
is formed from adenosine triphosphate un-
der the influence of another enzyme, ad-
enyl cyclase. Robison et al. (574) were the
first to suggest that adenyl cyclase and the
beta adrenoceptor were the same thing,
and since then considerable evidence has
accumulated to support this hypothesis, as
emphasised by Lefkowitz (393) in 1974.

A. In Vitro Studies

Adrenaline and noradrenaline have
been shown to stimulate the production of
cAMP from in vitro adenyl cyclase prepa-
rations, obtained from various regions of
cat, sheep, and ox brain (351). Histamine
and noradrenaline result in the accumula-
tion of cAMP in rabbit cerebral cortical
slices (335). The effects of noradrenaline on
rabbit cerebellar slices could be abolished
by beta-adrenergic blockade (336). How-
ever, a few studies would suggest that the
response of guinea-pig brain homogenates
to adrenaline is mediated via alpha-adre-
noceptors: noradrenaline was more potent
than adrenaline, and the production of
cAMP could be abolished by phenoxybenz-
amine and phetolamine but not by pro-
pranolol (94, 598, 607). Opposite findings
have been presented by Mcllwain (447). In
his guinea-pig neocortical preparation nor-
adrenaline stimulated the production of
cAMP, and markedly so during electrical
stimulation of the neocortical slice. Pro-
pranolol blocked the cAMP-stimulating
properties of the catecholamines (447). In
rat cerebral cortex, noradrenaline would
seem to interact with two receptors (analo-
gous to alpha and beta), while isoprenaline
will interact with a single type (analogous
to beta) in the production of cAMP (527,
606, 639). cAMP production, induced by
noradrenaline, would seem to be similarly
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antagonised by both alpha- and beta-sym-
patholytic agents in the bovine superior
cervical ganglion (575). On the other hand,
the catecholamines seem to be able to elicit
an accumulation of cAMP primarily via an
interaction with a beta adrenoceptor in
mouse cerebral cortical slices (606).

In rats pretreated with 6-hydroxydopa-
mine (an agent which destroys the central,
ascending catecholamine fibres) the corti-
cal slices displayed an enhanced produc-
tion of cAMP in response to noradrenaline
administration (127). This observation
could best be explained by the develop-
ment of a central, adrenoceptor hypersen-
sitivity after the administration of 6-hy-
droxydopamine, analogous to the hyper-
sensitivity noted after a postganglionic
sympathectomy in the periphery (vide in-
fra). In contrast, chronic treatment with d-
amphetamine results in a reduced nor-
adrenaline-stimulated accumulation of
cAMP in mouse brain slices, perhaps due
to a subsensitivity of the adrenergic recep-
tor (439).

Histamine is a potent stimulant of aden-
osine 3',5'-monophosphate production in
cerebral cortical slices (336, 626); hista-
mine also markedly potentiates the ability
of adenosine (297, 597, 638) and electrical
stimulation (336) to produce cAMP in
brain tissue. There are apparently consid-
erable species differences in the hista-
mine-induced accumulation of cAMP,
based on experiments that have utilised
histamine H; and H, antagonists (27, 404,
484, 576). An adequate pharmacological
characterisation of the histaminergic ef-
fects on cerebral metabolism is still want-
ing.

%/Icllwain (448) has advanced the hy-
pothesis that adenosine, or possibly adeno-
sine triphosphate, may play a major neuro-
humoral and regulatory role in the brain
production of cAMP. Adenosine augments
cAMP and does so in synergistic relation
with noradrenaline, 5-hydroxytryptamine,
and histamine. Such studies demonstrat-
ing the metabolic effects of adenyl com-
pounds should be remembered in light of
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the current interest in the cerebral cir-
culatory effects of adenine derivatives (36,
203, 499, 589, 686).

A large fraction of brain glycogen is
stored with glial, and not neuronal cells,
and it is possible that the locus of meta-
bolic action of biogenic amines is on the
brain glial tissue (73, 97, 159, 227, 514).
Such a possibility might be supported by
the observation that histamine and nor-
adrenaline have no effect on nerve end-
ings, selectively isolated from cerebral cor-
tical tissue (34).

B. In Vivo Studies

Intravenous noradrenaline was found
not to affect the cerebral concentration of
cAMP in rats (708), an understandable
finding since noradrenaline should not
cross the blood-brain barrier. On the other
hand, intraventricular noradrenaline has
been shown to increase the cerebral con-
centration of cAMP by approximately
100% (76). In this latter study it is interest-
ing to note that noradrenaline was as ef-
fective as isoprenaline, although weaker
than adrenaline, in stimulating cAMP.
The systemic injection of various biogenic
amines into neonate chicks (which lack a
mature blood-brain barrier to catechol-
amines) results in the rapid conversion of
phosphorylase b to phosphorylase a, and a
marked decrease in brain glycogen concen-
tration (159).

The intraventricular injection of nor-
adrenaline increases cerebral oxygen and
glucose consumption in anaesthetised ba-
boons, this increase in metabolism being
accompanied by a rise in cerebral blood
flow. Likewise, intracarotid noradrenaline
after osmotic disruption of the blood-brain
barrier increases cerebral oxygen and glu-
cose consumption and cerebral blood flow
(427). In a proportion of patients with head
injury (those who had an impairment of
cerebral autoregulation and, possibly, in-
creased permeability of the blood-brain
barrier), the intravenous infusion of nor-
adrenaline increased cerebral blood flow
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and oxygen consumption by approxi-
mately 60% (246). It is not clear whether
the increase in blood flow resulted in the
increased oxygen consumption, or whether
there was a primary noradrenaline-in-
duced stimulation of cerebral metabolism
in these patients. The intracarotid infu-
sion of reserpine, an agent that can cross
the blood-brain barrier and has some prop-
erties of an indirect sympathomimetic
(359, 657), increases cerebral blood flow
and oxygen consumption (426). Such stud-
ies are supported by the fact that amphet-
amine (a centrally-acting indirect sympa-
thomimetic) increases blood flow and oxy-
gen consumption in the rat brain (84) as
was earlier noted in man (1). The effect of
amphetamine on cerebral energy metabo-
lism is to increase energy flux in vivo (349,
482, 483).

The intravenous infusion of adrenaline
increases cerebral oxygen consumption
slightly but significantly in conscious man
(348). Equivalent pressor doses of nor-
adrenaline had no effect upon the oxygen
uptake by the brain. It is highly probable
that the metabolic action of adrenaline
seen in the study of King et al. (348) was
not related to the brain adenyl cyclase
phosphorylase systems, but rather to pe-
ripheral factors. A priori, adrenaline
should not cross the blood-brain barrier.
Secondly, intravenous. adrenaline infu-
sions can lead to alerting, tremulousness,
and manifest anxiety, as noted by King et
al. (348). The amount of afferent activity
reaching the reticular activity system
from the baroreceptors is considerably
augmented by adrenaline (466). Cortical
arousal, secondary to the reticular drive,
could possibly account for the increase in
cerebral oxygen consumption noted with
adrenaline. Intramuscular adrenaline, re-
sulting in a mild hypotensive response,
does not affect the cerebral metabolic rate
for oxygen in conscious man (613). In iso-
lated perfused canine brains (with no in-
tact baroreceptors) the systemic adminis-
tration of adrenaline does not affect cere-
bral oxygen consumption (725).
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Although the administration of adrena-
line did not affect the concentrations of
lactate and pyruvate, Hunter and Stefanik
(299) have suggested that either the ad-
ministration of noradrenaline, or the stim-
ulation of the superior cervical ganglion
increased cerebral lactate (but not pyru-
vate) concentrations. The implication of
their study is that the release of noradren-
aline around cerebral vessels increases
brain anaerobic metabolism, and it would
be interesting to see this study confirmed
elsewhere.

The effects of the systemic administra-
tion of isoprenaline on cerebral blood flow
have been studied on a number of occa-
sions (313, 390, 717, 725). In every instance
cerebral blood flow rose, and, with one
exception (725), this rise in cerebral blood
flow was accompanied by increases in cere-
bral oxygen consumption and glucose up-
take.

In mice, the intravenous administration
of propranolol (300 ug/g) increases cere-
bral glycogen levels as well as decreasing
the amount of spontaneous motor activity
in these animals (176). Earlier studies
have shown that 200 ug/g of propranolol
decreased lactate and pyruvate levels
within mouse brain in addition to elevat-
ing the glycogen levels (177). The authors
interpreted their findings as evidence of a
reduced cerebral glycolytic carbohydrate
metabolism. These studies have been con-
firmed elsewhere, as has the fact that al-
pha-adrenergic blocking agents have little
effect on intermediary metabolism within
the mouse brain (396, 397). Glycolysis
within the rat brain in vivo is suppressed
(that is, the concentrations of some phos-
phorylated intermediates of the glycolytic
pathway are decreased) after reduction of
central monoamine levels with reserpine
(222). In anaesthetised dogs, the intraca-
rotid infusion of 2 ug/kg per min of pro-
pranolol resulted in significant decreases
in cerebral blood flow, oxygen consump-
tion, and glucose uptake by the brain
(209). A beta-adrenergic stimulating agent
(bamethan) induced an increase in adenyl
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cyclase activity and the cAMP concentra-
tion in the motor cortex of the dog, while
opposite results were obtained with the
beta-sympatholytic, dichloroisoprenaline
(86). Because cerebral blood flow was mea-
sured by the Kety-Schmidt nitrous oxide
technique (meaningless in dogs due to the
inability to obtain cerebral venous blood
that would not be contaminated by the ex-
tracranial tissues) the findings of Fuji-
shima et al. (209) must be treated with
caution. Cortical glucose and oxygen utili-
sation was reduced by propranolol (11
ug/kg per min) in a further series of ex-
periments in anaesthetised dogs (313).
Another group found that intracarotid pro-
pranolol infusions (1.45 ug/kg per min)
slightly reduced hemispheric blood flow,
oxygen consuption, and glucose uptake in
a large series of patients with severe neu-
rological disorders (457). In anaesthetized
baboons, the intracarotid infusion of pro-
pranolol reduces markedly cerebral oxy-
gen consumption and glucose uptake, as
well as effecting a considerable attenua-
tion of the cerebral CO, reactivity (426).

V1. Cerebrovascular Actions of Amines

A. Sympathetic Nerve Stimulation and
Denervation Experiments

The abundant sympathetic innervation
of the cerebral circulation has prompted
many investigators to use the classical
physiological approaches of denervation
and stimulation. To quote Lassen (384),
“Despite almost staggering experimental
assaults, they (the nerves) remain enig-
matic.”

The relationship between the autonomic
nerves and the smooth musculature has
been analysed by three main approaches
in vitro: firstly, studies that have involved
transmural electrical stimulation under
conditions that would selectively activate
the perivascular nerves without influenc-
ing the smooth musculature directly; sec-
ondly, a study of the effects of indirectly
acting sympathomimetics, such as tyra-
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mine, which release endogenous noradren-
aline from the sympathetic nerves; and
finally, the investigation of denervation
experiments, designed to elucidate the
changes in sensitivity of the receptors to
noradrenaline that occur when the trans-
mitter inactivation system of the sympa-
thetic nerves is abolished.

Electrical field stimulation increases the
release of tritium after the preincubation
of extracerebral (pial) vessels with *H-nor-
adrenaline (139). This result would indi-
cate that functional perivascular nerve
terminals exist, as the effect of stimulation
was abolished by sympathetic denervation
and treatment with guanethidine or bret-
ylium. Quantitative measurements have
shown that pial vessels contain high con-
centrations of noradrenaline (1562) and that
the transmitter level is high enough to
produce vasoconstriction since electrical
field stimulation constricts isolated hu-
man, cat, and rabbit pial arteries (44, 137,
154).

Tyramine is an indirectly acting agent
that requires the presence of adrenergic
nerves for its effect. It is taken up into the
nerve terminals and then displaces the
transmitter, noradrenaline. Increasing
concentrations of tyramine contract the
pial vessels in vitro (138, 491, 676). This
effect is abolished either by sympathec-
tomy or by reserpine treatment and, fur-
thermore, the contraction is inhibited by
blockade of the alpha-receptors with phen-
tolamine (138, 491, 676). Pretreatment
with cocaine (10~® M) increases the sensi-
tivity of the isolated vessel preparation to
tyramine (138), probably due to a combina-
tion of a pronounced prejunctional receptor
supersensitivity and to a reduced uptake
of tyramine (673a). Higher concentrations
of cocaine (104 M) have been reported to
reduce the sensitivity of the test system to
tyramine (676). Under such latter condi-
tions the dominant response is the inhib-
ited neuronal uptake of tyramine and not
the increased receptor sensitivity to nor-
adrenaline (673a).
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Sympathetic denervation produces a 3-
fold increase in the sensitivity of isolated
cerebral vessels to noradrenaline (138). A
full supersensitivity coincides with the dis-
appearance of the perivascular fluorescent
nerves. The supersensitivity can be repro-
duced by cocaine administration (to non-
denervated vessels), and it is specific in
the sense that the response to acetylcho-
line is unaffected. Clearly, the supersensi-
tivity reaction is of the prejunctional type
and it is due to the loss of the major inacti-
vation mechanism for the noradrenaline
transmitter in the region of the receptor.
[The neuronal uptake is responsible for
the re-uptake of about 70% of the nor-
adrenaline transmitter released (681).]

