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Preface 

The Third Advanced Seminar in Neurosurgical Research was held in the Palazzo Pisani Moretta, Venice, Italy 
from 30th April to 1st May, 1987 and was devoted to "Neuroendocrinological Aspects of Neurosurgery". The 
general aim of these advanced seminars is to bring together European Neurosurgeons interested or involved in 
research work, either clinically, experimentally or both, in a given field in order to achieve in-depth informal 
discussions not possible in the more conventional large congress. In particular, these advanced seminars seek to 
provide high level teaching by experienced basic scientists, to provide "state of the art" assessment of the subject 
and to highlight areas of controversy that may be suitable for future research. A special effort is made to identify 
younger neurosurgeons through the auspices of the European Directory of Neurosurgical Research, who have a 
particular interest in the subject under discussion, not all of whom will have immediate access to the most 
advanced, modern technology. 

The topic of Neuroendocrinology was chosen because clinically it is an area of controversy that should be 
amenable to application of new techniques, including molecular biology. There is a tendency on the part of 
Endocrinologists not to appreciate always that disturbances seen by Neurosurgeons may be different and need 
special attention. Inevitably there has been a little delay in publication of the manuscripts but these have been 
updated appropriately. Professor Weindl's lecture on the Circumventricular Organs has recently appeared as a 
full review in the Journal of Cerebral Blood Flow and Metabolism (1987; 7: 663-672). Neurosurgeons everywhere 
will look forward to Professor Choux' final detailed analysis of his personal series of endocrine disturbances 
following craniopharyngioma surgery. 

We would like to pay particular tribute to Dr. A. Molendini and Miss Malina Mannarino of the Scientific 
Public Relations Department of FIDIA Research Laboratories who sponsored and organized this very productive 
meeting. All the participants enjoyed the fruitful interchanges, made all the more memorable by the atmosphere 
created by its location in Venice. We hope that this publication will stimulate many neurosurgeons to study their 
patients with endocrine disturbances and possibly improve their methods of management. We are also very grateful 
to Mrs. S. Perry for all her care with checking the references and manuscripts. Blackwell Scientific Publications 
Limited have kindly permitted reproduction of the chapter from "Neuroendocrinology" edited by Stafford L. 
Lightman and B. J. Everitt (1986: pages 5-31). 

J. D. Pickard 
F. Cohadon 

J. Lobo Antunes 

on behalf of the Research Committee of the E.A.N.S. 
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Neuroendocrine Anatomy of the Hypothalamus * 

B. J. Everitt 1 and T. Hokfelt2 

I Department of Anatomy, University of Cambridge, Cambridge, U.K. 
2 Department of Histology, Karolinska Institutet, Stockholm, Sweden 

Summary 

The hypothalamus is a most complex part of the CNS having rich 
interconnections with forebrain, limbic and brainstem structures. Its 
outflow is directed in such a way as to influence the endocrine system 
(via the neurohypophyseal and adenohypophyseal neurosecretory 
systems), the autonomic nervous system (via projections to pregan
glionic cell groups in brainstem and spinal cord) and behavioural 
responses to physiological and environmental cues via its interaction 
with limbic and somatomotor systems. The chemical identity of many 
of its neuronal messengers and those of some of its important af
ferents, such as the monoaminergic neurons, has opened the way to 
a form of systematic experimental investigation with chemical tools 
more powerful than those available to neuroendocrinologists in the 
past. Much of the information which follows has accrued very rapidly 
through the use of these methods to reveal the rich complexities of 
neuroendocrine integration. 

The hypothalamus is at the centre of neuroendocrine, 
autonomic and homeostatic regulation. It controls hor
mone secretion from the anterior and posterior pitui
tary and also the organized patterns of autonomic 
events with which endocrine changes are often closely 
co-ordinated. The hypothalamus also controls or mod
ifies a number of homeostatic processes as disparate 
as respiration, body temperature regulation and the 
ingestion of food and water. The integration of so
matomotor, autonomic and endocrine responses which 
characterize the expression of emotional behaviour, of
ten discussed in relation to the limbic system, are also 
attributable in large part to the hypothalamus. The 
hypothalamus is able to exert such profound controls 
over these functions through its rich connections with 
many parts of the central nervous system (eNS), no-

* With kind permission from Blackwell Scientific Publications, 
Oxford, taken from Lightmann, SL, Everitt, BJ (eds) Neuroendo
crinology, pp 5-31. 

tably the brainstem reticular formation and autonomic 
zones, limbic forebrain (particularly the amygdala) and 
cerebral cortex. Many of these neuroanatomical rela
tionships have long been recognized, but the recent 
advances in histochemical and immunocytochemical 
techniques have revealed remarkable detail of the 
chemical anatomy of the hypothalamus and, therefore, 
the ways in which neurohumoral mechanisms govern
ing pituitary secretion are organized. 

It is with the organization of the hypothalamus, its 
afferent and efferent connections, chemical neuroan
atomy and relationships to the pituitary that this chap
ter is concerned. 

Development, Boundaries and Blood Supply 

Development 

The hypothalamus develops from the embryonic di
encephalon which is itself one division of the most 
anterior of the three primary brain vesicles, the pros
encephalon (the other division being the telencephalon 
which becomes the cerebral hemispheres). It first ap
pears as the lowest of three swellings in the lateral wall 
of the third ventricle and it becomes separated from 
the other two, the epithalamus and the thalamus, by 
a longitudinal groove called the hypothalamic sulcus 
(Fig. I a). As the hypothalamus and thalamus develop 
in the lateral walls of the diencephalon (the thalamus, 
unlike the hypothalamus, developing in close associ
ation with the cortex), the central cavity between them 
is gradually transformed into the slit-like third ventricle 
(VIII), whose roof is formed by a single layer of epen
dyma covered by a capillary-rich mesenchyme. The 
local invagination of these capillaries, together with the 
underlying ependyma forms the choroid plexus of the 
third ventricle. 
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Fig. 1. Development of the pituitary gland. The neurohypophysis is 
derived from a downward evagination of the diencephalon, the in
fundibulum (a, b). The adenohypophysis develops from an ecto
dermal diverticulum of the primitive oral cavity, Rathke's pouch (a, 
b). The two elements ultimately fuse (c, d) and contact with the oral 
cavity is lost 

The hypophysis develops in close association with 
the hypothalamus, Indeed, the neurohypophysis (the 
posterior or neural lobe and infundibular stem) devel
ops as a downward evagination of the diencephalon 
called the infundibulum (Fig. 1 a). By contrast the ad
enohypophysis (anterior lobe) has a non-neural origin 
developing, as it does, from an ectodermal diverticulum 
of the primitive oral cavity called Rathke's pouch 
(Fig. I b). This diverticulum elongates dorsally to con
tact the down-growing infundibulum with which it ul
timately fuses, losing contact with the oral cavity. Cells 
from the adenohypophysis subsequently extend along 
and around the pituitary stalk to form the pars tuberalis 
(Fig. 1 b). Thus, the neurohypophysis is in neural com
munication with the overlying hypothalamus, from 
which it developed as a "downgrowth". The adeno
hypophysis, conversely, has no direct neural contact 
with the hypothalamus but instead, a rich vascular 

communication between the two develops which is 
called the portal system. It is by this means that anterior 
pituitary secretion is controlled by the hypothalamus, 
that is, they are in humoral contact. (For further em
bryological details see Heimer 1983, Sidman and Rakic 
1982, Hamilton and Mossman 1982.) 

Boundaries 

From this developmental perspective it can be seen that 
the hypothalamus is situated at the base of the dien
cephalon, beneath the thalamus (from which it is sep
arated by the longitudinally running hypothalamic sul
cus, which delimits the dorsal extent of the hypothal
amus) and on each side of the midline, third ventricle. 
The rostral boundary of the hypothalamus is conven
tionally taken to be the lamina terminalis (which ap
pears to run ventrally from the region of the anterior 
commissure, to the base of the brain) while caudally 
the boundary is taken to be an imaginary line which 
extends between the caudal limit of the mamillary body, 
below, to the posterior commissure above. These ros
tral and caudal boundaries are not well circumscribed 
when examining the hypothalamus microscopically, 
giving the correct impression that it merges in a con
tinuous way with adjacent, surrounding parts of the 
CNS. Thus, rostrally, the hypothalamus is continuous 
through the preoptic area (see below) with the septal 
area and parts of the anterior perforated substance. 
The anterior zone of the lateral hypothalamus merges 
laterally with the substantia innominata while more 
caudally it abuts the internal capsule (dorsolaterally) 
and globus pallidus (laterally and ventrally). Caudally, 
the hypothalamus is continuous with the central grey 
matter and tegmentum of the mesencephalon. 

The basal surface of the hypothalamus is defined 
by the optic chiasm rostrally and the mamillary bodies 
caudally. In between is a grey swelling called the tuber 
cinereum which tapers ventrally into the infundibulum 
which, together with the infundibular part of the ad
enohypophysis, forms the hypophyseal stalk. This in
fundibular region at the base of the hypothalamus is 
frequently called the median eminence. It is a most 
important site for vascular communication between 
hypothalamus and pituitary (see below). The lateral 
eminence found at the lateral margin of the tuber ci
nereum marks the site of the ventrally located lateral 
tuberal nuclei of the hypothalamus. 

Blood Supply 

The blood supply of the basal hypothalamus, infun
dibulum, hypophyseal stalk and the pituitary gland is 
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Fig. 2. Schematic representation of 
the blood supply of the median em
inence, infundibulum and adeno
hypophysis 
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derived from the carotid arteries via the superior and 
inferior hypophyseal arteries (Fig. 2). The anterior me
dian eminence and major part of the hypophyseal stalk 
receive their arterial supply from the superior hypoph
yseal arteries. The more posterior parts of the median 
eminence are supplied by separate vessels derived from 
the circle of Willis, while the most ventral part of the 
hypophyseal stalk is supplied by the paired trabecular 
arteries which run from the superior hypophyseal ves
sels. The neurohypophysis is supplied by the inferior 
hypophyseal arteries which anastamose with the su
perior hypophyseal circulation via the trabecular ar
teries. 

The majority of the blood supply of the adenohy
pophysis is derived not from the hypophyseal arteries 
directly but indirectly through a capillary portal plexus 
(Fig. 2). Thus, the arteries supplying the median emi
nence empty into a rich capillary network. Some of 
these capillaries form long loops which extend upwards 
penetrating the palisade zone of the median eminence, 
almost to the ventricular floor, while others are shorter 
and remain in a "mantle" plexus. The portal vessels 
run downwards on both sides of and behind the hy
pophyseal stalk to reach the adenohypophysis where 
these so-called "long portal vessels" are joined by the 
"short portal vessels" arising in the ventral-most hy
pophyseal stalk and derived in part from the inferior 
hypophyseal arteries (Fig. 2). Some 90% of adenohy
pophyseal blood supply arrives through the long portal 

vessels (the short portal supply is minor) which dis
tribute blood to the sinusoids of the gland. 

It has recently become clear that relatively few ve
nous channels run between the anterior pituitary and 
cavernous sinus, although this has long been assumed 
to be the obvious route of venous drainage of the gland, 
ultimately leaving the skull via the jugular veins. Con
versely, numerous venous channels run between the 
neurohypophysis and cavernous sinus. It has been sug
gested, on the basis of such observations, that the major 
adenohypophyseal venous drainage is through the 
short portal veins into this neurohypophyseal capillary 
plexus. Thus, the flow of blood containing adenohy
pophyseal hormones might be regulated in part by 
those factors normally controlling the neurohypophy
seal capillary plexus. Hence, the direction of venous 
blood flow may vary during different physiological 
states, indeed might reverse through the capillary 
plexus to reach the median eminence, or through the 
arteries that supply large areas of the mediobasal hy
pothalamus. It has, however, not been established 
whether such retrograde flow of portal blood occurs 
in physiological circumstances nor, if it does occur, 
what significance this may have for the feedback reg
ulation of hypothalamic hormone secretion or for the 
purported central effects of pituitary peptides. How
ever, there is a clear potential for dynamic, regulatory 
changes in the pituitary capillary bed which may not 
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previously have been considered in functional studies 
of the effects of anterior pituitary hormones. 

One additional, important feature of the portal cap
illaries should be emphasized here and that is that they 
share the structural characteristics of peripheral not 
central capillaries. That is to say, the capillary endo
thelium is fenestrated and not marked by tight junc
tional complexes, as is the case in cerebral capillaries. 
Thus, it is often said that the median eminence region 
of the hypothalamus lies outside the blood-brain bar
rier, the structural manifestation of which is provided 
by the tight junctions between capillary endothelial cells 
(in the brain proper) or between the cells of the choroid 
epithelium (in the case of the choroid plexus within the 
ventricular system). This characteristic of fenestrated 
capillaries is shared by the circumventricular organs 
with which the median eminence region is often 
grouped. These include the organum vasculosum of the 
lamina terminalis (OVLT, previously called the su
praoptic crest, which is notable for its rich innervation 
by GnRH-containing neurons) and the subfornical or
gan (SFO) which is believed to be important in me
diating some of the dipsogenic effects of angiotensin. 
(For further information on the development, gross 
anatomy and bloody supply of the hypothalamus see 
Haymaker etal. 1969, Moore 1978, Morgane and 
Panksepp 1979, Krieger and Hughes 1980.) 

The ependymal cells at the base of the third ventricle, 
called tanycytes, are specialized in that they have long 
processes which extend through the median eminence 
to reach the portal vessels, terminating in dilated end 
feet. For many years their function has remained a 
mystery, but the recent demonstration that they contain 
the dopamine and adenosine monophosphate regulated 
phosphoprotein (DARPP-32, see Ouimet et al. 1984), 
which is a specific marker for cells with D 1 dopamine 
receptors, suggests they may mediate some of the effects 
of dopamine on hypothalamic hormone secretion 
within the external layer of the median eminence (Ev
eritt et al. 1986). 

Anatomical Organization 

It is convenient to use the three major landmarks on 
the ventral surface of the hypothalamus (optic chiasm, 
tuber cinereum and mammillary bodies) to divide the 
hypothalamus into three parts: rostral supraoptic, mid
dle tuberal and caudal mammillary (Fig. 3). Convention 
also dictates the longitudinal division of each half of 
the hypothalamus into medial and lateral zones. The 
medial zone is cell-rich and the neurons form more or 

less well-defined aggregations or nuclei. This nuclear 
organization is rather at the heart of many of the state
ments in the 1950-60's about hypothalamic function, 
when this structure was regarded more as a system of 
"centres". This concept of hypothalamic organization 
arose because it was observed that lesions of discrete 
nuclei, for example the ventromedial or medial preoptic 
nuclei, led to profound changes in specific behaviours 
or endocrine functions (e.g. eating, sexual behaviour 
and gonadotrophin secretion). The lateral zone, by con
trast, cannot readily be subdivided into nuclei, the large 
numbers of scattered neurons here forming, therefore, 
the lateral hypothalamic area. This area is also char
acterized by the presence of a large bundle of ascending 
and descending axons called the medial forebrain bun
dle (MFB) which, as will become clear, forms a major 
input/output route for the medial hypothalamic zone. 

The Anterior or Supraoptic Group of Nuclei 
(Fig. 3a, b) 

Two prominent nuclei are apparent in this group, the 
supraoptic (SON) and paraventricular (PVN) nuclei. 
They are prominent because of the large cells which 
project their axons to the posterior pituitary as the 
hypothalamo-hypophysial tract. Several islands of 
magnocellular neurons are also found between the SON 
and PVN nuclei and appear to be embryonically mis
placed parts of the main nuclei. These nuclei are richly 
vascularized and comprise the magnocellular neurose
cretory system. The para ventricular nucleus is larger 
and more complex than the supraoptic nucleus since 
it also contains several distinctive parvocellular divi
sions (anterior, medial, dorsal and lateral-see Swan
son and Kuypers 1980, Van den Pol 1982). As will be 
seen later, the PVN occupies a strategic position in the 
hypothalamus, having rich interconnections with au
tonomic and other regions of the brainstem and spinal 
cord as well as with the pituitary gland (Sawchenko 
and Swanson 1982). The relationship between the par
vocellular and magnocellular divisions of the PVN is 
not entirely clear, but suggestions that it acts as an 
"interneuron pool" which integrates information later 
to be transferred to the magnocellular division can be 
only partly true (Van den Pol 1980). Immunocyto
chemical studies have revealed the parvocellular divi
sion of the PVN to be a rich source of neuropeptides 
involved in the regulation of anterior pituitary secretion 
(see below). 

The suprachiasmatic nuclei are also distinctive, al
most circular nuclei (in coronal section) which nearly 
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Fig. 3. Schematic representation of hypo
thalamic nuclei. (a) Represents a sagittal 
view of the hypothalamus while (b), (c), and 
(d) are coronal sections taken in the planes 
1, 2, and 3 in (a) 
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touch each other in the midline at the base of the 
hypothalamus, beneath and adjacent to the rostral part 
of the third ventricle lying just above the optic chiasm. 
These nuclei, are intimately concerned with the gen
eration of circadian rhythms and control daily rhythms 
in hormone secretion and behaviour. Much has been 

learned recently of their chemical neuroanatomy (Card 
and Moore 1984, Lightmann and Everitt 1986). 

The continuum formed by the anterior hypotha
lamic and preoptic areas, including the medial preoptic 
nucleus, is also an important, if not well defined region 
in this anterior zone. It represents a major target for 
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the sex steroids, being rich in oestradiol and testoster
one receptors, as is the septal area with which the preop
tic area merges rostrally. 

The Middle or Tuberal Group of Nuclei (Fig. 3 a, c) 

In this region the distinctive ventromedial and dorso
medial nuclei are situated together with the arcuate (or 
infundibular) nucleus which surrounds the ventral part 
of the third ventricle. The ventromedial nucleus, like 
the paraventricular nucleus, has considerable numbers 
of afferent and efferent connections with other regions 
of the CNS including the brainstem, particularly the 
mesencephalic central grey matter, and spinal cord 
(Conrad and Pfaff 1976a, b, Swanson and Cowan 
1975). 

Many neurons of the arcuate nuclei project, like 
those in medial parvocellular parts of the PVN, into 
the median eminence region where their axons termi
nate in the pericapillary spaces of the portal capillary 
loops. These projections form part of the diffuse, par
vocellular neurosecretory system which controls ade
no hypophyseal hormone secretion (Lechan et al. 1982). 
It is, however, important to note that the arcuate nu
cleus, especially its medial part containing many small 
neuronal cell bodies, gives rise to centrally and/or lo
cally directed projections. The lateral tuberal or pos
terior magnocellular nuclei are also present in this part 
of the hypothalamus, lying in a ventrolateral position 
close to the surface (see below). 

The Posterior or Mammillary Group of Nuclei 
(Fig.3a, d) 

This group consists of the poorly defined posterior 
hypothalamic area, which is continuous caudally with 
the mesencephalic central grey, and the complex of 
mammillary nuclei (medial and lateral) which collec
tively form the mammillary bodies visible on the ventral 
surface. Recently, much interest has focused on the 
posterior magnocellular nuclei since they appear to be 
comprised, in large part, of neurons containing hista
mine, GABA and the neuropeptide galanin and which 
project widely over the forebrain, particularly inner
vating the neocortex (Takeda et al. 1984). 

Throughout the antero-posterior extent of the hy
pothalamus there lies a sub-ependymal, periventricular 
nucleus which is rich in neurons, often of characteristic 
neurochemical type (see below) and which also contains 
an extensive system of ascending and descending fibres 
(see below). 

(For more details of hypothalamic anatomy see 

Haymakeretal. 1969, Reichlinetal. 1978, Moore 1978, 
Morgane and Panksepp 1979.) 

Connections of the Hypothalamus 

The use of silver impregnation, histochemical tract
tracing (e.g. horseradish peroxidase transport), fluo
rescent dye-tracing and immunocytochemical tech
niques has both confirmed, and revealed new details 
of, the complexity and richness of hypothalamic con
nections. These connections are with the forebrain, par
ticularly limbic areas, brainstem and spinal cord struc
tures as well as with the vascular system. The latter are 
both efferent (e.g. hypothalamic hormones secreted 
into the portal plexus) and afferent (e.g. steroid hor
mones involved in feedback actions) in nature. Some 
hypothalamic afferents enter the medial, nuclear areas 
directly (e.g. monoaminergic neurons) but many others 
enter indirectly through the medial forebrain bundle 
system after relay in the lateral hypothalamic area 
(Millhouse 1969). 

There is no single, totally acceptable or efficient way 
of describing hypothalamic connections. Many, if not 
all, of the so-called afferent systems also carry hypo
thalamic efferents. Terming them "ascending" or "de
scending", "extrinsic" or "intrinsic" also introduces 
ambiguities and a list of exceptions. Here, then, the 
principle fibre systems carrying information to and 
from the hypothalamus will be described with the prin
cipal sources and destinations of their component parts. 

The Medial Forebrain Bundle and Dorsal Longitudinal 
Fasciculus 

Both ascending and descending projections to the hy
pothalamus run in the MFB and, in many cases, relay 
in the lateral hypothalamic area. The advent of fluo
rescence histochemical techniques in the 1960s and, 
more recently, immunocytochemical techniques re
vealed that a large proportion of the monoamine-con
taining neurons in the brainstem (Fig. 4) project directly 
to the hypothalamus, as well as the striatum, basal 
forebrain and neocortex, through the MFB (Fig. 5). 
Noradrenergic neurons (Fig.4a) in the ventrolateral 
medulla oblongata (group A 1 in the nomenclature of 
Dahlstrom and Fuxe 1964 and which will be referred 
to in the rest of the description which follows; see 
H6kfelt et al. 1984 b) and in the nucleus of the solitary 
tract (group A2) project heavily to the hypothalamus. 
The axons ascend in the central tegmental tract to enter 
the MFB in the midbrain (Moore and Bloom 1978). 
This group of fibres is often termed the ventral norad-
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renergic bundle/pathway to distinguish it from the pro
jections of the locus coeruleus (cell group A6, Fig. 4b), 
which run in the so-called dorsal noradrenergic bundle. 
However, it has recently become clear that a substantial 
number of A 1 axons run up to join the dorsal bundle 
in the mesencephalon, subsequently merging with the 
MFB in the caudal, lateral hypothalamus (Swanson 
and Sawchenko 1983). While the locus coeruleus no
radrenergic neurons densely and uniquely innervate the 
neocortex and hippocampus, they also project sub
stantially to the periventricular zone of the hypo thal-

amus (Moore and Bloom 1979, Sawchenko and Swan
son 1982). 

Fibres leave the MFB to pass dorsally and medially 
over the fornix to reach more dorsal areas of the hy
pothalamus (e.g. the paraventricular nucleus) or sweep 
ventrally and medially to reach more ventral areas (e.g. 

supraoptic, arcuate and suprachiasmatic nuclei). The 
medial preoptic and anterior hypothalamic areas also 
receive a rich noradrenergic input. The particularly 
dense noradrenergic innervation of the supraoptic and 
paraventricular nuclei (both parvi- and magnocellular 
parts of the latter) has been analysed in great detail 
(Sawchenko and Swanson 1982). 

The adrenaline-containing neurons of the medulla 
(cell groups CI and C2 ; Hokfelt et al. 1984a; Fig.4a), 
which form rostral extensions of groups AI and A2, 

also project to the medial hypothalamus, again with 
dense terminations in the paraventricular nuclei. This 
system of projections is often neglected in functional 
terms because it is assumed to be small. However, op
timizing the immunohistochemical visualization of the 
marker, biosynthetic enzyme phenylethanolamine-n
methyl transferase (PNMT) has revealed that both the 
neuronal cell groups and their projections are substan
tial and focused largely on the hypothalamus (Hokfelt 
et al. 1984a). 

The 5-hydroxytryptamine (5-HT)-containing neu
rons of the mesencephallic raphe nuclei (cell groups 
B 7, 8 and 9; Dahlstrom and Fuxe 1964; Fig. 4c) also 
project to the hypothalamus via the MFB. There is a 
widespread innervation of the medial hypothalamus, 
but this is particularly dense in the mammillary com
plex, the periventricular zone, the arcuate and supra
chiasmatic nuclei. The internal layer of the median 

Fig. 4. Three transverse sections of the brain stem through the medulla 
oblongata (a), the pons (b) and the midbrain (c). In (a), catecholamine 
cell groups A 1 (and C 1) in the ventrolateral medulla and A2 (and 
C2) in the nucleus tractus solitarius are shown. In (b), the norad
renergic locus ceruleus (A 6) is shown in the floor of the fourth 
ventricle. In (c), the serotoninergic cell groups B 7 (dorsal raphe 
nucleus) and B8 (median raphe nucleus) are shown .• Represents 
bodies; Amb nucleus ambiguus; AP area postrema; Aq cerebral 
aqueduct; CC central canal; CGM periaqueductal grey matter; Cu 

cuneate nucleus; DR dorsal raphe nucleus; Gr gracile nucleus; [0 
inferior olive; LC locus ceruleus; LRt lateral reticular nucleus; LD Tg 

latero-dorsal tegmental nucleus; ml{ medial longitudinal fasciculus; 
MnR median raphe nucleus; Me5 mesencephalic nucleus of fifth 
nerve; DPB. VPB dorsal and ventral parabrachial nuclei; sol solitary 
tract; Sp5C spinal nucleus of fifth nerve; SubC nucleus subceruleus; 
scp superior cerebellar peduncle; py pyramid; 10. 12 vagal and hy
poglossal nuclei 
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eminence also receives a moderate 5-HT input (Stein
busch 1981). 

The dorsal longitudinal fasciculus is part of an ex
tensive peri ventricular system of ascending and de
scending fibres connecting the hypothalamus with the 
mesencephalic periaqueductal grey and preganglionic, 
autonomic nuclei in the brainstem and spinal cord. 
Many noradrenergic (Ab A2, and A6), serotoninergic 
and also adrenergic axons ascend from the brainstem 
to reach the periventricular nuclear zone of the hy
pothalamus through the system. Many dopamine-con
taining neurons lie within the periaqueductal and per
iventricular (hypothalamic) grey and these, too, project 
to and within the hypothalamus, particularly to its 
rostral parts, although detailed information concerning 
this system is generally lacking (Lindvall and Bjorklund 
1978, Moore and Bloom 1978). 

The source of cholinergic afferents to the hypo
thalamus has yet to be definitively established (see Fi-

b 

biger 1982). Many hypothalamic neurons are acetyl
cholinesterase (A Chase) positive but recent investiga
tions using antibodies to the specific cholinergic neuron 
marker, choline acetyltransferase (ChAT), have con
firmed their cholinoceptive but non-cholinergic char
acter. The magnocellular neurons of the PVN and SON 
nuclei (as well as medial preoptic, arcuate and mam
millary neurons) are particulary rich in AChase activity 
and potent cholinergic influences on vasopressin se
cretion have been demonstrated. There is some evi
dence that the cholinergic input to the PVN and SON 
arises from neurons lying adjacent to these nuclei, 
within the hypothalamus while ChAT immunoreactive 
neurons have been reported in the arcuate nuclei (see 
Everitt et al. 1986). Whether ChAT positive, cholin
ergic neurons in the basal forebrain (which innervate 
the cortex) or in the laterodorsal tegmental nucleus in 
the pons (which innervate the thalamus) contribute to 
hypothalamic cholinergic inputs has not been estab-



B. J. Everitt and T. H6kfelt: Neuroendocrine Anatomy of the Hypothalamus 9 

lished. Powerful influences of acetylcholine on neu
rohypophyseal, adenohypophyseal and behavioural 
regulation make this an important area to clarify. Great 
advances in revealing the details of cholinergic neuronal 
systems have followed the development of specific 
ChAT antibodies and it seems reasonable to suggest 
that the source of hypothalamic cholinergic inputs will 
become clear relatively soon (see Mesulam et al. 1984). 

Many non-monoaminergic brains tern neurons, of
ten described as "reticular formation neurons" project 
via the central tegmental tract and MFB. A large pro
portion terminate on lateral hypothalamic neurons, or 
the dendrites of medial hypothalamic neurons which 
extend into the lateral hypothalamic area. Lateral hy
pothalamic neurons have widespread projections, some 
of which are directed medially to the nuclear zone of 
the hypothalamus (Millhouse 1969, Moore 1978). 

Of the descending inputs to the hypothalamus which 
run in the MFB, the most important arise from basal 
forebrain structures, often grouped together under the 
confusing heading "limbic system". These include the 
olfactory areas of the forebrain, the amygdaloid nu
clear complex, septal nuclei and, indeed, neocortical 
structures. While some of these structures, e.g. the 
amygdala (see below) project directly into the medial 
hypothalamus, many terminate in the lateral hypotha
lamic area to reach more medial structures indirectly. 

Of course, many axons running in the MFB may 
not be involved with hypothalamic function at all. 
These include descending projections from the fore
brain which run to the brainstem reticular formation 
and autonomic nuclei and also ascending systems such 
as the nigrostriatal dopaminergic system and monoam
inergic projections to the cortex. 

The lateral hypothalamic area and MFB system also 
provide an important route for the flow of information 
out of the medial hypothalamus. Although some of the 
medial nuclei project directly to structures outside the 
hypothalamus (see below), the lateral hypothalamic 
projection forms a major pathway for medial hypo
thalamic influences on other areas of the CNS, includ
ing autonomic nuclei in the brains tern and spinal cord. 
However, some structures, such as the parvocellular 
division of the paraventricular nucleus, also project 
directly to areas including the dorsal vagal complex 
and intermediolateral cell column in the thoracic and 
lumbosacral spinal cord which are intimately con
cerned with autonomic function. 

Stria Terminalis and Ventral Amygdalofugal Pathway 

The stria terminalis is a major pathway reciprocally 
interconnecting the amygdaloid nuclear complex in the 

temporal lobe with the medial hypothalamus (Fig. 5a). 
The organization of the amygdala is too complex to 
describe in detail here but, to simplify it in the present 
context, it is the corticomedial and central nuclei which 
project in major part to the hypothalamus. The stria 
terminalis divides into several components in the region 
of the anterior commissure (having passed its looping 
course from the temporal lobe, behind and then above 
the thalamus). Some of its components pass to the 
septal area, the bed nucleus of the stria terminalis and 
the ventral striatum while another runs downwards and 
caudally into the medial hypothalamus (Fig. 5a). The 
amygdala, including basolateral nuclei, also projects to 
the hypothalamus via a diffuse system called the ventral 
amygdalofugal pathway which runs between the medial 
temporal lobe and lateral hypothalamic area/MFB sys
tem. Fibres running in this system, besides terminating 
in the lateral and medial hypothalamus, also run to 
the mediodorsal nucleus of the thalamus, ventral stria
tum, cingulate cortex and brainstem autonomic nuclei. 
Clearly, the amygdala directs a considerable proportion 
of its efferents to the hypothalamus where it may mod
ulate both anterior pituitary hormone secretion and 
emotional behaviour. A major source of afferents to 
those parts of the amygdala projecting to the hypo
thalamus are the olfactory system (to the cortical and 
medial nuclei) and gustatory parts of the autonomic 
nervous system (nucleus of the solitary tract and par
abrachial nuclei which project to the central nucleus). 
(For further details of amygdalo-hypothalamic con
nections see Heimer 1983.) 

Fornix and Connections of the Mammillary Nuclei 

The fornix is the major efferent projection from the 
hippocampus in the temporal lobe. It runs behind and 
then above the thalamus to divide over the anterior 
commissure. The pre-commissural division terminates 
in septal nuclei and ventral striatum. The post com
missural division terminates within the mammillary nu
clei (Fig. 5 a, b). 

The mammillary peduncle contains axons of neu
rons in the mesencephalic tegmental nuclei which ter
minate primarily in the lateral mammillary nucleus 
(Fig. 5b). The majority of efferents from the mammil
lary complex run in the mammillothalamic tract to 
reach, via the internal medullary lamina, the anterior 
thalamic nucleus (Fig. 5b). (The multisynaptic projec
tions of the latter via the cingulate cortex, cingulum 
and en to rhinal cortex which projects in turn to the 
hippocampal formation, constitutes the long known 
and still poorly understood "Papez circuit".) The mam-
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millotegmental tract (Fig. 5b) is largely composed of 
collaterals of mammillothalamic fibres which project 
to the midbrain tegmental nuclei where the mammillary 
peduncle arises (Heimer 1983). 

Stria medullaris 

While often described as a projection system from the 
septal nuclei and medial olfactory stria to the habenula, 
many of the component fibres of the stria medullaris 
also connect the lateral preoptic-anterior hypothalamic 
region with the epithalamic, habenular nuclear complex 
(Fig. Sa). The habenula projects to the interpeduncular 
nucleus and surrounding ventral tegmental area of the 
midbrain, that is to say, into an area with important 
projections back into the circuitry of the limbic system. 

Retinohypothalamic Tract 

The suprachiasmatic nuclei receive a direct, bilateral 
input from the retina. This projection is most important 
in mediating the influence of day/night cycles on the 
entrainment of circadian rhythms. 

Intrahypothalamic Connections 

There are abundant intrahypothalamic projections 
which are both too numerous, complex and contro
versial to detail (see Conrad and Pfaff 1976a, b, Swan
son 1976, Saper, Swanson and Cowan 1976, Swanson 
and Cowan 1975) although a few will be highlighted 
here. The medial preoptic and anterior hypothalamic 
areas, which are rich in steroid hormone receptors and 
implicated in the control of sexual behaviour, have 

substantial projections into the lateral hypothalamic 
area along its entire axis. In addition, the medial preop
tic area projects caudally to the anterior hypothalamic 
area, para ventricular nucleus, arcuate nucleus and both 
internal and external layers of the median eminence 
(see below). The anterior hypothalamic area projects 
to the preoptic region rostrally, and also to the par
aventricular, dorsomedial, ventromedial and arcuate 
nuclei. The suprachiasmatic nuclei project to the par
aventricular nuclei. The ventromedial nucleus has re
ceived much attention in recent years and, apart from 
ascending projections to the preoptic/anterior hypo
thalamic and lateral hypothalamic areas, gives impor
tant inputs to the mesencephalic periaqueductal grey 
which is continuous with the periventricular, posterior 
hypothalamus. 