Stimulation studies. The effect of sym-
pathetic nerve stimulation on pial vessel
diameter in vivo has also been studied in-
tensively. The early studies by Forbes et
al. (201), Chorobski and Penfield (96), and
Fog (195) showed that pial arteries con-
stricted when the superior cervical ganglia
were stimulated. This observaion has been
confirmed and extended by Kuschinsky
and Wahl (369) who observed a 15% reduc-
tion in vessel diameter during stimula-
tion, the effect being inhibited by phentol-
amine.

Many studies have been performed to
assess cerebral perfusion (as opposed to
measurements of pial vessel calibre) in
conjunction with the stimulation of the
cervical sympathetic trunk. These have
been performed on various species, with
various techniques, direct as well as indi-
rect. The response has been fairly uniform
and, of the papers listed in table 1, most
have demonstrated a reduction in, and
only a few observed no effect on, cerebral
blood flow. Several of the reports have
shown the specificity of the effect since it
could be inhibited by alpha-antagonists.
Accordingly, there can be little doubt
about the cerebral vasoconstrictor ability
of the adrenergic sympathetic fibres (147).
However, considerable quantitative varia-
tion has been noted, this variation being
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primarily dependent on the specificity and
reliability of the technique used to mea-
sure cerebral blood flow. The reduction in
cerebral blood flow that has been noted
ranges between 10% (272) and 80% (116,
117).

The venous outflow technique, where
the drainage from the torcular Herophili is
used as an index of brain perfusion, de-
pends upon satisfactorily isolating the cer-
ebral from the extracranial circulation.
D’Alecy and Feigl (117) have reported that
stimulation of the stellate ganglion re-
duced cerebral boood flow to 20% of resting
values, the most pronounced effect of the
autonomic nervous system upon the cere-
bral circulation to be found in the litera-
ture, were it justified. Furthermore, this
vasoconstriction after stellate ganglion
stimulation could be abolished by the ad-
ministration of the alpha-receptor antago-
nists, phentolamine and dibozane (116).

The effects of stellate ganglion stimula-
tion on cerebral venous outflow were re-
peated by Traystman and Rapela (673)
with and without occlusion of the lateral
sinuses, which drain into the torcular
Herophili. As was found by D’Alecy and
Feigl (117), stimulation caused decrease in
venous outflow when the lateral sinuses
were patent. With the lateral sinuses oc-
cluded, stellate ganglion stimulation did
not affect cerebral venous outflow. Trayst-
man and Rapela (673) concluded that
“measured” cerebral blood flow was de-
creased significantly by sympathetic stim-
ulation only when communications be-
tween intracranial and extracranial ve-
nous vasculatures were patent.

It has been shown that sympathetic
stimulation effects a marked reduction in
cerebral blood flow during hypercapnia
and a lesser effect during normocapnia in
anaesthetised baboons (272). Cerebral
blood flow was measured by the intraca-
rotid *¥Xe clearance technique. Stimula-
tion resulted in non-uniform and minor,
although significant, reductions in blood
flow, almost exclusively in cortical tissue
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when measuring the cerebral blood flow
with “C-antipyrine (719).

There are some studies available where
the effects of cervical sympathetic nerve
stimulation on cerebral perfusion have
been examined by the labeled microsphere
method (10, 46, 463). All were unable to
demonstrate any changes in blood flow
during nerve stimulation. On examination
of their data it will be seen that blood flow
did decrease by 15 to 20% and that signifi-
cant changes could well have been noted
had the number of experiments been in-
creased for adequate statistical analysis.
(For further criticism of this technique,
see section II.)

Denervation studies. The effects of supe-
rior cervical sympathetic ganglionectomy
were demonstrated earlier to cause in-
creased brain temperature and increase in
the visually observable capillary bed (641).
Blockade of the preganglionic sympathetic
trunk with lidocaine, saturated potassium
chloride, and nerve section also increase
local cerebral blood flow (614, 615). Shac-
kleford and Hegedus (621) showed, with
the Kety-Schmidt nitrous oxide method, a
15% reduction in cerebral blood flow in
chronically denervated dogs. This has in
fact also been confirmed by EKI6f et al.
(163). In these latter experiments on mon-
keys designed to test autoregulation, the
normal flow was found to be 71 ml/100 g
per min; whereas it decreased 2 weeks
later to 50 m1/100 g per min. On the other
hand, Hernandez-Pérez et al. (284) ob-
served a 34% increase in cerebral blood
flow. What is the explanation of these var-
ious effects? From knowledge of denerva-
tion effects in aminergic systems in other
parts of the body, as well as in the cerebral
vasculature, the effects of sympathetic de-
nervation can be described reasonably ac-
curately. Shortly after ganglionectomy
there is a reduction in the cerebral blood
volume (147). This observation implies
vasoconstriction, probably as a conse-
quence of noradrenaline leakage from the
degenerating postganglionic sympathetic
fibres (421, 434, 679), which is known to be
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accompanied by an activation of the effec-
tor structures (378). The subsequent in-
crease in cerebral blood volume (147)
above control levels (reflecting vasodilata-
tion) is due conceivably to a reduced vascu-
lar tone which occurs when a sufficient
amount of noradrenaline has disappeared
from the degenerating nerves (152). This
vascular response coincides with the disap-
pearance of the fluorescent nerves and of
the noradrenaline concentration, deter-
mined chemically, in the pial vessels (152).
The cerebral blood volume returns to con-
trol values a week postoperatively (147)
probably because the vascular tone is re-
established when the denervated, adrener-
gic vascular receptors develop sufficient
supersensitivity (378) to circulating cate-
cholamines. At this postdenervation stage
the sensitivity of the smooth musculature
in pial arteries has been found to have
increased about 3-fold (138). However, de-
centralisation of the superior cervical gan-
glia produced a slight increase (20-40%) of
the noradrenaline concentration 1 to 2
weeks postoperatively (152), which may be
due to lowered activity in the postgan-
glionic neurons after depriving them of
their afferent innervation. These decen-
tralisation effects are followed by an in-
creased cerebral blood volume, reflecting
vasodilatation consequent to reduced acti-
vation of the nerve terminals in the vascu-
lature (156).

These findings on the changes in cere-
bral blood volume after denervation or de-
centralisation emphasise the importance
of clearly stating the time after sympa-
thectomy when any cerebrovascular pa-
rameters are to be evaluated. Such infor-
mation is often lacking in the literature,
thus making the results from this type of
experiment on cerebrovascular reactions
difficult to evaluate.

Having these facts in mind, several au-
thors found increased cerebral blood flow
or volume after acute sympathectomy
(146, 147, 272, 314, 614), while others ob-
tained a reduced cerebral blood flow, or
volume, after chronic sympathectomy
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(147, 163, 621, 691) although there are
some exceptions to these findings (189,
284). All such denervation experiments
might possibly be explained either on the
basis of vasodilatation due to a sudden
deprivation of the central inflow of im-
pulses, or as the consequence of increased
sensitivity of the adrenergic receptors to
circulating catecholamines in the chronic
situation.

B. Sympathetic and Sympatholytic Agents

Overall, the evidence listed in the pre-
ceding section strongly suggests a cerebral
vasoconstrictor nature for the sympathetic
adrenergic nerve system. However, the re-
sults obtained in experiments with vasoac-
tive amines are highly conflicting. The
data from recent studies are compiled in
tables 1 to 3 for both in vitro and in vivo
techniques. Since the in vivo model is very
complex, the in vitro effects of amines and
their blockers will be considered before
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turning to the in situ response of the cere-
bral circulation to the drugs (fig. 2).
Alpha-adrenergic agents. It has been
shown that the adrenergic agonists
(adrenaline, noradrenaline, isoprenaline,
and phenylephrine) contract isolated pial
arteries in a dose-dependent manner and
in the above order of potency (149). This
order and the degree of relative potency
obtained are in accord with those reported
for alpha-receptor responses in other tis-
sues (212) with the exception of a high
ED50 and a low maximum contraction for
phenylephrine. The latter compound is
recognised as a partial agonist on alpha-
receptors in feline and human cerebral ar-
teries, showing that these vessels have dis-
tinct pharmacologicadl features (149, 154).
Blockade experiments have been under-
taken with both reversible and irreversi-
ble competitive antagonists. The reversi-
ble alpha-receptor antagonists, piperoxan
and phentolamine, have been observed to

TABLE 1
Effects of sympathetic nerve stimulation and noradrenaline on cerebral blood flow
The numbers in last three columns are reference numbers.

Agents Species Decrease No Effect Increase
A. Sympathetic nerve stimula-
tion:
Direct techniques Cat, dog, 116, 117, 294, 673
goat, mon- 412, 413,
key 462
Invasive techniques Dog, duck, 367, 419,* 419* 419*
gull, man, 420, 614,
rabbit 615
Inert gas studies Baboon, cat 272, 314, 353 272
Non-invasive techniques Cat, monkey, 129, 147, 719 10,  463,t
) mouse 719
B. Noradrenaline:
Direct techniques Dog, goat 413, 417, 498 136, 243 206, 4558
Invasive techniques Dog, cat, rab- 367, 582, 615 615 45,8 582
bit
Inert gas studies Baboon, dog, 167, 256, 272, 426, 507 181,+ 313%
man, new- 313, 348, 426,|| 442,
born lamb 479, 613 4421
5409
Noninvasive techniques Mouse, rat 146, 151 146, 292

* The response is related to the stimulus strength.

t Reduction but not statistically significant.
$ Above or below the limits of autoregulation.
§ The preparation was not autoregulating.

|| Opening or circumventing the blood-brain barrier.
1 Performed on animals where the blood-brain barrier is not yet closed (or matured).
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TABLE 2

Direct cerebrovascular smooth muscle effects of various agonists
The numbers in last two columns are reference numbers.-
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Agonist Species Constriction Dilatation
Sympathomi- Noradrenaline Cat, cow, 8, 44, 118, 131, 149
metics dog, goat, 138, 144, 145,
man, mon- 149, 154, 369,
key, rabbit 392, 490, 532,
668, 677
Adrenaline Cat, dog, 8, 149, 154, 490 149, 154
man
Phenylephrine Cat, man 144, 149, 154
Tyramine Cat, goat 138, 491, 676
Isoprenaline Cat, dog, 144, 149, 154, 490, 149, 154, 616,
man 687 666, 687
Terbutaline Cat, man 149, 154
Parasympa- Acetylcholine Cat, dog, 138, 139, 144, 145, 139, 154, 666
thomimetics man 490
Carbacholine Cat, dog 139 139
Nicotine Cat, dog 139, 667
Other amines Histamine Cat, dog, 8, 150; 154, 392, 150, 154, 694
goat, man, 490, 532, 660
rabbit
§5-Hydroxytryptamine Cat, dog, 8, 53, 131, 141, 141
goat, man, 392, 490, 532,
rabbit 660, 668, 677,
720
Dopamine Dog, man 711, 723 234

cause a parallel shift in the dose-response
curves obtained with adrenaline, nor-
adrenaline, and phenylephrine, but not
with isoprenaline (149). Phentolamine has
been demonstrated to antagonise the con-
traction of noradrenaline in a typical way
(158).

Irreversible alpha-antagonists such as
phenoxybenzamine and dibenamine block
the constriction induced by adrenaline,
noradrenaline, and phenylephrine (149).
The effect consists usually of a parallel
shift in the dose-response curve in addition
to a decrease in the maximum contraction.
These facts emphasise the existence of a
contractile alpha-adrenergic receptor in
brain vessels. Furthermore, it has been
observed that the noradrenaline response
on this alpha-receptor is not directly pro-
portional to the fraction of receptors occu-
pied: half maximum contraction with nor-
adrenaline occurred with only 11% recep-
tor occupation and the maximum response

is achieved already when 75% of the recep-
tors are occupied by the adrenergic trans-
mitter (149). An interesting study in 1976
(392a) has demonstrated that the basilar
artery constriction, caused by adrenergic
nerve stimulation, cannot be blocked by
phentolamine, phenoxybenzamine, and to-
lazoline although it can be blocked by tet-
rodotoxin, guanethidine, and bretylium.
This deserves to be confirmed.