Chemical Neuroanatomy 
and the Hypothalamohypophyseal Pathways 

The Magnocellular Neurosecretory System 

This is comprised of the projections of the large neurons 
of the paraventricular and supraoptic nuclei (and as
sociated cell clusters in the anterior medial hypothal
amus) to the neurohypophysis (see Sofroniew 1985). 
Axons of para ventricular neurons sweep laterally, over 
and around the fornix and then ventrally to join axons 
of the supraoptic neurons as the supraoptico- (or hy
pothalamo-) hypophyseal tract (Fig. 6). The axons then 
turn caudally, to run in the internal layer of the median 
eminence to reach the neurohypophysis. Here, the ter
minals assume a close association with the capillary 
plexus of the posterior lobe. 



B. 1. Everitt and T. Hokfelt : Neuroendocrine Anatomy of the Hypothalamus II 

Anterior 
commissu re _____ ---.. 

+--________ Paraventricular 

Medial preopt ic nucleus 
nucleus _____ +-1 

+/'---:;,...q __ +-___ Arcuate nucleus 
Optic chiasm ____ _ 

'--____ ,v,ammil lary body 

Superior 
hypophyseal 

artery -----=-Y' .---___ Inferior 

Porta l system ---------::~-tl 

hypophyseal 
artery 

Adenohypophysis ____ _+_ 

....:;>'-'C;k,--------- Vei n 

Vein -----{w' '----_______ ''' eu rohypophysis 

Fig. 7. (a) Schematic representation of the parvocellular neurose
cretory system. Neurons in the medial preoptic area (e.g. GnRH
containing), anterior peri ventricular nucleus (e .g . somatostatin-con
taining), medial parvocellular paraventricular nucleus (e.g. CRF-, 
TRF- and neurotensin-containing) and arcuate nucleus (e.g. GRH
, GABA- and dopamine-containing) send their axons down to the 
portal vessels in the external layer (palisade zone) of the median 
eminence where neurosecretion occurs. (b) Further illustration of 
both parvocellular and magnocellular neurosecretory systems show
ing the course frequently taken by neurosecretory neurons over and 
around the fornix, converging in the retrochiasmatic area eventually 
to reach the external and internal layers of the median eminence and 
infundibulum (after Palkovits 1982). ReAL retrochiasmatic area ; 
NPE periventricular nucleus. Other abbreviations in text 

Approximately equal numbers of oxytocin- and va
sopressin-containing neurons are present in both su
praoptic and paraventricular nuclei of the rat, albeit 
in separable zones (Rhodes et al. 1982, Sawchenko and 
Swanson 1982). Thus, oxytocin neurons are present in 
more dorsal parts of the supraoptic nucleus, they pre
dominate in anterior and medial magnocellular parts 
of the para ventricular nucleus and group together in 
ventromedial parts of its posterior magnocellular di
vision (Sawchenko and Swanson 1982). Vasopressin 
neurons are largely restricted to ventral parts of the 
supraoptic nucleus and a spherical, lateral zone in the 
posterior magnocellular paraventricular nucleus (Saw
chenko and Swanson 1982, Sofroniew 1985). The ap
propriate neurophysins are also present, and readily 
visualized in these oxytocin and vasopressin neuronal 
cell bodies, axons and terminals. 

a 

The Parvocellular Neurosecretory System 

This is less concisely organized if, indeed, it is an entity 
and has only recently been revealed in all its complexity 
by contemporary immunocytochemical techniques 
which have allowed the visualization of hypothalamic 
peptides and other humoral substances directly. In es
sence, the term describes that disparate system of neu
rons (in the hypophysiotrophic areas-Szentagothai 
et al. 1972) projecting to the external layer of the me
dian eminence where their terminals release their pep
tidergic, aminergic and, probably, amino acid contents 
into the portal vessels for carriage to the adenohy
pophysis (Fig. 7 a). It has been pointed out (Palkovits 
1982) that many of these systems converge on the re
trochiasmatic area during their projection to the me
dian eminence and neurohypophysis (Fig. 7b). Subse-
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quently, four medial hypothalamic nuclear structures 
have become the focus of attention in this context. They 
are the medial preoptic area (and adjacent, caudal me
dial septum), the anterior peri ventricular nucleus, the 
medial parvocellular paraventricular nucleus and the 
arcuate (infundibular) nucleus (see Fig. 3). Among the 
hypothalamic hormones now identified and visualized 
in these neurons are the following: gonadotrophin re
leasing hormone (GnRH); corticotrophin releasing fac
tor (CRF); thyrotrophin releasing factor (TRH); so
matostatin (growth hormone release-inhibiting factor, 
SS); growth hormone releasing factor (GRH); neu
rotensin (NT); Met- and Leu-enkephalin; dynorphin; 
~-endorphin/ACTH; galanin; peptide HI (PHI) and 
the related vasoactive intestinal polypeptide (VIP); 
GABA and dopamine. This incomplete list will prob
ably enlarge considerably in the future as new biolog
ically active peptides are discovered. The localization 
of groups of neurons containing some of these hor
mones will be summarized below. 

Neurons rich in GnRH-like immunoreactivity 
(GnRH-IR) are found predominantly in the medial 
preoptic area and adjacent, caudal medial septal area 
(Barry et al. 1985). Axons pass ventrally and caudally 
within the peri ventricular system to reach the external 
layer of the median eminence, where they are partic
ularly concentrated in the lateral palisade zone. Note 
that some GnRH-IR axons pass through the diagonal 
band to reach the amygdala and, via the stria medullaris 
and periventricular system, to the habenula and mid
brain periaqueductal grey. This emphasizes the fact 
that GnRH, and many other hypothalamic peptides, 
probably serve a neurotransmitter/neuromodulator 
role in addition to the humoral functions normally 
associated with adenohypophyseal regulation. Sugges
tions of a group of GnRH-IR neurons in the arcuate 
nucleus remain contentious, at least in the rat, although 
in the primate its status is somewhat more secure. 

Numerous neurons containing somatostatin-like 
immunoreactivity (SS-IR) are present throughout the 
anterior peri ventricular nucleus, extending back to the 
periventricular zone of the paraventricular nucleus (see 
Johansson et al. 1984). There are also large numbers 
of SS-IR neurons in the arcuate nucleus. Selective le
sioning and retrograde transport studies have revealed, 
however, that the majority ofSS-IR neurons projecting 
to the external layer of the median eminence, where an 
extremely rich terminal plexus exists throughout its 
mediolateral and antero-posterior extent, lie within the 
anterior, periventricular nucleus. The axons course first 
laterally, over the fornix, to dip ventrally, medially and 

caudally to arrive at the median eminence-a trajectory 
reminiscent of magnocellular para ventricular neuronal 
projections (Fig.7b). Many small, SS-IR neurons are 
also found in the suprachiasmatic nucleus. 

The parvocellular division of the para ventricular 
nucleus, particularly the medial subnucleus, has proved 
to be very rich in peptidergic neurons projecting to the 
median eminence portal vessels (e.g. Sawchenko et al. 
1984). Thus, major groupsofCRF-, CCK-, TRH-, NT-, 
enkephalin (ENK)-, PH 1 and galanin immunoreactive 
neurons all lie within its boundaries and have abundant 
terminals around the portal vessels of the palisade zone 
of the external layer of the median eminence. The 
course taken by axons en route to this site appears, at 
least in some cases, to resemble that for somatostatin 
neurons (see above and Fig.7b). In addition, parvo
cellular vasopressin (AVP-IR) neurons are found 
within the para ventricular nucleus and some of these, 
too, project to the external layer of the median emi
nence rather than to the neurohypophysis (Sawchenko 
et al. 1984). 

The arcuate (infundibular) nucleus has long been 
the focus of attention for neuroendocrinologists. Many 
of its neurons have been demonstrated to project to 
the external layer of the median eminence-so called 
tuberoinfundibular or tuberohypophyseal neurons (Le
chan et al. 1982). Of these, the tuberoinfundibular do
pamine neurons (TIDA neurons, cell group A 12) have 
attracted much interest since dopamine released from 
this site into the portal vessels has proved to be a most, 
if not the most, important prolactin inhibitory factor. 
Some of these neurons are oestradiol target neurons 
and they also contain additional substances with po
tential actions on the adenohypophysis (see below). 
Neurons containing NT, GABA, GRH, galanin, Met
enkephalin, dynorphin, ~-endorphin, somatostatin and 
other pep tides (Everitt et al. 1986) are all found within 
the boundaries of this small nucleus, and many of these 
compounds are also within terminals in the external 
layer of the median eminence. 

The major group of ~-endorphin-containing neu
rons in the CNS is also localized within the arcuate 
nucleus and in an area lateral to it. These neurons 
project widely over the neuraxis, both to hypothalamic 
nuclei (paraventricular, medial preoptic and locally 
within the arcuate nuclei) and elsewhere (amygdala, 
periaqueductal grey). There is some controversy as to 
whether they project directly to the external layer of 
the median eminence. Ifthey do, the projection is sparse 
by comparison with the other systems mentioned 
above. The powerful effects of ~-endorphin on repro-
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duction are mediated probably by alterations in GnRH 
and prolactin secretion. 

As may be seen from this brief survey of the par
vocellular neurosecretory systems, a great richness of 
detail has accrued in a relatively short space of time 
due to the advent of powerful immunocytochemical 
techniques. However, it should be mentioned that this 
overall picture is only as accurate as the specificity of 
the antibodies used to reveal it, and it may change as 
they become more specific. These methods have also 
added a new and perplexing degree of complexity to 
the organization of this, and probably most neural 
systems, namely the coexistence of multiple synaptic 
and humoral messengers within the same neuron 
(Lundberg and H6kfelt 1983). This will briefly be sum
marized in a hypothalamic context below. 

Patterns of Peptide, Amine and Amino Acid Coexistence 
Within Hypothalamic Neurosecretory Neurons 

Coexistence of multiple messengers in neurons is dem
onstrated by examining thin, adjacent brain sections 
stained to reveal different antigens, or by sequential 
immunostaining of the two or more antigens, with an 
intervening elution step which removes the first primary 
antiserum prior to staining with the second (Tramu 
et al. 1978), or by the use of double staining methods 
in which two antigens can simultaneously be localized 
by visualizing their specific antisera differentially. Co
existence was earlier demonstrated in medullary 5-HT 
neurons which were shown to contain first Substance 
P and later TRH (the same TRH found in the hypo
thalamic paraventricular parvocellular neurosecretory 
neurons). Since then, the noradrenergic and adrenergic 
neurons of the medulla and pons, and the dopaminergic 
neurons of the substantia nigra and ventral tegmental 
area in the midbrain have all been shown to contain 
one or more neuropeptides (see Hokfelt et al. 1986 for 
review). These include NT and neuropeptide Y in the 
case of noradrenergic and adrenergic neurons (Everitt 
etal. 1984, Hokfelt etal. 1984a) and CCK and NT in 
the case of midbrain dopaminergic neurons (Hokfelt 
et al. 1980, 1986). 

Patterns of some of the reported instances of the 
coexistence of peptides, amines and amino acids in 
hypothalamic neurons are shown in Table 1. Special 
mention will be made of some of them here. The ox
ytocin and vasopressin neurons of the PVN and SON 
contain a rich array of additional messengers which 
include opioid peptides, such as dynorphin and en
kephalin, and also cholecystokinin and CRF. Parvo
cellular, CRF-containing neurons of the PVN have 

Table I. Instances 0/ the colocalization o/peptide, amine and amino 

acid chemical messengers in hypothalamic neurons projecting to the 
external layer 0/ the median eminence and neurohypophysis (abbre

viations as in text) 

Messenger 

Dopamine 

~-Endorphin 

GnRH 

CRF 

TRH 

NT 

AVP 

OT 

Site 

Arcuate nucleus 

Arcuate nucleus 

mPOA 

PVN 

PVN 

PVN 

Arcuate nucleus 

PVNjSON 
Neurohypophysis 

PVNjSON 
Neurohypophysis 

Coexisting messengers 

GRH 
GABA Enk 
NT DYN 
GAL 

POMC 
CLIP 
ACTH 
MSH 

LTC4 GAP 

AVP 
OT 
PHI (?) 
ENK 
NT 
VIP 

ENK 

ENK 
CRF 
DA GRH 

DYN 
ENK 
CRF 
GAL 

DYN 
ENK 
CRF 
CCK 

been shown to contain AVP, particularly after adren
alectomy, when ACTH secretion is high (Tramu et al. 
1983). These observations are relevant in the context 
of the long suspected role of A VP in the regulation of 
ACTH secretion. 

Again in the PVN, the demonstration that nearly 
all CRF- containing neurons also contain PH 1 (a pep
tide closely related to vasoactive intestinal polypeptide 
and coded by the same gene) and also Met-enkephalin, 
suggests that the influence of these other peptides, alone 
or in combination with CRF, on ACTH secretion 
should be carefully investigated. Peptide HI has, in 
addition, been seen to release prolactin from pituitary 
cells in culture. Recently, VIP-immunoreactivity has 
been visualized in the same population of neurons, 
along with its mRNA, but only when rats are suckling 
their young. 

In the medial preoptic area, GnRH neurons have 
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been shown to contain not only the precursor molecule 
of GnRH but also a 56 amino acid peptide possessing 
prolactin release-inhibiting activity as well as LH and 
FSH releasing activity (Philips et al. 1985). This intrigu
ing combination of biologically active compounds 
within the same neurons has already attracted much 
functional interest. In addition, and particularly in the 
median eminence, GnRH has been seen to coexist with 
the leukotriene L TC4. This compound has also been 
shown to affect GnRH secretion from the anterior pi
tuitary. 

The relatively small arcuate nucleus contains a be
wildering number of instances of coexistence of pep
tides with other peptides, amine or amino acid (see 
Everitt et al. 1986 for review). For example, dopamine 
neurons have been shown additionally to contain either 
GRH, galanin, neurotensin, GABA and dynorphin. In 
addition, GRH, galanin and dopamine as well as GRF, 
neurotensin and dopamine have all been demonstrated 
within the same cells and all have very similar terminal 
domains in the external layer of the median eminence 
(Everitt et al. 1986). 

At present little is known of the physiological ac
tions, if any, of pep tides such as galanin, PHI and 
neurotensin on the anterior pituitary. However, the fact 
that these peptides, as well as GABA and GRH, may 
be coreleased with dopamine into portal vessels sug
gests that the effects of combined manipulation of pep
tides and amines on adenohypophyseal secretion 
should be carefully studied (Everitt et al. 1986). 
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Neurohormonal Communication in the Brain 

J. D. Vincent and G. Simonnet 

INSERM U. 176, Domaine de Carreire, Bordeaux, France 

And the Lord said, "Behold, they are one people and 
they have all one language" ... Therefore its name was 
called Babel because there the Lord confused the lan
guage of all the earth and from there the Lord scattered 
them abroad over the face of all the earth. 

Genesis 

Introduction 

Why are there tens of chemical messengers, when just 
two-one stimulatory the other inhibitory-would suf
fice for communication between the many different 
types of neuron, that act as mediators of the unique 
signal-the action potential? A naive question with a 
naive answer: there are several messengers because 
there are several types of message to be delivered. These 
latter aren't limited simply to the opening of ionic chan
nels gathered in a small area of the neuronal membrane 
to produce a localised depolarisation or hyperpolari
zation (excitatory or inhibitory post-synaptic poten
tials), but consist of complex modifications bearing on 
the whole cell thanks to the intervention of an intra
cellular second messenger. 

The neuron theory based on Sherrington's concept 
(1906) states that the nerve cell forms a "communi
cation unit" dynamically polarised between a reception 
zone (dendrites) and a transmission zone (axons). The 
signal transmitted by the axon-the action potential 
obeying an all or nothing law-is the result of algebraic 
summation of the inhibitory and excitatory post-syn
aptic potentials; it in turn stimulates the liberation at 
axon terminals of one type of mediator (Dale's prin
ciple, 1935). During the last two decades certain facts 
have contradicted the dogmatic character of this the
ory: different regions of the nerve cell show different 
degrees of excitability and the variation in local currents 

creates a veritable spatio-electric geometry in the neu
ron quite different from the classical polarisation. The 
sodium-dependant action potential has lost its status 
as an "all or nothing" unique and universal signal. 
Calcium dependant action potentials with variable ac
tivation levels are found throughout certain dendritic 
regions and taken with the influxes responsible for mes
sage transmisson, provide the electrical basis for mod
ulation of the incoming signal (Llinas et al. 1984). 

Modulation is a term which came into wide use ten 
years ago, as a semantic "junk box" in order to mask 
the perplexity of neurobiologists faced with an ever 
increasing "babelisation" of the brain. Not only was 
there multiplication of the number of messenger can
didates and their effects, but it also appeared that the 
same neuron could speak several languages or was at 
least capable of liberating several substances which 
could be called on to serve as neurotransmitters. The 
axon terminals no longer constituted the exclusive lib
eration site, nor the synaptic cleft the sole action point 
of the mediator (Ems on 1985). 

This review does not seek to add an nth contribution 
to semantic dicussions on the respective meanings of 
neurotransmisson and neuromodulation (Dismukes, 
1979). It has become quite common to argue over words 
whose meanings we ignore, and to start a nomenclature 
before starting to understand. The definition of a hor
mone is, on the other hand, entirely unambiguous: it 
is any chemical messenger (from the greek ormao, I 
excite, I awaken) produced by a cell whose site of action 
is exterior to the cell. An indispensable addition to this 
definition requires that the substance should act at a 
distance from its production site. The notion of a hor
mone thus implies the diffusion of the message in a 
communication space which may be to the blood, other 
body fluids or just the extracellular space. Stricto sensu 



J. D. Vincent and G. Simonnet: Neurohormonal Communication in the Brain 17 

the NEUROHORMONES are chemical messengers, 
secreted by neurons, whose effects will take place dis
tant to their site of liberation. 

The chemical nature of the substance does not pose 
a problem-it can be an amine just as well as a peptide. 
The liberation site is not exclusive either-it may be at 
a differentiated membrane or at a non specialised re
gion, as long as its effect isn't limited to the post
synaptic territory opposite. The diffusion of the message 
to its receptors can take place via the blood, the cer
ebrospinal fluid or the extracellular space, but could 
equally as well be carried out in the intracellular space 
of the target cell via a second messenger. Under these 
conditions, the central nervous system can be consid
ered as an endocrine gland, either liberating its hor
mones into the circulatory system by neurohaemal or
gans, or reserving them for its own internal use. We 
are conscious of the insufficiency of such an interpre
tation of the term "neurohormone". Its one merit is 
that it allows us to review the vast catalogue of sub
stances secreted by neurones and their effects; our am
bition lies not in a classification and an exhaustive study 
but simply to a description of certain elements in no 
particular order whilst awaiting novel concepts for a 
study of interneuronal communication. 

The Neuroendocrine Systems 

During the last decade, the neurons have lost the ex
clusive right to electrophysiological properties; nu
merous endocrine cells have been shown to have com
parable membrane characteristics. These observations 
have led to a revision of the classical opposing positions 
of the nervous and endocrine systems (Fig. 1). New 
schemes of organisation have been proposed which 
attempt to integrate the similarities between the en
docrine and nervous cells. These classifications take 
into consideraton the finding that the same substances 
are found in the two cell types. This histological ubiq
uity is mirrored by an evolutionary ubiquity, both on
togenetic and phylogenetic. 

A) Nervous Cells and Endocrine Cells 

1) The APUD Cells 

Pearse (1966a), observing the property or at least the 
capacity of certain peptide secreting endocrine cells to 
produce the biogenic amines, proposed to group them 
under the generic appellation of APUD system: Amine 
Precursor Uptake Decarboxylase. 

Pearse later modified his initial concept when he 
described the Diffuse Neuroendocrine System (DNES) 
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Fig. I. A) Schematic representation of a neuron (1) and of an en
docrine cell (2) during stimulus-secretion coupling. B) Examples of 
action potentials: 1 mouse spinal neuron in primary culture; 2 mouse 
dorsal root ganglion neuron in primary culture; 3 rat anterior pi
tuitary prolactin cell 

which groups together cells whose embryological ori
gins may differ but which share a common neuroen
docrine program. 

The DNES can be divided, according to Pearse 
(1983), into a central and a peripheral division. Most 
cells of the latter group are localised in the gastro
intestinal tract with inclusion of the pancreas (see 
Table 1). For the first group, an origin in the neural 
crest is generally accepted (Le Douarin 1982); the origin 
is disputed, or less well established for cells of the sec
ond group (Pearse 1983). It has been shown, on the 
other hand, that cells from the third group are not 
derived from the neural crest (Le Douarin and Teillet 
1973). Their origin remains mysterious for the time 
being. 

The central division according to Pearse (1983) 
(Table 2) regroups the cells of the adenohypophysis, 
the pineal gland and the parvo and magnocellular sys
tems in the hypothalamus. Each of them have the ca
pacity or at least the potential, to synthesise pep tides 
and amines (Pearse 1969). Depite the current view of 
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Table 1. Peripheral division of DNES 

Cell type 

Group 1 

Chromaffin A 
Chromaffin NA 
Carotidian glomus type I 
Melano blastocyte 
Merkel 
UB thyroi'd 

Group 2 

Pulmonary I 
Pulmonary II 
Pulmonary III 
Urogenital tract EC type I 
Urogenital tract U type 2 

Peptides 

Pro-Met -Enkephalin 
Pro-Leu-Enkephalin 
Met -Enkephalin 

Met-Enkephalin 
Calcitonin Somatostain 

Bombesin 
Calcitonin 
Leu-Enkephalin 

Insulin, Glucagon 

Amines 

A 
NA 
DA 
(Cysteinil-DOPA) 

5-HT 

5-HT 

5-HT 

Group 3 

Pancreas BA 
D PP (F) 

Stomach G 
Somatostatin PP, Met-Enkephalin 
Gastrin-17, Enkephalin ACTH 
a-MSH 

5-HT 
DA 

AL 
EC 
ECL 
D 

GI tract EC 
M 
L,S 
I, P 
D,K 
N 
H 
IG 
TG 

Glucagon 
Substance P 

Somatostatin 
Substance P 
Motilin 
Glycentin, Secretin 
CCK, Bombesin 
Somatostatin, GIP 
Neurotensin 
VIP, PHI 
Gastrin 34 
CCK 

a stomoectodermal origin for the adenohypophysis, 
certain authors have advanced the hypothesis of a neu
roectodermal origin for the whole hypothalamo-hy
pophysealcomplex(Takor-Takor and Pearse 1975, Na
kajima et al. 1980, Cocchia and Miani 1980). 

Bearing in mind Pearse's definition-the capacity 
of the APUD cells to synthesise pep tides and amines 
at the same time-it seems that we can expand this frame
work of the central and peripheral divisions of the 
DNES to encompass the whole of the nervous system. 
Recent literature shows numerous examples of the 
coexistance of biogenic amines and pep tides in cells of 
the autonomic nervous system and in the central nerv
ous system (Table 3). The central catecholaminergic 
neurones might be considered as sympathetic ganglia 
translocated to the brain (Emson 1985). 

5-HT 
H 

5-HT, MT 

This definition of the APUD and DNES systems 
might seem restrictive as it does not take into account 
the acetylcholine-peptide coexistence observed in nu
merous parasympathetic and central cells. During per
inatal development, in vivo (Hill and Hendry, 1977) the 
sympathetic cells remain potentially capable of syn
thesising acetylcholine and noradrenaline at the same 
time, before the intervention of perinatal differentiation 
factors which orientate the system one way or the other. 

The embryological non differentiation of noradre
nergic and cholinergic neurones thus allows us in theory 
to class them within the APUD cell framework. At this 
point it may be preferable to enlarge the conceptual 
outline defined by Pearse to engulf all cells capable of 
producing at the same time a substance identical or 
similar to a classical neurotransmitter and a peptide 
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Table 2. Central division of DNES 

Cellular type 

Pineal 
Hypothalamic m.C. 
Hypothalamic p.c. 
Adenohypophysis 

Hypophysis: intermediary lobe 

Symbols 

m.c.: magnocellular 
p.c.: parvocellular 
A VT: arginin vasotocin 
A VP: arginin vasopressin 
LRH: luteinising releasing 

hormone 
RFs: releasing factors 
RIFs: release inhibiting factors 
UB: ultimobronchial 
UG: urogenital 
A: adrenalin 
EC: enterochromaffin 

Peptides 

AVT LRH 
AVP AVT 
RFs RIFs 
FSH LH TSH 
GH PRLAVTH 
MSH P-LPH 
p-endorphin 
Gastrin Calcitonin 
ACTH MSH 
P-LPH 
p-endorphin 
Calcitonin 

ECL: enterochromaffin-like 
PP: pancreatic polypeptide 
GIP: glucose dependant, insulin releasing 

peptide 
VIP: vasoactive intestinal peptide 
PHI: porcine intestinal heptacosa peptide 
NA: noradrenalin 
H: histamine 
T: tyramine 
MT: melatonin 

Amines 

MT 5-HT 
DA NA 5-HT 
DA NA 5-HT 
DA 
NA 
5-HT 
H 
(T) 

DA NA 5-HT 

Table 3. Some examples of coexistence in the same cell of a biogenic amine with a peptide in the autonomic nervous system (from Osborne 
1983) and the central nervous system (from Hokfelt etal. 1984) (for symbols see Table 2) 

Cellular type (animal species) Peptides Amines 

Superior cervical ganglion (Rat) Enkephalin NA 
Inferior mesenteric ganglion (Cat) Somatostatin NA 
Perivascular nerves (Cat) Avian pancreatic polypeptide NA 
Ventral tegmental area (Rat) Neurotensin DA 
Ventral tegmental area (Rat, Man) Cholecystokinin DA 
Locus coeruleus (Rat) Enkephalin NA 
Locus coeruleus (Rat) Neuropeptide Y NA 
Medulla oblongonta (Rat) Neuropeptide Y A 
Medulla oblongonta (Rat) Neurotensin 
Medulla oblongonta (Rat) Substance P 
Medulla oblongonta (Rat) TRH 
Medulla oblongonta (Rat) Enkephalin 

substance showing hormonal properties. The para-neu
rone concept defined by Fujita (1977) is compatible 
with this definition. 

2) Neurones and Paraneurones 

Fujita notes that "the neurones which liberate their 
secretory products-peptides, amines, acetylcholine 

A 
5-HT 
5-HT 
5-HT 

and nucleotides-into intracellular spaces or into blood 
capillaries are identical in nature to a group of endo
crine cells called paraneurones which produce the same 
type of products" (Fujita et al. 1984). Whilst the APUD 
cell concept is based on biochemical criteria, that of 
the neurone/paraneurone distinction is principally de
pendant on cytomorphological data. 
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a) Secretory granules and synaptic vesicles. 
In comparison with secretory granules, found in the 

paraneurones, the granules observed in the magnocel
lular neurones (180-200 nm) and the large dark centred 
synaptic vesicles (90-120 nm) present in certain neu
rones, are not fundamentally different. The granules 
and vesicles contain Ca2+ and ATP in addition to a 
number of peptides. 

The small light or dark--cored synaptic vesicles (30-
50nm) don't generally seem to contain peptides. The 
small dark cored vesicles are characteristic of adrener
gic terminals. The light vesicles belong to cholinergic 
terminals. Whilst amines and peptides can coexist in 
the same vesicle (Pelletier et al. 1981) the presence of 
acetylcholine and a peptide in a terminal necessitates 
separate vesicular storage (Lundberg 1981). 

b) Granule dynamics in neurones and paraneu
rones. 

The stages of formation, maturation and liberation 
of the granules in chromaffin cells, adenohypophyseal 
cells, and pancreatic ~ cells and other paraneurones 
have been the object of diverse morphological studies 
(Kobayashi 1977, Fujita 1984). The proteins, enzymes 
and hormone precursors, after synthesis in the endo
plasmic reticulum, are transfered to the Golgi appa
ratus to be packaged in the form of secretory granules. 
The incorporation of amines and A TP is carried out 
later during maturation (Fig. 2). The same scheme 
holds for neurones in which the maturation and amine 
incorporation take place during transport of the neu
rosecretory granules or the large dark cored vesicles 
(Morris et al. 1978). 

Finally, it would seem that a unitary theory is pos
sible concerning granules and vesicles. Apparently a 
simple quantitative difference permits the distinction 
between secretory granules and synaptic vesicles. As to 
the contents, the pep tides are packaged at the moment 
of bag formation and the other messenger substances, 
amines, acetylcholine and ATP are incorporated later 
on. 

3) Electrical Excitability of Neurones and Para-neu
rones 

An important consequence of their embryological and 
functional relationship is that paraneurone type en
docrine cells and neurones share similar electrophy
siological properties. Some endocrine cells which re
spond to stimuli by action potentials include chro
maffin cells (Biales et al. 1976), adenohypophyseal cells 
(Vincent et al. 1985), pancreatic cells (Matthews and 

Fig. 2. Schematic representation of granule dynamics in a neuron 
and a paraneuron. 1 Uptake of extracellular material; 2 ribosomal 
protein synthesis followed by segregation within the endoplasmic 
reticulum; 3 transport of protein to the Golgi apparatus; 4 formation 
of secretory granules; 5 maturation of the newly formed secretory 
granules with incorporation of substances such as monoamines, ATP 
and CA 2+; 6 stockage of secretory granules; 7 exocytosis; 8 for
mation of coated vesicles and synaptic vesicles. RE endoplasmic 
reticulum; M mitochondria; G Golgi apparatus. (From Fujita etal. 
1984) 

Sakamoto 1975 a and b). We would emphasize, without 
going into the details of the mechanisms, the role of 
voltage sensitive Ca2 + channels in stimulus secretion 
coupling in these various paraneurones (Vincent et al. 
1985). 

B) Histological Ubiquity of the Neurohormones 

Neurohormones are omnipresent in the organism. The 
demonstration of this finding is due in large part to 
the extraordinary methodological progress made in the 
last ten years. Immunohistochemical methods have re
vealed the diversity and extent of the localization of 
nervous and endocrinological pep tides from an ever 
expanding catalogue (H6kfelt et al. 1984). The exis
tence of a specific reuptake system in the nerve ter
minals facilitates tracing monoaminergic pathways by 
autoradiography (Descarries and Beaudet 1983). The 
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concept of the neuropeptide has been developed in the 
light of the growing discovery of the presence of peptide 
hormones inside the brain. First it was the hypotha
lamic hormones, TRH and LH-RH, isolated by Guil
lemin and Schally, that were found in the central nerv
ous system outside the hypothalamus (Berson and Ya
low 1973). The hormones of neural origin, vasopressin 
and oxytocin, were shown to be in the fibres and axon 
terminals situated in the brain and the spinal cord (Buijs 
et al. 1978). The brain also contains adenohypophyseal 
hormones as first shown for corticotrophin hormone 
(Liotta et al. 1980). The discovery by Vanderhaegen 
et al. (1975), of the presence of gastro-intestinal hor
mones-or at least of substances displaying an im
munoreactivitiy to antisera directed against these hor
mones-was the first demonstration, rapidly followed 
by others, of the presence of a gastro-intestinal hor
mone in the brain. Inversely, peptides first discovered 
in the brain, such as the enkephalins (Hughes et al. 
1975) and others derived from the pro-enkephalins A 
and B have been largely rediscovered in the hypophysis, 
the adrenal medulla, the sympathetic ganglia and the 
gastro-intestinal tract. 

Table 4 shows an incomplete list of the principal 
neuropeptides present in the central nervous system. 
Some of the pep tides (such as gastrin, CCK, VIP) are 
present both in endocrine cells stricto sensu and in nerve 
cells. Other peptides are exclusively found in digestive 
endocrine cells, such as secretin, motilin, insulin and 
glucagon. Finally there are some that have only been 
observed in the nerve cells of the gut lining, such as 
bombesin, the enkephalins and substance P. We find 
hormonal pep tides (6) in the miscellaneous group 
whose actions in the central nervous system are indis
putable but which remain difficult to classify. This is 
the case for instance of angiotensin II, a circulatory 
hormone whose effects are spectacular after intracer
ebral injection but whose presence in the brain remains 
controversial (Simonnet et al. 1984); this is also true 
for atriopeptin (an atrial natriuretic factor) present 
both in the circulatory system and in the brain (Stan
daert et al. 1985). 

One cannot but be astonished at the low concen
trations of the pep tides in the brain (10~12 to 10~15 
moles per milligram of protein), compared with the 
high concentrations of these hormones in other tissues 
such as the digestive tract. This difference does not 
minimise their role in the central nervous system and 
may be justified by a smaller diffusion volume in the 
brain than in the rest of the body where they are subject 
to dilution in the circulatory system before reaching 
their target cells (Krieger 1983). 