The influence of amines on cerebral
blood flow has been controversial for a con-
siderable length of time. Their intrave-
nous and intra-arterial administration
have given rise to a multitude of equivocal
results: noradrenaline and adrenaline
have variously increased, not affected, or
decreased blood flow to the brain (tables 1
and 3). The diversity of results cannot be
explained readily. The most frequent re-
sponse was a decrease in cerebral blood
flow after the administration of noradren-
aline (table 1). This noradrenaline-in-
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The numbers in the last three columns are reference numbers.
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TABLE 3

Action of amines on cerebral blood flow

Agents Species Decrease No Effect Increase
Adrenaline Dog, man, 151, 348, 367, 417, 243, 289, 507, 613 151
monkey, 455, 498, 615
rabbit, rat
Phenylephrine Dog 417 289
Tyramine Dog, goat, 146, 292, 412, 413, 265 472
mouse, 472
rabbit
Isoprenaline Dog, goat, 289, 305, 510 88, 136, 141, 151,
man, rab- 390, 417, 498,
bit, rat 615, 717
Amphetamine Man, mon- 133 603 84
key, rat
Acetylcholine Dog, mon- 263 263 124, 367, 418, 611
key, rat
Nicotine Man 634, 695
Histamine Dog, man, 224, 511 11, 16, 133, 225,
monkey 340, 665, 699
5-Hydroxytryptamine  Dog, man, 123, 169, 247, 340, 368, 425, 511 582, 661
monkey, 368, 425, 700,
rabbit, rat 702
Dopamine Dog 174 174, 175

duced reduction in blood flow is fairly
small, being up to 20% in those studies in
which total cerebral blood flow was mea-
sured. Changes of this magnitude will not
be readily detected by many techniques
used to measure cerebral blood flow, un-
less large series of experiments are per-
formed to allow adequate statistical analy-
sis. A few studies have reported very
marked noradrenaline-induced decreases
in cerebral blood flow but these investiga-
tions just serve to emphasise the necessity
of isolating cerebral from extracerebral
circulations. This precaution is of impor-
tance when examining the effects of proce-
dures such as sympathetic stimulation or
noradrenaline infusion, which may have
differential actions upon very dissimilar
tissue beds. With a chronically-implanted
electromagnetic flowmeter on the internal
maxillary artery of the unanesthetised
goat, Lluch et al. (413) reported that intra-
arterial injections of noradrenaline pro-
duced dose-dependent reductions in cere-
bral blood flow, this reduction being 55%
with the highest dose (5 ug) examined.
Earlier studies (17, 136), however, have

pointed out that the internal maxillary
artery in the goat feeds into an extracran-
ial structure known as the rete mirabile
which in turn supplies the circle of Willis.
The intra-arterial administration of nor-
adrenaline proximal to the rete effected a
blood flow of the same order as seen in the
study by Lluch et al. (413). On the other
hand, when noradrenaline was injected
distal to the rete (into the middle cerebral
artery) then no decrease in blood flow was
observed (136). The different findings are
readily explained by the observation that
only one fourth of the blood flow in the
internal maxillary artery of the goat is
destined for the cerebral circulation (468).
When studied in baboons, the intracarotid
infusions of adrenaline, noradrenaline,
phenylephrine, and isoprenaline effected
only minor changes in internal carotid ar-
tery blood flow (289).

There are a number of reasons which
might explain the apparent insensitivity
of the cerebral circulation to noradrena-
line, and these reasons should be consid-
ered in any investigations that involve
amines. Firstly, there is the existence of
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blood-brain barrier mechanisms to amines
which would limit the accessibility of cere-
brovascular smooth muscle to circulating
amines, as has been discussed in section
III. Secondly, one should consider the
“dual effects” hypothesis, advanced by
Harper et al. (272). It states that the cere-
bral circulation can be described as two
resistances in series: the extraparenchy-
mal (pial) vessels are influenced to a
greater extent by the autonomic nervous
system or catecholamines, but the intra-
parenchymal vessels are regulated by in-
trinsic metabolic or myogenic mechanisms
and, to a lesser extent, by catecholamines.
This theory has been supported by a num-
ber of investigations reported in 1972,
1973, and 1976 (189, 241, 284, 507, 650). If
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the intraparenchymal vessels are near-
maximally dilated, as during hypotension
or hypercapnia, then sympathetic stimula-
tion or the infusion of catecholamines will
potentiate the reduction in total cerebral
blood flow by constricting the extraparen-
chymal vessels. However, the recent dem-
onstration of an adrenergic innervation to
the intraparenchymal vessels may require
a modification of the “dual effects” hypoth-
esis.

Lastly, there is a regional heterogeneity
in the blood flow response to adrenergic
agents. This heterogeneity has been dem-
onstrated between brain areas such as the
caudate nucleus and the lateral geniculate
body (615). Systemic injection of noradren-
aline or adrenaline caused a reduction in
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Fi1c. 2. Schematic representation of the postganglionic autonomic innervation and other sources of
amines arranged around the circumference of a brain vessel. The corresponding receptors are also shown.
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the flow to the caudate nucleus, but not to
the lateral geniculate body. This decrease
can be inhibited by phentolamine. Simi-
larly, preganglionic stimulation of the
sympathetic trunk below the superior cer-
vical ganglion reduces the blood flow, and
the effect is less pronounced in the lateral
geniculate body than in the caudate nu-
cleus. Furthermore, this decrease in flow
can be abolished by previous alpha-recep-
tor blockade. The amount of innervation
in the two regions is strikingly well corre-
lated with the local cerebral blood flow
response (see section II). The existence of
marked noradrenaline-induced changes in
specific regions could well be masked in
those studies where total, or hemispheric
blood flow was measured.

The studies in which an increase in
blood flow have been noted after the ad-
ministration of noradrenaline (table 1) can
best be explained by either a failure of
autoregulation or a deliberate or uninten-
tional disruption of the blood-brain bar-
rier. If autoregulation is abolished (either
at normotension or during hypotensive
shock) then any pressor agent will pas-
sively increase cerebral blood flow. If the
pressor response to noradrenaline is con-
siderable then the upper limit of autoregu-
lation may be exceeded, blood flow will
increase and may remain increased after
the return of blood pressure to normoten-
sive levels (653). The study of James and
MacDonell (313) is of interest as these au-
thors have demonstrated an increase in
cortical blood flow after infusion of nor-
adrenaline intravenously or into the com-
mon carotid artery, although the infusion
of noradrenaline into the internal carotid
artery effected a decrease in cortical blood
flow. However, every change in blood flow
was accompanied by a change in cortical
glucose and oxygen metabolism in the
same direction. At least two explanations
exist for these anomolous results; either
the effects of noradrenaline were primarily
on cerebral metabolism, or the small re-
gion of cortical tissue, examined by the
8Kr technique, was not at all representa-
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tive of perfusion in the remainder of brain.
Furthermore, the dose of noradrenaline
administered systemically in these studies
resulted in a large pressor response which
developed rapidly (424), the conditions un-
der which hypertensive lesions of the
blood-brain barrier occur. This criticism
may apply to other investigations (442).

It seems probable that the cerebrovascu-
lar responses to noradrenaline are depend-
ent on the integrity of the blood-brain bar-
rier: noradrenaline increases blood flow
after osmotic disruption of the barrier
(268); intraventricular noradrenaline in-
creases cerebral blood flow (427) and the
direct injection of noradrenaline : 1to the
hypothalamus can increase blood flow
(582). The intravenous administration of
catecholamines to foetal and newborn
lambs increases cerebral blood flow and it
is unlikely that barrier mechanisms to
monoamines had matured in these ani-
mals (540). These increases in cerebral
blood flow, associated with noradrenaline
when it bypasses the blood-brain barrier,
occur concomitantly with an increase in
cerebral metabolism (427).

Beta-adrenergic agents. The effect of the
beta-receptor agonist, isoprenaline, has
given consistent data both in vitro and in
vivo. When isolated brain vessels are stud-
ied a contractile response usually occurs in
vessels without tone (490). The effect is not
antagonised by propranolol (a beta recep-
tor blocking agent) but is inhibited by the
alpha-receptor blocking agents, piperoxan
and phenoxybenzamine (149). Therefore,
in order to study the dilatatory action of
beta-receptor agonists the vessels have to
be given an active tone by 5-hydroxytrypt-
amine, carbacholine, prostaglandin F,, or
KCl. During such conditions isoprenaline,
adrenaline, noradrenaline, and terbuta-
line dilate the tonically contracted artery
(provided that the contractile effects have
previously been blocked by dibenamine or
phenoxybenzamine administration) in a
dose-dependent manner (149). The relative
potency is isoprenaline > noradrenaline =
adrenaline > terbutaline. The dilatation
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produced by isoprenaline or terbutaline
can be blocked competitively by proprano-
lol (beta, and beta, receptor blocking
agent) and by the selective beta,-receptor
agonist, practolol, given in low concentra-
tions (149). That the interaction between
propranolol and the receptor involved a
bimolecular reaction was confirmed in
Arunlakshana-Schild plots. The pA, value
and the corresponding dissociation con-
stant (K,,) for the receptor antagonist com-
plex indicated that the dilatatory response
was mediated by a beta-receptor. These re-
sults, together with the finding that nor-
adrenaline was almost equipotent to
adrenaline and that isoprenaline was
about 2500 times more potent than terbu-
taline, show that the cerebrovascular beta-
receptor is of the beta, type. This receptor
type has been found in the coronary arter-
ies, whereas other parts of the peripheral
circulatory bed possess beta,-receptors
(212).

Isoprenaline has been shown to dilate
brain vessels in situ after direct adminis-
tration with the microapplication tech-
nique (687), the effect being antagonised
by propranolol. Several authors have ex-
amined the effect of isoprenaline on cere-
bral blood flow and observed a dose-de-
pendent increase in blood flow or vasodila-
tation (see table 3), the effect being more
pronounced in the caudate nucleus than in
the lateral geniculate body (615). The va-
sodilatatory effect of isoprenaline can be
prevented by previous injection of the beta-
antagonist, propranolol (289, 498, 616).
Furthermore, it has been found that the
beta,-receptor agonist, terbutaline, is
without effect on caudate blood flow al-
though, like isoprenaline, it produced a
slight fall in blood pressure (616). The se-
lective beta,-receptor antagonist, practo-
lol, abolishes the isoprenaline-induced in-
crease in blood flow in the caudate nucleus
without affecting the slight hypotension.
The findings corroborate the in vitro ex-
periments and show that brain vessels pos-
sess beta,-receptors which mediate vasodi-
latation and increase local cerebral blood
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flow in regions well-supplied by sympa-
thetic nerves.

Sympatholytic agents. Much interest
has been paid to the question whether the
brain vessels are under a tonic nervous
influence, and it has been anticipated that
this would be revealed immediately after a
sympathetic denervation, as has been dis-
cussed earlier. The results from experi-
ments in which adrenergic receptor block-
ers have been used are not consistent. The
alpha-receptor antagonists, phentolamine
(116, 242, 369, 374, 631), phenoxybenza-
mine (116, 291, 313, 417), and thymoxam-
ine (105, 291) were found to be without
effect on vessel tone or on resting blood
flow, but antagonised the reduction in the
pial vessel calibre or reduced the flow re-
sponse to phenylephrine, adrenaline, and
noradrenaline (116, 369, 374, 413, 417). The
discrepancy in response between the find-
ings from nerve section and alpha-receptor
blockade experiments might be due to dif-
ficulties for the antagonists to reach the
receptors in sufficient concentrations. As
was discussed in section II, it is necessary
to maintain the antagonist close to the
receptor for a considerable time to obtain
an adequate inhibition. This is difficult to
achieve during in vivo conditions. How-
ever, the conclusion must be that the rest-
ing vasomotor tone is low in the cerebral
circulation although some localised re-
gions may well be under a significant ad-
renergic tone. Beta-receptor blocking
agents have little cerebral circulatory ef-
fects during resting conditions (426, 687).
Notably, propranolol has been described as
reducing cerebral oxygen consumption
and also as being able to reduce the CO,
response of the cerebral circulation in ba-
boons (426). However, the vasodilatatory
action of isoprenaline is inhibited both by
propranolol (313, 413, 417, 498, 615, 687)
and practolol (616).

C. Stimulation and Section of the VIIth
Cranial Nerve

Only a limited number of experiments
have been undertaken to reveal the role of
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nonadrenergic nerves. The evidence so far
collected has examined cholinergic inner-
vation (supposedly via the VIIth cranial
nerve) on the regulation of cerebral blood
flow.

Histochemistry and electronmicroscopy
have demonstrated the presence of a cho-
linergic nerve supply to the pial vessels
where the cholinergic nerve network is as
well developed as the adrenergic innerva-
tion (145). The cholinergic fibres are con-
sidered to originate in the brain stem, and
then follow the facial nerve to the genicu-
late ganglion where they either synapse
and/or continue along the greater superfi-
cial petrosal nerve to the plexus of the
internal carotid artery and further to cere-
bral vessels (96).

Stimulation of the facial nerve near the
medulla oblongata in the sympathecto-
mised monkey resulted in a slight vaso-
dilatation of pial arteries in the parietal
cortex (96). This effect seems to be strictly
ipsilateral, and is likewise obtained when
the geniculate ganglion is stimulated
(202). Furthermore, this same effect can be
abolished by local application of the cho-
linergic receptor antagonist, atropine
(200). Stimulation of the vagal nerve has
also resulted in pial vasodilatation, but
the effect is accompanied by a reduction in
arterial pressure which thus might indi-
cate that the effect is secondary to a fall in
arterial pressure (99, 200, 498). Quantita-
tive measurements of cerebral blood flow
during stimulation of the VIIth cranial
nerve cause an increase in regional flow,
provided the centripetal effects of stimula-
tion are prevented by sectioning of the
central afferent part of the nerve (591).
Other research groups have reported flow
effects in this direction, but the response
has been both inconstant and inconsistent
(314, 460). When the intact facial nerve is
stimulated any vasodilatation could be
masked by the effects of stimulating brain
stem structures. The effects of section of
the VIIth cranial nerve on the cerebral
circulation would seem to be insignificant
at normoxia (290, 535) and at hypercapnia
and hypoxia (290).
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D. Cholinomimetic and Cholinolytic
Drugs

In contrast to the small number of stud-
ies involving section and stimulation of
the cholinergic nerves, many pharmaco-
logical studies have been undertaken dur-
ing the last decade on the effects of cholin-
ergic drugs on the cerebral circulation (ta-
bles 2 and 3). Acetylcholine has a dual
effect on isolated pial vessels, involving
both dilatation and contraction (138, 139,
144, 145, 490, 666). Both effects are directly
on the smooth musculature, since the re-
sponses are unaffected by previous sympa-
thectomy. The dilatatory response occurs
at low concentrations (between 10-8-10-%
M), whereas the contractile action is first
seen at concentrations about 3 x 10~¢ M
acetylcholine. Both effects were inhibited
by atropine in a competitive manner (139).
The antagonism by atropine and the fact
that hexamethonium does not affect the
acetylcholine-induced response suggests
that these two effects are mediated by cho-
linergic receptors of the muscarinic type.
It is conceivable that the cholinergic vas-
cular receptors mediate vasodilatation
during physiological conditions, whereas
high, pharmacological doses of parasym-
pathomimetics produce vasoconstriction.

Microapplication of the parasympa-
thomimetic agent, carbamylcholine, into
the perivascular space of single pial arter-
ies by Kuschinsky et al. (371) has demon-
strated a dose-dependent dilatation with a
maximum of about 15%. Atropine admin-
istered during the same conditions pre-
vented the carbachol-induced dilatation,
but the antagonist had no effect of its own
on untreated pial vessels under their ex-
perimental conditions (371).

Lowe and Gilboe (418) have demon-
strated a reduction in cerebrovascular re-
sistance in constantly perfused brains
after intracarotid injection of acetylcho-
line. Similarly, intra-arterial administra-
tion of metacholine caused a weak vasodi-
latatory response as measured by the ve-
nous outflow method (443). Increased corti-
cal flow has been observed after the intra-
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carotid administration of acetylcholine
(367).

The intravertebral administration of
acetylcholine increases cerebral blood flow
by 27% while reducing the oxygen con-
sumption by 19% (124). On the other hand,
intracarotid infusion of the amine has
been shown to increase cerebral blood flow
only by 8% (124). Another report from the
same laboratory has described no effect of
acetylcholine on vertebral flow, while the
internal carotid artery flow is reduced
(263).

Scremin et al. (611) have demonstrated
that cortical blood flow increases by about
50% after the topical application of car-
bachol, arecoline, acetylcholine, and pilo-
carpine in the presence of eserine, a cho-
linesterase inhibitor. These effects were
counteracted by atropine.

If the results mentioned above are con-
sidered together with the earlier findings
on the effects of acetylcholine reviewed by
Sokoloff (641), which showed dilatation of
pial vessels, increase in brain volume,
raised cerebrospinal fluid pressure, and in-
creased blood flow, it becomes evident that
the choline esters are capable of relaxing
cerebrovascular smooth muscle.

The adrenergic and cholinergic nerve
terminals lie close together within the
same Schwann cell sheath, and are sepa-
rated by only a 25 nm distance (145, 492).
This arrangement opens the possibility for
an interaction between the two neuron
(adrenergic and cholinergic) systems at
the axoaxonal level. Studies on peripheral
tissues (lacking cholinergic nerves) have
shown that the adrenergic fibres possess
muscarinic inhibitory receptors (205). This
conclusion has been reached on the basis of
experiments which have shown that a va-
riety of muscarinic agonists selectively in-
hibit the vasoconstriction evoked by per-
iarterial nerve stimulation. The noradren-
aline release, evoked by transmural stim-
ulation of pial arteries under the influence
of parasympathomimetic compounds, has
been studied in an efflux system (139) in
order to elucidate the functional signifi-
cance of this relationship between the two
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neuron systems. Electrical field stimula-
tion increased the tritium efflux by ap-
proximately 125%, the effect being en-
hanced in the presence of hexamethonium.
In contradistinction, both acetylcholine
and nicotine inhibited the effect of stimu-
lation so that the tritium efflux was not
significantly higher than that occurring
during the resting state. This inhibitory
action of the parasympathomimetics was
counteracted by hexamethonium, but not
by atropine. These experiments demon-
strate the existence (but not physiological
role) of a functional interaction between
the two types of autonomic nerve termi-
nals, the cholinergic nerves being capable
of inhibiting the adrenergic activity
through a nicotinic receptor (139). A simi-
lar finding has been reported recently by
Toda (667) who observed a dilatation of
pial vessels in response to 10~* M nicotine.
In his experiments the effect could be abol-
ished by hexamethonium. Quantitative
measurements of cerebral blood flow,
either after tobacco smoking or during the
intravenous administration of nicotine,
enhances blood flow but does not affect the
oxygen consumption of the brain (634,
695).

Thus, acetylcholine liberated from the
cholinergic nerves may, under physiologi-
cal conditions, induce pial vasodilatation
by a combination of (a) direct effects on
muscarinic receptors in the vascular
smooth muscle, and (b) through axoaxonal
interaction with the nicotinic receptors in
the adrenergic nerves causing inhibition of
noradrenaline release (137).

Nonetheless, the bulk of the evidence
would support the conclusion that the cho-
linergic component to the tone of cerebro-
vascular smooth muscle is minimal under
resting conditions. One would stress that
conditions of normoxia, normocapnia, and
normotension might not reveal the func-
tional significance of this system.

E. 5-Hydroxytryptamine
Although 5-hydroxytryptamine has

been implicated frequently in the patho-
genesis of a number of intracranial, vascu-
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lar diseases, an adequate description of the
pharmacological and physiological effects
of 5-hydroxytryptamine is still waiting.
The release of 5-hydroxytryptamine is said
to occur after stroke (471), trauma (515),
cold injury lesions (107), and ischaemia
(701). Similarly, 5-hydroxytryptamine has
been postulated to be a candidate in the
pathogenesis of cerebral vasospasm (562,
563) and migraine (18, 111, 337, 599, 629).
In the body, 5-hydroxytryptamine is lo-
cated mainly in blood platelets (217), in
central neuronal systems (see section III),
and in the cerebral mast cells of certain
species (577). It is possible that 5-hydroxy-
tryptamine could be released from such
sites and so affect the vascular smooth
musculature.

When serotonin is applied directly to
isolated cerebral vessels a constriction oc-
curs (8, 53, 131, 141, 392, 490, 532, 660, 668,
677, 720), and this response can be in-
hibited by various concentrations of the
serotonin antagonists, methysergide (141),
and lysergic acid diethylamide (677). The
contraction elicited by 5-hydroxytrypt-
amine can be blocked not only by the class-
ical antiserotonin drugs, e.g., methyser-
gide, pizotifen, cyproheptadine, but also
by increasing doses of beta-haloalkyl-
amines such as phenoxybenzamine (141).
After complete inhibition of the 5-hydroxy-
tryptamine contractile effect, and provided
that the pial arteries have been given an
active tone, 5-hydroxytryptamine pro-
duces a dose-dependent dilatation. This
dilatation is inhibited in a competitive
way by propranolol, suggesting that 5-hy-
droxytryptamine may interact with beta-
receptors (141, 451). It is, therefore, possi-
ble that the contradictory actions of 5-hy-
droxytryptamine, dilatation and constric-
tion, might be due to the activation of two
types of receptors. A dilatation occurs
when the beta-receptors predominate in
relation to the constrictory 5-hydroxy-
tryptamine receptors and a constriction in
the reverse case. The action that will pre-
dominate in a given situation could be due
to species differences, regional variations
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in receptor availability, or be dependent
on the tone of the vessel (254). The perivas-
cular application (into the subarachnoid
space and thought not to affect the under-
lying cortical metabolism) of 5-hydroxy-
tryptamine to pial vessels effects tone-de-
pendent changes in calibre: large, conduct-
ing vessels constrict, while the small, re-
sistance arterioles dilate. The serotonin-
induced arteriolar dilatation can be abol-
ished by reducing the systemic arterial
pressure and so abolishing the tone of the
smaller vessels (275b). Very large conduct-
ing vessels such as the internal carotid ar-
tery show a marked vasoconstriction in
response to systemically administered 5-
hydroxytryptamine (123, 247, 275a, 551,
700).

When 5-hydroxytryptamine is applied
topically to the surface of the cerebral cor-
tex, it causes a vasoconstriction of the pial
arteries (33, 563, 579, 580). However, since
circulating serotonin is taken up poorly by
the brain (502), the effect produced by topi-
cal application does not necessarily mean
that the same response will be achieved
after intra-arterial administration. Fur-
thermore, the intracarotid infusion of 5-
hydroxytryptamine, after osmotic disrup-
tion of the blood brain barrier, results in a
reduction in both blood flow to, and oxygen
consumption of, the brain (275a). Similar
effects were obtained when 5-hydroxy-
tryptamine was injected directly into hy-
pothalamic tissue (581).

A number of cerebral circulatory studies
have been performed. Karlsberg et al.
(340) described a marked serotonin-in-
duced reduction in cerebral perfusion. In
another series of experiments the cerebral
blood flow was found to be reduced, during
infusion of 1 ug/kg per min of 5-hydroxy-
tryptamine, by 17% at normocapnia and
by about 35% during hypercapnia (123). A
more pronounced vasoconstrictor effect of
5-hydroxytryptamine (up to 62%) has been
noted during arterial hypoxia (169). These
authors were unable to affect this contric-
tion by phentolamine, methysergide, or
propranolol. Grimson et al. (247) observed
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a decrease in internal carotid artery flow
by 58% after 10 ug/kg per min after 5-
hydroxytryptamine, without any change
in arterial pressure, heart rate, or blood
gas tensions during the infusion. These
observations have been confirmed by
Welch et al. (700, 702), who observed a
decrease in internal carotid artery flow
after the infusion of 20 ug/kg per min of 5-
hydroxytryptamine. The intraperitoneal
administration of 5-hydroxytryptamine
(5.8 mg/kg) reduces cerebral blood flow
slightly in the rat (368). These animal
studies are somewhat at variance with the
observations in patients where no effect on
flow has been observed after a low dose of
5-hydroxytryptamine (511). However, in
three of the five patients studied a change
in the regional distribution of tracer took
place.

The cerebral circulatory effects of sero-
tonin are clearly complex. The overall re-
sponse to the administration of 5-hydroxy-
tryptamine would tend to be a reduction in
cerebral perfusion, although this reduc-
tion could well be confused due to the si-
multaneous increase in extracranial perfu-
sion (123, 247, 661, 702). Other complicat-
ing factors could be the existence of dilata-
tory and constrictory 5-hydroxytryptamine
receptors at different levels of the cerebro-
vascular bed and possible actions of the
amine on both cerebral metabolism and
the blood-brain barrier.

F. Dopamine

Dopamine crosses the blood-brain bar-
rier poorly (37, 502), unlike the dopamine
agonists, apomorphine and piribedil, and
the postulated dopamine antagonists,
haloperidol and pimozide. The administra-
tion of such agonists and antagonists re-
sults usually in a variety of stereotyped
behavioural responses in animals (14, 104,
108, 141) and man (92, 372). Dopamine ago-
nists and antagonists have marked effects
on the electroencephalogram (EEG): eg.,
haloperidol increases the incidence of
spontaneous EEG spikes and enhances the
paroxysmal EEG activity during photic
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stimulation (450). In addition to the elec-
trocortical and behavioural effects of dopa-
mine, the catecholamine stimulates the
production of cyclic adenosine 3',5’-mono-
phosphate in cerebral and, especially,
striatal tissue (308, 343, 470). Adenyl cy-
clase obtained from the caudate nucleus is
highly sensitive to L-dopa while adenyl
cyclase derived from the cerebellum
(which has no central dopinergic innerva-
tion) does not respond to L-dopa (219). The
dopamine-induced stimulation is less ef-
fective than the noradrenaline-induced
stimulation of cyclic adenosine 3’,5’-mono-
phosphate, when compared on an equimo-
lar basis (185, 308, 405).