Table 4. Peptidergic neurohormones 

-1- Hypothalamic hormones 

Thyroid Releasing Hormone (TRH) 
Luteinising Hormone Releasing Hormone (LH-RH) 
Somatostatin (SRIF) 
Corticotrophin Releasing Hormone (CRH) 
Growth Hormone Releasing Hormone (GH-RH) 

-2- Neurohypophysial Hormones 

Vasopressin (AVP or ADH) 
Oxytocin 
Met-Enkephalin 
Dynorphin 1-8 

-3- Adenohypophyseal Peptides 

Adreno Cortico Trophic Hormone (ACTH) 
~-endorphin 

a-Melanocyte Stimulating Hormone (aMSH) 
Prolactin 
Luteinising Hormone (LH) 
Growth Hormone (GH or STH) 
Thyroid Stimulating Hormone (TSH) 

-4- Pep tides isolated from invertebrates 

Hydra head activator 
Mollusc cardiac-excitatory peptide 

-5- Gastroinestinal pep tides 

Vasoactive Intestinal Polypeptide (VIP) 
Cholecystokinin (CCK) 
Gastrin 
Substance P 
Neurotensin 
Met-enkephalin 
Leu-enkephalin 
Insulin 
Bombesin 
Secretin 
Somatostatin 
TRH 
Motilin 
Avian Pancreatic Polypeptide (APP) 

-6- Miscellaneous 

Angiotensin II (AIl) 
Atriopeptin (NAF) 
Bradykinin 
Carnosin 
Sleep peptide( s) 
Calcitonin 
Calcitonin-gene related peptide (CGRP) 
Neuropeptide Y (NPY) 
Polypeptide YY (PYY) 
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C) Evolutionary Ubiquity 

Substances responsible for communication are present 
in living things even before organ differentiation. Hor
mones and neurotransmitters precede the appearance 
of endocrine and nervous systems. One could almost 
say that the mediators precede the appearance of life. 
The steroid hormones-restrogens and corticoids-are 
synthesized in yeasts which also possess the corre
sponding receptors. A factor has been isolated from 
yeast membranes which, after recognition by a specific 
receptor, leads to reciprocal attraction between two 
partners. It so happens that this peptide (factor a) has 
an amino-acid sequence very similar to that ofluliberin 
(LH-RH) whose receptor it even recognises; it is also 
capable of stimulating the reproductive function in 
mammals (Loumaye et al. 1982). Even at this early 
evolutionary stage there are thus substances: steroids, 
peptides-which will later become hormones-already 
dictating cell development, reproduction and relation
ships with a protective support. 

Hormones or neuromediators-at this stage the dif
ference has no meaning-are present in protozoans. In 

Autocrine Paracrine Endocrine 

Neurotransmitter Neuroendocrine 

Fig. 3. Different modes of peptidergic secretion. In autocrine secre
tion, the product acts locally on its productory cell. In paracrine 
secretion the product acts on neighbouring cells by local diffusion 
within an extracellular medium or by "gap" junctions. In endocrine 
secretion, the product is transported to target cells by the blood. A 
neurotransmitter is liberated from axon terminals, it reaches the post 
synaptic site opposite or diffuses to neighbouring neurons; it can 
also be liberated at the contact of an axon terminal. In neuroen
docrine secretion stricto sensu, the secretion product liberated by an 
axon terminal reaches is target via the circulatory system. (From 
Krieger 1983) 

Tetrahymena we find endorphins, insulin, somatosta
tin, vasopressin and ACTH, or at least immunologi
cally similar substances (Le Roith et al. 1982, Schwabe 
et al. 1983). These substances, secreted by the unicel
lular being, can act at a distance on other individuals
pheromone type action-or on the cell itself by binding 
to autoreceptors-autocrine type action. All such sys
tems will be found operating in evolved animals and 
in man (Fig. 3). The central nervous system and the 
digestive tube, two routes in continuity with the outside 
world, are places of predilection for secretion of sub
stances rep on sable for communication. The nervous 
system is firstly neuroendocrine in the wide sense of 
the term, the secreted substances acting in the imme
diate vicinity (synapse) or at a distance from their place 
of fabrication (hormone). When a new substance ap
pears on the evolutionary tree, it is seen first in the 
nervous system. The ancestral gene is expressed in neu
rons before its descendants manifest themselves in di
gestive cells. The formation of nerve centres-gathering 
of nerves and synapses-in worms precedes that of 
endocrine glands. The existence of endocrine glands 
quite independant from the nervous system is a rela
tively recent evolutionary event, characteristic of ver
tebrates and superior invertebrates (Krieger 1983). 

It is possible for the same peptide to come into play 
in different ways in the course of evolution (Fig. 3). 
These roles may coexist within a given species. This is 
true for instance, of derivatives of pro-opiomelano
cortin: a neuronal messenger in the brain, neuroen
docrine in the hypothalamo-hypophyseal system, en
docrine in the hypophysis and paracrine in the digestive 
and reproductive tracts (Larsson 1980, Tsong et al. 
1982). Finally, a particular cell, such as the pinealocyte, 
can during evolution lose its nervous function (pho
toreception) to adopt the attributes of a purely endo
crine secretory gland. 

The same ubiquity, although less well researched, 
is found throughout ontogeny. The observations of 
Teitelman (1981) showed that mouse embryological 
pancreatic cells possess transitory tyrosine-hydroxylase 
activity from the 11 th to the 15th day of embryological 
life that precedes the appearance of glucagon followed 
by insulin synthesis on the 12th and 15th days respec
tively. Under these conditions, the expression of a ca
techolaminergic phenotype would precede that of the 
peptidergic phenotype. These results can be linked with 
the observation, now well established, that certain ec
todermal secretory cells of a metazoan (Laomedea jlex
uosa) contain dopamine (Knight 1970). In ontogeny, 
as in phylogeny, amines would thus precede peptides. 
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D) Functional Ubiquity 

The major homeostatic systems all rely on 2 modes of 
intervention, one behavioural, the other metabolic. For 
example, to combat the cold and avoid a decrease in 
body temperature, an animal finds shelter, bristles its 
fur or feathers (behavioural mechanisms) and increases 
cell heat production (metabolic means). To compensate 
for water loss and to maintain the degree of body hy
dration, the individual drinks (behaviour) and de
creases water elimination by the kidney (metabolism). 
To keep his weight constant, he eats (behaviour) and 
mobilises his reserves (metabolism). In the domain of 
species conservation, reproduction also demonstrates 
a harmonious combination of cellular phenomena 
(maturation of sexual cells) and behavioural means. 
Finally, in the rearing of the young, maternal behaviour 
is associated with milk production. Division between 
the brain-behaviour-on one side, and hormones and 
glands-metabolism-on the other, is inconceivable. 
Scrutiny of the chemical mechanisms reveals that the 
same substances intervene in the behavioural response 
as in the metabolic response. The substance acts just 
as well in the blood as a hormone as in the brain as a 
neurohormone. 

For reproduction, LH-RH or luliberin, a hypotha
lamic hormone which by the intermediary of the hy
pophysis regulates sex cell maturation and release, 
when injected into the brain stimulates the reproduc
tory behaviour sequence. Luliberin is also present in 
the ovary where it has a role as a local hormone. 

Angiotensin II, which in the circulatory system pro
vokes blood vessel contraction, is also present in the 
brain where it not only stimulates drinking behaviour, 
but also intervenes in nervous regulation of arterial 
pressure and is responsible for liberaton of antidiuretic 
hormone (Simonnet et al. 1979). In its adaptation of 
the contents to the container (drinking) or of the con
tainer to the contents (vasoconstriction), the ubiquity 
of the substance is astonishing, as hormone in the 
blood, neurotransmitter in ganglia of the sympathetic 
nervous system, and again as neurotransmitter or neu
rohormone at different levels of the central nervous 
system. The same dual destiny exists for the digestive 
hormones, insulin and gastrin, which are also found in 
the brain participating in the behavioural mechanisms 
of feeding. 

What we perceive is that there is cerebral organi
sation of the coordinated mechanisms responsible for 
the regulation of the major functions necessary for 
survival of the individual and of the species. In the 

same way as the formation of an milieu interieur, in 
multicellular organisms necessitated the creation of 
support organs with precise functions, the appearance 
of a cerebral medium requires the formation within the 
brain of complex regulatory units whose master control 
is assured by the same chemical entities as those used 
at the peripheral organ level. In the same way as the 
homeostatic functions of the internal medium are 
served by coodination between specialised organs, liver 
or kidney, so the homeostatic units in the brain start 
with precise localisation in the centres-hunger centre, 
reproductive centre or respiratory centre as they are 
called-to extend to dispersed territories which some
times cover the whole of the encephalus. On both sides 
of the blood-brain barrier, the same liaison agents thus 
have a double regulatory role. We shall try to dem
onstrate this functional ubiquity by the example of 
certain neurohormones. 

1) Angiotensin II 

The octapeptide angiotensin II (All) is a powerful va
soconstrictory hormone liberated in response to dis
turbances of salt and water metabolism. In parallel with 
this well studied systemic intervention, it has been 
shown that All can act directly on the brain inducing, 
according to the injection site, drinking behaviour 
(Fitzsimons 1972), hypertension (Ganten et al. 1978) 
and vasopressin release (Simonnet et al. 1979). Two 
pharmacologically distinct receptor types for All can 
be identified on central nervous system neurones either 
by binding studies (Simonnet and Vincent, 1982, Laribi 
et al. 1985) or by electrophysiology (Legendre et al. 
1984). Iontophoretic application of this peptide indi
cates the existence of selective sensitivity in certain 
regions. These are the septum (Simonnet et al. 1980, 
Huwyler and Felix 1980), the lateral hypothalamus 
(Wayner etal. 1973), the subfornical organ (Felix and 
Akert 1974), the hypothalamic magnocellular nuclei 
(Akaishi et al. 1980), the preoptic area (Gronan and 
York, 1978, Simon net et al. 1980) and the midbrain 
(Suga and Suzuki 1979). 

The presence of this peptide in the brain, on the 
other hand, has been less well demonstrated. Immu
nohistochemical methods have revealed an "angioten
sin-like" reactivity in different regions of the central 
nervous system in particular in the lateral sympathetic 
columns of the rat spinal cord (Fuxe et al. 1976). By 
chromatography, Simonnet et al. (1984) showed that 
authentic endogenous All is undetectable in the brain 
where a molecule of higher molecular weight exists, 
recognizable by immunological dosage. Analysis of the 
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transformation of All precursor in the presence of 
brain tissue supports the hypothesis that the rapidity 
of All degradation in the brain could be the reason 
why it is not detectable. 

All's presence is suspected in preganglionic sym
pathetic neurones (Fuxe et al. 1976) and intervenes at 
the ganglionic relay level (Dun et al. 1978). Its action 
on vascular smooth muscle fibres completes its pow
erful vasoconstrictory actions. Finally our attention is 
drawn to the multiple roles played by this same sub
stance, supported by different mechanisms at different 
levels of the organism-kidney, vessels, ganglion, spi
nal cord and brain-to bring about cooperation in a 
unique function: liquid homeostasis in the organism. 

2) Atriopeptin 

The heart is not only a simple hydraulic pump, but 
also an endocrine gland whose atrial myocytes secrete 
a peptide hormone: atrial natriuretic peptide (ANP) 
or atriopeptin. This peptide of 28 amino acids formed 
from a prohormonal precursor of 152 amino acids has 
been isolated in purified form from myocardial extracts 
or from plasma (Schwartz et at. 1985). It is liberated 
by the influence of a distension mechanism in the left 
auricle activated by an increase in blood volume. 

ANP has specific receptors in the kidneys, the ad
renal glands and the blood vessels. Its injection into 
an animal is followed by a diuresis and natriuresis 
leading to a spectacular reduction of blood volume. 
The biological effects of ANP are thus diametrically 
opposed to those of All. As is the case for All, ANP 
is found within the central nervous system. Atriopeptin 
has been recognised by immunohistochemistry and by 
immunological methods in hypothalamic extracts 

Fig. 4. Principal groups of neurons and nervous fibres showing 
immunoreactivity to atriopeptin in the rat. Abbreviations: A V 3 V 
anteroventral region of the 3rd ventricle; ST stria terminalis; PV 
paraventricular nucleus of the hypothalamus; Hb habenula; TLD 

laterodorsal tegmental nucleus; PE parabrachial nucleus; PP pe
dunculopontic nucleus; IP interpeduncular nucleus; M mamillary 
bodies; NTS nucleus tractus solitaris 

(Tanaka et al. 1984). All the same, as for All, the iden
tification in nervous tissue has not been achieved. How
ever, the presence in hypothalamic extracts of atrio
peptin mRNA as revealed by Northern blot confirms 
the existence of endogenous atriopeptin in the brain. 

It has been shown by immunohistochemistry that 
cerebral atriopeptin is localised in structures concerned 
with cardio-circulatory regulation (Fig. 4) (Saper et at. 
1985). The largest group of immunoreactive neurones 
is situated in the anterior lining of the 3rd ventricle, 
an area called "AV 3V". The destruction of this zone 
brings about chronic hypodypsia and hypernatremia 
(see the review of Standaert 1985). The organum vas
culosum laminae terminalis in this region is devoid of 
a blood-brain barrier. Its neurones are connected to 
the paraventricular nucleus. The injection of atriopep
tin into the 3rd ventricle blocks the spontaneous lib
eration of vasopressin and inhibits the behavioural 
(drinking) and hormonal (vasopressin release) re
sponses to osmotic stimulation or injection of All 
(Samson 1985, Antunes-Rodrigues 1986). Nerve ter
minals immunologically reactive to atriopeptin are also 
found in the region of the nucleus tractus solitarius, 
an area of the brainstem which receives information 
from the cardiovascular system, and in the nucleus 
parabrachialis which constitutes their first relay on the 
way to overlying cerebral structures (for review see 
Standaert 1985). 

The same conclusion is reached for atriopeptin as 
for All. This substance intervenes at different levels in 
the systematic organisation and in the central nervous 
system by a multitude of means to achieve a single 
homeostatic end which aims to avoid an excess of the 
circulating blood volume. All and atriopeptin thus rep
resent opposite poles of a single regulatory function: 
hydromineral equilibrium in the organism. 

3) Vasopressin 

In contrast to the two preceding cases (All and ANP), 
vasopressin was first discovered as a hormone secreted 
by neurones of the hypothalamic magnocellular system 
(supraoptic and paraventricular nuclei), whose sys
temic actions are directed at the kidney and the blood 
vessels. Immunohistochemical studies have revealed 
more recently the presence of A VP in neurons situated 
outside the magnocellular system, and that nerve ter
minals containing vasopressin are widely distributed in 
the brain (septum, amygdala, habenula) in the brain
stem (nucleus tractus solitarius and dorsal nucleus of 
the vagus) and in the spinal cord (for review see Sof
roniew 1985). 
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The possible role of cerebral vasopressin in memory 
processes has been much debated. From their obser
vations on the rat, De Wied (1965) and Van Wimersma 
Greidanus (1982) have postulated that vasopressin is 
involved with learning. This hormone may facilitate 
the consolidation, storage and learned response recall 
at the cerebral level. This hypothesis has proved con
troversial based in particular on the observation that 
vasopressin acts mainly on avoidance behaviour by 
means of its systemic effects, notably on arterial pres
sure (Le Moal 1981). Without entering the debate, it 
seems more important to us to show that cerebral va
sopressin intervenes as the peripheral hormone in the 
case of body fluid homeostasis. Demotes-Mainard et al. 
(1986) have studied the liberation of intracerebral A VP 
in the anaesthetized rat using "push pull" microcan
nulae implanted in different regions of the brain (Rod
riguez et al. 1983). They oberved a basal liberation of 
vasopressin in the lateral septum and in the 3rd ventricle 
which is greatly increased by an intraperitoneal injec
tion of hypertonic saline (Fig. 5). This response to a 
systemic osmotic stimulation is blocked when the peri
fusion liquid in the microcannula is calcium-free (in 
the presence of 0.1 mM EGT A). No basal release or 
release in response to an osmotic stimulation is ob
served in nervous structures such as the caudate nucleus 
(Fig. 5). One and the same systemic osmotic stimulation 
is thus capable both of stimulating vasopressin release 
into the blood via the posterior hypophysis and in the 
brain via the axon terminals projecting into the septum. 
The liberation of vasopressin into the cerebrospinal 
fluid of the 3rd ventricle in response to an osmotic 
stimulus has been observed by many other experimen
tors (Barnard and Morris 1982, Doris and Bell 1984, 
Epstein et al. 1983, Robinson and Jones 1982, Szcze
panska-Sadowska et al. 1983, Wang et al. 1982, Zerbe 
and Palkovits 1984). We shall came back later to the 
role of cerebrospinal fluid as a neurohormone diffusion 
route in the interior of the central nervous system. 

A hypovolemic stimulus is also capable, al
though to a much lesser extent, of provoking vaso
pressin liberation in the septum and in the cerebro
spinal fluid (Demotes-Mainard et al. 1986). It thus 
appears to be indisputable that homeostatic pro
cesses implicated in hydromineral equilibrium are 
concerned simultaneously with vasopressin libera
tion in the blood and in the central nervous sys
tem. The septum in particular is the cerebral 
structure implicated in the control of neurohypophy
seal functions (Lubar et al. 1968, Sibole et al. 1971). 
The electrical stimulation of the septum modifies the 
electrical activity of neurons in the magnocellular sys-
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Fig. 5. Liberation of arginine vasopressin (A V P) in rat brain collected 
by the "push-pull" cannula technique. The basal liberation of A VP 

in the lateral septum (2-5 pg/fraction) can be stimulated by a pe
ripheral osmotic load NaCI 2M, 10 ml/kg i.p.). This stimulation has 
no effect on A VP liberation in another central structure such as the 
caudate nucleus. Each curve represents one experiment as a function 
of time after the intraperitoneal injection of hypertonic saline so
lution 

tern (Poulain et al. 1980, Shibuki 1984). The electrolytic 
destruction of the septum influences vasopressin lib
eration and drinking behaviour in response to an os
motic stimulation (Iovino et al. 1983). Conversely, elec
trical stimulation of the supraoptic nucleus, which in
creases septal vasopressin liberation (Demotes-Main
ard et al. 1986) modifies the electrical activity of the 
septal neurones (Poulain et al. 1981). It must also be 
noted that iontophoretic application of vasopressin 
onto septal neurones provokes, depending on the au
thors, an excitation (J oels and Urban 1982) or an in
hibition (Pestre et al. 1984). It therefore appears that 
the vasopressin liberated in the septum could playa 
feedback in controlling its own release and thus par-
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ticipate just as much as the peripheral hormone in 
hydromineral homeostasis. 

4) Oxytocin 

Oxytocin is known above all for its peripheral hor
monal action. It is activated during lactation in the 
suckling response to initiate milk ejection. 

The milk ejection reflex constitutes the best known 
model of a neuroendocrine reflex. The nerve centres 
responsible for hormone liberation (para ventricular 
and supraoptic nuclei) are well known and accessible 
to many experimental techniques. The oxytocinergic 
cells have been identified by immunohistochemistry 
and by their electrical activity. Their function during 
the milk ejection reflex is now well established (for 
review see Poulain and Wakerley 1982). Schematically, 
during suckling, the oxytocin is liberated in intermittent 
massive brief pulses (every 5 to 15 minutes in the rat), 
with each liberation inducing milk ejection. This is due 
to the activation of oxytocin cells which, on top of a 
background discharge of 1-3 action potentials/sec 
show, a few seconds before the milk ejection, a burst 
of high frequency potentials (up to 80-100/sec) which 
are brief and above all synchronous in the whole neuron 
population (Fig. 6). 
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Fig. 6. A) Electrical activity recorded by an extracellular electrode 
from an oxytocin neuron of the supraoptic nucleus of a lactating 
rat. Note the burst of action potentials preceding milk ejection which 
is recorded by a pressure sensor placed in a nipple. In (B, C, D, and 
E) other examples of synchronous bursts recorded during a milk 
ejection reflex in smiliar experiments 

The synchronous nature of the high frequency ac
tion potential burst throughout the oxytocinergic neu
rone population raises the question of basic mecha
nisms of this synchronisation. In our first study, we 
noticed that during lactation, the supraoptic nuclei 
were subject to morphological modifications. Normally 
the neurones are separated from one another by the 
glial elements. These elements shrink during lactation 
in such a way that the neuronal surfaces become ad
jacent. At the same time one may observe an increase 
in attachment plates between neurons. What is more 
there is increase in the number of presynaptic elements 
making simultaneous contact in the same section plane 
with two post synaptic elements. These two morpho
logical factors may have important functional conse
quences, the neuronal contacts possibly creating ephap
tic type interactions, and the double synapses them
selves being synchronisation agents. The instant the 
nucleus receives from its afferents a train of excitatory 
stimuli, these two factors may show themselves to be 
facilitatory in neuronal synchronisation (Theodosis 
et af. 1981). It is important to note that the contacts 
are established exclusively between oxytocin cells, ex
cluding neighbouring vasopressin cells (Theodosis et af. 

1986). 
Among other mechanisms which might intervene in 

this synchronisation, the existence of an electrotonic 
coupling between neurons has been proposed (Andrew 
et af. 1981). The role of the afferents cannot be ex
cluded, noticeably in explaining the synchronisation 
between neurons of the different magnocellular nuclei 
(Belin et af. 1984). These observations should be com
pared with those of Freund-Mercier and Richard 
(1984) who showed that oxytocin, by intraventricular 
injection, facilitated the milk ejection reflex and the 
electrical activity of oxytocinergic neurons in the lac
tating rat. Results of in vitro incubation of magnocel
lular nuclei (Moos et af. 1984) allow one to imagine a 
local liberation of oxytocin which would thus be ca
pable of exercising a positive feedback action on its 
own release. Theodosis (l985a) has also described the 
presence of synapses containing material immunolog
ically reactive to oxytocin in the rat supraoptic nucleus. 
Intracerebral oxytocin could itself be responsible for 
neuronal plasticity phenomena accompanying lacta
tion. Preliminary observations show in effect that 
chronic intraventricular perfusion of oxytocin in the 
brain of a non lactating rat induces, in eight days, the 
morphological restructuring of the magnocellular sys
tem normally observed during lactation (Theodosis 
et af. 1986). This is a unique example of induction of 
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anatomical modifications in the adult brain by a neu
rohormone in order to facilitate its own liberation. 

This example of a double central and peripheral 
action for a neurohormone accompanies, as in the pre
ceding cases, a complimentary behavioural action of 
the peptide. The injection of oxytocin into the cerebral 
ventricles of a virgin rat induces, within a few minutes, 
typical maternal behaviour complete in all aspects: 
hasty putting together of a nest, regrouping and shel
tering of foreign baby rats placed in the cage, licking 
and recuperation of wandering young (Pedersen et al. 
1982). 

5) Other Neurohormones 

Here we shall note simply a certain number of neu
rohormones whose action takes place in parallel at the 
periphery and in the central nervous system for co
operation in one and the same regulatory function. 

A certain number of GRF's (hypothalamic growth 
hormone stimulating factors) have been isolated from 
human pancreatic tumours (Rivier et al. 1982, Guil
lemin et al. 1982) and from rat hypothalamus (Spiess 
et al. 1983). They are strongly homologous to glucagon 
or VIP and thus belong to the vast family of gut related 
peptides. Their principal actions are exercised by the 
intermediary of growth hormone on glucose metabo
lism. Recent observations (Vaccarino et al. 1985) show 
that intraventricular injection of GRF initiates feeding 
behaviour in the rat, whilst growth hormone itself has 
no effect. 

CCK has been dubbed the satiety hormone (Della
Fera and Baile 1979). This hormone, secreted by the 
intestine during digestion does not cross the blood brain 
barrier. It must then be admitted that a CCK is lib
erated on site in the brain, and would act in parallel 
with the systemic hormone for the same function (Stu
dler etal. 1984). 

Luliberin or LH-RH is a hypothalamic hormone 
which regulates sex gland activity through its action 
on the hypophyseal gonadotropins. We have already 
noted that injection of this neurohormone into the 
preoptic region of the male or female rat induces sexual 
behaviour within 20-30 minutes (Moss and McCann 
1973). According to Riskins and Moss (1979), a nerve 
pathway using luliberin as messenger could link the 
hypothalamus to the midbrain, thus coordinating two 
strategic levels essential in the realisation of the sexual 
act. It is possible that luliberin takes a neurohormonal 
route in this communication. The action of luliberin 
within the nerve structures could be linked to that of 

dopamine (Alsatu et al. 1981): the actions of these two 
substances have an autoamplificatory effect in a recip
rocal facilitation (Foreman and Moss 1977). 

Neurohormonal Space 

The concept of a hormone is inseparable from notions 
of space and duration of action. In its classically ac
cepted form, nervous transmission of information can 
be regarded as a dialogue between excitable elements 
in series whereas hormonal information is diffused to 
an ensemble of target cells dispersed at some distance 
from the emitting cell. Distance, diffusion and duration 
of hormonal action are thus in opposition to the dis
crete and immediate action of conventional neuro
mediators. We shall consider here the anatomical space 
in which the neurohormones circulate. We shall take 
into account at the same time (l) the dispersion of 
liberation sites other than the classical receiving and 
secreting poles of nerve cells, (2) the media in which 
diffusion and circulation of neurohormonal messengers 
is carried out and finally (3) distribution of the recep
tion sites. 

A) Liberation Space 

I) Polarisation of Secretory Activity 

The existence on the same cell of zones specialised 
respectively for messenger liberation and reception 
poses a problem just as much for peptidergic endocrine 
cells as for certain neurons in the central nervous sys
tem. 

In the case of endocrine cells, the secretory zone is 
determined by the neighbouring vessels and connective 
tissue. In the pancreatic cell, the regions with microvilli, 
in all probablity receptor sites, are intermingled with 
smooth regions where hormone liberation preferen
tially takes place (Fujita et al. 1984). In the respiratory 
tract and the digestive tube, the endocrine cells are 
frankly polarised, the receptive villous zone faces the 
lumen whereas the secretory zone is internally orien
tated. 

Among the neurons, a certain number show a net 
secretory bipolarity. Yuir (1983) observed, in the toad 
hypothalamus, neurons whose neurosecretory material 
is accumulated both at a dendritic projection which 
terminates at the ependymal surface of the 3rd ventricle 
and on the axonal projection which touches on the 
external zone of the median eminance and the peri
capillary spaces. We shall come back later to the per
icapillary problem. An example is provided by the pres
ence of substance P in sensory cell dendrites (Brimijoin 
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et al. 1980). The distinction made between dendrites 
specialised in message reception and conducting axons 
has no meaning here. According to its pole of libera
tion, the same neurosecretory material can have dif
ferent physiological properties. Substance P liberated 
on cutaneous dendritic terminals acts as a vasodila
tatory local hormone, responsible for the axon reflex; 
the same substance liberated in the medulla serves for 
sensory message transmission (Lembeck et al. 1980). 
We should remember that this latter hypothesis is the 
basis of Dale's principle (Dale 1953). 

2) Axonal Varicosities and Non-synaptic Liberation 

A systematic study of axonal varicosities in the central 
nervous system has brought morphological arguments 
to bear on the hypothesis of a non-synaptic liberation 
of certain chemical messengers (Beaudet and Descarries 
1978). This concerns dilatations of 1.21lm disposed as 
a string of beads 1 to 31lm apart, along non myelinated 
axons (0.1 to 0.21lm in diameter). These dilatations are 
filled with pale or dark cored vesicles, mitochondria 
and all the usual cytological material associated with 
storage and liberation of a neurotransmitter (Des
carries et al. 1977). However, the presence of synaptic 
contacts associated with these varicosities is extremely 
rare, whether it should concern serotoninergic synapses 
in the hypothalamus (Calas et al. 1974) or the neocortex 
(Descarries et al. 1975), noradrenergic synapses in the 
neocortex (Descarries et al. 1977) or dopaminergic syn
apses in the neostriatum (Tennyson et al. 1974, Ar
luisson et al. 1978). 

Autoradiographic definition of aminergic fibres by 
radioactive amine uptake shows that less than 5% of 
the varicosities marked by 3H-serotonin and 3H-nor
adrenaline present synaptic contacts. On the other 
hand, synaptic junctions are present on more than 50% 
of non-marked boutons (Descarries et al. 1977). For 
many authors (for review see Vizi 1983), the presence 
of axonal dilatations is proof of non-synaptic amine 
liberation in the cortex. These varicosities could form 
a network throughout the cortical space, contributing 
to the sprinkling of an "amine flux" over the neurons 
and the nerve terminals to be found therein. 

There is no direct proof of non-synaptic liberation 
of a chemical messenger in the central nervous system, 
and although it is suspected, it concerns pep tides more 
than amines. The best demonstrations of non-synaptic 
messenger liberation are to be found in invertebrate 
nervous system and the autonomic nervous system of 
vertebrates. 

In vertebrates, the autonomic innervation-intes
tine, blood vessels-(Burnstock and Costa 1975) pro
vides a credible morphological basis for non-synaptic 
messenger liberation. A demonstration of non-synaptic 
liberation is provided by Jan and Jan (1985) concerning 
a peptide similar to LH-RH in the frog sympathetic 
ganglion. Stimulation of a C type pre-ganglionic fibre 
induces a slow excitatory response in a B type post
ganglionic neuron with which there is no synaptic re
lationship. It has been proved that a peptide similar to 
LH-RH is responsible for this delayed and prolonged 
depolarisation (Jan et al. 1979). Jan and Jan note that 
if this type of interneuronal communications favours 
the diffusion of the message to a large number of cells, 
it also implies multiplication of the number of mes
sengers to avoid the possibility of interference. 

3) An Alternative to Hormonal Diffusion: 
Tangential Cabling 

When a messenger is liberated, its problem lies in reach
ing the receptor for which it is destined. The specificity 
of the message derives from the messenger or from its 
route. As opposed to the peptides, whose number is 
practically unlimited so that each one can carry one 
particular message addressed to the target with the 
specific receptor, the biogenic amines are a restricted 
group of molecules destined for multiple usage. It is 
thus important that the amine joins up very precisely 
with its neuronal target and with no other. The nor
adrenaline liberated non synaptically in the cortex 
probably reaches quite uniformally the different neu
ronal layers and vessels therein. It is desirable on the 
contrary that only one layer or one neuron type is 
attained. One can in fact observe a specificity and com
plementarity concerning the monoaminergic innerva
tion in the different cortical layers. In the rat, the cin
gulate cortex presents few noradrenergic terminals and 
these are exclusive to layers V and VI and the deep 
region oflayer I; in parallel, an abundant dopaminergic 
innervation occupies the superficial part of layer I and 
layers II and III where afferents of hypothalamic origin 
terminate (Morrison et al. 1979). In these cortical 
regions the existence of monoaminergic synapses has 
been clearly demonstrated which coincide, moreover, 
with the laminar distribution of the afferents. The com
plementarity of the different monoaminergic innerva
tions implies that each amine reaches precisely the neu
ronal ensemble that it controls. To draw a parallel with 
the television information system, this aminergic in
nervation of the cortex could be compared with tele-
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diffusion by cable as opposed to the hormonal modality 
which is comparable with the hertzien telediffusion. 
Diffusion of the message by cable is dependant on the 
extent of the network. Vast cortical surfaces can be 
reached thanks to the tangential organisation of no
radrenergic fibres which run from front to back fanning 
out over the cortical surface (Morrison et at. 1979). In 
contrast, the peptidergic innervation of different cor
tical areas seems to have a radial organisation and is 
restricted to circumscribed territories in which messen
ger liberation could take place non-synaptically. A mo
lecular code (specificity of the peptide engaged in a 
given homeostatic function) would be superposed onto 
the cable transmission of the neuronal networks (Mor
rison and Magistretti 1985). 

4) Dendritic Liberation 

The hypothesis of dendritic transmitter release is rel
atively recent (Kreutzberg and Toth 1974). Most of the 
date concerns the substantia nigra (for review see Cher
amy etal. 1981). 

Bjorklund and Lindvall (1975) have shown the pres
ence of dopamine in the dendrites of the nigral neurons 
and postulated the existence of dendro-dendritic syn
apses. It rapidly appeared that a conventional synaptic 
junction could hardly account for dopamine activity 
at the heart of the substantia nigra. Instead of trans
mitting information from neuron to neuron, the den
dritic dopamine could more globally modify infor
mation of striatal or pallidal origin arriving in the sub
stantia nigra (Glowinski and Cheramy, 1981). Such 
action would not require the presence of specialised 
dendro-dendritic or dendro-axonal synapses (Cuello 
and Iversen 1978) but would take place by diffusion 
of the substance in the extracellular space. 

Liberation of dopamine in the substantia nigra has 
been demonstrated in vitro on peri fused slices (Geffen 
et al. 1976) and in vivo by the "push-pull" cannula 
technique (Glowinski and Cheramy 1981). Evidence of 
dendritic liberation comes from the following sources: 
(I) the nigral dendrites are capable of dopamine uptake 
(Cuello and Iversen 1978); (2) there are no dopami
nergic axon terminals or collaterals in the substantia 
nigra (Wassef etal. 1981); (3) dopamine liberation is 
greater in the pars reticulata which contains almost 
exclusively dopaminergic dendrites, than in the pars 

compacta containing mostly cell bodies (Cuello and 
Iversen 1978); (4) although calcium-dependent and 
provoked by potassium perfusion, dopamine liberation 
in the substantia nigra is not blocked by tetrodotoxin 
(Cheramy et al. 1981). As opposed to axonal liberation 

which is uniquely concerned with signal transmission, 
dendritic liberation seems to be responsible for control 
of afferents. It could intervene at a presynaptic level 
on afferent gabaergic terminals by facilitating GABA 
liberation (Reubi et al. 1977). However, most of the 
proposed mechanisms, implicate the presence of do
paminergic autoreceptors on the dendrites themselves. 
Such receptors would explain the inhibitory action of 
dopamine on dopaminergic cells, as illustrated by the 
effects of local microinfusion of dopamine (Groves 
et al. 1975). 