In the renal circulation, dopamine ef-
fects, firstly, a vasoconstriction which is
believed to be mediated by an alpha-adre-
nergic mechanism and, second, a sus-
tained vasodilatation which is believed to
be mediated by specific dopamine recep-
tors (232, 233). A similar series of re-
sponses has been reported on the cerebral
circulation (174). The specific dopamine
agonist, apomorphine, increases cerebral
blood flow; an effect which could be abol-
ished by the intravenous infusion of pimo-
zide (175). However, the in vivo studies on
the cerebral effects of dopamine have all
been performed in dogs and blood flow has
been measured by the intravertebral *Kr
technique. As an important amount of ver-
tebral blood goes to the extracranial mus-
cles in this species (703), the results ob-
tained to date with dopaminergic agents
must be treated with caution. Dopamine
has been shown to constrict cerebral ves-
sels in vitro (723), an observation which is
consistent with the effects of dopamine on
isolated coronary arteries (669). These ef-
fects are antagonised by phenoxybenza-
mine and, should the vessel have an active
tone, dopamine invariably dilates (234). It
is possible that the observed cerebral cir-
culatory effects of L-dopa (168) are due to
the activation of dopaminergic mecha-
nisms: the amino acid is converted rapidly
into dopamine both in peripheral tissues
and in the walls of brain capillaries (267).
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The intracisternal injection of dopamine
evokes a vasoconstrictory response in the
basilar artery, as seen by vertebral an-
giography (711).

In view of the wide-ranging biological
activities of dopamine (232, 233, 664), fu-
ture research should give consideration to
the possible effects that a “vasoactive”
agent, such as dopamine, might have on
the underlying cerebral metabolism and
neuronal function. Furthermore, regional
variations in the vascular response to do-
pamine may well be noted, depending
upon the extent of the cerebral dopamin-
ergic innervation.

G. Histamine

There is considerable experimental evi-
dence to suggest that the histamine in
brain is stored in intracerebral neurons
(608), although this has not yet been con-
firmed by direct visualization of histamine
in nerve fibres. Fluorescence histochemi-
cal and chemical studies have shown that
histamine is present in cerebral mast cells,
often with a perivascular localisation
(577). This opens the obvious possibility
that there could be a local action of hista-
mine on brain vessels and, for this reason,
experiments have been performed to char-
acterise histamine receptors. Several re-
search groups have studied the contractile
effect of histamine on cerebral vessels (8,
150, 154, 392, 490, 532, 660, 677).

The contractile effect of histamine has
been studied in the presence of 10~* buri-
mamide to avoid interference with dilata-
tory mechanisms (150, 154). In extracran-
ial arteries histamine produced a strong
contraction, whereas the contractile re-
sponse of the intracranial arteries was
only about one third of that and the ED50
concentration was high. These responses
and the finding that the classical antihis-
tamines, chlorpheniramine and mepyra-
mine, reduced the slope and maximum re-
sponse of histamine in the middle cerebral
artery, would indicate that the cerebrovas-
cular contraction was not mediated by spe-
cific histamine receptors. In extracranial
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arteries these antagonists produced a par-
allel shift of the histamine-induced con-
traction, demonstrating the presence of
histamine H,-receptors (150).

The dilatatory response to histamine
has been analysed after the arteries had
been given a tonic contraction and mepyr-
amine to block the contractile effect of his-
tamine (150, 154). Under such conditions,
histamine causes a dilatation with a low
ED50 in both intra- and extracranial ves-
sels. A parallel shift in the dose-response
curves was obtained with graded doses of
burimamide, demonstrating that the dila-
tation was mediated by histamine H,-re-
ceptors.

Based on these findings, it has been con-
cluded that the specific vasomotor action of
histamine in the brain involves only hista-
mine H,-receptors, whereas the contractile
effect of histamine is nonspecific. This is in
contrast to extracranial arteries in which
the presence of both contractile (H,) and
dilatatory (H,) histamine receptors has
been established during in vitro condi-
tions. These observations open the possi-
bility that histamine will mediate both
vasoconstriction and vasodilatation, de-
pending on the experimental conditions.

Angiography of the anterior cerebral ar-
tery of the monkey (694) has revealed that
histamine in a dose of 50 ug/kg induces a
marked dilatation. When the dose is in-
creased to 150 ug/kg of histamine the ves-
sel diameter is not changed. However, 300
ug/kg of histamine produces a uniform
constriction of the anterior cerebral ar-
tery. This study substantiates the impor-
tance of the two types of histamine recep-
tors that have been observed in the in vitro
studies cited above.

Early studies on the intravenous admin-
istration of histamine have shown uni-
formly a vasodilatation in the cerebral
vascular bed (641). The intra-arterial in-
jection of this amine (in a total dose of
about 14 ug) in patients, produces an im-
mediate vasodilation reaching its maxi-
mum response within 10 sec and lasting
less than 1 min (665). Andersson and Ku-
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bicek (16) observed an increased blood flow
to the brain after histamine administra-
tion (12-25 ug/kg). That Olesen and Skin-
hej (511) have not obtained any increase in
regional cerebral blood flow might be ex-
plained by the following facts: low dosage;
the studies were performed in geriatric pa-
tients; and the intra-arterial !'33Xe tech-
nique has a long time constant. Further-
more, an increase in cerebrospinal fluid
pressure is observed commonly after the
administration of histamine (224, 511).

Taken together, the findings point to
vascular effect of systemically-adminis-
tered histamine that is both transient and
rapid in onset. However, there is some
evidence of an action of the amine on the
larger cerebral vessels without signifi-
cantly affecting cerebral tissue perfusion
(511).

H. General Brain Stem Effects

The effects of selective stimulation and
ablation of various brain stem centres
have been studied extensively in a number
of experimental models. Brain stem stimu-
lation, sufficient to provoke the electro-
cortical “arousal” reaction, simultaneously
increased cortical blood flow in the cat
(303). With a nonquantitative technique
for the measurement of cerebral blood
flow, Molnar and Széant6 (474) have re-
ported that stimulation of the bulbar vaso-
motor centres increased cortical perfusion
although, in their instance, cortical desyn-
chronization did not invariably occur.
Stimulation of diffuse regions throughout
the pons and medulla oblongata resulted
in an increase in cerebral blood flow in the
monkey despite an arterial depressor re-
sponse (379). The stimulation of the as-
cending reticular formation in the brain
stem has been shown consistently to in-
crease cerebral blood flow in the anaesthe-
tised primate. Furthermore, such in-
creases in blood flow were accompanied, or
caused, by increases in cerebral oxygen
consumption and, less invariably, by de-
synchronization of the electroencephalo-
gram (456, 460).
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The preceeding five studies (303, 379,
456, 460, 474) have a number of common
features. In the first instance, the brain
areas in which stimulation evoked an in-
crease in cerebral perfusion were gener-
ally sited caudal to the mesencephalon and
rostral to the upper third of the pons. The
approximate distribution of these areas,
transferred to the human brain, is shown
in fig. 3. These areas can be compared to
the known localisation of the ascending
reticular activating system and the telen-
cephalic projections of the locus coeruleus,
also shown in fig. 3. Secondly, the in-
creases in blood flow were accompanied
usually by an increase in cerebral metabo-
lism or by activation of the electroencepha-
logram, were either of those parameters
measured. Accordingly, most workers
would consider that the increased perfu-
sion associated with pontine stimulation is
an example of the ability of the cerebral
vasculature to respond to changing meta-
bolic requirements. Many examples of
such a response can be cited: the increase
in blood flow in the visual pathways after
photic stimulation (56, 341); the increase
in blood flow in areas contiguous to an
epileptogenic focus (674); the increase in
regional cerebral blood flow after spatial
and verbal tests in awake man (571); and
the decreases and increases in blood flow
in slow wave and paradoxical sleep respec-
tively (28, 565, 671).

A different cerebrovascular pattern
emerges from the placement of brain le-
sions (fig. 3). High medullary, pontine,
and mesencephalic lesions reduce both me-
tabolism and blood flow in the cerebrum,
as well as greatly attenuating the cerebro-
vascular responsiveness to induced hyper-
capnia. A most marked depression of cere-
bral blood flow and oxygen consumption
has been noted in a patient with well-
defined lesion in the upper brain stem
(301, 304) and this finding has been con-
firmed in series of comatose patients with
less precisely located lesions (280). De-
structive lesions in the brain stem de-
crease the cerebral circulatory responsive-
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F1G. 3. Representation of some cerebral circulatory studies in which either stimulation or lesions of the
brain stem have been examined. In order to allow comparison, the various studies have been transferred to a
midsagittal section of the human brain. Sections I and II indicate the positions of the ascending noradrener-
gic system and the ascending reticular activating system respectively. In section III the blocked areas show
those lesioned sites which abolished the cerebral CO, reactivity in dogs (623). The stippled areas in this, and
the remaining sections, are those areas in which no effect was noted. Brain stem transections (81) and
pontine cold lesions (183) abolished CO, reactivity in cats, as shown in sections IV and V respectively.
Sections VI to VIII illustrate some studies in rhesus monkeys and baboons which demonstrated brain stem
gites, the stimulation of which resulted in an increase in cerebral blood flow and metabolism (379, 456, 460).

ness to pCO, in anaesthetised dogs (623),
although these studies were based on arte-
riovenous oxygen content differences and
the results must accordingly be qualified.
Cold injury lesions to the lateral aspect of
the pons firstly increase blood flow in the
contralateral hemisphere and then, along
with the establishment of brain stem oe-
dema, decrease the reactivity of the cere-
bral circulation to changing arterial pCO,
(183). Brain stem transections rostral, but
not caudal, to the pontomedullary junction
would seem to abolish the cerebrovascular
CO, reactivity (81). Such studies might

indicate that there is a brain stem centre,
responsive to changing pCO,, which me-
diates the cerebral circulatory responses to
hypo- and hypercapnia. However, such a
possibility is ruled out by the investigation
of Skinhej and Paulson (636) who demon-
strated that the intravertebral infusion of
hypercapnic blood did not affect cerebral
blood flow through the frontal and parietal
regions but did increase cerebellar blood
flow, although the intracarotid infusion of
the same blood increased cerebral perfu-
sion. Therefore, the most acceptable and
simplest explanation for the brain stem
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effects on the cerebral circulatory respon-
sivenss to CO, must be that there is a
brain stem system which, although not in
itself sensitive to CO,, sensitises cerebro-
vascular smooth muscle to carbon dioxide.
This brain stem system is probably part of
the ascending reticular activating system
and, possibly, is one of the ascending
monoaminergic pathways. This theory
would be supported by the fact that barbit-
urates decrease the CO, reactivity of the
cerebral circulation (210, 250). Other
agents such as propranolol (426) and the
prostaglandin inhibitor, indomethacin
(530), are able to reduce, or abolish, the
CO, response for reasons unexplained as
yet.

Hereto, few studies have examined the
specific influence of the ascending ami-
nergic systems on the cerebral circulation.
Raichle et al. (545) have reported that “se-
lective” stimulation of the locus coeruleus
with carbachol decreased cerebral blood
flow and that the intraventricular admin-
istration of the alpha-receptor blocking
agent phentolamine, had the opposite ef-
fect. However, there is little to support the
thesis that direct injection of carbachol
into an area as complex as the brain stem
would specifically stimulate central norad-
renergic neurons. Furthermore, the obser-
vations of Raichle et al. (545) were per-
formed on an extremely limited number of
experiments. A second investigation found
that stimulation of the intracerebral nor-
adrenergic pathway increased hypotha-
lamic blood flow, as measured by the 3Xe
injection technique. The disadvantages
and limitations of this method have been
mentioned earlier (583). The results of
these two studies (545, 583) are most inter-
esting but it must be stressed that bio-
chemical (324, 400, 690) or histochemical
(400) proof of selective interference with
the aminergic pathways must be pre-
ferred. Histological evidence of proximity
to these pathways is not sufficient, espe-
cially when species other than the rat (in
which the majority of the research has
been performed) are used to study the cen-
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tral aminergic systems. The profound ef-
fects of brain stem stimulation and abla-
tions on the EEG, perhaps with secondary
cerebral metabolic and respiratory effects,
again emphasises for the necessity of con-
trol data in central aminergic investiga-
tions (208, 406, 475, 476).