B) Diffusion Space 

In order to reach their respective receptors, the different 
neurohormonal substances must diffuse in a medium 
which varies according to their site of liberation : blood, 
cerebral extracellular space and cerebrospinal fluid. 
Liberation into the blood takes place via neurohaemal 
zones: median eminence, vascular organ of the lamina 
terminalis, neurohypophysis (Calas 1985). We shall 
limit our account to the two other spaces--cerebro
spinal fluid (CSF) and extra-cellular space (ECS)-as 
they are implicated in the most recently described 
modes of interneuronal communication. 

I) Cerebrospinal Fluid 

The idea that the cerebrospinal fluid might act as trans
port route for neuronal secretion products is relatively 

Be 

Fig. 7. Schematic representation of the lining of the 3rd ventricle. 
Abbrevations: PVN paraventricular magnocellular neurons ; EC cy
clic ependymal cells; PG prechiasmatic gland ; ME median eminance; 
E ependymal cells of the median eminance; FB sensorial formations 
in "bouquets"; IN neurons of the infundibulary nucleus ; A N neurons 
of the arcuate nucleus; a intraventricular axon 
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old as it was described under the name of hydrocriny 
by Colin and Barry (1957) as opposed to transport by 
blood (hemocriny) and by neurons (neurocriny). 

a) Morphological data. 
Brightman and Palay (1963) first described in the 

lining of the 3rd ventricle, a neurosecretory type of 
nerve terminal. Nerve terminals are also found in the 
walls of the lateral ventricles (Westergaard 1970) and 
of the 4th ventricle (Leonhardt and Backhus-Roth 
1969). Communication between nerve terminals and 
ventricular cavities may also be carried out by epen
dymal cells on which synaptoid contacts can be ob
served (Rodriguez, 1976). The ependymal cells them
selves show secretory activity directed both towards 
the ventricular spaces and the capillaries of the neu
rohaemal areas (Fig. 7). We shall leave aside the de
scription and study of the functions of the ependyma 
and the choroid plexus in order to concentrate on the 
free passage of CSF to the cerebral extracellular space 
which contrasts with the remarkable seal between the 
blood and the CSF unbroken by the choroid plexus or 
by the exit of the venous valvules (Rowland 1981). The 
CSF is thus to the cerebral extracellular medium as the 
plasma is to the systemic fluid medium. It introduces 
an element of continuity and uniformity in the midst 
of the neuronal discontinuity and heterogeneity (Vin
cent 1986). 

b) Physiological data. 
The presence of numerous neurohormones has been 

reported in the CSF of which only the endorphins (Ter
enius 1978, Cesselin and Hamon 1985) and posterior 
hypophyseal hormones have been systematically stud
ied. Vasopressin and oxytocin are present in quite large 
quantities (in the order offmol/ml) in the cerebro-spinal 
fluid of the cat (Reppert et al. 1981), of the monkey 
(Perlow et al. 1982), of the rat (Harris et al. 1981), of 
the guinea-pig (Robinson and Jones 1982), of the dog 
(Wang etal. 1982) and in man (Luerssen etal. 1977). 
The concentration of these hormones in the CSF fol
lows a circadian rhythm with high levels during the 
day, contrasting with a dramatic fall during the noc
turnal period (Schwartz, 1983). These neuropeptides in 
the CSF could playa part in the initialisation or syn
chronisation of waking and behavioural rhythms. Pre
liminary results show that immunoneutralisation of 
posterior-hypophyseal hormones in the CSF by chronic 
intraventricular perfusion of antisera leads to a global 
perturbation of the wake/sleep cycles in the rat (Bibene 
et al. 1985). 

Diffusion in the CSF concerns not only posterior
hypophyseal hormones but other numerous neuro-

peptides. Dunn (1979) notes that the latter are present 
in significant concentrations in the CSF and, in ad
dition, the peptidase activity is particularly low. The 
amines could also employ the CSF as diffusion me
dium. Chan-Palay (1976) has examined by electron mi
croscopy coupled with autoradiography, the very ex
tended plexus formed by serotoninergic fibres in the 
ventricular linings. Whilst acknowledging the neurose
cretory nature of these terminals this author suggests 
that they liberate serotonin into the CSF intended for 
targets at a distance from its site of origin. 

2) Cerebral Extracellular Space 

The CES represents a diffusion medium for neuronal 
secretion products at the heart of the central nervous 
system (Schmitt and Samson 1969, Moller et al. 1974, 
Nicholson 1979). It shows complex architecture subject 
to permanent restructuring in its glycoprotein frame 
and in the organisation of the glial cells (Theodosis 
eta!' 1985b). The CES represents about 20% of total 
brain volume. It occupies 18% of the cortex in the 
adult monkey and no point is further than 15 mm from 
the CSF (Rapoport 1976). 

The diffusion of a substance in the CES has been 
studied particularly for the case of dendritic dopamine 
liberation (Glowinski 1981). Dopamine is a relatively 
small molecule (molecular weight 153). By application 
of the diffusion formula for a small molecule, in which 
time is related to the square of the distance, one can 
estimate that dopamine will diffuse approximately 
100 11m in 10 secs, 500 11m in 4 minutes and 1 mm in 17 
minutes (Greenfield 1985). 

An important point for diffusion of substances in 
the CES concerns processes of inactivation by recapture 
or degradation. In general the neurotransmitter mol
ecule once liberated and having acted on its receptor, 
must be rapidly inactivated in order to interrupt the 
message. Although reuptake mechanisms can partici
pate in an essential way in this inactivation, as is the 
case of the monoamines, it is nonetheless true that 
enzymatic activity on synaptic membranes plays an 
essential role in the process. The study of enzymatic 
mechanisms up to now has focussed on the aspect of 
inactivation by degradation. Certain of these enzymes 
are well known and have been localised and puri
fied : neutral endopeptidase (EC 24.11) and bestatine 
sensitive amino-peptidases are typical examples (for 
reviews see Griffiths and McDermott 1983, Schwartz 
1983). However, the concept of specificity of enzyme 
degradation for a neuropeptide has somewhat weak-
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ened. The same is true for a cerebral membrane enzyme 
activity named early on as enkephalinase (this enzyme 
detaches the peptide Phe-Met from Met-enkephalin). 
We know today that it is also capable of degrading 
substance P (Matsas et al. 1983), neurotensin (Checler 
et al. 1983) and neurokinin A (Cooper et al. 1985). This 
substrate specificity opens the possibility for compet
itive inhibition by this type of enzyme. Thus it has been 
shown that substance P can inhibit competitively the 
degradation of cerebral Leu-enkephalin. The analgesic 
effect of substance P could be due in part to the in
hibition of enkephalin degradation (Barclay and Philips 
1980). 

The notion of neurohormonal space in terms of 
extracellular metabolism could have important func
tional significance. This notion is reinforced by recent 
data showing that extracellular metabolism of neuro
peptides, besides its function of inactivation, could con
tinue to refine the intracellular maturation process. In 
other words, once liberated into the extracellular space, 
neurohormones could continue to undergo biochemical 
changes by the action of membrane linked enzymes 
which could potentiate, inhibit, modify or even invert 
their biological properties (for review see Griffiths 
1983). One of the best examples is the extracellular 
metabolism of AVP in the brain. Burbach etal. (1983) 
have shown that A VP metabolism by synaptic mem
branes yields a metabolite (a hexapeptide) more active 
than A VP itself in memorisation tests, but, on the con
trary, devoid of activity on arterial pressure. 

This example alone shows that in the case of neu
rohormones, the molecule secreted by the neuron can 
be modified during its passage through the extracellular 
space by enzymes on the external surface of neuronal 
membranes and so differ from the definitive form acting 
on the receptor. Thus, the neurohormonal space could 
very well be presented, not as inert or simply inacti
vating, but as participating along with intracellular ter
minal maturation processes in the elaboration of neu
rohormonal molecules with varying biological poten
tialities. 

C) Reception Area 

The action of the messengers liberated into the extra
cellular space depends on the existence of receptors and 
on the messenger/receptor interaction. There is there
fore a fundamental necessity for reception area, i.e. 
location of the receptors to be found within the dif
fusion space of the messengers. If synaptic transmission 
were the unique means of communication within the 

central nervous system, the liberation space (pre-syn
aptic) would be situated precisely with the reception 
area (post-synaptic). Experience shows that this is not 
always the case. This "mismatch" between the presence 
of the messenger in a nerve structure and the anatomical 
locality of its corresponding receptors argues in favour 
of neurohormonal communication. The existence of 
several receptor types for one messenger molecule is 
another argument in favour of multiplicity of inter
neuronal communication methods. We shall now con
sider the problem of mismatching and that of receptor 
multiplicity. 

I) Receptor-messenger Discordance 

The remarkable progress of auto radiographic tech
niques and the development of radioactive analogues 
have made it possible to establish semi-quantitative 
receptor maps for different messengers of the central 
nervous system (Kuhar and Unnerstall 1985). It was 
logical to compare the distribution of these receptors 
with the presence of the corresponding messengers in 
nerve tissue, revealed by radioimmunoassay or im
munohistochemistry in brain fragments. However, it 
appeared that the two did not always coincide. This is 
the case, for instance, for acetylcholine receptors (Ku
har and Yamamura 1975) for opioid peptides (Siman
tov et al. 1977) for substance P (Quirion et al. 1983) for 
cholescystokinin (Zarbin et al. 1983) and for neuroten
sin (Goedert et al. 1984). The case of substance P is 
particularly spectacular: there is great abundance of 
immunoreactive product in the substantia nigra 
(Ljungdal et al. 1978) contrasting with an almost total 
absence of receptors (Quirion et al. 1983). A similar 
discordance is observed in the cerebellum, amygdala 
and hippocampus in the case of cholecystokinin (Zar
bin et al. 1983). 

An explanation for this discordance is proferred by 
our outline of the neurohormone concept. As the action 
takes place at a distance from the liberation site, there 
is no need for liberation and reception to coincide an
atomically. However, the greatest discordance factor, 
besides anatomical or technical difficulties, remains the 
multiplicity of receptors for a given messenger. Some
times a messenger agonist will only fix to a subpopu
lation of receptors. A characteristic example is that of 
radioactive N-Methylscopolamine, a muscarinic cho
linergic antagonist, which does not recognize the nic
otinic receptor. Sometimes it is only a question of af
finity which prevents the receptors present in a given 
structure from recognizing the radioactive ligands at 
their disposition. 
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2) Receptor Multiplicity for One Messenger 

Substance P is a particularly abundant messenger in 
the central nervous system (Pernow 1983). As with the 
opioid peptides, it appears that this peptide is but the 
main representative of a large family of related mol
ecules, the tachykinins (Quirion 1983). Without going 
into detail we note the isolation of substance K and 
neuromedin K, two decapeptides similar to Kassinin 
and bearing the amino acid sequence characteristic of 
tachykinins. Moreover Lee et af. (1982) have suggested 
the existence of two subgroups of substance P recep
tors: the E receptor which mainly recognizes eledolsine 
and the P receptor characteristic of physalaemine. Li
aison studies using radioactive substance P, substance 
K and eledolsine have shown that each ligand has pre
fered fixation sites in the nervous system and in pe
ripheral tissues. In the substantia nigra are numerous 
substance K receptors but no substance P or eledolsine
neuromedin K receptors. The discovery of these dif
ferent classes of ligands and receptors explains the re
ceptor-messenger mismatch observed for substance P 
in the substantia nigra as all immunological assays or 
immunohistochemistry for substance P recognize all 
related peptides indiscriminately. 

Another multiplicity factor concerns the affinity of 
a receptor for its ligand. The example given by angi
otensin II (All) shows that two sites with differing 
affinity exist for this peptide on neuronal membranes 
in the central nervous system (Simonnet and Vincent, 
1982) or in primary cultures of spinal cord neurons 
(Laribi et al. 1985): a high affinity site (Ko = 0.28 nM) 
and a low affinity site (Ko = 25 nM). The particular 
interest of this double affinity lies in its apparent cor
respondance with two types of electrophysiological ac
tion (Legendre et al. 1984). When All is applied by 
microperfusion pipette in the vicinity of the membrane 
of a mouse spinal cord neuron in primary culture, two 
types of electro physiological response may be observed, 
depending on the concentration of the All solution 
(Fig. 8). At low concentration, equal to or less than 
10-6 M in the pipette corresponding to 50 to 100 times 
less in the medium surrounding the membrane, intra
cellular recording shows an increase in membrane re
sistance linked to a decrease in Chloride conductance. 
At high concentration (10-4 M) one observes on the 
contrary a decrease in resistance pronounced by an 
increase in sodium conductance. It must be noted that 
in physiological terms these two actions, in operation 
at very different concentrations of the same ligand, 
could correspond to two modes of messenger action. 

10-4 

10 sec 
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Fig. 8. Electrophysiological response to Angiotensin II (All) re
corded from intracellular electrode in a mouse spinal cord neuron 
in primary culture. The response differs according to the concen
tration of A applied near the cell. At a slight concentration of All 
(l0-6 M), the response consists of a hyperpolarisation with increased 
membrane resistance (the vertical bars give a mesure of input resis
tance). At a high concentration (l0--4 M) the response is a depolar
isation with a decrease in membrane resistance. At 1O~5 M an in
termediary response is observed 

At low concentrations, the messenger could have a 
neurohormonal type action, the high dilution being due 
to the large diffusion space. At high concentrations, 
on the contrary, the messenger would act by the syn
aptic modality with limited diffusion and so a greater 
number of molecules in the synaptic cleft. It seems 
logical that the effect due to a low concentration of 
the ligand correspond to high affinity receptors while 
the effect due to a high concentration corresponds to 
low affinity receptors. 

Conclusion 

The proof of the messenger lies in the decoding. 

In this essay we have tried to show the limits and 
insufficiencies of the classical opposition between hor
mones and neurotransmitters. At no point have we 
evoked the modes of action of these messengers. It is 
not possible to assume these except by stressing that 
in this domain too, the difference between hormones 
and neurotransmitters is difficult to establish. In fact 
both seem to rely on the intervention of a second mes
enger in order to establish the stimulus-secretion cou
pling. When we have put aside the case of direct cou
pling between a receptor and a voltage independent 
ionic channel which corresponds to the classical un
derstanding of the neurotransmitter (Barker et af. 
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1980), there remain cases, apparently numerous, where 
the coupling is carried out via a second messenger. In 
this domain the nervous systems that have been studied 
do not show much originality in comparison with hor
monal systems (Miller 1985). 

Free intracellular calcium constitutes the common 
agent of all regulatory mechanisms employing calcium 
dependant enzymes. The concentration of free Ca2+ 
within the cell depends either on the intervention of 
voltage dependant membrane channels, or on the mob
ilisation of internal reserves. These two mechanisms 
can be observed for one messenger. In the sensory 
neurons of Aplysia, serotonin facilitates calcium entry 
by blocking a potassium channel which normally holds 
the membrane in a hyperpolarised state (Siegelbaum 
et al. 1982). But at the neuromuscular junction of the 
crayfish, Kravitz et al. (1985) have shown that sero
tonin facilitates liberation of the mediator by mobilis
ation of internal calcium reserves. Calcium is also the 
indispensable agent for exocytosis of the vesicle or 
granule containing the secretory product. Here again 
there is hardly any difference between hormone and 
neurotransmitter. All the same it seems that a certain 
neuronal specificity exists concerning the protein im
plicated in calcium intervention: synapsin I (Bruwning 
eta/. 1985). It is, effectively, only present in neurons; 
it is absent, for instance, from chromaffin cells. Calcium 
dependent phosphorylation of this protein apparently 
liberates the vesicle from its cyto-skeletal attachments 
thus allowing its release (Miller 1985). It remains to be 
seen whether neurons of the central nervous system 
implicated in the neurohormonal transmission process 
contain synapsin I or not. This would furnish a veritable 
demarcation line between hormonal transmission and 
neuronal transmission. 
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Central Control of Circadian and Ultradian Neuroendocrine Rhythms 
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The very first pioneers of the concept of homeostasis, 
particularly Henderson, stated as long ago as the twen
ties that within the homeostatic range the fluctuations 
of physiological parameters follow a rhythmic pattern 
and such biological rhythms play an adaptive role. A 
deeper insight into the mechanisms underlying biolog
ical rhythms has only been gained in the past two dec
ades (Krieger 1979, Aschoff 1981, Moore-Edde etal. 
1982). The most ubiquitous biological oscillators ap
peared to be circadian rhythms, that is, rhythms with 
a 24 h periodicity. These were evident not only over 
the whole zoological scale up to humans, but also at 
all levels of the organism, from the basic cellular proc
esses up to the most integrated functions. Moreover, 
recent studies in molecular biology have provided ev
idence that the circadian pattern of biological rhythms 
has a genetic basis (Bargiello et al. 1984, Reddy et al. 
1984). 

Generally speaking, two further properties of cir
cadian rhythms are of physiological importance. 
Firstly, there are fixed temporal relationships between 
the basic behavioral and neuroendocrine circadian 
rhythms, which persist in the free-running state (Ixart 
etal. 1983b). For instance, in all organisms explored 
so far, the ACTH-corticosteroid rhythm starts its as
cending phase during the second half of the sleep phase, 
so that humans and animals start their diurnal activity 
phase with maximal production of glucocorticosteroids 
and consequently an adequate blood sugar availability, 
whatever the feeding possibilities may be. Secondly, 
there are close relationships between the circadian os
cillation of any particular function and its shorter-lived 
ultradian fluctuations, the latter appearing earlier in 
the course of ontogeny than the former, which usually 
emerge only postnatally (Hellbriigge 1960). 

The technical breakthrough of push-pull cannula-

tion of the median eminence in freely-moving animals 
led to the demonstration of an ultradian pulsatility 
underlying the circadian pattern of hypothalamic neu
rohormone release-e.g. LHRH (Levine and Ramirez 
1980), SRIF (Arancibia etal. 1984) and CRF (Ixart 
et al. 1987). There is recent evidence for a physiological 
role for ultradian pulsatility, for example, the circhoral 
(1 h) pulsatility in LHRH release, which is indispen
sable for the LH surge inducing ovulation (Knobil 
1980). 

As to the mechanisms of ultradian and circadian 
oscillators of neuroendocrine rhythms, neurobiological 
studies on selected animal models have shown that a 
phasic or bursting arrangement in single-unit electrical 
activity recorded in discrete neuronal populations is 
associated with a pulsatile release of their specific neu
rohormones, for example, LHRH-secreting neurons 
(Dufy et af. 1979) or oxytocin releasing neurons during 
suckling (Moos and Richard 1983). 

On the other hand, circadian pacemakers appear to 
require more complex neuronal networks, and the pre
vailing concept is that they consist of a collection of 
interconnected and interacting subsystems (multioscil
lators) (Wever 1979). From a medical viewpoint it is 
interesting to note that none of the comparative studies 
conducted until now in different mammalian species, 
including primates, have shown species differences in 
these essentially subcortical mechanisms. 

Role of the Suprachiasmatic Nucleus (SCN) 

Among the various CNS-structures proposed as par
ticipants in the central machinery generating circadian 
behavioral and neuroendocrine rhythms, the one that 
most clearly satisfies the criteria for a circadian pace
maker is the SCN, which is a small heterogenous nu-
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cleus of some 10,000 neurons located in the hypothal
amus, just above the optic chiasma. The salient ex
perimental arguments favoring this concept include the 
following: (1) bi1atera11esions of the SCN in the rat, 
mouse, hamster, ground-squirrel and rhesus monkey 
obliterated the circadian rhythm of general activity, 
feeding and drinking behaviours, body temperature, 
plasma ACTH, corticosterone or cortisol, TSH, pro
lactin and LH levels (for reviews see Krieger 1979, 
Assenmacher et al. 1987 b); the lesion also disrupted 
the circadian release of melatonin by the mammalian 
pineal gland, which governs a number of neuroendo
crine functions (Reiter 1986); (2) circadian fluctuations 
in electrical neuronal activity have been recorded both 
in situ in hypothalamic islands containing the SCN 
(Inouye and Kawamura 1979), and in vitro in hypo
thalamic sections including the SCN (Groos and Hen
dricks 1982); (3) circadian drinking behavior lost fol
lowing SCN lesion was partially restored by intracer
ebral grafting of SCN-containing brain tissues 
(Drucker-Colin et al. 1984). 

In spite of this impressive body of experimental data 
favoring the SCN as a major CNS controller of cir
cadian rhythms, it may not be the sole source of cir
cadian rhythmicity in the brain. A closer observation 
of rhythmic processes following SCN deletion has 
shown a persistence of circadian patterns e.g. motor 
activity, body temperature, plasma corticosterone, 
feeding, in laboratory animals such as rats, hamsters 
and squirrel-monkeys which were histologically con
firmed to be SCN deprived (for review see Assenmacher 
1987b). The removal of SCN was particularly ineffec
tive when the circadian synchronization with the en
vironment depended on synchronizers other than the 
light/dark cycle, for example the feeding schedule 
(Krieger et al. 1977, Boulos et al. 1980), which clearly 
points to the possible involvement of other CNS struc
tures in circadian rhythmicity. 

Role of eNS Structures Other than the Suprachiasmatic 
Nuclei 

The pineal gland does not appear itself to be a circadian 
oscillator in mammals, but merely a transducer in
volved in circadian behavioral and neuroendocrine syn
chronization via its hormone melatonin. However, a 
few brain areas, sometimes neurochemically identified, 
have been shown (essentially in rat experiments) to be 
indispensable for the occurrence of circadian neuroen
docrine rhythms. 

These special CNS areas include the following (for 
review see Assenmacher et al. 1987b): 

1) The adrenergic/noradrenergic system: Located in 
the pons (locus coeruleus) and in the medulla oblongata 
(dorsal A2, and ventral AI nuclei), several populations 
of noradrenergic and adrenergic neurons project into 
the diencephalon and telencephalon via the noradre
nergic ascending pathways; the hypothalamus receives 
its innervation essentially through the ventral norad
renergic bundle (VNAB) originating in the medullary 
A 1 and A2 nuclei. Recent studies have shown that the 
suppression of hypothalamic catecholaminergic inner
vation by a discrete microinjection of the specific neu
rotoxin 6-hydroxydopamine into the VNAB leads to 
a disruption of the circadian ACTH rhythm, sparing 
short-lived ultradian fluctuations of reduced amplitude 
(Szafarczyk et al. 1985). 

2) The serotoninergic system: Both the hypotha
lamic and limbic systems receive major serotoninergic 
innervations from the midbrain raphe nuclei. The 
prominent role of this system in controlling circadian 
neuroendocrine rhythms, including ACTH, TSH, and 
LH, was highlighted by the obliteration of these cir
cadian rhythms by either stereotaxic lesions of the ra
phe nuclei, or pharmacological blockade of serotonin 
biosynthesis by the neurotoxin p-chlorophenylalanine 
(pCP A); the latter effect was reversed by a daily ad
ministration of 5-hydroxytryptophan, the serotonin 
precursor whose synthesis is blocked by pCPA (for 
review, see Assenmacher etal. 1987a and 1987b). In
terestingly, the suppression of the specific serotoni
nergic innervation of the SCN by a local microinjection 
of the specific neurotoxin 5,7 -dihydroxytryptamine, 
also led to a blockade of the circadian corticosterone 
rhythm (Williams et al. 1983, Banky et al. 1986). 

3) The GABA-ergic system: GABAergic neurons 
are widespread in the CNS including the hypothalamus 
and the limbic system, and are found mainly as short 
interneurons. As in a variety of other brain functions, 
there is recent evidence that the GABAergic system 
provides inhibitory components that intervene in the 
central machinery governing circadian TSH (Jordan 
et al. 1983) and ACTH rhythms (for review see Assen
macher etal. 1987a, 1987b). For instance, a doubling 
of the hypothalamic GABA concentration by admin
istration of a specific neurotoxicant (ethanol-amine-O
sulfate) directed against the catabolic enzyme of 
GABA, GABA-transaminase, blocked the ACTH 
rhythm at baseline levels, whereas infusion of the 
GABA antagonist picrotoxin blocked the rhythm at 
peak diurnal levels (Ixart et al. 1983 a, Assenmacher 
etal. 1987a, 1987b). 

4) The limbic amygdala: In view of the many an-
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atomical and functional associations between the hy
pothalamus and the limbic system, the involvement of 
selected limbic areas in the central control of circadian 
neuroendocrine rhythms appears to be quite logical. 
In this line of research, a bilateral deletion of the ba
solateral amygdala induced a splitting of the circadian 
ACTH rhythm into short-lived ultradian fluctuations 
(for reviews see Assenmacher et al. 1987 a). 

Concluding Remarks 

Since the adaptive role of most circadian rhythms is 
still unknown, there has been a tendency to consider 
them as curiosities rather than as basic processes of 
physiological regulation. More recently, the emergence 
of chronopathology, for example, the study of sleep 
disorders and digestive pathology associated with re
peated environmental desynchronization of biological 
rhythms (for example, shift-work or transmeridian jet 
flights), and chronopharmacology (timing of drug ad
ministration) has led to the development of basic re
search on the mechanisms underlying circadian 
rhythms. 

With reference to the mechanisms that generate cir
cadian behavioural and neuroendocrine rhythms, that 
is the circadian organization of otherwise ultradian 
functional fluctuations, recent neurological studies 
have shown that whatever prominent role might be 
ascribed to the suprachiasmatic nuclei (SCN), a number 
of other brain areas, interacting directly or indirectly 
with the SCN, take part in a multi oscillator system. 
The integrity of the system is essential for normal func
tioning of circadian neurorhythms, although a certain 
degree of vicariousness may exist when the system un
dergoes partial anatomical or functional deficiencies. 

This circadian system involves complex neuronal 
networks interconnecting discrete regions of the brain 
stem, hypothalamus and limbic system. Consequently, 
as in the case of other highly integrated functions of 
the organism, there is no neurosurgical approach to 
the repair of circadian neurorhythm dysfunction yet 
envisaged, although neurosurgical procedures designed 
for other pathologies may disrupt circadian rhythms 
and their very strict mutual temporal relationships. 
Nevertheless, in the long run, it is probable that deeper 
insight into the central mechanisms of circadian neu
rorhythms will provide a valuable diagnostic insight 
for neurology and neurosurgery as well. 
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In 1930 Pop a and Fielding described in the rat a spe
cialized network of blood vessels, the hypothalamo
hypophyseal portal system, that connected the infun
dibulum (median eminence) and the sinusoids of the 
pars distalis of the pituitary gland. Its functional im
portance was not immediately understood. They found 
no venous drainage from the pituitary gland so they 
assumed that blood ran from the gland into the brain. 

Later, Wislocki and King (1936) described the portal 
system in more detail. They found that the superior 
hypophyseal arteries gave rise to the capillary plexus 
of the median eminence. From this plexus originated 
the long portal vessels which ran along the pituitary 
stalk to terminate in a secondary plexus in the pars 
distalis. From here blood flowed through lateral hy
pophyseal veins into the systemic circulation. The ma
jor contribution of Green and Harris (1947) was to 
demons tate that the portal system constituted the an
atomical framework through which the hypothalamus 
controlled the pituitary secretion. 

Around the same time the concept of neurosecre
tion, that is the idea that nerve cells were able to secrete 
hormones and delivered them into the blood stream, 
was taking shape, thanks particularly to the morpho
logical studies of the Scharrers (1940). 

In Fig. 1 is outlined in a very simplified manner some 
of the neurovascular connections within the hypotha
lamic-pituitary axis. 

Vascular Anatomy 

The portal capillary system is present in all mammalian 
species that have been studied, although there are some 
variations in anatomical details. We will use as para
digm the vascular system of the rhesus monkey (Fig. 2) 

following the landmark studies of Bergland and Page 
(1978). The arterial supply comes from branches of the 
internal carotid arteries. The median eminence receives 
its irrigation from the superior hypophyseal arteries, 
whereas the pars nervosa (or infundibular process) de
pends upon the inferior hypophyseal arteries. The mid
dle hypophysial arteries (also called trabecular or loral 
arteries) go to the infundibular stem (pituitary stalk) 

Fig. I. Neurons in the medial basal hypothalamus (M BH) terminate 
in the pars nervosa or posterior pituitary (PP). Hormones or re
leasing factors liberated there may reach the adenohypophysis or 
anterior pituitary (AP) through short portal vessels (PC). Other 
neurons terminate in the inner plexus of the median eminence, and 
their products may reach the adenohypophysis through the long 
portal vessels (PL). Some nerve terminals may end in the cells of 
the pars tuberalis (PT). OC Optic chiasm. (From Antunes 1979) 
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Fig. 2. Vascular supply of the pituitary gland. ah adenohypophysis; 
pn pars nervosa; sha superior hypophyseal artery; ic internal carotid; 
mha middle hypophyseal artery; iha inferior hypophyseal artery; cs 
cavernous sinus; pv portal vessel. Draining veins from both the 
anterior and posterior lobes join to drain into the cavernous sinus. 
(Adapted from Bergland and Page 1978) 

and to the infundibular process (pars nervosa). In this 
species the adenohypophysis does not appear to have 
a direct arterial supply. 

The superior hypophyseal arteries supply the cap
illary bed of the median eminence which is made of an 
outer shell, called the "external plexus", and an inner 
core of capillary coils, the "internal plexus". These 
project into the inner part of the infundibulum. It 
should be emphasized that the capillary networks of 
the various segments of the neurohypophysis-the in
fundibulum, the infundibular stem and the infundib
ular process-are inter-connected to form a common 
bed. 

The capillary bed of the pars distalis is connected 
with the capillary bed of the infundibulum through the 
long portal vessels. The number of these is somewhat 
variable but there are always one or two running lon
gitudinally on the anterior surface of the stalk. In ad
dition the adeno- and neurohypophysis also commu
nicate through short portal vessels. 

The venous drainage is peculiar: the adenohypoph
ysis does not have direct venous drainage into the cav
ernous sinus. Indeed its veins join similar veins from 
the neurohypophysis to form the confluent veins which 

drain into the cavernous sinus. In addition there are 
connections between the capillaries of the upper median 
eminence and the medial basal hypothalamus. It is 
likely that some of the blood of the neurohypophysis 
drains to the venous channels of the base of the brain. 

Page (1982) unable to find a direct arterial supply 
to the adenohypophysis in other species such as mouse, 
rat, rabbit, cat, dog, and sheep. In man, however, there 
appears to be a dual arterial supply (Gorczyca and 
Hardy 1987), although the portal vessels provide the 
most important contribution. The lateral wings of the 
gland and the subcapsular peripheral zone may receive 
a contribution from penetrating vessels derived from 
the capsular arterial network. The "rete" is composed 
of branches of the inferior hypophyseal arteries, as well 
as vessels that come directly from the medial aspect of 
the intra-cavernous carotid-the capsular arteries of 
McConnell. Furthermore there may be vessels that 
arise directly from the inferior hypophyseal artery, as 
well as branches of the middle hypophyseal artery, 
which penetrate the anterior and superior surface of 
the gland. 

In the dog there are no superior hypophyseal arteries 
but rather a system of arterial branches that form a 
plexus around the infundibulum (Dandy and Goetsch 
1911 ). 

Since section of the pituitary stalk has been per
formed as a therapeutic procedure in man, and as an 
experimental model in a number of animals, it is worth 
mentioning the vascular consequences of this proce
dure. The operation interrupts the long portal vessels 
and causes a variable degree of necrosis of the ade
nohypophysis estimated to be about 75% (Daniel and 
Prichard 1975). In addition, there may be areas ofne
crosis in the basal hypothalamus interpreted as venous 
infarctions, due to interruption of the venous drainage. 

We studied this problem in the rhesus monkey and 
used a microsurgical transorbital approach (Antunes 
et al. 1980). In contrast to the results of others (Adams 
etal. 1963) we observed that in some animals there was 
no necrosis of the adenohypophysis and in the re
maining, the average area of infarction was around 
20%. This suggests not only that the short portal veins 
may playa more important role than was previously 
suspected, but also that the adenohypophysis may re
ceive a direct arterial supply. 

Direction of Blood Flow in the Hypothalamus-Pituitary 
Axis 

One of the most fascinating questions pertaining to the 
vascular physiology of the hypothalamic-pituitary unit 
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is the direction of the blood that flows through it. As 
mentioned before, Popa and Fielding (1930) believed 
that blood circulated from the hypophysis to the brain. 
This concept was first challenged by Wislocki and King 
(1936) and by Morato (1939) using injection tech
niques. The first demonstration "in vivo" that the di
rection of flow was indeed the reverse was provided by 
Houssay et al. (1935) and subsequently Green and Har
ris (1947) and Worthington (1955). 

It is well documented that a short feedback loop 
operates between the hypothalamus and pituitary (see 
Antunes 1979). The demonstration of bidirectional 
flow within the portal system, or some form of circular 
flow between both structures will give additional sup
port to that concept. 

Page (1982) addressed this question with "in vivo" 
studies in the pig. He exposed the median eminence, 
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Fig. 3. Doppler recording of blood flow in long portal vessels, show
ing flow from the hypothalamus to the pituitary gland with a Valsalva 
maneuver (arrow): the recorded flow velocity dropped to zero, in
dicating no flow within the vessel. When the Valsalva maneuver was 
interrupted (double arrows) the flow returned to normal. The upper 
tracing displays the arterial pressure recording. (From Antunes et al. 
1983) 

Table I. Hypothalamus-pituitary blood flow 

Author Species Technique 

Goldman rat 86Rb 

David rat 86Rb 

Porter rat H 2 clearance 
Lichardus rat 1251 antipyrine 
Page sheep microsphere 
Muraszko dog microsphere 
Kemeny rat H2 clearance 
Lees rat 14e I antipyrine 

ME Median eminence, AH adenohypophysis, PH posterior hypophysis. 
* Two components-"slow" and "fast". 