VII. Involvement of Aminergic
Mechanisms

A. Autoregulation to Changing Arterial
and Intracranial Pressure

The cerebral circulation displays auto-
regulation, a phenomenon which may be
defined as the intrinsic ability of an organ
or tissue to maintain a relatively constant
blood flow in the face of moderate changes
in perfusion pressure (the difference be-
tween mean arterial pressure and intra-
cranial pressure). Autoregulation ensures,
firstly, that the supply of oxygen, glucose,
and other essential nutrients is main-
tained constant, and secondly, that cere-
bral capillary pressure is maintained
within normal limits.

The constancy of cerebral blood flow is
achieved by the dilatation of cerebral arte-
rioles in response to a reduction in perfu-
sion pressure. The converse occurs when
perfusion pressure is increased. However,
when perfusion pressure is reduced there
is a point at which the arteriolar dilatation
is near maximal and further reductions in
perfusion pressure will result in a fall in
cerebral blood flow. This point is termed
the lower limit of autoregulation. Simi-
larly, as perfusion pressure is increased
there is a point at which the increase in
cerebrovascular resistance is maximal and
further increases in perfusion pressure re-
sult in an increase in cerebral blood flow.
This point is termed the upper limit of
autoregulation. These upper and lower
limits of autoregulation are not absolute,
unchangeable values, since the limits may
be affected by diverse factors such as
chronic hypertension and the degree of ac-
tivity in the sympathetic nerves that in-
nervate the cerebral vessels.
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Autoregulation may be impaired or
abolished by a number of situations that
would include severe hypercapnia, reac-
tive hyperaemia (or, in general, any form
of hypoxia), diabetes mellitis, and carotid
artery ligation or vasospasm. In almost all
types of intracranial pathology (embolic,
ischaemic, and neoplastic), a disturbed
autoregulation will be noted. Further-
more, autoregulation is a sensitive and
fragile mechanism and may readily be im-
paired by a number of experimental ma-
noeuvres.

Nature of autoregulation. Autoregula-
tion is a fundamental cardiovascular phe-
nomenon and, as such, has been noted in
almost every organ or type of tissue. With-
out exception, autoregulation is believed
to be an intrinsic feature of these tissues
and, in organs such as skeletal muscle and
kidney, autoregulation can only be demon-
strated after either surgical denervation or
the use of sympatholytic agents (for re-
view, see 199). With the kidney as an ex-
ample, a reduction in perfusion pressure
by haemorrhage results in renal vasocon-
striction (32, 350, 361, 692). However, in
the isolated kidney when autonomic and
humoral influences have been removed,
constancy of blood flow is seen after a re-
duction in perfusion pressure (198, 288).
Similarly, autoregulation to graded haem-
orrhage is noted in kidneys treated by
sympathectomy (361) or after the adminis-
tration of a ganglionic blocking agent (32).
A reduction in renal perfusion pressure by
graded occlusion of the abdominal aorta
does not affect autoregulation of renal
blood flow (32).

From such investigations has arisen the
concept that renal autoregulation is essen-
tially an intrinsic mechanism; but auto-
regulation may be overridden by the pro-
found renal vasoconstriction, mediated by
the adrenergic innervation and the in-
creased levels of circulating catechol-
amines which accompanies haemorrhagic
shock.

Neither acute nor chronic superior cer-
vical sympathectomy alters the normal
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pressure/flow relationship of the cerebral
circulation (163, 189, 654, 691). Neither
does administration of alpha-adrenergic
blocking agents, such as phentolamine
and phenoxybenzamine, impair autoregu-
lation (189, 459, 480, 631). Cerebral autore-
gulation is still present after the induction
of hypotension with ganglionic blocking
agents, such as pentolinium, hexametho-
nium, and trimetaphan (87, 134, 188, 296):
Such agents will presumably interrupt
both sympathetic and parasympathetic
transmission, including that of the cholin-
ergic innervation of the cerebral circula-
tion.

Autoregulation in the spinal cord re-
mains intact after high cervical cord tran-
section—in other words, after separation
of the spinal cord from the cerebral control
of the sympathetic nervous system (347,
354, 355). In patients with physiologically
complete cervical cord transection, cere-
bral blood flow remained constant during
induced hypo- and hypertension (485).
These studies reinforce the viewpoint that
control of autoregulation is independent of
the cervical sympathetic pathways. With
care, even isolated perfused brain prepara-
tions can display autoregulation (376).

The pressure in a cannulated branch of
the middle cerebral artery can be changed
although constancy of blood flow is noted
in the vein of Labbé, which drains the area
supplied by that arterial branch (663).
This manoeuvre can be accomplished
without affecting systemic arterial pres-
sure and, hence, baroreceptor activity.
The classical studies of Fog (193, 194, 196)
and Forbes et al. (201) demonstrated pial
arteriolar constriction (after induced hy-
pertension) and dilatation (after induced
hypotension): responses which were not
impaired either by superior cervical gan-
glionectomy or by section of the vagus,
aortic depressor, or carotid sinus nerves.

The venous-arteriolar response has been
described in the cerebral circulation (172)
which supports the opinion that autoregu-
lation is a phenomenon inherent to the
cerebral circulation. Earlier investiga-
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tions have demonstrated that, with pro-
portionate reductions of perfusion pres-
sure, the cerebrovascular resistance was
consistently higher when the reduction in
perfusion pressure was effected by an in-
crease in venous pressure when compared
to a reduction effected by a decrease in
arterial pressure (166, 171): this phenome-
non is defined as the venous-arteriolar re-
sponse. Such differences in cerebrovascu-
lar resistance imply the existence of a ve-
nous-arteriolar mechanism. However, in
other investigations the acute elevation of
cerebral venous pressure was without ef-
fect on blood flow through the brain (312,
546).

Much of the discussion about a neuro-
genic control of autoregulation is based on
the eristic studies of James et al. (314) and
Ponte and Purves (535). These workers
have advanced the hypothesis that the
characteristic pressure/flow relationship is
reflexly controlled with the carotid sinus
baroreceptors being the afferent compo-
nents and the cervical sympathetic and
VIIth cranial nerves being the efferent
components of this reflex arc. The investi-
gations by Purves and his colleagues (314,
535) have prompted a number of laborato-
ries to examine the contribution of neural
reflexes to the physiological responses of
the cerebral circulation. However, Heistad
and Marcus (281) and others (162, 550)
have been unable to demonstrate any
change in either focal or regional cerebral
blood flow after either selective stimula-
tion or denervation of the peripheral arte-
rial baroreceptors.

One factor not discussed in such studies
is the profound effects that selective baro-
receptor stimulation can have on electro-
cortical activity. Carotid sinus stimulation
can reduce cortical electrical activity,
while occlusion below a carotid sinus blind
sac induces outburst of electrocortical
sham rage (26, 58, 100, 441). Such changes
were potentiated by a bilateral vagotomy
and abolished by section of Hering’s
nerves. Bearing this information in mind,
it must be considered of cardinal impor-
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tance to monitor electrocardial activity
and cerebral metabolism during cerebral
circulatory experiments that involve
peripheral baroreceptive function.

The study of James et al. (314) would
suggest that the adrenergic innervation of
the cerebrovascular bed is essential for the
maintenance of autoregulation. However,
a later investigation (189) strongly implies
that the linear pressure/flow relationship
after cervical sympathectomy found by
James et al. (314) was due to an experi-
mental artifact—that of posthypoxic reac-
tive hyperaemia —rather than due to the
sympathectomy per se (207, 357, 383, 658,
659).

Cholinergic mechanisms. Some studies
have implied that the autoregulatory va-
sodilatation to induced hypotension may
be affected by the, presumably, cholinergic
fibres of the VIIth cranial nerve. Support
for the concept of a parasympathetic vaso-
dilatation can be adduced from the obser-
vations of Mchedlishvili and Nikolaishvili
(445) who found that the intravenous ad-
ministration of atropine and other post-
ganglionic cholinergic inhibitors abolished
the autoregulatory dilatation to haemor-
rhagic hypotension. However, such studies
are fraught with difficulties; the repeated
lowering of systemic arterial pressure, by .
itself, will tend to attenuate or completely
abolish the appropriate changes in pial
vessel calibre. Although the systemic ad-
ministration of atropine does not affect
cerebral autoregulation (342, 584), the an-
ticholinesterase agent, neostigmine, is
able to decrease the constrictor response to
an increase in cerebral perfusion pressure
(19). A further caution is required. Many
of these studies “quantify” an impairment
in autoregulation through the use of an
autoregulation index (19, 342, 508). This
index is no more than:

ACBF
ACPP

where CBF is cerebral blood flow and
CPP is the cerebral perfusion pressure (al-
though this latter term is usually unjusti-
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fiably simplified to the systemic arterial
pressure). The fallacy in the use of an au-
toregulatory index, to describe an impair-
ment in autoregulation, is that it treats
the pressure/flow relationship of the cere-
bral circulation as a linear function. In
reality, this relationship is a cubic func-
tion and the points of inflection of this
function (the lower and upper limits of
autoregulation) may be modulated by the
factors as diverse as the degree of adre-
nergic nerve activity (46, 153, 189), the ex-
istence of essential hypertension (325, 652,
655), and the degree of respiratory alkalo-
sis or acidosis (170, 269).

Shy-Drager syndrome. Patients with
chronic idiopathic autonomic insuffi-
ciency, variously termed idiopathic ortho-
static hypotension and the Shy-Drager
syndrome, have been investigated in a
number of laboratories (85, 239, 458, 485,
486, 635) in an attempt to gain further in-
sight into the role of the autonomic inner-
vation of the cerebral circulation. Unfortu-
nately, this further insight has not been
forthcoming and the various conflicting re-
ports have tended to greatly confuse the is-
sue. These discrepancies might be due in
part to the fact that in some of the patients
the arterial pressure was increased or de-
creased to levels outside the range of auto-
regulation in normal man. Again, it must
be emphasised that the use of autoregula-
tion “indices” will tend to obscure, rather
than clarify, the issue. Furthermore, these
patients show degenerative changes in the
ascending and descending spinal tracts as
well as in a number of brain stem nuclei
(609, 624, 628, 678), including the nuclei
that give rise to the central monoaminer-
gic pathways. Because of the extreme hy-
potensive episodes that occur in these pa-
tients, it is to be expected that ischaemic
cell changes will occur in the arterial
boundary zones of the cerebral and cere-
bellar cortices (4, 65, 628) and autoregula-
tion will be abolished in the ischaemic tis-
sues (261, 524, 632). Finally, it is specula-
tively possible that morphological adapta-
tions of vascular smooth muscle occur in
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patients with idiopathic autonomic insuffi-
ciency. In patients with chronic hyperten-
sion there is a medial hypertrophy which
has marked effects on fundamental hae-
modynamic phenomena, such as autoregu-
lation. Could, by analogy, there be a me-
dial atrophy in patients with long-lasting,
severe hypotension and could this affect
cerebral autoregulation? When methodo-
logical artifacts, the existence of wide-
spread neuropathological lesions, and the
possibility of vascular adaptations are
taken into account, one must come regret-
tably to the conclusion that studies in pa-
tients with idiopathic orthostatic hypoten-
sion are unlikely to shed light on the cere-
brovascular role of the autonomic nervous
system in man.

Chronic hypertension. In chronic hyper-
tension there are structural vascular
changes (197, 422, 630) which occur in the
cerebral vascular walls and which make
hypertensive subjects less tolerant to low
arterial pressures: at the same time, this
“structural” tone makes them more toler-
ant to high arterial pressures and reduces
the risk of a damaging vascular crisis (326,
385). In passing, it should be noted that
there is a true supersensitivity and a vas-
cular hyper-reactivity to noradrenaline in
the peripheral beds of animals with
chronic renovascular hypertension (101,
187). Such phenomena have yet to be de-
scribed in the cerebral circulation.

Role of the sympathetic nervous system.
Notwithstanding the many negative stud-
ies, some unanimity is appearing regard-
ing the role of the cerebrovascular sympa-
thetic innervation in the autoregulation of
cerebral blood flow. It is probable that the
sympathetic nervous system imparts
“functional” tone (i.e., adrenergic nervous
activity) to the cerebral circulation, some-
what analogous to the “structural” tone
(i.e., hypertrophy of the medial muscula-
ture) which is imparted by chronic hyper-
tension. Activation of the sympathetic
nervous system or the existence of essen-
tial hypertension can shift the upper and
lower limits of autoregulation to higher



AMINE METABOLISM AND CEREBRAL CIRCULATION

absolute levels of systemic arterial pres-
sure in a qualitatively similar manner
(fig. 4).