** Two segments-ant. and post. m.e. 

pituitary stalk, and pituitary gland, and found that 
blood ran from the median eminence to the pars dis
talis. In some instances the injected dye also passed 
from the neural lobe to the pars distalis. This area of 
adenohypophysis that received blood from the neural 
lobe increased when the stalk was sectioned. In the 
neurohypophysis he observed that blood circulated in 
an anterograde fashion from the median eminence to 
the upper infundibular stem, and retrogradely from the 
neural lobe to the lower infundibular stem. In nor
motensive conditions he did not observe dye reaching 
the median eminence from the neural lobe. 

Antunes et al. (1983) investigated the direction of 
blood flow in the long portal vessels of the rhesus 
monkey. They exposed the pituitary stalk and applied 
a micro Doppler probe, with a 1 mm piezoelectric crys
tal around it. They found that in the resting state the 
blood ran from the hypothalamus to the pituitary gland 
(Fig. 3). When a Val salva maneuver was performed the 
flow came to a halt, although actual reversal of flow 
could not be demonstrated. It is possible however that 
this technique is not sensitive enough to document tran
sient small changes of flow. 

The vascular architecture and the ample commu
nications between the neurohypophysis and the ade
nohypophysis allow circulation of blood between these 
structures, and in certain circumstances, there may be 
reversal of the direction. In normal situations blood 
may run from the median eminence to the adenohy
pophysis through the long portal vessels and then reach 
the neural lobe through the short portal veins or the 
confluent veins. From there it could go up the infun
dibulum again, and down through the long portal ves
sels. Further support to this concept that the pituitary 

Results (ml/100 g' min) 

ME 

106 
461 
114/87** 

103 

AH 

59 
76 
37/170* 

120 
35 
48 
65/90* 
67/105* 

PH 

360 
505 

236 
436 
625 

133 
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may secrete into the brain has come from the studies 
of Bergland and Page (1978) who measured the con
centration of several pituitary hormones in various vas
cular channels which supply and drain blood from the 
hemispheres of the brain. 

Blood Flow in the Hypothalamo-Pituitary Unit 

The measurement of the blood flow to the hypothal
amus and pituitary gland raises a number of meth
odological and technical questions, which are beyond 
the scope of this paper. They are related to the size of 
the gland, the heterogeneity of its composition, and its 
location. A number of techniques using fractional in
dicators, local hydrogen clearance, microspheres and 
autoradiography have been employed. The results of 
some of these studies are summarised in Table 1. Al
though there is some variation in the values obtained 
in different species, and within the same species, de
pending on the techniques used, some general state
ments can be made. In all studies, the posterior lobe 
has much higher values than the adenohypophysis. 

In regard to the blood flow to the adenohypophysis 
Lees and Pickard (1987) recently called attention to 
the fact that its perfusion pressure (AHPP) was equal 
to the difference between the pressure in the portal 
veins (PVP) and within the sella (intrasellar pressure 
ISP), assuming of course, that the adenohypophysis 
does not have any direct arterial bloody supply. Since 
it is unlikely that the pressure in the portal vessels 
exceeds the peripheral venous pressure, it should be 

Fig. 4. Microsurgical subtemporal exposure of the pituitary stalk 
(s). The temporal lobe is elevated. c Carotid artery; n oculomotor 
nerve 

Table 2. Blood/low after stalk section (ml/100g'min±SEM) 

Control 30Cn* 

Ant Pit 36±4.5 26.7± 5.9 
Post Pit 565.2±60.l 346.9 ± 119.4 
Ant Hyp 36.0± 2.0 35.2±7.2 
Post Hyp 3S.5±3.9 43.7±9.3 

* 30 minutes after craniotomy. 
** 15 minutes after stalk section. 

*** 30 minutes after stalk section. 

15 SS** 30 SS*** 

17.7±4.9 11.0±5.3 
78.0 ± IOJ 70.0± 10.8 
2S.0±4.9 30.7±7.9 
39.8±7.3 33.6± 6.9 

lower than 10-15 mmHg. Thus, the AHPP is consid
erably lower than the cerebral perfusion pressure, and 
could easily be affected by any increase in the intrasellar 
pressure, as a result of an expanding lesion or rise in 
the pressure within the cavernous sinus. 

When the microsphere technique was used the values 
obtained for the adenohypophysis were 35 mill 00 g min 
in the sheep (Page 1982) and 48 in the dog (Muraszko 
et al., unpublished observations). This is intriguing 
since in both instances spheres measuring approxi
mately 1511m in diameter were used, and they should 
have been trapped in the neurohypophyseal capillary 
bed, if one accepts the results of the morphological 
studies that seem to demonstrate the absence of direct 
arterial supply to the anterior lobe. One possible ex
planation is that smaller spheres may actually "es
cape"; another, is that there are indeed arteries going 
directly to the adenohypophysis which are not visu
alized by the techniques currently used to investigate 
the vascular anatomy. 

We have also studied the flow to the gland in the 
dog following section of the pituitary stalk, using a 
microsurgical subtemporal exposure (Fig. 4). The re
sults are briefly summarized in Table 2. Following the 
section there was a reduction in flow of both the an
terior and the posterior lobes, particularly of the latter, 
which felt to 10% of the preoperative values. It is of 
interest to note that the flow to the anterior hypo
thalamus (which included the median eminence) and 
posterior hypothalamus were not altered. 

Porter using the hydrogen clearance technique 
found that the blood flow in the adenohypophysis was 
not homogeneous: there was an area of fast flow in 
the centre of the gland, which probably received a con
tribution from the short portal vessels, and a slower 
flow in the periphery. Similar results were obtained 
recently by Lees et al. (1988). 

It is worth emphasizing the high values found in all 
segments of the neurohypophyseal bed. In the sheep 
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Table 3. Regional blood flow in the dog-mIl 100 g' min (± SEM) 

Anesthetic Ant. pit. Post pit. Ant. hypoth.Post hypoth. Cortical Hemisph. Choroid Thyroid Parotid 
agent 

Ketamine 
48.36 625.98 87.78 I14.20 
(± 11.93) (± 73.42) (±7.09) (± 11.96) 

Pentobarbital 
34.32 731.96 30.82 34.50 
(± 7.38) (± 139.39) (± 3.21) (±4.71) 

Page et al. (1981) encountered similar values for the 
median eminence and neural lobe, which further sup
ports his concept of an anatomical and functional unity 
between these two structures. In the dog we divided 
the basal hypothalamus into two segments and found 
that the anterior one, which contained the median em
inence, had a statistically lower value than the posterior 
one (Table 3). Among the neural structures we ana
lysed, only the choroid plexus had flows comparable 
to the neural lobe. 

As noted by Page (1982) the very high flow to the 
neurohypophysis reflect both the high metabolic de
mands of the neurosecretory processes and the ability 
to provide a rapid delivery of the hormonal substances. 

The question of the reactivity of the vascular bed 
of the hypothalamo-pituitary axis was also addressed 
by Page et al. (1981). In their experiments when the 
PaC02 was lowered there was a decrease in flow of 
both the median eminence and neural lobe. When the 
PaC02 was increased, however, the median eminence 
blood flow did not change and the flow in the posterior 
lobe was only increased on average by 23% of the basal 
values, whereas the increase in other neural structures 
was much more pronounced. In addition, they did not 
find any significant alteration in flow when the blood 
pressure was raised or lowered beyond the limits of 
autoregulation. 

In our own experiments (Table 3) we used two dif
ferent anesthetic techniques. The values obtained for 
the anterior and posterior hypothalamus as well as for 
the cortical gray and hemispheric white matter were 
significantly higher with ketamine than with pento
barbital. There was however, no significant difference 
between the anterior and posterior pituitary lobes, 
which suggests that at least in the dog, the blood flow 
to the gland is under different regulatory mechanisms 
than the hypothalamus. Recently it has been shown in 
the rat that bromocriptine reduces the adenohypoph
yseal blood flow (Kemeny 1985b). 

grey matter white matter plexus gland gland 

215.55 54.97 438.76 100.1 86.1 
(±29.05) (± 6.19) (±48.08) (± 16.1) (±17.8) 

33.74 24.77 387.27 78.6 14.2 
(± 3.37) (±2.51) (±54.I1) (± 11.2) (± 1.4) 
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Introduction 

Over the last three decades major advances in the un
derstanding of hypothalamic-pituitary control mech
anisms have led to important diagnostic and thera
peutic developments. The early work of Geoffrey Har
ris, which established the concept of hypothalamic
pituitary control via the microvascular portal system 
was confirmed by the isolation by Guillemin and 
Schally in the late 1960's and early 1970's, of a variety 
of chemical mediators of these actions, the hypotha
lamic regulatory peptides. In more recent times the two 
most elusive hypothalamic regulatory peptides, corti
cotrophin releasing factor and growth hormone re
leasing factor (Table 1), have been isolated and char
acterised through the efforts of Vale and Guillemin. In 
this brief review we outline some of the more recent 
developments which have led to improvements in clin
ical management of the various endocrine conditions 
associated with disturbances of specific anterior pitu
itary hormones. 

Table I. Major hypothalamic neuropeptides 

Source Amino acids Actions 

TRH 1968 3 i TSH, PRL (GH) 
Porcine, Ovine 

LHRH 1969 10 i LH, FSH (GH) 
Porcine 

SRIF 1970 14,28 ! GH, TSH (PRL) 
Ovine 

CRF 1981 41 i ACTH (GH) 
Ovine 

GRF 1982 40, 44 i GH (PRL) 
Pancreatic tumour 

Prolactin (PRL) 

With present knowledge of the relatively benign course 
of most prolactinomas it is tempting to withhold ther
apy in asymptomatic patients, or those with minimal 
symptoms, particularly if fertility is not a problem. 
However, numerous studies of hyperprolactinaemic 
women have now demonstrated decreased density of 
cortical and trabecular bone using direct photon ab
sorptiometry or CT scanning (Klibanski et al. 1980, 

Schlecte et al. 1983, Cann et al. 1984, Koppelmann et al. 

1984, Klibanski and Greenspan 1986) and, in some, an 
increase in bone density when the condition is treated 
(Table 2). It is not yet fully established whether hy
perprolactinaemia per se is involved in the decreased 
bone density or whether its effects are mediated by 
lowered plasma oestrogen levels. The latter seems more 
likely since, in a recent study, women with raised PRL 
but normal oestrogen levels and normal menstruation 
did not have decreased bone density (Ciccarelli et al. 
1988). In the light of this evidence, there is a growing 
view at present that hyperprolactinaemic amenorrhoea 
should be treated even in the absence of other symp
toms or indications, because of the risk of subsequent 
osteoporosis. 

Medical therapy with bromocriptine remains the 
mainstay of treatment in most centres and alternative 
dopamine agonists, with fewer side effects, can be tried 
if there is bromocriptine intolerance. Such drugs in
clude metergoline, dihydroergocryptine, lisuride and 
terguride. The longer acting and more potent agents 
pergolide and cabergoline hold particular promise, es
pecially the latter drug which has a duration of action 
of several days following oral administration (Ferrari 
et al. 1986). The results of long term clinical trials of 
these two latter agents are awaited at present. A major 
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Table 2. Bone density in hyperprolactinaemia 

No. No. Site Method Finding Source 
patients controls 

14 16 distal direct photon decreased Klibanski et al. 1980 

radius absorptiometry 

23 29 distal direct photon decreased Schlechte el al. 1983 

radius absorptiometry 

18 14 distal direct photon trea tmen t with Klibanski and Greenspan 1986 
(untreated) radius absorptiometry bromocriptine 

13 13 vertebral CT Scan 
bodies 

9 50 vertebral CT Scan 
bodies 

problem with dopamine agonist drugs is that treatment 
has to be over many years in the majority of patients 
if continuous cyclical behaviour and oestrogenisation 
are to be maintained. Although there is some evidence 
to indicate that long term dopamine agonist therapy 
contributes to the resolution of prolactinomas in a 
small proportion of patients, few groups have obtained 
as favourable results as Winkelmann and colleagues 
(1985). They treated 77 patients with prolactinomas, 
10 with micro adenomas and 67 with macro adenomas, 
with bromocriptine for 3-10 years and found persistent 
normoprolactinaemia after drug withdrawal in 5/10 
patients with micro adenomas and 7/67 macroadeno
mas. Overall, perhaps between three and ten per cent 
of patients go into complete remission each year during 
the course of dopamine agonist therapy. 

An alternative treatment is partial hypophysectomy 
or microadenomectomy of prolactin-secreting tu
mours, and attitudes towards this approach have fluc
tuated in recent years. Firstly, the diagnosis of prolac
tinoma has to be established as accurately as possible. 
This can prove difficult since the normal gland can 
cause misleading appearances on high resolution CT 
scanning and very small adenomas can be missed com
pletely. Dynamic testing ofTSH and PRL release using 
TRH and domperidone is simple, safe and can be per
formed rapidly on an outpatient basis. In general, the 
results can be very helpful in supporting or excluding 
the presence of autonomous hyperprolactinaemia 
(Scanlon et al. 1985). The initial encouraging results of 
Hardy were tempered by his subsequent publication of 
around 50% recurrence rate at 5 years (Serri et al. 1983) 
which virtually precluded this approach as a meaning-

increased 

decreased Koppelman el al. 1984 

decreased Cann etal. 1984 

ful therapeutic manoeuvre. Fortunately other groups 
went on to publish their long term surgical series 
(Table 3) and whilst there is a definite recurrence rate, 
this is generally much lower than reported by Hardy's 
group. Our own experience in Cardiff in relation to 
surgery and recurrence is shown in Tables 4 and 5. At 
present a balance is being achieved between the use of 
dopamine agonist therapy and surgery. All options 

Table 3. Recurrence of micro-prolaClinomas after surgery 

No. Mean Recurrence Source 
patients follow up rate 

(years) % 

24 6.2 50 Serri et al. 1983 

55 1.7 5.5 Bertrand el al. 1983 

50 3.1 16 Fahlbusch el al. 1984 
50 3.1 16 Buchfeldcr el al. 1985 
23 5.0 9 Thomson et al. 1985 

15 2.7 0 Scanlon et al. 1985 

20 5.0 40 Schlechte el al. 1986 

16 4.0* 0 Bevan el al. 1987 

* Median. 

Table 4. Cure rate in relation to surgeon's estimation of size 

Size No. Post-op PRL<420mUjl 
(mm) patients No. (%) 

0-4 18 II (61) 
5-9 21 20 (95) 

10-19 26 21 (81) 
>20 7 4 (57) 
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Table 5. Post-operative recurrence of prolactinomas. (Cardiff) 

Recurrence rate 4/72 (5%) 

Duration of follow up 3- 108 months (mean 39) 

Post-op PRL 

(mU/I) 

331 
299 

60 
64 

Time to 
recurrence 
(months) 

2 
30 

Cured but abnormal dynamic tests 7/72. 

Dynamic 
tests post-operatively 

abnormal 
abnormal 
abnormal 
abnormal 

should be discussed fully with each patient and ther
apeutic decisions made on an individual basis. 

The aetiology of prolactinomas remains largely un
known. In certain strains of rats and mice lactotroph 
hyperplasia and prolactinomas are readily induced by 
oestrogen administration. New arteries supplying the 
anterior lobe are prominent in this situation, the degree 
of arteriogenesis paralleling the sensitivity of the strain 
to oestrogen-induced tumour formation (Weiner et al. 
1985). The arterial blood may dilute out portally-sup
plied dopamine and contribute to lactotroph hyper
plasia and tumour formation. Certain strains of rats 
with spontaneous or oestrogen-induced PRL-secreting 
pituitary tumours show increased oncogene mRNA in 
their tumours. mRNA for the oncogenes c-fos, c-H
ras and c-myc (multiple species) have been described 
(White and Carlson 1987). Hence it is possible that 
increased expression of certain oncogene products, 
such as growth factors, their receptors or intracellular 
mediators might be involved in the evolution of pro
lactinomas in animals and in man. 

In man, genetic factors can predispose to the de
velopment of prolactinomas as seen in the multiple 
endocrine neoplasia (MEN) Type I syndrome. Pro lac
tinomas are common in certain local variants of this 
syndrome (Bear et al. 1985). No clear association of 
prolactinomas and oral contraceptive medication has 
emerged from several critical epidemiological studies. 
The cure of most prolactinomas by adenomectomy ar
gues against any primary hypothalamic defect being 
involved in their pathogenesis. Teasdale (1983) was one 
of the first to suggest that prolactinomas might arise 
as a result of an anomalous arterial supply to the an
terior lobe from the carotid arteries via the hypophyseal 
arteries rather than the usual hypothalamic portal 
plexus. This arterial supply could dilute the portal do-

pamine to a segment of the anterior lobe and lead to 
lactotroph hyperplasia and adenoma formation. Like 
Teasdale, we have observed several patients who, at 
operation for a prolactin om a, were found to have an 
abnormal artery supplying the anterior lobe, but no 
prolactinoma. Ligation of the artery was associated 
with a gradual fall in PRL levels over several weeks. 
Pre-operative neuroendocrine tests on these patients 
have shown atypical results with a normal pattern of 
TSH and PRL response to domperidone. It remains 
possible that patients with an anomalous arterial sup
ply to the anterior lobe might be more sensitive to the 
effects of oestrogens in a combined process of tum
ourigenesis. 

Growth Hormone (GH) 

Our understanding of GH control has also increased 
considerably over the last decade (Dieguez et al. 1988) 
and various important clinical trials are presently under 
way based on several new therapeutic approaches. 
Long acting somatostatin analogues such as the Sandoz 
analogue SMS 201-995 have now replaced dopamine 
agonists as the first line of medical therapy in the treat
ment of patients with acromegaly. Several reports have 
demonstrated the efficacy of 8 or 12 hourly subcuta
neous regimes of SMS administration, at dosage levels 
varying from 100 to 50011g, in suppressing patholog
ically elevated GH levels into the normal range with 
parallel reduction in circulating IGF-l levels (Fig. 1). 
The drug is well tolerated and its administration is 
associated with clinical improvement in the majority 
of treated patients (Page etal. 1987). There are limited 
data showing that the combined administration of so
matostatin analogues and bromocriptine may lead to 
even further suppression of GH than when either agent 
is administered alone. 

Surgical removal of a somatotroph adenoma re-
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Fig. 2. Effect of atropine on GH response to GHRH and insulin
induced hypoglycaemia in normal subjects. 
Atropine, .; placebo, 0 

mains the treatment of choice in acromegaly but when 
there are any contraindications or when surgery is not 
completely successful, the use of somatostatin is help
ful. The effects of long term somatostatin administra
tion on somatotroph adenoma size are unclear and the 
data are conflicting. Overall it appears that there may 

be a slight reduction in size in a few patients with 
acromegaly, but the results are clearly very different 
to the dramatic shrinkage which can occur in many 
patients with large prolactinomas treated with dopa
mine agonists. It is reassuring however that there does 
not appear to be any further increase in size in acro
megalic tumours in patients treated with somatostatin 
over the duration studied and we await the results of 
more long term prospective studies in relation to tum
our size. 

The other major area of physiological and clinical 
interest concerns the important role of cholinergic 
mechanisms in the control of GH synthesis and release. 
It has been known for many years that hypothalamic 
cholinergic pathways have been involved in GH control 
but the great sensitivity of the somatotroph to alter
ations in cholinergic mechanisms has only recently been 
appreciated. Cholinergic muscarinic receptor blockade 
with drugs such as atropine or pirenzepine usually com
pletely abolishes the GH response to all known stimuli, 
including pharmacological doses of exgenous GHRH, 
with the exception of insulin-induced hypo glycaemia 
(Fig. 2). 

In parallel with this, cholinergic activation with ace
tylcholinesterase blocking drugs such as pyridostigmine 
leads to enhancement of GH responsiveness to GHRH 
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Fig. 4. The functional disconnection of adenomatous somatotrophs 
in acromegaly. A possible explanation for the different effects of 
cholinergic blockade on GH secretion in normals and diabetics com
pared with acromegalics 

(Massara et al. 1986). Despite the potent action of mus
carinic receptor blocking drugs to abolish GH release, 
these agents are totally ineffective in the medical man
agement of acromegaly (Fig. 3). We have found that 
pirenzepine does not affect either basal, GHRH- or 
TRH-induced GH release in a large number of such 
patients (Jordan et al. 1986). A possible explanation for 
this is depicted in Fig. 4. The current hypothesis is that 
cholinergic hypothalamic neurones exert a tonic inhib
itory control over hypothalamic somatostatinergic neu
rones. If this effect is blocked using muscarinic cholin
ergic blocking drugs such as pirenzepine or atropine, 
one will obtain a surge of somatostatin release into 
hypophyseal portal blood with appropriate GH sup
pression. This mechanism can be overridden by hy
po glycaemia, which is also thought to exert its effects 
on hypothalamic somatostatin release. The acrome
galic somatotroph cells are not receptive to hypotha
lamic somatostatinergic signals (whereas they are re
ceptive to peripheral somatostatin administration) 
which implies a local intrapituitary block perhaps due 
to disturbance of hypophyseal portal microvascular 
arrangements within the pituitary gland itself as a con
sequence of tumour development. 

How then might this increased understanding of 
cholinergic control mechanisms be of therapeutic ben
efit? Two possible areas are being explored at present. 
We have demonstrated that cholinergic muscarinic re
ceptor blockade with pirenzepine can abolish the noc-

turnal GH surge in both normal subjects and in patients 
with insulin-dependent diabetes mellitus (Peters et al. 
1986, Page et al. 1987). GH hypersecretion can lead to 
altered acute metabolic control in diabetes and has also 
been implicated in the development of a variety of 
microvascular complications in this condition, partic
ularly retinopathy. In general, a safe and well tolerated 
means of abolishing nocturnal GH secretion (most GH 
is secreted at night during slow wave sleep) would be 
helpful in improving acute control and perhaps long 
term microvascular disease. Our preliminary studies in 
diabetics indicate that cholinergic muscarinic blockade 
at night over a one week period does indeed lead to 
reduction of the dawn phenomenon and improvements 
in acute metabolic control which are presumed to be 
consequent upon the quite marked GH inhibition 
which occurs (Atiea etal. 1989a, Atiea etal. 1989b). 
A possible benefit of this therapeutic approach, as op
posed to the use oflong acting somatostatin analogues, 
is the sparing of the counterregulatory GH response 
to hypo glycaemia which occurs with cholinergic mus
carinic blockade but not with somatostatinergic inhi
bition of GH. This might avoid the brittleness of con
trol which can occur when somatostatin is given in 
insulin-dependent diabetes mellitus. 

The second area where cholinergic control mecha
nisms may be therapeutically important is in the treat
ment of children with short stature with GHRH, the 
recently discovered hypothalamic GH -stimulatory pep
tide. It has now been demonstrated that GHRH treat
ment can produce increase in height in patients with 
short stature due to hypothalamic GHRH deficiency, 
but this does not occur in all patients and there is 
considerable variability in GH responsiveness to this 
agent. This is probably a consequence of somatotroph 
desensitisation together with the operation of negative 
feedback loops involving IGF-l, somatostatin and GH 
itself. Several questions have yet to be answered with 
regard to dosage, timing and route of administration 
but a recent study has shown that cholinergic activation 
by means of pyridostigmine leads to enhancement of 
the GH responsiveness to GHRH and perhaps a re
versal of the desensitisation phenomenon (Massara 
et al. 1986). This approach may therefore enhance the 
GH responsiveness to GHRH and be of therapeutic 
benefit in individuals with growth retardation. 

Gonadotrophins (LH and FSH) 

Increases in our understanding of the physiology of 
gonadotrophin control over the last ten years have led 
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to a variety of therapeutic advances. Though it was 
appreciated for many years that the hypothalamic pep
tide gonadotrophin-releasing hormone (LHRH) was a 
physiological regulator of gonadotrophin synthesis and 
release, it was not until the elegant studies of Knobil 
(1980) in primates that full significance of the under
lying mechanisms involved was demonstrated. In mon
keys with ablative hypothalamic lesions leading to hy
pogonadotrophic hypogonadism, a normal pattern of 
cyclical hormonal behaviour could be restored by pul
satile administration ofLHRH peripherally. From this 
series of experiments it became clear that pulsatile en
dogenous LHRH release from the hypothalamus was 
absolutely critical to the normal rhythms of gonado
trophin secretion. This is because the gonadotroph cell 
is rapidly desensitised when exposed to continuous 
LHRH, leading to a fall in gonadotrophin output. The 
importance of this approach was established in humans 
when it was demonstrated that normal cyclical activity 
and menstruation could be restored to women with 
hypothalamic hypogonadism, amenorrhoea and infer
tility following administration of exogenous pulsatile 
LHRH (Mason et al. 1984). This approach uses sub
cutaneous administration of pulses of LHRH (usually 
about 15 ~g every 90 minutes via a portable mini-in
fusion pump) and is now standard treatment for fe
males with true hypogonadotrophic hypogonadism 
and infertility due to presumed LHRH deficiency. Use 
of this natural mechanism avoids the hyperstimulation 
syndrome and multiple pregnancies associated with hu
man menopausal gonadotrophin and human chorionic 
gonadotrophin. 

Fuller appreciation of the extent of gonadotroph 
desensitisation following chronic exposure to high con
centrations of LHRH also led to unexpected thera
peutic developments. Chronic infusion of LHRH or 
administration of super-agonist analogues of LHRH 
leads to rapid and reversible desensitisation of the gon
adotroph (following an initial abrupt stimulation) caus
ing reversible clinical hypogonadism in both males and 
females. Intra-nasal administration of super-agonist 
analogues of LHRH is now of therapeutic benefit in 
such diverse conditions as precocious puberty, fibroids, 
menorrhagia, endometriosis and hormone-dependent 
carcinomas of the prostate and breast. It may also have 
a role in contraception and as therapy for the pre
menstrual syndrome. 

Adrencorticotrophic Hormone (ACTH) 

Further understanding of hypothalamic control of 
ACTH and proopiomelanocortin (POMC) gene ex-

pression followed the isolation by Vale and colleagues 
(1981) of corticotrophin-releasing factor (CRF), a 41 
amino acid peptide. It is now also established that there 
is very close interaction between both CRF and va
sopressin in the control of POMC gene expression and 
corticotroph function. A distinct pathway has now 
been described for vasopressin producing cells arising 
in the parvocellular division of the para ventricular nu
cleus and projecting to the median eminence. This is 
an addition to the well established vasopressin supply 
to the posterior pituitary gland from the supraoptic 
and suprachiasmatic nuclei. The parvocellular parav
entricular cell bodies contain specific vasopressin and 
CRF mRNA, the levels of which alter appropriately 
in response to glucocorticoid treatment or hypoadren
alism (Sawchenko etal. 1984, Wolfson etal. 1985, Ro
binson 1986, Gillies and Lowry 1986). 

There have been numerous clinical studies of the 
application of CRF to the investigation of hypercor
tisolism. Predictably, patients with pituitary-dependent 
Cushing's disease show exaggerated ACTH and cor
tisol responses to CRF compared with normals, de
pressed patients, patients with primary adrenal disease 
and patients with the ectopic ACTH syndrome (Chrou
sos etal. 1985, Muller and Von Werder 1988). Whilst 
these differences are clear on a group mean basis, as 
with all tests of adrenal function, there can be consid
erable overlap between different aetiological groups on 
an individual basis, for example, occasional patients 
with ectopic ACTH syndromes show positive responses 
to CRF (Muller and Von Werder 1988). However, re
cent reports have suggested a more valuable indication 
for the use of CRF in the investigation of ACTH
dependent hypercortisolism. That is in association with 
selective bilateral inferior petrosal sinus sampling for 
measurement of ACTH levels (Landolt et al. 1986, 
Schulte et al. 1988). This investigative procedure can 
be used to determine the pituitary origin of secreted 
ACTH and also to indicate which side of the pituitary 
gland is the source of autonomous ACTH secretion. 
This information is valuable in relation to subsequent 
surgical exploration of the fossa. An interesting recent 
finding is the demonstration, using this approach, of 
PRL responses to CRF on the same side of the pituitary 
as the ACTH response in patients with Cushing's dis
ease (Schulte et al. 1988). This suggests that many 
ACTH-producing pituitary tumours are also PRL-pro
ducing which is in accord with other recent evidence 
(Sherry et al. 1982, Yamaji et al. 1984, 1985, Schulte 
etal. 1988). 
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Thyroid Stimulating Hormone (TSH) 

The TRH test has been used most commonly in the 
investigation of primary hyperthyroidism in that the 
presence of any significant TSH response to TRH vir
tually excludes this diagnosis. However this diagnostic 
approach has now been superseded by the development 
of ultra-sensitive assays for human TSH. Such reagent 
excess, two-site assays using either fluorescent, ra
dioiodine or chemiluminescent labels have improved 
sensitivity dramatically and wide discrimination can 
now be achieved between hyperthyroid and euthyroid 
groups (Weeks et al. 1984). Quite clearly such TSH 
assays are also useful in the diagnosis of hyperthy
roidism due to inappropriate TSH secretion when TSH 
levels may be in the normal range. Future studies may 
reveal that this syndrome is commoner than previously 
suspected. The use of TRH testing is still of value 
however in the investigation of hypothalamic-pituitary 
disease states in that an absent TSH response to TRH 
(without hyperthyroidism) is highly suggestive of an 
intrapituitary lesion whereas a delayed TSH response 
to TRH is more in keeping with either hypothalamic 
or pituitary stalk damage and is seen commonly in 
stalk-compression hyperprolactinaemia (Scanlon et al. 
1986). Application of this new assay technology to 
other anterior pituitary hormones such as ACTH and 
gonadotrophins may also improve the clinical diag
nostic armamentarium. 

Growth Control in the Anterior Pituitary 

The advances in understanding of the functional con
trol of the anterior pituitary gland over the last decade 
have not been paralleled by similar advances in relation 
to pituitary growth control. Despite the fact that it has 
been known since the mid 1970's that dopamine agon
ism with drugs such as bromocriptine can lead to dra
matic shrinkage of large prolactin-secreting tumours, 
there have been relatively few studies of the mechanism 
of action of such agents in relation to pituitary growth. 
Balanced growth of the anterior pituitary gland de
pends upon the coordinated production of specific an
terior pituitary cell type growth factors, angiogenic fac
tors and connective tissue growth factors. In particular, 
coordinated angiogenesis is crucial to the development 
and maintenance of normal hypophyseal portal mi
crovascular relationships within the anterior pituitary 
gland. These relationships are probably disrupted when 
autonomous cellular growth occurs leading to adenoma 
formation. Compensatory growth of the anterior pi-

tuitary depends upon the interaction between the in
hibitory target gland hormones, stimulatory hypotha
lamic regulatory hormones and a variety of growth 
factors acting in a paracrine or autocrine fashion. 
Growth factors such as I G F -1 should no longer be 
regarded simply as "circulating mediators" since their 
production has been demonstrated in a variety of tis
sues. It seems likely that the local production, action 
and metabolism of such factors within the tissue are 
more important determinants of cell growth. Certainly 
recent data have demonstrated that the anterior pitu
itary gland produces a variety of growth factors which 
may be involved in the regulation of cell growth and 
function (Table 6). However, their control and physi
ological roles are unknown as are their specific target 
cells. IGF-l inhibits GH secretion and GH mNRA 
levels both basally and after stimulation with GHRH. 
Furthermore, IGF-l receptors have been characterised 
on both anterior pituitary membranes and somato
troph adenoma cells. The IGF-1 gene is expressed in 
the anterior pituitary as indicated by in situ hybridi
sation of specific mRNA with IGF-1 cDNA probes 
(Melmed 1988). 

EGF, at physiological concentrations, stimulates 
GH secretion from superfused normal rat anterior pi
tuitary fragments without affecting TSH or PRL se
cretion (Ikeda et al. 1984). Also, EGF receptors are 
present on normal rat and human pituitary membranes 
but not on tumours taken from acromegalic patients 
(Michard et al. 1986). In contrast, in a tumour cell line 
(GH4C1 cells), EGF increases PRL gene transcription 
(Murdoch et al. 1982), stimulates PRL synthesis and 
inhibits GH synthesis (Kudlow and Kobrin 1984). Us
ing another tumour cell line (GH3D6), Johnson et al. 
(1980) found that EGF alone did not stimulate cell 
division but inhibited cell growth stimulated by thyroid 
hormone-induced growth factor. However, their most 
striking finding was a marked alteration in the mor
phology of the cells after EGF treatment from a 

Table 6. Growth jactors identified in the anterior pituitary 

- Insulin-like growth factors I and II 
- Epidermal growth factor 
- Chondrocyte growth factor 
- Fibroblast growth factor 
- Ovarian growth factor 
- Glial growth factor 
- Plasminogen activators 
- Autostimulatory growth factor oestrogen insensitive 
- Thyroid hormone-induced growth factor 
- Mammary tumour cell growth factor 
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rounded to an elongated form. It has been suggested 
that EGF-like mitogens act within the pituitary to me
diate continual cell turnover and permit population 
shifts in response to changes in the peripheral hormonal 
environment (Kudlow and Kobrin 1984). 

PDGF inhibits PRL secretion in GH3 cells and en
hances GH release in GC cells. PDGF also affects 
cellular morphology leading to larger, flattened cells 
with angular borders which are more tightly adherent 
to the culture dish (Sullivan and Tashjian 1983). FGF 
increases the sensitivity of both thyrotrophs and lac
totrophs to TRH (Baird et al. 1985) and inhibits, in a 
similar fashion to TRH and EGF, cell proliferation in 
GH4C] cell lines (Schonbrunn et al. 1980). It is now 
clear that GHRH may also play an important part in 
the control of somatotroph cell growth as well as in 
the control of GH secretion. Using auto radiographic 
detection of 3H-thymidine uptake and immunocyto
chemistry, it was shown that nanomolar concentrations 
of GHRH increased by up to 60% the total number 
of somatotrophs in vitro. Somatostatin caused partial 
inhibition of the stimulatory effect of GHRH (Billes
trup et al. 1986). It has been reported recently that 
GHRH produced a very rapid activation of the c-fos 
oncogene in anterior pituitary cells, although this may 
be more related to cell differentiation than division 
(Billestrup et al. 1987). Of further interest is the recent 
report that the c-myc oncogene, which initiates the 
nuclear events of cell division, is expressed in cultured 
human adenomatous GH-secreting celJs but not in 
other pituitary cell types studied (Isaac et al. 1987). 

In summary, there is at present an accumulation of 
data which indicate the importance of stimulatory and 
inhibitory growth factors in the paracrine, and perhaps 
autocrine, regulation of anterior pituitary cell growth 
and function. There may well be several more specific 
pituitary growth factors which will be identified in the 
near future. Preliminary data are also emerging con
cerning the pattern of oncogene expression in human 
pituitary tumours. It is now necessary to relate growth 
factor production, oncogene expression and hypotha
lamic regulation to specific anterior pituitary cell pop
ulations and human pituitary adenomas. In the midst 
of these studies it should not be forgotten that coor
dinated vascular and supporting tissue growth is also 
crucial to the normal development and maintenance of 
anterior pituitary structure and function. 

References 

Atiea JA, Creagh F, Page MD, Owens DR, Scanlon MF, Peters JR 
(1989) Early morning hyperglycaemia in IDD. Acute effects of 
cholinergic blockade. Diabetes (in press) 

- - - - - - (1989) Early morning hyperglycaemia in IDD: 
acute and sustained effects of cholinergic blockade. J Clin En
docrinol Metab (in press) 

Baird A, Mormede P, Ying SY (1985) A nonmitogenic pituitary 
function of fibroblast growth factor: regulation of thyrotrophin 
and prolactin secretion. Proc Nat! Acad Sci USA 82 (16): 5545-
5549 

Bear JC, Briones-Urbina R, Fahey JF, Farid NR (1985) Variant 
multiple endocrine neoplasia I (MEN IBmin): Further studies on 
non-linkage to HLAP!. Hum Hered 35: 15-20 

Bertrand G, Tolis G, Montes J (1983) Immediate and long-term 
results of trans sphenoidal microsurgical resection of prolacti
nomas in 92 patients. In: Tolis G, Stefanis C, Mountokalakis 
T, Labrie F (eds) Prolactin and prolactinomas. Raven Press, 
New York, pp 441 

Bevan JS, Adams CBT, Burke CW, Morton KE, Molyneux AJ, 
Moore RA, Esiri MM (1987) Factors in the outcome of trans
sphenoidal surgery for prolactinoma and non-functioning pi
tuitary tumour, including pre-operative bromocriptine therapy. 
Clin Endocrinol 26: 541-556 

Billestrup N, Mitchell RM, Vale W, Verma JM (1987) Growth hor
mone releasing factor induces c-fos expression in cultured pri
mary pituitary cells. Mol Endocrinol I (4): 300-305 

- Swanson LW, Vale W (1986) Growth hormone releasing factor 
stimulates proliferation ofsomatotrophs in vitro. Proc Nat! Acad 
Sci USA 83 (18): 6854-6857 

Buchfelder M, Lierheimer A, Schrell U (1985) Recurrence of hy
perprolactinaemia detected in long-term follow-up of surgically 
normalized microprolactinomas. In: Auer LM, Leb G, Tscherne 
G, Urdle W, Walter GF (eds) Prolactinomas. Walter de Gruyter, 
Berlin New York, pp 183-187 

Cann CE, Martin MC, Harry K, Genant HK, Jaffe RB (1984) 

Decreased spinal mineral content in amenorrheic women. JAMA 
251: 626--629 

Chrousos GP, Schiirmeyer TH, Doppman J, Oldfield EH, Schulte 
HM, Gold PW, Loriaux DL (1985) Clinical applications of cor
ticotropin releasing factor. Ann Intern Med 102: 344-358 

Ciccarelli E, Savino L, Carlevatto V, Bertagna A, Isaia GC, Camanni 
F (1988) Vertebral bone density in non-amenorrhoeic hyperpro
lactinaemic women. Clin Endocrinol 28: 1-6 

Dieguez C, Page MD, Scanlon MF (1988) Growth hormone ncu
roregulation and its alterations in disease states. Clin Endocrinol 
28: 109-143 

Fahlbusch R, Buchfelder M, Werder K (1984) Present status of 
surgical treatment of prolactinomas (and long term follow-up). 
In: Lamberts SW, Tilders FJH, Van der Veen EA, Assies J (eds) 
Trends in diagnosis and treatment of pituitary adenomas. Free 
University Press, Amsterdam, pp 121-132 

Ferrari C, Barbieri C, Caldara R, Mucci M, Codecasa F, Paracchi 
A, Romano C, Boghen M, Dubini A (1986) Long-lasting pro
lactin-lowering effect of cabergoline, a new dopamine agonist, 
in hyperprolactinaemic patients. J Clin Endocrinol Metab 63: 
941-945 

Gillies GE, Lowry PJ (1986) Adrenal function. In: Lightman SL, 
Everitt BJ (eds) Neuroendocrinology. Blackwell Scientific 
Publications, Oxford, pp 360-388 

Ikeda H, Mitsuhashi T, Kubota K, Kuzuya N, Uchimura H (1984) 

Epidermal growth factor stimulates growth hormone secretion 
from superfused rat adenohypophyseal fragments. Endocrinol
ogy 115: 556-558 



56 M. D. Page et at.: A Clinical Update on Hypothalamic-Pituitary Control 

Isaacs RE, Findell PR, Gertz BJ, Baxter JD (1987) C-myc gene 
expression in human growth hormone-secreting pituitary ade
nomas: regulation by glucocorticoids. Clin Res 35: 396A 

Johnson LK, Baxter JD, Vlodausky I, Gospodarowicz D (1980) 
Epidermal growth factor and expression of specific genes: effects 
on cultured rat pituitary cells are dissociable from the mitogenic 
response. Proc Nat! Acad Sci USA 77 (I) 394-398 

Jordan V, Dieguez C, Va1cavi R, Artioli C, Portioli I, Rodriguez
Arnao MD, Gomez-Pan A, Hall R, Scanlon F (1986) Lack of 
effect of muscarinic cholinergic blockade on the GH responses 
to GRF 1-29 and TRH in acromegalic subjects. Clin Endocrinol 
24: 415-420 

Klibanski A, Greenspan SL (1986) Increase in bone mass after treat
ment of hyperprolactinaemic amenorrhoea. N Eng J Med 315: 
542-546 

- Robert MD, Neer M, Beitins IZ, Chester Ridgway E, Zervas 
NT, McArthur JW (1980) Decreased bone density in hyperpro-
1actinaemic women. N Engl J Med 303: 1511-1513 

Knobil E (1980) The neuroendocrine control of the menstrual cycle. 
Recent Prog Hor Res 36: 53-58 

Koppelman MCS, Kurtz DW, Morrish KA, Bou E, Susser JK, 
Shapiro JR, Loriaux DL (1984) Vertebral body bone mineral 
content in hyperprolactinaemic women. J Clin Endocrinol Metab 
59: 1050-1053 

Kudlow JE, Kobrin MS (1984) Secretion of epidermal growth factor
like mitogens by cultured cells from bovine anterior pituitary 
glands. Endocrinology 115: 911-917 

Landolt AM, Valavanis A, Girard J, Eberle AN (1986) Corticotro
pin-releasing factor test used with bilateral, simultaneous inferior 
petrosal sinus blood-sampling for the diagnosis of pituitary-de
pendent Cushing's disease. Clin Endocrinol 25: 687--696 

Mason P, Adams J, Morris D, Tucker M, Price J, Voulgaris Z, Van 
der Spuy ZM, Sutherland I, Chambers GR, White S et at (1984) 
Induction of ovulation with pulsatile luteinising hormone-re
leasing hormone. Br Med J 288: 181-185 

Massara F, Ghigo E, Molinatti P, Mazza E, Locatelli V, Muller EE, 
Camanni F (1986) Potentiation of cholinergic tone by pyridos
tigmine bromide reinstates and potentiates the growth hormone 
responsiveness to intermittent administration of growth hormone 
releasing factor in man. Acta Endocrinol (Copenh) 113: 12-16 

Melmed S (1988) Pituitary growth factors. In: Scanlon MF, Wass 
JAH (eds) Neuroendocrine perspectives. Springer, New York (in 
press) 

Michard M, Birman P, Peillon F, Bression D (1986) EGF receptors 
present in normal rat and human pituitaries are absent in human 
PRL, GH, and non-secreting pituitary adenomas. First Inter Con 
Neuroendocrin, San Francisco, Abstract 146 

Muller OA, von Werder K (1988) Diagnostic dilemmas in hyper
cortisolism: investigation and management. In: Scanlon MF, 
Wass JAH (eds) Neuroendocrine perspectives. Springer, New 
York (in press) 

Murdoch GH, Potter E, Nicolaisen AK, Evans RM, Rosenfeld MG 
(1982) Epidermal growth factor rapidly stimulates prolactin gene 
transcription. Nature 300: 192-194 

Page MD, Koppeschaar HPF, Dieguez C, Gibbs JT, Hall R, Peters 
JF, Scanlon MF (1987) Cholinergic muscarinic receptor blockade 
with pirenzepine abolishes slow wave sleep-related GH release 
in young patients with insulin dependent diabetes mellitus. Clin 
Endocrinol 26: 355-359 

- Millward ME, Hourihan M, Hall R, Scanlon MF (1989) Long 

term treatment of acromegaly with a long-acting analogue of 
somatostatin, Ocreotide. Q J Med (submitted) 

Peters JR, Evans PJ, Page MD, Hall R, Gibbs JT, Dieguez C, Scanlon 
MF (1986) Cholinergic muscarinic receptor blockade with pi
renzepine abolishes slow wave sleep-related growth hormone re
lease in normal adult males. Clin Endocrinol 25: 213-217 

Robinson ICAF (1986) The magnocellular and parvocellular OT 
and AVP systems. In: Lightman SL, Everitt BJ (eds) Neuroen
docrinology. Blackwell Scientific Publications, Oxford, pp 154-
176 

Sawchenko PE, Swanson LW, Vale WW (1984) Co-expression of 
corticotropin-releasing factor and vasopressin immunoreactivity 
in parvocellular neurosecretory neurons of the adrenalectomised 
rat. Proc Nat! Acad Sci USA 81: 1883-1887 

Scanlon MF, Peters JR, Thomas JP, Richards SH, Morton WH, 
Howell S, Williams ED, Hourihan M, Hall R (1985) Manage
ment of selected patients with hyperprolactinaemia by partial 
hypophysectomy. Br Med J 291: 1547-1550 

- Rodriguez-Arnao MD, McGregor AM, Weightman D, Lewis M, 
Cook DB, Gomez-Pan A, Hall R (1981) Altered dopaminergic 
regulation of thyrotrophin release in patients with prolactino
mas: comparison with other tests of hypothalamic-pituitary func
tion. Clin Endocrinol 14: 133-143 

Schlechte JA, Sherman BM, Chapler FK, Van Gilder J (1986) Long 
term follow-up of women with surgically treated prolactin-se
creting pituitary tumours. J Clin Endocrinol Metab 62: 1296-
1301 

- - Martin R (1983) Bone density in amenorrhoeic women with 
and without hyperprolactinaemia. J Clin Endocrinol Metab 56: 
1120-1123 

Schonbrunn A, Krasnoff H, Westendorf JM, Tashjian AH (1980) 
Epidermal growth factors and thyrotrophin-releasing hormone 
act similarly on a clonal pituitary cell strain. Modulation of 
hormone production and inhibition of cell proliferation. J Cell 
Bioi 85 (3): 786-797 

Schulte HM, Allolio B, Gunther RW, Benker G, Winkelmann W, 
Ohnhaus EE, Reinwein D (1988) Selective bilateral and simul
taneous catheterization of the inferior petrosal sinus: CRF stim
ulates prolactin secretion from ACTH-producing microadeno
mas in Cushing's disease. Clin Endocrinol 28: 289-295 

Serri 0, Rasio E, Beauregard H, Hardy J, Somma M (1983) Re
currence of hyperprolactinaemia after selective transsphenoidal 
adenomectomy in women with prolactinoma. N Engl J Med 309: 
280-283 

Sherry SH, Guay AT, Lee AK, Hedley-White ET, Federmann M, 
Freidberg SR, Woolf PD (1982) Concurrent production of ad
renocorticotropin and prolactin from two distinct cell lines in a 
single pituitary adenoma: a detailed immunohistochemical anal
ysis. J Clin Endocrinol Metab 55: 947-955 

Sullivan NJ, Tashjian AH (1983) Platelet-derived growth factor se
lectively decreases prolactin production in pituitary cells in cul
ture. Endocrinology 113: 639--645 

Teasdale G (1983) Surgical management of pituitary adenoma. In: 
Scanlon MF (ed) Clinics in endocrinology and metabolism. WB 
Saunders Co Ltd, London , pp 789-823 

Thomson JA, Teasdale GM, Gordon D, McCruden DC, Davies DL 
(1985) Treatment of presumed prolactinomas by transsphenoidal 
operation: early and late results. Br Med J 291: 1550-1553 

Vale W, Spiess J, Rivier C, Rivier J (1981) Characterisation ofa 41-
residue ovine hypothalamic peptide that stimulates secretion of 
corticotropin and B-endorphin. Science 213: 1394-1397 



M. D. Page et af.: A Clinical Update on Hypothalamic-Pituitary Control 57 

Weeks I, Sturgess M, Siddle S, Jones MK, Woodhead JS (1984) A 
high sensitivity immunochemiluminometric assay for human thy
rotrophin. Clin Endocrinol 20: 489-495 

Weiner RI, Elias KA, Monnet F (1985) The role of vascular changes 
in the aetiology of prolactin secreting anterior pituitary tumours. 
In: MacLeod RM, Thorner MO, Scapagnini U (eds) Prolactin 
basic and clinical correlates. Springer, New York, pp 641-653 

White JD, Carlson HE (1987) Increased oncogene expression in rat 
pituitary tumours. In: Habener JF, Means AR, Ringold GM, 
Rosenfeld MG (eds) Programme and Abstracts: The Endocrine 
Society 69th Annual Meeting Indiana. Bethesda, Endocrine So
ciety, Abst 650, pp 183 

Winkelmann W, Allolio B, Deuss U, Heesen D, Kaulen D (1985) 
Persisting normoprolactinaemia after withdrawal of bromocrip
tine long-term therapy in patients with prolactinomas. In: 

MacLeod RM, Thorner MO, Scapagnini U (eds). Prolactin: basic 
and clinical correlates. Liviana Press, Padova, pp 817-822 

Wolfson B, Manning RW, Davis LG, Arentzen R, Baldina F (1985) 
Co-localisation of corticotrophin-releasing factor and vasopres
sin mRNA in neurons after adrenalectomy. Nature 315: 59-61 

Yamaji T, Ishibaski M, Teramoto A, Fukushima T (1984) Hyper-
prolactinaemia in Cushing's disease and Nelson's syndrome. J 
Clin Endocrinol Metab 58: 790-795 

- - - - (1985) Prolactin secretion by mixed ACTH-prolactin 
pituitary adenoma cells in culture. Acta Endocrinol (Copenh) 
108: 456-463 

Correspondence: M. D. Page, M.D., Neuroendocrine Unit, De
partment of Medicine, University of Wales College of Medicine, 
Heath Park, Cardiff, Wales. 



Acta Neurochirurgica, SuppJ. 47, 58-60 (1990) 

© by Springer-Verlag 1990 

Clinical Syndromes of the Hypothalamus 

R. Fahlbusch, U. M. H. Schrell, and M. Buchfelder 

Neurochirurgische Klinik, University of Erlangen-Niirnberg, Erlangen, Federal Republic of Germany 

In 1929 Harvey Cushing defined the significance of the 
hypothalamus as follows: "Here in this well concealed 
spot almost all to be covered with a thumb-nail lays 
the very mainspring of primitive existence-vegetative, 
emotional, reproductive, on which with more or less 
success man has come to superimpose a cortex of in
hibitions" (Cushing 1929). However it was Frohlich 
who published the first hypothalamic syndrome in 190 I 
(Frohlich 1901). Retrospectively his case appears to 
have been that of a cystic and haemorrhagic cranio
pharyngioma. Decades of research and late experience 
with hypothalamic hormones, developements of thin 
collimation computerized tomography (CT) and mod
ern neurosurgical techniques in and around the hy
pothalamus have opened new doors. In 1983 clinicians 
and experts in basic research met in Munich to discuss 
modern knowledge of "clinical aspects of the hypo
thalamus" (Fahlbusch and Schrell 1985). 

In spite of all the manifest complexity of patho
physiological mechanisms it is possible to distinguish 
between endocrinological and vegetative syndromes of 
the hypothalamus. 

1. Endocrinological Syndromes 

1.1 Influence of the Hypothalamus on Pituitary 

Adenomas 

We are not able as yet to differentiate between possible 
hypothalamic and pituitary origins of central (ACTH
dependent) Cushing's disease. Nevertheless real recur
rences in Cushing's disease do occur and possibly reflect 
a hypothalamic disturbance (Fahlbusch, Buchfelder 
and Muller 1986). In our series, we followed up 66 
patients with complete clinical and endocrinological 
remission over an average period of 5.1 years. Nine of 

them (l2.1 %) had true recurrences. The concept that 
central Cushing's disease could be induced by overse
cretion of the hypothalamic corticotropin secreting 
neurons has not been proven by radioimmunological 
measurements of corticotropin releasing hormone itself 
(Stalla, Stalla, von Werder et al. 1987). Basal CRH 
plasma levels in remitting and non-remitting patients 
did not differ significantly between the two groups. In 
addition, the CRH test performed pre- and post-op
eratively gave no further information concerning the 
neurosurgical outcome. However in some patients the 
test gave indirect evidence for CRH deficiency and thus 
a pituitary origin of the disease (Schrell, Fahlbusch, 
Buchfelder et al. 1987). There is evidence that auto
antibodies to pituitary ACTH cells playa significant 
role in patients whose Cushing's disease is refractory 
to treatment (Scherbaum, Schrell, Gluck et al. 1987). 

Hypothalamic releasing hormones may rarely cause 
hypersecretion of glandotrophic hormones. It has been 
shown that peripheral endocrine systems are able to 
synthesize peptides identical to the peptides produced 
by hypothalamic neurons. CRH has been found in the 
gut and the placenta (Stalla, Bost, Kaliebe et al. 1986) 
but tumours are also able to produce corticotropin 
(CRH) and growth hormone (GRH) releasing hor
mone. We have observed a 14-year-old giant, acro
megalic girl with an ectopic GRH-secreting pancreatic 
tumour with liver metastases (von Werder, Losa, 
Muller et al. 1984). She had a suprasellar hyperplastic 
tumour with a chiasmal syndrome. After complete 
trans sphenoidal tumour removal GH-levels decreased 
from a preoperative value of 450 ng/ml to 10 ng/ml in 
the early post-operative phase. However, GH increased 
within months up to 100 ng/ml documenting the un
altered GRH excess. Meanwhile both GRH and GH 
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levels could be normalized by treatment with the 
somatostatin analogue SMS 201-995. 

In prolactinomas recurrences occur in about 15% 
but the mechanism is not clear (Fahlbusch and Buch
felder 1985). 

Hypersecretion of pituitary hormones can be caused 
also by the hypothalamic region itself, for example in 
true precocious puberty (Hadjilambris, Fahlbusch, 
Heinze, 1986). CT and nuclear magnetic resonance to
mography (MRI) may demonstrate tumours devel
oping from the tuber cinereum of the hypothalamus 
towards the suprasellar space. In cases which have a 
partial tumour stalk involvement, complete surgical 
removal with endocrinological remission is possible. In 
cases with a wide tumour connection to the hypothal
amus no complete surgical removal is possible and 
symptomatic medical treatment with anti-androgens or 
a long-acting LHRH analogue is recommended 
(Comite, Pescovitz, Rieth et al. 1984). 

Two girls have been successfully treated in our de
partment. In both cases hamartomas were proven his
tologically but no LHRH immunoreactivity as reported 
by other authors (Price, Lee, Albright et al. 1984) could 
be demonstrated in the tumour tissue. From the path
ological point of view there are two possibilities to 
explain LH-/FSH- or LRH-hypersecretion: 

1. LH or LHRH could be secreted by the tumour 
itself. The peptide is packed in small dense granules, 
transported via axons to the median eminence or to 
the pituitary portal circulation and is released through 
fenestrated blood vessels as shown by electronmicros
copy. 

2. The tumour may irritate the hypothalamus me
chanically thus inducing LHRH hypersecretion. 

In both our cases we could demonstrate that the 
pre-operative episodic secretion of LH and FSH in a 
range comparable to that of pubertal girls could no 
longer be demonstrated after successful surgery. 

1.2 Endocrinological Disturbances Indicating Hypotha
lamic Damage. The Use ofGRH- and CRH-Tests and 
the Insulin-Induced Hypoglycaemia Test 

In normal persons the endogenous hypothalamic re
leasing hormones GRH and CRH stimulate the secre
tion of GH and ACTH (and subsequently cortisol) 
respectively. These glandotrophic hormones (GH and 
ACTH) can also be stimulated by the exogenous ad
ministration of the releasing hormones (GRH and 
CRH). Furthermore GH as well as ACTH and Cortisol 
can also be stimulated via the hypothalamus and the 
pituitary by the insulin induced hypoglycaemia (IH) 
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test. When there is a disturbance of GRH and CRH 
production in the hypothalamus or its transport to the 
pituitary stalk, this stimulation of GH and ACTH re
lease is deranged (Fahlbusch, Buchfelder and Schrell 
1986). 

This test is of real help in the early diagnosis of 
hypothalamic disturbances, at a stage when morpho
logical changes of the hypothalamus are not easy to 
detect by CT or MR. 

Case Example 

We have observed an 18-year-old man who suffered 
from diabetes insipidus (DI) for 6 months. Endocri
nological functional testing showed only non-tumour
ous hyperprolactinemia. Initially several thin colli
mation CT scans of the hypothalamic region could not 
demonstrate a pathological process. Endocrine func
tion tests revealed that GH could be stimulated by 
GRH and cortisol and ACTH by CRH but not by 
insulin induced hypoglycaemia. Very careful exami
nation of the CT showed an isodense area in the right 
suprasellar cistern, extenting from the hypothalamus. 
The germinoma was resected in part and disappeared 
after radiotherapy. 

We have examined 44 other cases with tumours in 
the hypothalamic region. 15 had normal results; in 2 
we found the typical abnormal regulation (described 
above) and in 7 of the remaining 27 cases it was not 
possible to differentiate between hypothalamic and pi
tuitary stalk disturbance (Fahlbusch, Buchfelder and 
Schrell 1986). This test is helpful to diagnose an en
docrine hypothalamic disturbance but there is no test 
that indicates the extent of morphological involvement 
of the hypothalamus. 

2. Vegetative Syndromes 

5 main vegetative disturbances may be distinguished: 

l. Caloric balance: Obesity (Frohlich's syndrome, 
1901) and cachexia (Russel's syndrome, 1951). 

2. Thermoregulation with hyper- and hypothermia 
(Clar 1985). 

3. Sleep and wakefulness. 

4. Electrolyte-water balance with hyper- and hy
ponatraemia, with and without polydipsia (Carmel 
1980). 

5. Miscellaneous: 
a) Altered gastric physiology. 
b) Diencephalic "epilepsy" (Penfield 1929): cuta-
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neous flushing, hypertension, lacrimation, salivation, 
sweating, changes in the size of the pupils, Cheyne
Stokes respiration. 

c) Laughing-seizures (Plouin, Ponsot, Dulac et al. 

1983). 
d) Mental changes e.g. anorexia, boulimia. 

Case Example 

We have seen a 20-year-old man with a chiasmal-syn
drome and non-tumourous hyperprolactinaemia. He 
had the typical endocrinological constellation for hy
pothalamic defect. There was no increase of GH and 
cortisol after insulin hypoglycaemia but GH and cor
tisol could be stimulated by GRH and CRR. In ad
dition the patient had hypernatraemia, and no diabetes 
insipidus. He had a germinoma of the third ventricle. 
After radiotherapy the hypernatreamia worsened and 
the patient was effectively treated with copious water 
input. 

The role of vasopressin and natriuetic peptide re
quires eluciation (Lightman and Everitt 1986; see also 
this volume). Involvement of the hypothalamic centers 
for water and salt balance is still under discussion. 

In the future, investigation of the clincal syndromes 
of the hypothalamus will have to focus on meticulous 
case examination including morphological, clinical, 
and laboratory data. It may be possible that MRI will 
provide by thin collimation of small hypothalamic ar
eas, some morphological data to amplify Carmel's clas
sification of the topographic relationship (anterior, pre
optic, tuberal, and posterior hypothalamic region) to 
the special clinical syndromes (Carmel 1980). 

In this way we can speculate with Carmel that con
temporary immunohistochemical, electromicroscopic 
and microiontophoretic experiments have stressed its 
protean function, justifying the ancient idea that this 
small region is indeed "the site of the soul" (Carmel 
1985). 

References 

Clar HE (1985) Disturbances of the hypothalamic thermoregulation. 
Acta Neurochir (Wien) 75: 106-112 

Carmel PW (1980) Surgical syndromes of the hypothalamus. Clin 
Neurosurg 27: 133-159 

- (1985) Tumours of the third ventricle. Acta Neurochir (Wien)75: 
136-146 

R. Fahlbusch et al.: Clinical Syndromes of the Hypothalamus 

Comite F, Pescovitz OH, Rieth KG, Dwyer K, McNemar A, Loriaux 
DL, Cutler jr GB (1984) Luteinizing hormone-releasing hormone 
analogue treatment of boys with hypothalamic harmatoma and 
true precocious puberty. J Clin Endocrinol Metab 59: 888-892 

Cushing H (1929) The pituitary and hypothalamus. Charles C 
Thomas, Springfield, III 

Fahlbusch R, Schrell U (1985) Surgical therapy of Lesions within 
the hypothalamic region. Acta Neurochir (Wien) 75: 125-135 

- Buchfe1der M (1985) Present status of neurosurgery in the treat
ment of prolactinomas. Neurosurg Rev 8: 195-205 

- - Schrell U (1986) Endocrinological disturbances detected in 
hypothalamic lesions. In: Samii M (ed) Surgery in and around 
the brain stem and the third ventricle. Springer, Berlin Heidelberg 
New York, pp 367-374 

- - Miiller OA (1986) Transsphenoidal surgery for Cushing's dis
ease. J Roy Soc Med 79: 262-269 

Frohlich A (1901) Ein Fall von Tumor der Hypophysis cerebri ohne 
Akromegalie. Wien Klin Rundschau 15: 883-906 

Hadjilambris K, Fahlbusch R, Heinze E (1986) True precocious 
puberty of a girl with harmatoma of the CNS successfully treated 
by operation. Eur J Pediatr 145: 148-150 

Lightman SL, Everitt BJ (1986) Water excretion. In: Lightmann SL, 
Everitt DJ (eds) Neuroendocrinology. Blackwell, Oxford, pp 
197-206 

Penfield W (1929) Diencephalic autonomic epilepsy. Arch Neurol 
Psychiat 22: 358-364 

Plouin P, Ponsot G, Dulac 0, Diebler C, Arthuis M (1983) Har
matomes hypothalamiques et crises de rire. Rev Electroence
phalogr Neurophysiol Clin 13: 312-316 

Price RA, Lee PA, Albright AL, Ronnekleiv OK, Gutai JP (1984) 
Treatment of Sexual Precocity by Removal of a Luteinizing Hor
mone-Releasing Hormone Secreting Harmatoma. JAMA 251: 
17,2247-17,2249 

Russell A (1951) A diencephalic syndrome emaciation in infancy 
and childhood. Arch Dis Child 26: 275 

Scherbaum WA, Schrell U, Gliick M, Fahlbusch R, Pfeiffer EF 
(1987) Autoantibodies to pituitary corticotropin-producing cells: 
Possible marker for unfavourable outcome after pituitary mi
crosurgery for Cushing's disease. Lancet i: 1394-1398 

Schrell U, Fahlbusch R, Buchfelder M, Riedl S, Stall a GK, Miiller 
OA (1987) Corticotropin-releasing hormone stimulation test be
fore and after transsphenoidal selective microadenomectomy in 
30 patients with Cushing'S disease. J Clin Endocrinol Metab 64/ 
6: 1150-1159 

Stalla GK, Bost H, Kaliebe T, Huber M, Stalla J, Pfeiffer D, Werder 
K von, Miiller OA (1986) Human placental corticotropin re
leasing factor is identical to hypothalamic corticotropin releasing 
factor. Acta Endocrin (Kbh) 111 [Suppl 274]: 194 

- Stalla J, Werder K von, Miiller OA, Liidecke PK, Schrell U, 
Fahlbusch R (1987) Corticotropin releasing hormone in plasma 
of patients with Cushing's disease. Klin Wochenschr 65: 529 

Werder K von, Losa M, Miiller OA, Schweiberer L, Fahlbusch R, 
Del Pozo E (1984) Treatment of metastasing GRF-producing 
tumour with a long acting somatostatin analogue. Lancet ii: 282-
283 



Acta Neurochirurgica, Suppl. 47, 61--67 (1990) 
© by Springer-Verlag 1990 

Pituitary Tumours: Problems and Questions 

G. M. Teasdale), A. M. McNicol 2, J. A. Thomson 3, and D. L. Davies 4 

1 University Department of Neurosurgery, Institute of Neurological Sciences, Southern General Hospital, Glasgow 
2 University Department of Pathology, Royal Infirmary, Glasgow 
3 University Department of Medicine, Royal Infirmary, Glasgow 
4 Department of Medicine, Western Infirmary, Glasgow, U.K. 

Introduction 

There have been many advances in the understanding 
and treatment of pituitary tumours in the last two dec
ades. The basic scientific and clinical literature is now 
extensive and excellent reviews can be found in text
books and journals. Despite this, important problems 
remain unresolved. This paper presents a personal 
viewpoint of these problems and seeks to identify some 
of the questions that neurosurgical research workers 
might aim to answer. These concern the methods of 
diagnosis of pituitary tumours and the assessment of 
their effects, their natural history, the indications for 
treatment and the advantages of different methods of 
management, how the results of treatment are assessed 
and how they may be improved. 

Diagnosis and Initial Assessment 

In each patient two questions need to be answered: 
first, does the patient have a pituitary adenoma or 
another disease of the sella region; and second, if an 
adenoma, of what specific kind? Advances in neuro
radiology, biochemistry and endocrinology have made 
these questions more easy to answer, but are the an
swers they provide always correct? Pathological veri
fication is always the final criterion but management 
decisions have to be taken before this is available. 

Neuroradiologists now have a wide range of tech
niques that can be applied to the patient suspected of 
having a pituitary adenoma. 

How much investigation is needed and, if unnec
essary investigations should be minimized, what are the 
best strategies for different patients? 

Cross-sectional imaging, either by CT or MRI, 
clearly has a central place in defining the location and 
anatomy of a sellar lesion. Nevertheless, a preliminary 
plain skull film remains useful; it can indicate the most 
appropriate technique for cross-sectional imaging (e.g. 
axial CT versus coronal CT); also, the finding of a 
pituitary fossa of normal size is a warning that what 
may appear on coronal imaging to be an intra-/supra
sellar tumour, is a primary suprasellar meningioma. 
On the other hand, routine angiographic studies are 
probably no longer needed. The findings on plain film 
and either CT or MRI make it possible to select patients 
who need angiography to exclude an abnormal position 
of the carotid arteries, or a lesion such as an aneurysm 
(Macpherson et at. 1987). The relative merits of CT 
and MRI remain to be finally established. At present 
high resolution CT provides the information needed 
for the management of most patients. The advantages 
of MRI appear to lie mainly in better definition of the 
structures surrounding the tumour---especially the op
tic pathways and the CSF circulation, without the need 
for invasive methods. With both CT and MRI, the 
signals can provide some indication of the texture of 
the tumour (e.g. solid or cystic) but in neither case do 
they provide a specific histological diagnosis. 

Biochemical studies have become important in di
agnosis since recognition that some large pituitary tu
mours, as well as producing space occupying effects, 
also secrete a pituitary hormone, e.g. prolactin. These 
biochemical studies can influence management, in par
ticular in determining if a "medical'· approach offers 
a suitable alternative to operative treatment. Along 
with this has been an increasing tendency to base clin-
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ical reports upon the diagnosis finally arrived at, rather 
upon the patients' presenting problems. Unfortunately, 
the precise nature of a tumour may not be established 
until it has been studied in the laboratory, after re
moval. Retrospective reports can give a misleading im
pression about the pattern of tumour types seen in 
different clinical presentations. For example, reports 
from endocrine departments tend to over-emphasize 
the number of prolactin-secreting tumours, which may 
account for only a minority of cases in unselected series 
of large tumours. 

There is still a need for reports of extensive series 
of patients, categorized according to their clinical prob
lems but also fully investigated by modern techniques 
and managed by well-specified protocols. Such "prob
lem-orientated" information provides a more appro
priate basis for decisions about the management of 
newly presenting cases and for comparing the benefits 
of different approaches to management. 