Fitch et al. (189) have demonstrated that
the lower limit of autoregulation is ap-
proximately 65 mm Hg to controlled hae-
morrhage. Under identical experimental
conditions the lower limit of autoregula-
tion was approximately 35 mm Hg when
either an acute cervical sympathectomy
was performed, or the alpha-adrenergic
blocking agent, phenoxybenzamine, was
administered intravenously. The implica-
tion of such a study is that the indiscrimi-
nate sympathoadrenal discharge, which
accompanies haemorrhagic hypotension,
curtails the ability of the cerebral arteries
to dilate at low systemic arterial pres-
sures. When this discharge is removed,
then the arteries can dilate to their maxi-
mum capacity. An independent investiga-
tion has confirmed that phenoxybenza-
mine treatment prevents the decrease in
cerebral blood flow at low, haemorrhage-
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induced arterial pressures (364). A fall in
arterial pressure, caused by decompress-
ing the lower half of the body, effects a
constriction, not a dilatation, of the larger
cerebral arteries (60). In studies which
compared profound hypotension induced
by haemorrhage or by momentary cardiac
arrest with hypotension induced by a gan-
glion blocker (trimetaphan camsylate), it
was found that the cerebral angiographic
circulation time was maintained at a
lower absolute level of arterial pres-
sure with the ganglionic blocking agent
(401, 402). This finding has been confirmed
with a more direct measure of cerebral
blood flow (188). Also, in support, Hernan-
déz-Pérez et al. (284) have shown that su-
perior cervical ganglionectomy shifted the
lower limit of cerebral autoregulation to a
lower absolute level of mean arterial pres-
sure, again hypotension being induced by
graded haemorrhage. An in vitro study by
Farrar (179) has shown that, when arterial
resistance is increased by noradrenaline,
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F1G. 4. A graph to illustrate the modifying effect of sympathetic nervous activity on the autoregulation of
cerebral blood flow. A: The lower limit of autoregulation during haemorrhage, i.e., accompanied by a
marked sympathoadrenal discharge. B: The lower limit of autoregulation during haemorrhage with either
alpha-adrenergic blockade or cervical sympathectomy. The lower limit of autoregulation to intracranial
hypertension occurs also around this point. C: The upper limit of autoregulation to drug-induced hyperten-
sion. D: The upper limit of autoregulation to drug-induced hypertension along with stimulation of the

cervical sympathetic trunk.
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the lower limit of autoregulation (or “criti-
cal transmural pressure”) is increased to
higher values of perfusion pressure.

The concept that adrenergic nerve activ-
ity, by increasing the tone of cerebrovascu-
lar smooth muscle, can reset the range of
cerebral blood flow autoregulation might
explain some discrepancies between the
lower limit of autoregulation to haemor-
rhagic hypotension and the lower limit of
autoregulation to intracranial hyperten-
sion. Significant differences between the
lower limits of autoregulation have been
found in two comparative studies (251,
257). The former would seem to occur at
perfusion pressures between 60 to 70 mm
Hg (163, 188, 189, 251, 257, 269, 281, 469),

. whereas the latter occurs at perfusion
pressure of approximately 30 mm Hg (251,
323, 469, 726). The significant difference
between the two manoeuvres to alter per-
fusion pressure is the sympathico-adrenal
system discharges throughout haemor-
rhagic hypotension but discharges only
when extreme intracranial hypertension is
reached. The Cushing type of sympathico-
adrenal discharge occurs when the intra-
cranial pressure reaches the level of the
mean or even systolic arterial pressures
(31, 279, 365, 380, 698), i.e., at perfusion
pressures far below the lower limit of auto-
regulation to intracranial hypertension.

Thus it would seem that, under condi-
tions of haemorrhagic hypotension, an ad-
renergic-mediated vasconstriction de-
creases the possible range of cerebral auto-
regulation. An extension of such findings
would be that the cerebral circulation is at
a greater risk during a state of haemor-
rhagic or cardiogenic shock than it is when
deliberate hypotension is induced during
anaesthesia by autonomic blocking
agents.

The effect of the sympathetic nervous
system on the upper limit of autoregula-
tion has been examined in only three in-
vestigations so far. Strandgaard et al.
(654) were unable to demonstrate any ef-
fect of sympathetic denervation on the up-
per limit of autoregulation of cerebral
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blood flow. In retrospect, this negative re-
sult is to be expected because there would
be little sympathetic activity as hyperten-
sion was induced by the intravenous infu-
sion of angiotensin. These findings (654)
are in accordance with the observation of
Byrom (78) that bilateral cervical sympa-
thectomy neither prevented nor relieved
the development of hypertensive encepha-
lopathy in rats with extreme renovascular
hypertension.

The more satisfactory experiment (46)
was to stimulate the cervical sympathetic
trunk during induced hypertension (46).
The stimulation shifted the upper limit of
autoregulation to higher absolute levels of
arterial pressure. These observations have
been confirmed and extended in an inves-
tigation in anaesthetised rats (153). It
would thus seem that cervical adrenergic
activity can prevent or forestall the unde-
sirable cerebral sequelae obtained in non-
stimulated animals during extreme hyper-
tension, namely hyperperfusion (180, 319,
429, 653, 654), loss of autoregulation (653),
blood-brain barrier lesions (180, 258, 266,
320, 321, 429), and depressed electroen-
cephalographic activity (320). Bevan et al.
(43) first demonstrated that arterial pres-
sure in normotensive man rises through-
out the day to pressures that would be
considered previously to be above the up-
per limit of cerebral autoregulation (637,
654, 655). Some of the “physiological” hy-
pertensive episodes that were cited by Be-
van et al. (43) included driving in traffic,
heated arguments, babysitting, and coi-
tus. The question therefore arises: Why
should coitus not result in hypertensive
encephalopathy? However, such hyperten-
sive episodes are mediated by the sympa-
thetic nervous system which is simultane-
ously increasing cerebrovascular resist-
ance and so preventing breakthrough of
autoregulation.

In conclusion, most workers would con-
sider that the basic pattern of blood flow
regulation in the brain is essentially the
same as is found in other vascular beds;
namely, there is an inherent stability of
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the vessels, and the regulation of their
calibre in response to local metabolic re-
quirements is the apposition and interac-
tion of mechanisms that involve vascular
smooth muscle directly (myogenic or Bay-
liss responses) (29), and mechanisms that
involve metabolic or mediator substances.
The extrinsic adrenergic and cholinergic
effects may be superimposed upon such
intrinsic, basic mechanisms. Neurogenic
influences may moderate, but not control,
autoregulation.

B. Reactivity of the Cerebral Circulation
to Changing Blood Gas Tensions

The involvement of the autonomic nerv-
ous system in the well-documented reac-
tivity of the cerebral circulation to changes
in the arterial CO, tension is much de-
bated. Very little is known about possible
neurogenic influences in the cerebral cir-
culatory responses to changes in arterial
oxygen content.

There are a number of experimental
studies which would suggest that the cere-
brovascular sensitivity to carbon dioxide is
essentially a local and intrinsic phenome-
non. The arteriolar dilatation that follows
an increase in the arterial CO, tension is
believed to be mediated via an increase in
the hydrogen ion concentration of the mi-
lieu around resistance vessels in the brain.
Some experiments provide strong support
for such a local mechanism: the pial arte-
riolar dilatation after the topical injection
of acid cerebrospinal fluid (CSF) solutions
(685); and the blood flow increase which
occurs in paraventricular tissues after the
ventriculocisternal perfusion of acidic CSF
(520). Additional supportive evidence for
this local CO, hypothesis can be found in
many other investigations (552, 617, 636)
which, however, have yet to be reconciled
with the possibility of brain stem effects on
the CO, sensitivity of the cerebral circula-
tion, as discussed in section VI, H.

In peripheral tissues, the local reac-
tion of resistance vessels is to dilate in
response to respiratory acidosis, but this
local mechanism is overridden by central
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adrenergic mechanisms (118, 132). In gen-
eral, both cardiac and peripheral vascular
reactivity to sympathomimetic amines are
reduced during hypercapnia (20, 77). A
similar phenomenon has been described in
the cerebral circulation as the pial arterio-
lar sensitivity to noradrenaline is reduced
considerably when the amine is applied in
an acidic CSF solution (688).

The administration of alpha-adrenergic
blocking agents (phenoxybenzamine,
phentolamine, and thymoxamine) has
been shown to have little or no effect on
the CO. sensitivity of the cerebral circula-
tion, and especially the vasoconstriction
induced by hypocapnia (291, 459, 631). In
contrast, Corbett et al. (105) have claimed
that alpha-adrenergic blockade can atten-
uate the hypocapnic vasoconstriction. A
second study by this group (161) asserted
that patients with a high cervical cord
transection (and thus no sympathetic out-
flow) also failed to show a decrease in cere-
bral blood flow during hypocapnia. Both of
these investigations (105, 161) have been
strongly criticized on the grounds that the
inhalation method of measuring cerebral
blood flow led to artifactual results due to
extracranial contamination (291, 633).

Although superior cervical sympathec-
tomy would seem to have a minimal effect
on cerebrovascular CO, sensitivity (651,
691), the stimulation of the cervical sym-
pathetic trunk can effect a significant re-
duction in blood flow during hypercapnia
(272, 314, 353). The blood flow reduction is
not, however, below the base-line, normo-
capnic levels of blood flow. The decrease
seen with both sympathetic stimulation
and noradrenaline infusions during hyper-
capnia has led to the formulation of the
“dual effects” hypothesis (270, 272, 507),
which states that when the cerebral ves-
sels are near maximally dilated as in hy-
percapnia, then the vasoconstrictor prop-
erties of sympathetic stimulation will be
unmasked.

The involvement of the parasympathetic
nervous system in cerebrovascular CO,
reactivity has been examined to a very
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limited extent. The circulatory response to
hypercapnia is depressed by atropine (342,
584) and the response is enhanced by eser-
ine (584) or by the intravertebral adminis-
tration of neostigmine (19). The response
to hypercapnia seemed to be unaltered by
unilateral or bilateral transection of the
VIIth cranial nerve which putatively con-
tains the parasympathetic fibres, inner-
vating the pial vasculature (290).

In any experimental study there are
various factors which should be consid-
ered, as they may affect the relationship
between aminergic systems and cerebro-
vascular CO, reactivity. Hypercapnia, al-
though at narcotic concentrations of CO,,
can increase the penetrability of the blood-
brain barrier (112, 235). The CO, reactivity
is directly related to the resting oxygen
utilization of the brain (210; see fig. 5).
Experimental spasm or ligation of the ma-
jor extracranial arteries reduces the CO,
sensitivity (273), as does moderate hypo-
tension (274). Extreme hypotension abol-
ishes the CO, sensitivity (274). Finally, it
should be remembered that metabolic aci-

CBF
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dosis or alkalosis will not affect cerebral
blood flow (271) unless the blood-brain bar-
rier is disrupted (519).

The possibility that the cerebral circula-
tory responses to changing arterial gases
are reflex, and not local, in nature has
been opened by the study by Ponte and
Purves in 1974 (535). These workers sug-
gested that the response of the cerebral
blood vessels to hypercapnia and, espe-
cially, hypoxia was reflexly controlled via
the peripheral arterial chemoreceptors.
However, two later investigations have
been unable to show any effect of chemode-
nervation or the cerebral circulatory re-
sponses to hypoxia (282, 672), and, more-
over, selective stimulation of the carotid
chemoreceptors was unable to effect any
changes in cerebral blood flow (282). It
would also seem that pial arterioles will
dilate when hypoxic solutions of CSF are
applied directly to them (553). Hypoxia
will still elicit an increase in cerebral
blood flow after bilateral section of the
VIIth cranial nerve (290), the proposed ef-
ferent limb of the chemoreceptor reflex.
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CMRO; (m!t 0, /100 g - min)

F16. 5. The relationship between blood flow and metabolism in the dog brain, both at normocapnia and at
hypercapnia. Cerebral oxygen consumption was decreased by barbiturate anaesthesia [modified from
Fuyjishima et al. (210)).
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Apart from the involvement of hypoxia
in the chemoreceptor reflex, there has
been no examination of the relationship
between aminergic mechanisms and the
cerebral circulatory responses to changing
arterial O, tensions. The basic hypoxic re-
sponse, with its threshold at a pO, be-
tween 50 and 60 mm Hg, has been well
described (358, 444). Likewise, carbon
monoxide intoxication increases cerebral
blood flow in a graded manner (430). In
peripheral tissues hypoxia relaxes vascu-
lar smooth muscle both in vitro (86, 125)
and in vivo (119, 132). However, in vitro
investigations are complicated {requently
by changing arterial pressure during expo-
sure to hypoxia and it should be noted that
hypoxia results in a loss of cerebrovascular
autoregulation (357).