Classification of Pituitary Adenomas 

The size and biological activity of a tumour determine 
the prognosis for the individual patient and provide an 
appropriate basis from which to classify patients in 
order to compare results of treatment in different series. 
Hardy's (1969) distinction between micro adenoma 
( < 10 mm) and macro adenoma (> 10 mm) is widely ac
cepted, but it has not been established how close a 
correspondence exists between radiological or oper
ative measurements nor has the validity of either 
method been tested against the "gold standard" of 
pathology. 

Existing classifications of tumour size and activity 
suffer from uncertainly about whether or not inva
siveness can be assessed radiologically, at operation, 
or only after full histological examination (Balagura 
et at. 1981). There is debate about what degree of 
change in the radiological appearances of the pituitary 
fossa and its contents constitutes an unequivocal ab
normality and about how to measure, and hence how 
to grade intra- and extrasellar abnormalities. The ra
diological classification of Hardy and Vezina (1976) 
has been found useful and has recently been revised. 
As well as validity, a system of classification needs to 
have high consistency; this is important in comparing 
results of treatment in different series. The inter-ob
server variability of systems for grading pituitary tu
mours needs to be established. 
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Choice of Management for a Large Tumour 

Progressive visual failure remains the most common 
method of presentation of a large space occupying pi
tuitary tumour. A trans sphenoidal operation can be 
dramatically effective in improving vision and is em
ployed by most surgeons whenever possible. At the 
same time, it is important to identify patients in whom 
trans sphenoidal operation is not appropriate, either 
because the tumour is not a pituitary adenoma or be
cause its configuration is not suitable. 

Criteria for determining whether or not a tumour 
is suitable for transsphenoidal operation have not been 
established definitively. Surgeons in training often seek 
for guidelines in terms of absolute measurements, either 
of the size of the pituitary fossa or the suprasellar 
component. By contrast, experienced surgeons seem to 
base their judgements on a subjective assessment of the 
shape of the extrasellar parts of the tumour, their size 
in relation to the pituitary fossa and endeavour to use 
a trans sphenoidal approach as often as possible. Some
times this results in a less than complete removal of 
the suprasellar component of the tumour; despite this, 
vision may improve considerable. The lack of clear 
information about the relationship between the post
operative radiological appearances and the change in 
vision makes it difficult to determine if a particular 
degree of decompression is "adequate", if a persisting 
suprasellar remnant should be treated by a further tran
scranial operation or if it will "resolve" with time and 
after radiotherapy. In a series in Glasgow, recovery of 
vision was more rapid if the diaphragm collapsed into 
the fossa at the time of operation, but this did not 
influence significantly the eventual recovery (Findlay 
et al. 1983). 

Medical Treatment of a Large Tumour 

The likelihood that a large tumour will shrink satis
factorily in response to treatment, for example with 
bromocriptine, is an important factor in deciding about 
a patient's management. 

If the patient's serum prolactin concentration is con
siderably raised it is very likely that the tumour is a 
prolactinoma, but the serum prolactin concentration 
can also be raised by other large tumours, as a result 
of interference with hypothalamic-pituitary control 
(Lees and Pickard 1987). To establish whether or not 
a tumour is a prolactinoma may need in vitro studies 
employing immunohistochemistry and assay of hor
mone production by tumour samples. These, of course, 
are not available when the clinical decision has to be 
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made. Therefore, more correlations are needed between 
in vitro measurements and pre-operative endocrine 
studies. When prolactin is only moderately raised is it 
possible to distinguish reliably between secretion of true 
pro lactin om a and the hyper-prolactinaemia that results 
from "compression" of hypothalamic pituitary per
fusion? 

The pre-operative serum prolactin found in a series 
of patients with a large tumour in Glasgow were com
pared with the results of post-operative immunohis
tochemistry and with results of studies of in vitro hor
mone production (Fig. 1). The results indicated two 
separate populations: patients whose tumour was com
posed of a large proportion of lactotrophs and was 
prolactin secreting in culture had a pre-operative serum 
prolactin concentration greater than 10,000 mu per li-
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tre. In other cases the values were below 2,500 mu per 
litre . 

The distribution of serum prolactin in a large series 
of patients, each of whom had presented with visual 
failure, also provided evidence for the existence of two 
subpopulations (Fig. 2). In one subgroup the prolactin 
concentrations were normal or only mildly raised, in 
the other there was extreme hyperprolactinaemia. On 
the other hand these data did not show a clear break 
point between these groups. The highest serum pro
lactin concentration reported in a patient whose tum
our was diagnosed on the basis of immunocytochem
istry not to be a prolactinoma is 6,000 mu/1. More data 
are needed about the likelihood that a tumour is a true 
prolactinoma or another type of adenoma, related to 
the patient's serum prolactin concentration in the range 
between 2,000 and 1O,000mu/litre. 

Protocols Combining Different Treatment Methods 

A patient with a prolactinoma may be treated either 
with bromocriptine or by operation. Usually one or 
other method is selected, with the second reserved until 
there is evidence that the first has not been completely 
effective. Alternative approaches have been described, 
in which the strategy is to precede operation with a 
course of treatment with bromocriptine. This may be 
given orally or in larger doses by a long-acting injection 
(Montini et al. 1986). The reduction in size during 
bromocriptine treatment may facilitate the subsequent 
surgical decompression, and this can be particularly 
helpful if the tumour has lateral or subfrontal exten
sions. Nevertheless, it seems unlikely that such a course 
of treatment will change whether or not a tumour can 
be excised so completely that recurrence does not occur, 
and it remains to be established if this approach im
proves upon the long-term outcome achieved by other 
strategies. 

Numerous reports confirm that bromocriptine can 
shrink a true prolactinoma, but several aspects of its 
value remain uncertain (Lawton 1987). One problem 
is that most reports refer to treatment of fairly small 
series of highly selected patients, usually patients who 
did not have rapidly failing vision and who had only 
a visual field defect as opposed to loss of acuity. In the 
series of Molitch et al. (1985), of eight patients with 
impaired acuity, five improved but two appeared to 
worsen. Furthermore, not all prolactinomas become 
smaller with bromocriptine and when there is a re
sponse, the change may be relatively small and slow. 
The results of Scotti et al. (1982), Liuzzi, (1985) and 
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Molitch et al. (1985) indicate that some one third of 
patients fail to gain significant benefit and overall the 
results of bromocriptine do not appear to be as pre
dictable or as rapid as those achieved by transsphen
oidal decompression. Moreover, reports are beginning 
to appear of tumours initially regressing with brom
ocriptine treatment but subsequently recurring and 
progressing, despite continued therapy (Breidahl et al. 
1983). What should be done when a tumour shows a 
distinct response to bromocriptine, but a considerable 
extra sellar mass remains after prolonged treatment? 
Some prolactinomas pursue an inexorable aggressive 
invasive course, despite operation, radiation, bromo
criptine and other medical measures. 

Diagnosis of a Hypersecreting Microadenoma 

Diagnosis can be difficult in patients presenting with 
an endocrine disorder. Does the abnormality lie pri
marily in the pituitary or is there ectopic hormone 
production from another site in the body; also, is the 
pituitary abnormality a single discrete adenoma or a 
more diffuse or multi focal abnormality of pituitary 
structure and function, perhaps secondary to hypo
thalamic dysfunction? A further issue concerns the pre
operative identification of the exact location of any 
tumour within the pituitary. Various endocrinological 
and radiological criteria are proposed for identifying 
a microadenoma but as yet none appear to be wholly 
reliable. 

The need to distinguish between a pituitary and an 
ectopic source of hormone production is greatest in 
Cushing's syndrome (Howlett and Rees 1985). Recent 
additions to the available investigations are the study 
of the pituitary-adrenal response to corticotrophin re
leasing factor and the sampling of blood from the pe
trosal sinuses for determination of ACTH concentra
tions (Landolt 1986). The suggestion that comparison 
of the ACTH values obtained from the right and left 
petrosal sinuses can indicate the location of tumour in 
the pituitary needs more thorough evaluation (Oldfield 
etal. 1985). Many ACTH producing tumours lie in a 
central position in the gland and there are effective 
communications between the right and left cavernous 
SInuses. 

Even when it seems clear that the pituitary is the 
source of inappropriate secretion of ACTH or prolac
tin, it would be valuable to be able to identify before 
operation which patients with Cushing's disease or hy
perprolactinaemia have a discrete pituitary adenoma 
and which have diffuse pituitary dysfunction. A wide 
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range of biochemical studies have been proposed and 
there are many reports of dynamic studies, assessing 
the response of basal hormone levels to a variety of 
stimulatory or inhibitory inputs. As yet, none is wholly 
reliable (Lancet 1987). The tests for hyperprolactinae
mia appear to be more reliable than those for Cushing's 
disease but errors of classification occur in some 10% 
of cases (Thomson et at. 1985). The relationship be
tween a microprolactinoma associated with clinical 
manifestations of hyperprolactinaemia and the lesions 
found in some 20% of pituitary glands at post mortem 
also needs to be clarified (Burrows et al. 1981). It has 
even been suggested that a microprolactinoma is not 
an abnormality but a normal variant (Lancet 1987)! 

Each advance in radiology is greeted with enthu
siasm but, so far, all imaging methods are of limited 
value in identifying a micro adenoma in a patient with 
a relatively normal sized pituitary gland. Equivocal 
findings are common and characteristic diagnostic ap
pearances are likely to be present only when the tumour 
is greater than 5 mm in diameter (Teasdale et al. 1986). 
Small focal changes in the radiodensity of the pituitary 
gland are equally likely to be a natural finding as a 
tumour (Brown 1983, Swartz et at. 1983, Rappoto and 
Latchaw 1983). Moreover, a micro adenoma of < 5 mm 
diameter may be present even though the gland appears 
entirely normal radiographically. There are hopes that 
magnetic resonance imaging, perhaps with additional 
gadolinium enhancement may be more reliable than 
CT scanning but this is not yet firmly established. Davis 
et al. (1987) reported that offour micro adenomas ver
ified by operation, two were found in glands with nor
mal MR appearances. Kucharczyk et at. (1986) re
ported finding a microadenoma in 10 of 11 patients 
who had normal MRI but, with proper caution com
mented "we recognize that our experience is drawn 
from a highly selected group of patients and hence the 
apparent sensitivity and specificity ofMR imaging may 
be overstated". 

What is the Natural History of a Pituitary Tumour? 

The expected rate of progression is the yardstick against 
which the benefits of treatment of a pituitary tumour 
must be assessed. If space occupying effects already 
exist, it is reasonable to anticipate that these will persist 
and progress, but this may be at widely varying rates. 
There is even more uncertainty about what to expect 
when an adenoma is diagnosed before it has produced 
clinical effects. This may arise in the investigation of 
a patient presenting with pituitary insufficiency or as 
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an incidental finding, for example after a head injury 
or in the investigation of "headache". 

How often a microadenoma, and in particular a 
microprolactinoma, enlarges and at what rate is con
troversial. Weiss and colleagues reported that after six 
years observation there was evidence of growth in only 
3 of 37 patients. Unfortunately, it is not clear if all 37 
patients had a tumour; many had a relatively modest 
increase in serum prolactin concentration compatible 
with "functional" hyperprolactinaemia. Moreover, 
only 20 of the patients were followed for the full six 
years. Pontirolli and Falsetti (1984) found radiological 
evidence of tumour growth in a high proportion of 
patients considered to have a microprolactinoma, even 
though bromocriptine treatment had been given. It is 
uncertain if serial estimations of serum prolactin con
centration can provide a reliable clue to tumour 
growth; examples of tumour progression without a 
change in serum prolactin were reported by Weiss et al. 
(1983). 

The possibility of regrowth after decompression of 
a large tumour is the reason that radiotherapy is used 
frequently after operation. On the other hand, recur
rence may be long delayed and perhaps not always 
inevitable; can patients be identified whose risk of re
currence is so low that radiotherapy is unnecessary as 
a routine? Histologically, pituitary adenomas show 
varying indices of growth potential but how reliably 
these predict recurrence has not been firmly established. 
Can newer methods of in vitro investigation provide 
more valuable biological information? 

Morbidity and Mortality Resulting from Hormone 
Hypersecretion 

Classical Cushing's disease is well established to have 
a poor prognosis and the benefits of treatment are clear 
(Hardy 1982, Fahlbusch 1986). Although less imme
diately life-threatening, the enhanced mortality result
ing from acromegaly also is well established but there 
is less evidence about the degree to which life expec
tancy can be restored. There are well established cor
relations between the extent of growth hormone hy
persecretion and the metabolic derangements present 
at the time of diagnosis (Davies et al. 1985). There is 
less clear information about the relation between the 
change in these measurements after operation and the 
prognosis for life expectancy. Should every acromegalic 
patient be offered operation, even very elderly patients 
with mild features? With hyper-prolactinaemia, as well 
as the risk of tumour growth and visual failure, the 
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main concern long-term is the possibility of osteopo
rosis (Klibanski et al. 1980). 

Results of Treatment 

How often a "cure" can be achieved is unclear; indeed, 
it may be difficult to establish if "cure" has been ac
complished. The problem is that after apparently com
plete removal of a tumour, microscopic remnants may 
be present in the remaining pituitary gland or in the 
dura of the walls of the pituitary fossa (Wrightson 
1978). Such remnants may present without evidence of 
abnormal levels of hormone secretion, either under 
basal conditions or in response to stimulation. 

There is a need to establish uniform criteria to assess 
the outcome of operation for a hypersecreting pituitary 
tumour. Measurements of serum hormone concentra
tions under basal conditions, and the construction of 
a diurnal profile from repeated sampling are useful 
indices of the severity of the persisting biochemical 
abnormality. The changes in pituitary secretion in re
sponse either to stimulation or to inhibition provide 
additional information, and may reveal abnormalities 
in patients with an apparently normal pattern of spon
taneous secretion. Unfortunately, there is a lack of 
consistency about what basal values are regarded as 
"normal" and about the significance to attach to ad
ditional testing. Thus the serum prolactin concentra
tion regarded as normal ranges from 250 to 1,000 mul 
1. The trend with acromegaly as experience increases 
is for criteria to become increasingly rigorous. Thus 
the values of serum growth hormone concentration 
(either a basal level or as a mean of a diurnal profile) 
considered to be "normal" have fallen from 20 IU Ilitre 
down to 5 IU Ilitre (Schaison et al. 1983). The latter 
value is supported by the results of a comparison in 
Glasgow of post treatment serum growth hormone and 
metabolic indices (McLellan 1988). There is a clear need 
to establish valid and uniform criteria. 

Persistent or Recurrent Hypersecretion After 
Operation: Improving Results 

The persistence of hypersecretion following operation 
for a hormonally active adenoma is well known. There 
is now greater interest in patients who, after an ap
parently successful operation, subsequently suffer re
current hypersecretion. Do such cases reflect pituitary 
hypersecretion due not to a single adenoma but due 
either to multifocallesions or to a diffuse disorder? Is 
recurrence a response to a primary hypothalamic de
fect? Alternatively, do such cases simply reflect a failure 
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to remove completely a single adenoma, so that rem
nants persist in the remaining pituitary gland or in the 
dura around the fossa? Answers also are needed to 
such questions as: does pre-operative treatment of a 
prolactinoma with bromocriptine improve or worsen 
the post-operative results; can results be improved by 
modifications in operative technique, for example by 
radically excising apparently normal pituitary tissue as 
well as the tumour and its capsule or by per-operative 
monitoring of hormone levels; is there a benefit in 
treating the walls of the cavity of the tumour with 
alcohol or another anti-tumour agent; in which patients 
is a further operation, with greater risks (Laws 1985) 
indicated and which patients need post-operative ra
diotherapy and how valuable and how safe is this? 

Reported rates of recurrence after operations for 
acromegaly (Serri et al. 1985), Cushing's disease (Busch 
1983) or hyperprolactinaemia vary widely. A report of 
55 % recurrence of hyper pro lactinaemi a after operation 
for prolactinoma (Serri et al. 1983) has not been sub
stantiated by subsequent studies which have shown a 
much lower rate of recurrence (Thomson et al. 1985). 
Some of the differences can be explained by the varying 
criteria used to decide if the initial response to surgery 
was adequate and by the varying evidence used to de
termine that subsequent recurrence has occurred. Nev
ertheless, does some of the variation indeed reflect dif
ferences in surgical method? The role of the vasculature 
of a pituitary tumour needs more study (Powell et al. 
1974, Erroi etal. 1986). There is reason to believe that 
the sources of excessive secretion in hyperprolactinae
mia are lactotrophs perfused not by hypothalamic-pi
tuitary portal blood but from branches of the intra
cavernous carotid artery (Teasdale 1983, Elias and Wei
ner 1984). Is such vascularization merely a secondary 
consequence of tumour growth or does it have a pri
mary role either in tumour development and progres
sion, or in the late recurrence of hyperprolactinaemia? 

Laboratory Research 

The ability to identify tumour cell types by immuno
cytochemistry (Kovacs 1981) electronmicroscopy 
(Landolt 1984) and to assay hormone production from 
pituitary tumour samples (Adams and Mashiter 1985, 
Landolt et al. 1986, Stefanko et al. 1983) have provided 
fruitful bases for research. They have led to much more 
refined and relevant methods of classification and to 
much knowledge of the mechanisms of control of se
cretion from adenoma cells. However, such studies 
have had (as yet?) little influence on the management 
of a new patient with an adenoma. 
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Advances in the management of pituitary tumours 
may depend upon the application of modern methods 
for studying the mechanisms involved in tumour 
growth and viability. The neurosurgon wishing to im
prove understanding and treatment of pituitary tu
mours may, in the future, need more familiarity with 
the techniques of molecular pathology than knowledge 
of the pharmacological and biochemical methods that 
have until now been the mainstay of much of neuro
endocrinological research. 
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I. Introduction 

The adenohypophysis receives its blood supply from 
two portal venous systems through fenestrated venules 
which are structurally similar to capillaries (Page 1986). 
The orthodox view that there is no direct arterial supply 
has recently been challenged (Gorczyca and Hardy 
1987) but it is accepted that any arterial supply only 
serves a small minority of the gland. This unusual anat
omy suggests a fundamental difference in the dynamics 
of adenohypophysial perfusion when compared to 
other organs in the body and assumes particular im
portance because of the dual nutritive and neuroen
docrine functions of the pituitary portal blood supply. 

Perfusion Pressure 

The perfusion pressure of the brain (CPP) depends 
upon the difference between the vascular input (mean 
arterial) and intracranial pressures: 

CPP = MAP - ICP 

(MAP = Mean Arterial Pressure; ICP = Intracranial 
Pressure; CPP = Cerebral Perfusion Pressure) 

Similarly, adenohypophysial perfusion pressure 
may be derived but the input pressure is portal venous 
pressure: 

APP = PVP - ISP 

(PVP = Portal Venous Pressure; ISP = Intrasellar 
Pressure; APP = Adenohypophysial Perfusion Pres
sure) 

Portal Venous Pressure 

The structure of pituitary portal veins is not designed 
to withstand high intraluminal pressures. Portal venous 
pressure is unknown but is likely to approximate to 

10-15 mmHg, the venous pressure at the distal end of 
a standard capillary plexus. Thus, the vascular input 
pressure to the adenohypophysis is considerably lower 
than the input pressure to, for example, the brain. 

Intrasellar Pressure 

The normal pituitary gland is enclosed by the pituitary 
fossa and, therefore, expansion of the intrasellar con
tents by, for example the growth of a tumour, is likely 
to cause a rise in intrasellar pressure in the same way 
that brain tumours cause a rise in intracranial pressure. 
Normal intrasellar pressure is unknown but it can be 
argued that it does not exceed normal intracranial pres
sure (less than 10 mmHg). The two compartments are 
separated by the diaphragma sellae, the position of 
which may be considered a crude monitor of the relative 
compartmental pressures. In the normal subject, the 
diaphragma is flat; if deficient, the arachnoid prolapses 
into the sella giving rise to the empty sella syndrome 
(de Divitiis et al. 1981). In the empty sella syndrome, 
intrasellar and intracranial pressure must be equal. This 
does not disturb pituitary function in the majority and 
presumably, therefore, does not significantly affect ad
enohypophysial perfusion (Neelon et al. 1973). 

Adenohypophysial Perfusion Pressure 

Normal Physiology 

The theoretical values of intrasellar pressure and portal 
venous pressure suggest that normal adenohypophysial 
perfusion pressure is below 10 mmHg. Consequently, 
adenohypophysial perfusion must be particularly vul
nerable to relatively small changes in portal venous 
pressure or intrasellar pressure. Corroborative evidence 
for this hypothesis is found in the study of Antunes 



P. Lees: Intrasellar Pressure 

etal. (1983) who observed portal venous flow in the 
rhesus monkey by a Doppler technique. Complete ar
rest of long portal flow was produced by a Valsalva 
manoeuvre in which the positive airways pressure was 
only 30 cm H20 (22 mmHg). It is suggested that the 
mechanism of this observation is that raised intra
thoracic pressure was transmitted to the pituitary fossa 
by the venous system causing an increase in intrasellar 
pressure sufficient to exceed portal venous pressure. 
This is indirect evidence to suggest that normal portal 
venous pressure in the rhesus monkey is below 
22mmHg; the pituitary vascular anatomy of this pri
mate is very similar to man (Carmel etal. 1979, Daniel 
and Prichard 1975, Antunes etal. 1983). 

Pathophysiology 

The apparently precarious nature of adenohypophysial 
perfusion raises speculation concerning the effects of 
the development of a pituitary tumour which may, as 
discussed above, cause a rise in intrasellar pressure. 

Pituitary portal venous obstruction by raised intra
sellar pressure is likely to have neuroendocrine se
quelae: because the predominant nature of adenohy
pophysial control is stimulatory, hypopituitarism is the 
likely consequence. However, prolactin control is pre
dominantly inhibitory and hence hyper- and not hypo
secretion of this hormone is likely. Both hypopituita
rism and hyperprolactinaemia are seen in patients with 
pituitary tumours and the latter is not always associated 
with a prolactin-secreting tumour. In the Stalk Com
pression Syndrome (SCS), moderate hyperprolactinae
mia complicates usually a non-secreting tumour of the 
gland (Nabarro 1982) and, whilst often ascribed to 
portal venous obstruction, the suggestion that this is 
due to raised intrasellar pressure has not previously 
been made. 

To explore this theory further, adenohypophysial 
perfusion pressure has been examined. It was felt that 
the direct measurement of portal venous pressure is 
impossible due to the delicate structure and anatomical 
position of portal veins but a technique has been de
vised for the measurement of intrasellar pressure (Lees 
and Pickard 1987). The method is invasive and has, 
therefore, only been applied to pituitary tumour pa
tients at the time of operation. 

II. Intrasellar Pressure Measurement 

Intrasellar pressure has been measured at the time of 
transsphenoidal surgery in a series of patients with a 
variety of pituitary tumours. The mean age at the time 
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of surgery for the group of 33 patients was 43 years; 
there were 17 men and 16 women. Thirteen patients 
had non-secreting and twenty had endocrine-active tu
mours. The original series showed no correlation be
tween hormone secretory pattern and intrasellar pres
sure so this was not examined in this study. Seventeen 
tumours had suprasellar extension demonstrated by 
computerised tomography. 

The technique has been described in detail previ
ously (Lees and Pickard 1987). In summary, pressure 
is measured through a fine needle which is inserted into 
the pituitary fossa through a small drill hole prior to 
full decompression of the fossa floor. The updated re
sults of the first 33 patients are given here. 

III. Results 

Waveform 

A characteristic waveform was seen in the majority of 
patients but was difficult to obtain in either very small 
or very firm tumours. The wave ocurred in synchrony 
with the arterial pressure wave which it partly resem
bled. A variable amplitude was seen with a maximum 
of 12 mmHg; the mean pulse pressure was 
4 ± 0.5 mmHg (SEM) for the group as a whole. 

The recorded mean intrasellar pressure varied from 
2 to 51 mmHg with a mean for the group of 
24 ± 2 mmHg. In more than 40% of patients, intrasellar 
pressure exceeded 30 mmHg. 

Endocrinology 

Pituitary function was compared to intrasellar pres
sure: Table 1 compares normal function with hypopi
tuitarism, the latter being defined as a deficiency in one 
or more sector of pituitary function. 

Because of its different (inhibitory) mechanism of 
control (vide supra), prolactin levels were treated sep
arately (Table 2). The distinction between stalk com
pression syndrome and prolactinoma was based either 
upon the in vitro perfusion behaviour of tumour tissue 
(Lawton etal. 1981) or upon the serum prolactin level; 

Table I. Correlation between preoperative pituitary function and in
trasellar pressure* 

n 

Normal pituitary function 9 
Hypopituitarism 15 

P < 0.05 (analysis of variance) 

* Figures refer to original sizes. 

ISP ± SEM (mmHg) 

l6±3 
27±3 
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Table 2. Serum prolactin 

n 

Normal 7 
Stalk compression syndrome 14 
Prolactinoma 7 
On bromocriptine 

* P < 0.01. 
** P <0.05. 

5 

ISP ± SEM (mmHg) 

25±3 
28±3* ** 
17 ± 5** 
14±3* 

a level of > 2,000 mIU /Litre was taken to imply a pro
lactinoma (Lawton et al. 1986). 

Intrasellar pressure was highest in the stalk com
pression syndrome group and significantly lower in the 
prolactinoma group (P < 0.05). There was, however, 
little difference between intrasellar pressure in patients 
with normal prolactin levels (25 ± 3 mmHg) and those 
with stalk compression syndrome (28 ± 3 mmHg). 

IV. Discussion 

It has been argued that the adenohypophysial blood 
supply is delivered at unusually low pressure and is, 
therefore, particularly vulnerable to local tissue pres
sure changes which have not previously been quanti
fied. This study shows that intrasellar pressure in pi
tuitary tumours often exceeds the theoretical norm for 
portal venous pressure. Furthermore, the expected ef
fects of portal venous obstruction, namely stalk com
pression syndrome and hypopituitarism, were found to 
be associated with siginficantly higher intra sellar pres
sures than other patients. This supports the hypothesis 
that endocrine dysfunction associated with pituitary 
tumours may in part reflect disturbances in portal 
blood flow. 

The generation of higher levels of intra sellar pres
sure and the survival of the adenohypophysis denied 
its portal blood supply are, it is suggested, the conse
quences of neovascularisation involving the develop
ment of a collateral arterial blood supply (Baker 1971, 
Elias and Weiner 1984, Lees and Pickard 1987). 

The arguments proposed in this study contain much 
supposition because of the lack of previously published 
data but the basic hypothesis that adenohypophysial 
perfusion pressure is very low seems to be borne out 
by the two studies in which it is considered. However, 
many questions are raised: what are the implications 
of a low perfusion pressure for normal adenohypoph
yseal function? How is normal adenohypophysial vi
ability maintained if its portal blood supply is cut off? 
Is there a direct arterial blood supply to the normal 
adenohypophysis as suggested by McConnell (1953) 
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and Gorczyka and Hardy (1987) and denied by Daniel 
and Prichard (1975)? Why is adenohypophysial func
tion normal in some patients with a high intra sellar 
pressure whilst others with similar pressures develop 
hypopituitarism and/or the stalk compression syn
drome. 

The questions thus exceed the answers! However, 
it is hoped that this study will provide a stimulus to 
further research into a new approach to neuroendocrine 
pathophysiology. 
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Introduction 

Prolactin (PRL) and growth hormone (GH)-secreting 
pituitary tumours are the most frequently occurring, 
diagnosed and treated pituitary tumours49 . In a series 
of 424 cases of secreting pituitary tumours Hardy found 
225 PRL-secreting adenomas and 199 GH-secreting 
adenomas46. The high incidence of PRL and GH-se
creting pituitary tumours has been reported by many 
other groups31, 50, 68, 72. 

Important progress in biochemical and imaging 
techniques in recent years has provided a more accurate 
diagnosis of pituitary tumours. Sophisticated morpho
logical techniques and receptor studies applied to sur
gical specimens has led to a better understanding of 
pituitary cytopathology and a better knowledge and 
treatment of pituitary tumours. 

Classically, pituitary tumours were differentiated 
histologically as chromophobe, acidophil (eosino
philic) or basophil, depending on their staining char
acteristics with hematoxylin and eosin. With attempts 
to correlate the morphological features of the tumour 
cells with their secretory activity, clinical history, symp
tomatology and biochemical findings, Kovacs and 
Horvath 1 classified piutitary adenomas into eight sub
groups: 1) PRL cell adenoma; 2) GH cell adenoma; 3) 
mixed GH and PRL cells adenoma; 4) acidophil stem 
cell adenoma; 5) corticotroph cell adenoma; 6) thy
rotroph cell adenoma; 7) gonadotroph cell adenoma; 
and 8) undifferentiated cell adenoma, including on
cocytoma. 

The purpose of the present paper is not to argue 
the relative merits ofthe medical and surgical treatment 
but to briefly review the progress made in the last 
decade in the medical management of the first three 

types of pituitary tumours in the classification of Ko
vacs and Horvarth, with a special emphasis on new 
approaches to the treatment ofPRL- and GH-secreting 
adenomas. 

The Medical Approach to the Management 
of Prolactinomas 

The objective of the treatment of a patient with pro
lactinoma is to lower PRL plasma levels to within the 
normal range, to restore gonadal function and other 
anterior pituitary hormones secretion to normal levels 
and to either remove or reduce the size of the tumour. 

Two major approaches to the treatment of pro lac
tinomas were developed in parallel in the last decade: 
I) selective, transsphenoidal surgical removal of the 
tumour and 2) medical therapy with dopamine ago
nists. 

This chapter will review the medical therapy of pro
lactinomas with respect to I) rationale for the use of 
dopamine agonists in the management of prolactino
mas; 2) medical therapy with bromocriptine of micro
prolactinomas and 3) macroprolactinomas; 4) other 
drugs, besides bromocriptine, used in the treatment of 
prolactinomas; and 5) new galenical forms of bromo
criptine in the initial and/or long-term treatment of 
patients with prolactinomas. 

Rationale for the Use of Dopamine Agonists 
in the Management of Prolactinomas 

Physiologically the most important neural control of 
PRL secretion is exerted by dopamine (DA) which is 
secreted by the tuberoinfundibular neurons with cell 
bodies in the arcuate nucleus and with nerve endings 
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on portal vessels in the median eminence. DA is the 
major PRL inhibiting factor in all mammals. DA ag
onist drugs bind to DA receptors on the lactotroph 
cells and lower PRL secretion in normal and patho
logical conditions, such as functional and tumoural 
hyperprolactinemia. 

Bromocriptine, the first dopamine D2 agonist used 
therapeutically in the treatment of hyperprolactinemic 
states, has been shown to produce both the suppression 
of PRL secretion and significant shrinkage of PRL
secreting tumours. During the first days of treatment, 
the shrinkage results from the involution of adenom
atous PRL cells with reduction in cytoplasmic, nuclear 
and nucleolar areas5, 88. After long-term treatment with 
bromocriptine the histological findings show wide
spread necrotic areas in the tumours41 , 81 suggesting 
that bromocriptine may have both cytocidal and cy
tostatic effects on prolactinomas. 

Because of the rapid improvement of clinical symp
toms/signs of hyperprolactinemia and the effectiveness 
of bromocriptine in reducing tumour size, medical 
treatment has become, in many centres, the manage
ment of choice of prolactinomas. 

Papers describing a high recurrence rate in surgically 
treated patients82,86 with prolactinomas have not been 
contained in present series2, 16,33,43,47,79,91,97, but have 

suggested that some patients may have an underlying 
abnormality in the pituitary or hypothalamus which is 
not amenable to surgical cure. 

The development of transphenoidal microsurgical 
selective adenomectomy marked a great step forward 
in the management of prolactinomas and high cure 
rates were reported 1,27,30,45,57,62,63,87,90. Some of these 

reports considered cured the patients with normal PRL 
plasma levels immediately after surgery and may have 
overestimated the success of surgical treatment of pro
lactinomas. 

Frantz et al. 39 found that the PRL plasma concen
trations measured one week after surgery were signif
icantly lower than that measured one month after sur
gery. Moreover, Serri etal. 82 , in a series of 44 women 
followed for an average of 6.2 ± 1.5 years showed that 
relapse of hyperprolactinemia usually occurred one 
year after surgery and that the risk increases with time. 
Recurrence of hyperprolactinemia was observed by 
Serri et al. in 12 of 24 (50%) of patients with micro
prolactinomas and in 4/5 (80%) of patients with ma
croprolactinomas. In the series reported by Rodman 
et al.79 and others the incidence of recurrence is much 
lower. Rodman et al. 79 reported relapse in 17% of the 
88% patients with microadenomas cured by surgery 

and in 20% of the 37% of patients with macroadeno
mas with normal PRL secretion after surgery. Prolactin 
plasma levels were significantly higher both immedi
ately and six weeks after surgery in patients who re
lapsed than in those patients who did not relapse I I, 13, 
14 

Examination of PRL secretory dynamics, assessed 
by TRH and insulin-induced hypoglycaemia, six weeks 
postoperatively did not predict relapse of hyperpro
lactinemia79. Abnormalities of the dynamic test with 
domperidone showed a good correlation with late re
currence of hyper proia ctinemi a in patients with normal 
PRL plasma concentrations after surgical treatment of 
prolactinomas17• 

The theoretical advantage of surgical treatment of 
prolactinomas is that once completed successfully the 
patient may be cured for life. However, even the best 
surgical results compare favourably with medical ther
apy only for microprolactinomas whereas the surgical 
success in curing patients with large prolactinomas 
ranges from 0_30%10,63,87,90,98. The recurrence rate 

of hyperprolactinemia (17-80%) after apparently suc
cessful surgery and the undefined mechanism of tumour 
such relapse (side supra) has contributed to bromo
criptine being considered as primary not just adjuvant 
treatment for both small and large prolactinoma. 