C. Intracranial Pressure and CSF
Formation

The cerebral blood volume and the rate
of formation of CSF are two factors that
could influence intracranial pressure. In
this context, it is convenient to look upon
the choroid plexus as part of the cerebro-
vascular bed with special functions in-
volved in another cerebral circulatory sys-
tem, namely that of the CSF. There is
reason to believe that both factors in turn
could be influenced by the autonomic nerv-
ous system. The venous system of the
brain—as the main capacitance compo-
nent, containing the greater fraction of the
total cerebral blood volume—receives
sympathetic fibres that have been demon-
strated by fluorescence histochemistry
(137, 489, 516). The pial system has, fur-
thermore, been shown to possess a cholin-
ergic innervation of similar density as the
adrenergic system (145). Light microscopy
has shown that in the choroid plexus tis-
sue adrenergic (148) and cholinergic (143)
nerve terminals run adjacent both to the
epithelial cells which produce CSF and to
the choroidal vessels. Electronmicroscopic
studies on cat and rabbit plexuses have
revealed nonmyelinated axon terminals in

close relation both to epithelial cells (dis-
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tance 20 nm) and to smooth muscle cells
(distances less than 100 nm) of small arte-
rioles (140). These nerve terminals fulfil
the ultrastructural criteria necessary for a
true innervation.

The observation that ventricular fluid
pressure is reduced to below base-line lev-
els 1 day after sympathectomy would tend
to confirm the fact that noradrenaline can
stimulate cerebrovascular receptors dur-
ing the early stage of degeneration (157).
When the sympathetic nerves have lost
their noradrenaline, 3 to 6 days postopera-
tively, the ventricular fluid pressure is
higher than in the control state (157). The
pressure returns to base-line levels about 2
weeks after the sympathectomy (157)
which could be due to the progressive de-
velopment of denervation supersensitivity
(378).

When comparing the changes in ventric-
ular fluid pressure after sympathectomy
with the sequence of corresponding
changes in cerebral blood volume it is evi-
dent that the patterns resemble each other
closely (147, 155). It should be noted that
the cerebral blood volume measurements
were performed on smaller animals (mice
rather than rabbits) and the denervation
effects occur more rapidly.

Measurements of choroidal carbonic an-
hydrase activity have been performed and
used as a functional parameter of CSF pro-
duction, to which carbonic anhydrase ac-
tivity is related (140). The enzyme activity
increases after the elimination of nor-
adrenaline from the choroidal plexuses
either by reserpine treatment or by sym-
pathetic denervation (140). The enzyme

) activity returns to normal when denerva-

tion supersensitivity develops 1 week later
(140). These observations show that the
choroid plexus is innervated by sympa-
thetic nerves from the superior cervical
ganglia that inhibit the production of CSF.

D. Functional Activity

Rather than reviewing the enormous
field that associates aminergic mecha-
nisms with behaviour, it was considered
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worthwhile to examine a few, well-docu-
mented situations in which amines are re-
lated to marked changes in neuronal activ-
ity and these, in turn, are related to
changes in cerebral perfusion. These situa-
tions are anxiety, stress, sleep, intellec-
tual effort, and the behavioural changes
resulting from the administration of either
amphetamine or lysergic acid diethylam-
ide (LSD). Common to all these situations
is that objective evidence of changes in
brain function can be obtained. In many of
these functional states, there are clear
changes in cerebral metabolism as well as
blood flow.

Brain amines are released during stress-
ful conditions. Swimming and running ex-
haustion cause a decrease in brain sero-
tonin and noradrenaline levels (23). Other
types of stressful conditions (foot shocks,
fighting, self-stimulation, exposure to
cold, and immobilisation) increase brain
noradrenaline turnover (360) and decrease
total brain noradrenaline (50, 440). It is
widely accepted that the ascending cate-
cholamine neurons participate in the
maintenance of wakefulness. The dopa-
mine neurons of the nigrostriatal system
are of importance for normal behaviour
(behavioural arousal), while the noradre-
nergic neurons of the locus coeruleus, pro-
jecting via the dorsal tegmental catechol-
amine bundle to certain forebrain areas
such as the cerebral cortex, are of impor-
tance for the electrocortical aspects of
wakefulness, that is, cortical arousal (398,
399).

Furthermore, conditions such as immo-
bilisation stress have been observed to be
accompanied by an increase in brain oxy-
gen consumption and blood flow (83).
These effects were abolished almost com-
pletely by adrenalectomy or by the admin-
istration of the beta-receptor blocking
agent, propranolol (83). Such findings in-
dicate that peripheral, as well as central,
catecholamines might be involved in the
activation of the cerebral circulation to
stress. As it has been demonstrated that
catecholamines can cross the blood-brain
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barrier to a certain extent (268, 502), the
amines which are released from peripheral
storage sites (adrenal gland, sympathetic
nerves) may well affect cerebral blood flow
directly or indirectly. Electrocortical acti-
vation results from the intravenous infu-
sion of catecholamines and from drug-in-
duced hypertension (58, 437, 538) and this
observation might, in part, account for the
cerebral circulatory responses to stress.

Amphetamine is used commonly in be-
havioural studies. The central excitation
caused by amphetamine is mediated via
catecholamine mechanisms (106) and
these effects are thought to be due to the
release of central noradrenaline and dopa-
mine (106). Abreu et al. (1) and Shenkin
(625) found no consistent effect on brain
oxygen consumption or on cerebral blood
flow after the administration of amphet-
amine. This lack of effect is not surprising,
as the dose used (less than 0.4 mg/kg) is a
fraction of the amount subsequently em-
ployed in studies of monoamine metabo-
lism. If amphetamine is given, enormous
increases in both oxygen consumption and
blood flow occur (84). The effects produced
by amphetamine are as great as those ob-
served during the extremes of hypercap-
nia, hypoxia, and epileptic seizures
(Siesjé, personal communication). Simi-
larly, the hallucinogen, lysergic acid di-
ethylamide, increases blood flow in spe-
cific areas of the brain, notably the frontal
and parietal cortices and the cerebellum
(236).

Brain amines are implicated in the func-
tional changes of sleep. Sleep can be di-
vided into two types: one synchronised
phase (“slow wave sleep”) and one desyn-
chronised phase (“paradoxical or rapid eye
movement (REM) sleep”). It seems that
slow wave sleep is controlled by the sero-
tonin-containing neurons of the raphé sys-
tem (93, 331, 473) and wakefulness is con-
trolled by catecholamine-containing neu-
rons of the reticular activating system of
pons and mesencephalon (362, 363). The
exact role of amines in paradoxical sleep is
not determined, but there is an involve-



AMINE METABOLISM AND CEREBRAL CIRCULATION

ment of noradrenaline as well as acetyl-
choline neuron systems (339, 537). A small
increase in blood flow was reported by
Mangold et al. (436) during sleep, the in-
crease being unrelated to any change in
PCO, and overall cerebral metabolism.
Cerebral blood flow is enhanced markedly
during paradoxical sleep (28, 565, 620,
671). This increase in regional blood flow
was less pronounced in man (620, 671)
than it was in cats where flow doubled in
some regions (565).

The solution of arithmetical problems—
as a model for mental effort—on brain cir-
culation and metabolism has been studied
(642). Hereto, no changes in total flow or
metabolism have been noted. Thus, it
seems that even concentrated mental ef-
fort does not lead to a noticeable increase
in total cerebral blood flow. Risberg and
Ingvar (572), on the other hand, have ob-
served a redistribution of regional cerebral
blood flow during psychological tasks. This
observation indicates that an increase in
activity in some parts of the brain may be
accompanied by a reduction in others,
overall cerebral blood flow being un-
changed. Such differences in cerebrovascu-
lar reactivity have been observed, as cer-
tain brain regions respond well to adrener-
gic agents although other regions respond
to a much lesser extent (615).

In normal brain there are unequivocal
relationships between neuronal activity
and blood flow, and it is the factors that
cause these relationships that are proving
to be the greatest problem in cerebral cir-
culatory physiology. What are the factors
that link activity, metabolism, and flow in
the brain? Because of their wide-ranging
functional, metabolic, and vascular effects
it would be unwise to dismiss amines, and
they should be considered as candidates for
these physiological linkages. One further
associationship might be considered: there
is a voluminous literature which relates
dysfunction of the central monoaminergic
systems to the affective disorders, such as
mania and depression, and to schizophre-
nia (61, 120, 126, 601, 602). The pattern of
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regional cerebral blood flow is markedly
different from normal in patients with de-
mentia or schizophrenia (253, 300).

VIII. Conclusions

A large number of factors must be con-
sidered in every experimental study into
the relationship between amines and the
cerebral circulation. We have tried to dis-
cuss these factors in a critical manner and
fig. 6 is our attempt at summarising them.

There is abundant evidence that larger
(“inflow tract”) arteries and pial arterioles
are innervated by both adrenergic and
cholinergic fibres. There can be little
doubt that the intraparenchymal arteri-
oles receive a sympathetic innervation. It
is currently a matter of debate as to
whether the cerebral capillaries are inner-
vated by fibres from the central noradre-
nergic pathways. If so, such an arrange-
ment would be a unique and intriguing
feature.

The blood-brain barrier to amines and
amine precursors could be thought of as
two very differing entities. There is both a
structural barrier (an anatomical contin-
uum of cerebral capillary endothelial cells)
and an enzymatic barrier (dopa decarbox-
ylase, monoamine oxidase, and other en-
zymes are connected within these endothe-
lial cells). The extent of these barrier
mechanisms is not yet known conclusively
and, likewise, it is not known whether
they protect the cerebrovascular smooth
muscle of all the cerebral resistance ves-
sels from circulating amines. Amines and
amine precursors penetrate the barrier to
varying degrees. Not only does the barrier
affect the passage of amines, but some
amines could well affect the integrity of
the barrier. Some factors, such as hyper-
tension, can disrupt the barrier and these
are important in understanding the differ-
ence between a number of experimental
studies.

It should be remembered that the cere-
bral parenchyma contains many ami-
nergic cell systems which, although proba-
bly not vasomotor in nature, could influ-
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ence cerebrovascular smooth muscle either
by diffusion of their contents through the
interstitial fluid or by secondary effects on
other parenchymal cells. It is widely ac-
cepted that the endogenous amines can
stimulate carbohydrate metabolism in
most tissues of the body, including the
brain. Numerous investigations would
tend to suggest that the metabolic
stimulation by the catecholamines is me-
diated by beta-adrenoreceptors. The link-
ages between brain metabolism and blood
flow are not understood, and we suggest
that the possible involvement of amines in
the intrinsic relationship between flow,
metabolism, and functional activity is
worthy of further attention.

The findings of any particular study on
the cerebral circulation will be no better
than the method used. A multitude of
techniques exist that purport to measure
cerebral blood flow. Very few of them do
s0. The reliability and accuracy of each
technique must be examined critically be-
fore any weight can be placed on the bio-
logical importance of the findings. In the
majority of experimental animals, and to a
lesser extent primates, including man,

considerable difficulties can arise because
of inability to differentiate adequately be-
tween the cerebral and the extracranial
circulations. Another experimental arti-
fact that has to be borne in mind is the ef-
fect of trauma associated with a number of
techniques. Those methods that are based
upon the Fick principle have yielded the
most meaningful results in the past. How-
ever, techniques designed to measure
blood flow in discrete regions of the brain
might well prove to be the most revealing
in future investigations.

A number of amine receptors have been
demonstrated through the use of in vitro
and in vivo techniques. The existence of
these receptors satisfies the fundamental
criterion for a functional role for amines in
the vasculature. Nevertheless, correctly
designed experiments have yet to be per-
formed that would examine the interac-
tions between amines and vascular smooth
muscle under physiological conditions.
Little can be said about the involvement of
amines in pathological conditions.

Most of the current knowledge about
aminergic nerves relates to the sympa-
thetic system, few studies having exam-
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ined the cholinergic system. It might be
profitable to pay more attention to the cho-
linergic and central amine systems. The
use of neurotoxic agents and selective le-
sions might elucidate the influence of
brain stem centres (and, especially, the
aminergic components of the reticular sys-
tem) or the cerebral circulation. However,
just as peripheral hypersensitivity is a
confusing factor in the studies on the auto-
nomic nervous system, so might the phe-
nomenon of central denervation supersen-
sitivity complicate studies on the paren-
chymal amine systems.

The sympathetic system has a modulat-
ing role in autoregulation. It could well be
that, were the extremes of the cerebral
circulatory responses to carbon dioxide
and hypoxia examined, further intricate
roles of the autonomic nervous system
might possibly be elucidated.

We find it disturbing that this review
has had to concentrate on problems of in-
terpretation and approach, rather than
posmve findings, regarding amine mecha-
nisms in the cerebral circulation. How-
ever, this balance reflects the complexity
of the problem, and it is evident that the
more complex the problem the more elu-
sive the solution.
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