Medical Treatment of Microprolactinomas: 
Effects of Bromocriptine 

Essentially, PRL secretion is lowered to within the nor
mal range in most patients treated with bromocriptine 
irrespective of the pretreatment PRL levels 10, 98. Res
toration of normal gonadal function and fertility occurs 
in the majority of patients including some where the 
radioimmunoassay of PRL plasma levels remained el
evated above the normal range85. Bergh and Nillius7 

reviewed the results of bromocriptine therapy in 160 
patients, 101/160 with pituitary tumours, and found that 
the overall ovulation rate was 93% and the pregnancy 
rate 88%. In most women normal menses are resumed 
within 4 weeks after the start of treatment, although 
in some patients a considerably longer period of treat
ment is necessary to restore regular cycles8, 40. The dis
continuation of bromocriptine therapy is followed in 
most cases by a rise of PRL plasma levels to either pre
treatment or slightly lower levels. Isolated cases with 
persistent normalization of PRL levels were however 
reported28, 29,100. Faglia et al. 29 reported persistent nor
malization of PRL plasma levels in 4/21 patients who 
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underwent long-term treatment with bromocriptine. In 
another paper Faglia's group reported clinical remis
sion and normal PRL levels in 4h6 women with mi
croprolactinomas treated with bromocriptine 
(2.5-10mg/day) for 12 months and in 4/18 women who 
extended the therapy for another 12 months67. 

Tumour regression or disappearance of micropro
lactinomas documented by high resolution CT scan 
examinations were also reported 12, 26, 29. Tramu etal.89 

reported marked morphological changes in four mi
croadenomas surgically removed after 6-17 months 
therapy with bromocriptine. In 3 cases in whom PRL 
secretion was normalized by bromocriptine therapy, 
fibrosis, pyknotic cells and crinophagic appearances 
were found in the adenomas. In one case total necrosis 
and fibrosis of the adenoma was found. 

Fossati and Mazzuca38 reported a well documented 
case of micro adenoma cured after 30 months' treatment 
with bromocriptine 7.5 mg daily. The patient was a 28-
year-old man with hyperprolactinemia, bilateral gy
necomastia, galactorrhea and decreased libido. The 
basal PRL level was 205 ng/ml and the sella turcica 
exhibited a double contour of the floor with localized 
rupture of the anterio-inferior curve. After bromocrip
tine withdrawal, which followed the 30 months treat
ment period, the man was clinically normal, plasma 
PRL levels were in the normal range and the sella 
turcica was thickened with recalcification of its floor 
for the whole follow-up period of 18 months. 

Pregnancy occurring during bromocriptine therapy 
has a normal evolution and ends with a normal delivery 
of a normal child92, 96. Enlargement of the pituitary 
tumour during pregnancy occurs very seldom7,96. Re
mission of hyperprolactinemia after bromocriptine-fa
cilitated pregnancy has been reported by several 
groups96 after the first report published by Cowden 
and Thomsen22. Their patient had tomographic evi
dence of a pituitary tumour in whom bromocriptine 
facilitated pregnancy was followed by breast-feading 
and thereafter by the return of spontaneous menses 
and normoprolactinemia. An empty sella was subse
quently reported in 3/9 women with intrasellar prolac
tinomas who completed at least 2 bromocriptine-fa
cilitated pregnancies (Daya et al.25 ). In a recent review 
of the natural history of microprolactinomas, Crosig
niani etal.24 reported 18% "cure" rate of micropro
lactinomas in patients with bromocriptine- (or other 
dopamine agonists) facilitated pregnancy pointing out 
the favourable influence of bromocriptine facilitated 
pregnancy on the natural history of prolactinomas. 

Medical Treatment of Macroprolactinomas: 
Effects of Bromocriptine 

Important evidence of the therapeutic efficacy of bro
mocriptine administered prior to surgery, after pitui
tary surgery and as primary therapy has accumulated. 

In patients in whom bromocriptine was administered 
for up to 6 weeks prior to transsphenoidal surgerl' 32, 

marked suppression of the PRL secretion and tumour 
shrinkage occurred and the tumour appeared to be 
softer and more fluid facilitating removal by suction4, 

32. The duration ofbromocriptine therapy prior to sur
gery was considered very important for the outcomc 
of the adenomectomy. Ideally, surgery should be per
formed when maximal shrinkage of the tumour oc
curred. To extend the treatment beyond 6 months 
might make surgical excision difficult as a result of 
fibrosis which may occur and surgical cure of the tum
our impossible to achieve4,32. 

The efficacy of the long-term treatment with bro
mocriptine or other dopamine agonists in patients in 
whom hyperprolactinemia persists postoperatively is 
also well documented. Thus treatment with bromo
criptine following surgery usually achieves a normali
zation ofPRL levels and a resumption of gonadic func
tion in both men and women, provided that the go
nadotrophic cells have not been destroyed by tumour 
expansion or by surgical manipulation. 

The use of bromocriptine as primary and long-term 
therapy for macroprolactinomas has become a widely 
accepted alternative to surgery with considerable but 
variable shrinkage, in some cases to almost complete 
disappearance of macroprolactinomas61 , 66, 95. In a se
ries of 18 patients with pituitary macro adenomas and 
hyperprolactinemia, Wass et al.95 reported unequivocal 
tumour shrinkage in 12 patients with partially empty 
sella in 2 patients, 16 and 22 months after starting 
treatment with bromocriptine respectively. 

In a larger series of 33 patients, 15 treated with 
bromocriptine, 12 with lisuride and 3 with consecutive 
courses of either drug for periods of 6 to 64 months, 
Liuzzi et al. 61 reported tumour shrinkage in 20 patients 
(60.5%) accompanied by normalization or marked re
duction of PRL plasma levels. In 7/20 patients tumour 
shrinkage was seen within the first month of treatment 
whereas in the other 13 patients the shrinkage become 
evident later, up to 8 months after continuous drug 
administration. The effects of the therapy were main
tained in all patients up to 5 years follow-up. Ten of 
33 patients did not show changes in tumour size 
whereas PRL plasma levels fell markedly. Resistance 
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to bromocriptine and/or lisuride was recorded in 3133 

patients in the series of Luizzi et al. 61. More recently 
Molitch et al. 66 published the results of a multicentre 
prospective study carried out in 27 patients. Normal 
PRL levels were reached in 18/27 patients and various 
degrees of reduction in the tumour size was recorded 
in all patients. In 13 patients (46%) tumour size was 
reduced by greater than 50%, in 5 patients (18%) by 
about 50%, and in 9 patients (36%) by approximately 
10-25%66. The time to reach maximal size reduction 
was 6 weeks in 6 patients, 6 months in 13 patients and 
12-15 months in 8 patients66. 

Inhibitors of PRL Secretion Used in the Treatment of 
Prolactinomas 

Drugs which suppress PRL secretion by a dopami
nergic mechanism are found in several chemical classes. 
Of these, the ergolene and ergoline compounds, ergot 
alkaloids and related compounds (see Fig. I) have been 
the most successful classes36. Among the dopaminergic 
drugs, in which the structure does not fit in with the 
conservative ergot alkaloids, is the octahydrobenz (g) 
quinoline compound, CV 205-502, selected recently for 
clinical use (Fig. 2)37. Lergotrile, mesulergin (CU 32-
085), methergoline, lisuride, pergolide, CQP 201-403, 
CV 205-502 and cabergoline have been used extensively 
in the treatment of hyperprolactinemic states. All are 

orally effective and could be administered bj.d. or b.d. 
(bromocriptine, lisuride, CU 32-085), once a day 
(bromocriptine, pergolide, CQP201-403, CV205-502) 
or once a week (cabergoline). Lisuride (0.2 mg tj.d.) 
produced a slightly more rapid decrease of PRL se
cretion than bromocriptine but its effect was less pro
longed after a single dose compared to bromocriptine. 
Neither the therapeutic nor the safety profile oflisuride 
showed any superiority over bromocriptine in the treat
ment ofhyperprolactinemic states and prolactinomasl3, 
61 

Pergolide mesylate, the first compound with long
lasting activity used clinically, is active orally in a dose 
of25 to 100 !!g/day. Pergolide, like lisuride and bromo
criptine, acts directly at the level of the pituitary and 
PRL-secreting tumours to inhibit PRL secretion. As 
the therapeutic effects and adverse events are similar 
to those demonstrated with bromocriptinell , 48 the key 
advantage of this drug appears to be its extended half
life and once a day administration. 

Among the new molecules which are presently under 
clinical investigation the most promising results have 
been reported with: CQP 201-403, (8-(N,N-Diethyl
sulfamoyl amino )-6-4-propyleroline-hydrochloride), 
clinically used at single doses of 0.01-0.03 mg/ 
dayB°; CV 205-502, (3-N,N-diethylsulfamyl amino-
1,2,3,4,4 a,5, I 0, 1 0 a~-octahydro-6-hydroxy-I-propyl 
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benzoquinoline hydrochloride) used at single daily 
doses of 0.05-0.1 mg77 and Cabergoline (1(6-allyler
golin-8p-yl)carbonyl)- I-(3-dimethylamino(propyl)-3-
ethylurea used weekly at doses of 0.3- 0.6 mg34, 65. 

Data available to date suggest a good tolerability 
for all these new compounds, good efficacy in sup
pressing PRL secretion and good acceptance by pa
tients. The evidence of tumour shrinkage is scarce for 
all these new compounds which are still in early clinical 
development. 

New Galenical Forms of Bromocriptine in the Treatment 
of Prolactinomas 

Treatment with oral bromocriptine and other dopa
mine agonists suppresses PRL secretion and shrinks 
PRL-secreting tumours and made possible the medical 
management of prolactin om as. However the initial ad
verse effects encountered, particularly if full doses are 
used, at the start of treatment and the limited com
pliance seen in some patients during long-term treat
ment led to the search for new non-invasive approaches. 

Recently, two injectable forms of bromocriptine 
(Parlodel Long-Acting (LA) and Long-Acting Re
peatable (LAR), Sandoz) have been developed for in
tramuscular injections. 

Parlodel LA contains bromocriptine microspheres 
prepared according to a spray-drying technique which 
employs poly lactic acid as wall material. The bromo
criptine-containing microspheres are injected deep in
tragluteally where they slowly release their content over 
6-8 weeks. Therapeutic plasma concentrations of 
bromocriptine (1- 1.5 ng/ml) are reached within the first 

hours after injection of Parlodel LA, as was shown bay 
studies carried out in normal volunteers54 . Marked re
duction of PRL secretion was noted 3 hours after in
jection and a sustained suppression of PRL secretion 
was found for about six weeks after a single i. m. in
jection of 50 mg Parlodel LA in normal volunteers54. 

Results recorded in 87 patients with macroprolacti-
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nomas and 29 patients with microprolactinomas55 

showed that Parlodel LA is an efficacious new form 
of bromocriptine which produces a rapid decrease of 
PRL plasma concentration within the first 12 hours 
and a rapid shrinkage, within the first 7 days, after a 
single injection of 50 mg Parlodel LA (Figs. 3-5). More
over, it has been shown that in patients intolerant of 
oral dopamine agonists Parlodel LA could be admin
istered without any adverse effects or with minor, short
lasting adverse effects occurring only within the first 
hours after the injection55 . Transfer to oral bromo-

Fig. 4. Tumour shrinkage documented by 
coronal CT before treatment (left panel) 
and 15 days after bromocriptine LA (right 
panel) in one patient with supra- and para
sellar extension of the prolactinoma 

Fig. 5. Marked tumour shrinkage docu
mented by coronal CT before treatment 
(left panel) and 21 days after bromocrip
tine LA (right panel) in one patient with 
suprasellar extension of prolactinoma 

criptine was possible with or without minor adverse 
effects in most patients44, 55. Parlodel LA, the first in
jectable form of bromocriptine containing polylactic 
acid that metabolizes very slowly (half life in animal 
models: approx. 6 months) and hence was introduced 
on the market only for single injections as initial treat
ment of prolactinomas. The need for a new injectable 
form for repeated administrations is clear and a new 
long-acting injectable form of Parlodel, Parlodel LAR 
(Long-Acting Repeatable), was developed for monthly 
injections. Parlodel LAR contains bromocriptine-
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micro spheres which employ D,L-polylactide-coglycol
ide glucose as carrier material. The in vitro and in vivo 
experiments showed that the degradation of the pol
ymer was nearly complete after 52 days. 

Data are available in 26 patients (16 men, 10 women, 
aged 19- 65 years) with macroprolactinomas and 20 
patients (all but one woman, aged 18-45 years) with 
microprolactinomas treated for 2- 12 months with Par
lodel LAR. All patients received a 50 mg dose initially 
and 50, 75 or 100 mg/month thereafter for obtaining 
maximal inhibition/normalization of PRL plasma lev
els throughout a 4-week period after each injection56 . 

Efficacy of Parlodel LAR in Patients with Macropro
lactinomas 

PRL plasma levels, which ranged from 207 to 
40,340 ng/ml, were suppressed by 50- 70% from pre
treatment levels in all patients within 12 hours after 
the first 50mg dose of Parlodel LAR. In 12/ 26 patients 
PRL plasma levels fell markedly to within the normal 
range ( < 25 mg/ml) after the first injection of Parlodel 
LAR and remained suppressed until day 28 as illus
trated in one representative case in Fig. 6. All patients 
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but 3, showed a progressive and sustained suppression 
ofPRL plasma levels during the 2-12-month treatment 
period to within normal levels, as illustrated in one 
representative case in Fig. 7. Shrinkage of PRL-se
creting macro adenomas was documented by CT-scan 
examinations in 20/26 patients on day 5-7 after the first 
50 mg dose of Parlodel LAR; the reduction in size of 
pituitary tumour ranged from 20% to greater than 50% 
of the original size. Further reduction in tumour size 
was recorded by day 28 after the first injection in 8 
patients, as demonstrated by CT scan after 6 months 
treatment in 12 of22 patients and after 12-month treat
ment in 4/6 patients. 

Efficacy in Patients with Microprolactinomas 

In all but 2 patients PRL plasma levels decreased to 
within the normal range after the first 50 mg dose of 
Parlodel LAR. The normalization of PRL secretion 
occurred within the first 12 hours and lasted for 28 to 
72 days in 18/20 patients as shown in Fig. 8 in one rep
resentative patient. Injections of Parlode1 LAR (50 mg) 
administered thereafter at 4- to 8-week intervals pro
vided a continuous suppression to within the normal 

PRL Case 4 
(ng/mO 

100 

90 Day 

80 

70 

60 

50 

40 

35 
30 

20 
21--=:'---

10 

--_ ... --=---------15 

0 
8 12 16 20 

Time (hours) 

Fig. 8. PRL plasma levels measured eight times daily from 8 a.m. to 
8 p.m. to assess the PRL profile before (day 0) and on days 1, 3, 7, 
14 and 28 after the first 50 mg dose of Parlodel LAR in one patient 
with microprolactinoma 

range for the whole follow-up period. In 2120 patients 
with microprolactinomas the dose of Parlodel LAR 
had to be increased to 100 mg/month for a long-lasting 
normalization (4 weeks) of PRL plasma concentra
tions. In all patients galactorrhea disappeared and men
ses resumed within 2 months after starting the treat
ment with Parlodel LAR. The injection caused minimal 
and short-lasting local reactions. Pain (slight or mod
erate) at the injection site was reported by 10/46 patients, 
soreness by 5/46 patients and rash by 6/46 patients after 
the first injection. Repeated administrations ofParlodel 
LAR were locally well tolerated. Slight pain, rash or 
soreness being recorded only in 6/46 patients. 

Adverse effects were reported after the first injection 
of Parlodel LAR in 16/46 patients with prolactinomas 
e/26 with macroprolactinomas and 7120 with micrpro
lactinomas) and consisted of nausea C5/46) and head
ache (8/46) followed by vomiting C / 46), dizziness C / 46), 

sleepiness e / 46) and nasal congestion C /46)' These ad
verse effects were transient, lasting less than 24 hours 
in 13/16 patients. One patient reported moderate diz
ziness for 14 days, an effect which disappeared without 
any treatment. One patient reported headache for 10 
days and another patient asthenia for 2 days. Only 4/ 
46 patients receiving 2-12 additional doses of Parlode1 
LAR reported adverse effects (nausea and dizziness) 
in the first 24 hours after the second and third injection. 

Conclusions 

In patients with large adenomas, especially in those 
with extrasellar extension into the anterior and/or mid
dle fossa, into the third ventricle, or in patients with 
tumours surrounding carotid arteries, surgery is not 
very successful, even transiently, in lowering PRL levels 
to normal. Accordingly, most neurosurgeons consider 
that patients with large and invasive macroprolacti
nomas should be initially treated with bromocriptine 
as a pre-operative adjunct to facilitate excision oflarge 
tumours. For most neurosurgeons, combined medical 
and surgical therapy is the best therapeutic approach 
for the treatment of macroprolactinomas, provided sur
gery is not delayed more than 6 months after bro
mocriptine therapy. Conversely, prospective studies 
strongly suggest that neurosurgical approaches should 
be restricted to non-responders to the treatment with 
bromocriptine or new dopamine agonists. 

The place of medical therapy in the management of 
microprolactinomas has become more important since 
evidence was collected showing recurence of hyperpro
lactinemia in patients initially thought to be cured by 
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surgery. The medical treatment is a long-term treatment 
which restores to normal the gonadal function only 
during the treatment period. Evidence is too limited as 
yet to define the cure rate of such microprolactinomas 
by medical therapy. 

In the management of prolactinomas progress was 
made recently by the introduction of the injectable, 
long-acting forms of bromocriptine, Parlodel LA and 
Parlodel LAR. Based on the results obtained with Par
lodel LAR in patients with prolactinomas, a new ap
proach in the treatment of prolactinomas is proposed, 
namely, to initiate treatment of patients with PRL
secreting adenomas with this long-acting bromocrip
tine (Parlodel LAR) in order to obtain a rapid decrease 
of PRL plasma levels and a rapid shrinkage of the 
tumour and to continue the chronic treatment with 
monthly injections of 50 to 100 mg Parlodel LAR. It 
is possible to establish early whether the patients will 
be responsive or not to a dopamine agonist. 

Medical Approaches to the Management 
of GH-Secreting Tumours 

The introduction of dopamine agonists in the man
agement of acromegaly, a disease produced by GH
secreting pituitary tumours, more than 10 years ago 
opened the non-invasive approach to this severe en
docrine disease. More recently the development of a 
long-acting somatostatin analogue (Sandostatin, 
SMS 201-995, Sandoz) and early reports of its clinical 
efficacy added a new and very important therapeutic 
tool to the medical management of acromegaly. 

The use of the somatostatin analog is based on im
portant knowledge accumulated on the control of GH 
secretion in humans. Indeed in man, as in all mammals, 
somatostatin, the natural hypothalamic neurohor
mone, is the physiological inhibitor of GH secretion 
stimulated by all known stimuli35, 78. Like somatostatin, 
SMS201-995 inhibits GH secretion stimulated by ar
ginine, exercise, sleep and insulin-induced hypoglyce
mia76 . Whereas the clinical rationale for somatostatin 
analog treatment in acromegalics is obvious, the use 
of dopamine agonists is based on the paradoxical de
crease in growth hormone (GH) secretion after the 
administration of L-DOPA in patients with acromegaly 
reported by Liuzzi et al. in 197258 . 

The medical treatment of acromegaly takes second 
place to transphenoidal-adenomectomy with or with
out pituitary radiation except where such therapy is 
unsuccessful. The outcome of neurosurgery depends 
on the size of the tumour: patients with tumour of less 

than IOmm in diameter (micro adenomas) have ap
proximately an 80% chance of cure, whereas in ma
croadenomas, particularly when invasive, the cure rate 
may be as low as 52%. Surgery may be followed by 
secondary hypopituitarism and recurrence of the dis
ease. 

Conventional external irradiation is an effective 
treatment in patients with acromegaly with moderately 
increased GH plasma concentrations. The normaliza
tion of GH levels could occur in about 30-80% of the 
patients within 6-24 months, in 20% of acromegalics 
being delayed as long as 5-10 years. Pituitary implan
tation of yttrium or proton beam therapy causes a good 
clinical and biological effect in 27-50% of patients but 
the risk of secondary hypopituitarism is very high. 

When considering the place of medical treatment 
with (1) dopamine agonists and (2) somatostatin (San
dostatin) the following ideal objectives will be consid
ered: a) correction of the hormonal (GH) excess and 
its clinical and biological consequences, b) reduction 
of the tumour mass and c) prevention of impairment 
of the remaining pituitary tissue hormone secretion. 

Dopamine Agonists in the Treatment of GH-secreting 
Tumours 

Most clinical experience has been obtained with bromo
criptine. The therapeutic effects of lisuride, pergolide, 
mesulergine and other dopamine agonists have been 
proven to be equally good, thus in this short review 
we shall refer only to bromocriptine data. Single doses 
of 2.5 mg bromocriptine significantly decrease plasma 
GH levels in most acromegalic patients59, 84 and the 
stable and significant reduction of GH levels during 
long-term treatment with bromocriptine is amply doc
umented in acromegalic patients6,9, 15, 18,60,69, 70. Bro-
mocriptine can reduce GH hypersecretion and control 
its metabolic consequences in at least 50% of acro
megalics. However when given alone it restores GH 
levels to normal in relatively few patients. Wass et al. 93 

reported a GH concentration of less than 10 m U /1 in 
only 15 of73 patients (20%) treated with bromocriptine 
despite objective improvement in most patients. Lam
berts et al. 51 claimed that patients who respond well to 
bromocriptine therapy are more likely to hypersecrete 
both GH and PRL whereas other groups reported good 
clinical and biochemical effects in patients with isolated 
GH-secreting tumours6, 9, 15, 18,60,69,70. 

The few reports of improvement in visual field de
fects in acromegaly patients under bromocriptine 
treatment64, 94, 99 prompted several groups to study tu-
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mour shrinkage in acromegalics. McGregor64 failed to 
observe any change in tumour size in four acromegalic 
patients studied by CT before and after 3 months of 
therapy with bromocriptine (20mg/day) whereas Wol
lesen eta1.99, Liuzzi etal. 61 and Wass etal.94 reported 
reduction of the tumour size in 13% to 50% of acro
megalic patients. The fact that reduction in the size of 
GH-secreting adenomas was recorded only in acro
megalic patients responsive in terms of GH secretion 
is consistent with the view that the presence of dopa
mine D2 receptors on the GH-secreting tumours is a 
prerequisite for obtaining tumour shrinkage by bro
mocriptine. The presence of dopamine D2 receptors on 
GH-secreting pituitary adenomas obtained from pa
tients who were pre-operatively responsive to either DA 
infusion or DA agonists has been documented by sev
eral groups71, 83. However, in a recent in vitro study, 
Brassion et al. 14 showed qualitative differences between 
the dopamine receptors of the tumoural PRL- and GH
secreting cells in humans, the receptors of soma to
trophs exhibiting less affinity for apomorphine, DA 
and spiperone than those of the lactotrophs. The lack 
of DA receptors and/or their reduced affinity for DA 
could explain the lack of therapeutic effects reported 
for bromocriptine in some acromegalics. 

New Galenical Forms of Bromocriptine in the Treatment 
of Acromegaly 

The two injectable long-acting forms ofbromocriptine, 
Parlodel LA and Parlodel LAR, used in the treatment 
of patients with prolactinomas, have been assessed in 
patients with acromegaly. Twenty-four patients, 10 
men and 14 women with acromegaly were treated with 
Parlodel LA. Eight of these patients were hyperpro
lactinemic in addition to having symptoms and signs 
of acromegaly. Five women (36%) and 1 man (10%) 
presented with galactorrhea at the time of baseline eval
uation. Thirteen women (93%) presented with men
strual disturbances such as amenorrhea (10 patients) 
and oligomenorrhea (3 patients). Nine patients, 3 
women and 6 men reported an absence or decreased 
libido and 5 men had below normal level of potency. 
Symptoms/signs of active acromegaly were recorded in 
all patients. All patients had pituitary tumours docu
mented by CT scan, 12/24 patients had a suprasellar 
extension of the tumour and 3 of the patients with 
suprasellar extension of the tumour had a definite im
pairment of the visual fields. Visual field disturbances 
were detected in a further 4 patients who had no evident 
suprasellar extension of the tumour. Other endocrine 
abnormalities due to pituitary insufficiency (tumour 

mass effect) were observed in 7/24 patients (29%). Hy
pertension, a frequent cardiovascular complication of 
acromegaly, was present in 10/24 (42%) patient prior to 
the administration of Parlodel LA. One patient had 
angina pectoris but none of the patients had a past 
history of myocardial infarction. 

GH fell markedly in 16/24 patients (67%) and reached 
normal values (equal to or less than 5 ng/ml) in 6124 
patients (25%). In 4/24 patients (17%) GH secretion 
was suppressed throughout the day for 28--42 days after 
a single injection of 50 mg Parlodel LA. While the pro
portion of patients with long-lasting (4-6 weeks) nor
malization of GH secretion is relatively low (4/24) this 
long-lasting result obtained with Parlodel LA compares 
well with the best therapeutic responses reported for 
bromocriptine treatment in acromegaly. 

PRL secretion was normalized in 7/8 acromegalic 
patients within 24 hours after the injection of Parlodel 
LA and the suppression lasted for 42 days in all 7 
patients. In one patient PRL secretion was only par
tially suppressed from 3,930 ng/ml to nadir concentra
tions of 101 ng/ml by day 3. The suppression of PRL 
secretion was long-lasting and by day 42, PRL plasma 
concentration was 523 ng/ml (13% of the initial levels). 
This patient had a very large macro adenoma with 
marked visual field defects and bilateral optic atrophy 
produced by the chronic chiasmal compression. This 
patient, who presented with relapse of acromegalic 
symptoms and an enlargement of the tumour after ir
radiation, was also known to be a poor responder to 
oral Parlodel administered up to 22.5 mg daily. After 
the administration of Parlodel LA the patient had, in 
addition to the partial suppression of PRL secretion, 
a normalization of GH plasma levels lasting for 42 
days and tumour shrinkage (30-50% of the initial size) 
detected by day 42. The therapeutic effects obtained 
with Parlodel LA were maintained with the subsequent 
oral treatment with Parlodel (7.5 mg/day). 

Decrease or disappearance of symptoms/signs of 
acromegaly was recorded in most patients as shown 
below: 

Decrease/disappearance of hyper- 14/20 patients 
hidrosis 
Reduction of palmar soft-tissue II /22 patients 
thickening 
Disappearance of headache 
Decrease of muscular weakness 
Decrease of arthritic complaints 
Disappearance of menstrual abnor
malities 

10/12 patients 
9/14 patients 
7/ 15 patients 
2/7 patients 
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Disappearance of galactorrhea 
Improved libido 
Improved potency 
Improvement of carpal tunnel syn
drome 
Improvement of visual fields 
Normalization of the blood pressure 

5/6 patients 
3/9 patients 
3/5 patients 
3/5 patients 

5/7 patients 
5/19 patients 

Shrinkage of the tumour was documented by CT 
scan in 4122 patients within 42 days after the injection 
of Parlode1 LA. Three of these 4 patients with docu
mented shrinkage of the tumour (30-50% of the initial 
size) had acromegaly and hyperprolactinemia. Six ac
romegalic patients received a second injection of Par
lodel LA. Long-lasting suppression of GH secretion 
was seen in 4h patients, GH secretion being suppressed 
to within the normal range for 28 days in one patient. 

Thus, results obtained with a single injection of Par
lodel LA compared favourably with those obtained 
with Parlodel administered orally. The rapid shrinkage 
of the GH secreting-pituitary tumours in some patients 
and the long-lasting (4-6 weeks) normalization ofGH 
secretion in patients who respond well to the treatment 
with dopamine agonists encouraged the assessment of 
Parlodel LAR (50 mg or 100 mg doses) administered 
once a month in patients with acromegaly. Preliminary 
results of on-going studies suggest that one could re
place the oral treatment with monthly injections of 
Parlodel LAR in patients who show a clinical and bio
chemical improvement on long-term treatment with 
oral bromocriptine. 

The Somatostatin Analogue, Sandostatin (SMS 201-995) 
in the Treatment of GH-secreting Tumours 

Plewe et al.74; Lamberts et al. 52 ; Chiodini et al. 19 ; Cozzi 
etal.23 ; Ch'ng etal. 21 and Plewe etal. 75 were the first 
to report on the therapeutic effects of the somatostatin 
analog SMS 201-995. Chronic therapy results in a rapid 
and long-lasting suppression of the GH secretion and 
the metabolic consequences of the GH hypersecretion. 
Daily dosages of 100-1,500!!g given in 2-3 subcuta
neous injections have been reported to reduce GH and 
Somatomedin C (SmC) levels in the majority of the 
patientsl9, 21, 52, 74. The supression of GH secretion lasts 
as long as SMS 201-995 is administered. 

In a recent study Lamberts et al. 53 report results in 
10 acromegalic patients treated for 4-27 months with 
SMS 205-995. A marked clinical improvement was 
noted during the first weeks of therapy, clinical im
provement which was more pronounced that the fall 
in serum GH and SmC levels. Mean GH plasma levels 

(mean of 19 samples collected in a 24 h period) showed 
concentrations below 5 !!g/l in 6/10 patients whereas se
rum SmC levels decreased to within the normal range 
in 5/10 patients. Three of the six patients in whom CT 
scan evaluations were made showed a slight decrease 
of the maximal diameter of the adenoma after 14-16 
weeks therapy with SMS 205-995. This long-term study 
confirmed the observation made by Pieters et al. 73 that 
the acute response of serum GH levels to 50!!g 
SMS 205-995 could predict the response to long-term 
treatment. No desensitization to the effect ofSMS 201-
995 on GH secretion was reported after long-term treat
ment and no important adverse effects were noted. 
Transient steatorrhea and abdominal discomfort oc
curred in 2/10 patients on long-term treatment53 . 

In another recent paper Chiodini et al. 20 report re
sults obtained with SMS 205-995, 100-1,500 !!g/day, 
administered for 3-27 months. A rapid decrease in GH 
and Sm-C plasma levels was noted by the second day 
of treatment with nadir levels noted after 15 days of 
treatment. Thereafter there were no further significant 
changes of GH and SmC levels even in patients treated 
for up to 27 months. In 22/26 patients GH and SmC 
plasma levels decreased to more than 50% of the initial 
levels whereas resistance to SMS 205-995 was recorded 
in 4/26 patients. In one of these 4 patients no decrease 
in GH levels was seen even at high doses of SMS 205-
995 e.g. 1,500 !!g/day. The comparison between the 
long-term effects of SMS 205-995 (100-300 !!g/day) 
and bromocriptine performed by Chiodini et al. in 13 
patients 20 showed that SMS 205-995 was more effi
cacious in lowering GH and SmC plasma levels in 11/ 

13 patients. The incidence of poor responders, 2/13 to 
SMS 205-995 and 6/13 patients to oral bromocriptine, 
pointed to the better therapeutic effects of SMS 205-
995 in acromegalic patients. 

A comparison between long-term treatment with 
multiple daily injections and continuous infusion of the 
same dose ofSMS 205-995 (100-600!!g daily) was also 
carried out by Chiodini et al. 20 . A significant decrease 
of GH and SmC plasma levels was noted with either 
kind of treatment within the second day of treatment 
but, during continuous infusion of SMS 205-930, a 
more marked decrease of GH and SmC plasma levels 
was seen. Moreover, on long-term treatment with con
tinuous infusion of SMS 205-995 all patients showed 
a consistent decrease of GH and SmC levels to within 
the normal range, an effect which lasted during the 
whole period of treatment. The suppression of GH 
secretion was less stable and consistent during the mul
tiple daily injections with SMS 205-995. The 
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discontinuation of each type of treatment with 
SMS 205-995 was followed by a rapid return (24-36 
hours) of GH and SmC to the pre-treatment levels2o. 

Clinically and metabolically all patients improved 
on both types of drug administration. Diabetes im
proved and, in two of the three diabetics, insulin ther
apy could be stopped20. In the paper by Chiodini et al.20 

reduction in tumour size was recorded by CT scan 
examinations in 10/20 patients with large tumours, the 
incidence of shrinkage being similar to that report by 
other groups3, 52, 53. 

The results reported to date with SMS 205-995 
clearly show that this long-acting somatostatin analog 
is the best available medical treatment for acromegalic 
patients. Administered as multiple doses (110-500 llg 
ti.d. sc) or as continuous infusion of the same dose, 
SMS 205-995 suppresses GH secretion in 85% of ac
romegalic patients. A marked fall in SmC concentra
tions and improvement of the clinical symptoms and 
metabolic alterations which characterize acromegaly 
were reported even in patients who did not show a 
suppression of GH secretion to within the normal 
range. No desensitization of the pituitary receptors for 
somatostatin was reported during long-term treatment 
with SMS 205-995. 

The fact that after discontinuation of the SMS 205-
995 therapy, GH plasma concentrations rise to pre
treatment levels within 24-36 hours suggest that the 
mechanism of action of the drug is not identical to that 
of bromocriptine in prolactinomas. Indeed, George 
et al. 42 reported that pretreatment of one acromegalic 
patient for 10 days with SMS 201-995 resulted in a 
decrease of tumour cell size, nuclear and cytoplasmic 
areas and an increased volume density of lysosomes, 
possibly indicating increased crinophagy (intracellular 
break-down) of GH. Therefore, a slight decrease in 
tumour size during therapy might well reflect only a 
decrease in the size of the individual tumour cells 
(caused by lower activity and hormone content), rather 
than a cytotoxic or vascular effect of the drug. This 
concept is also supported by the rapid return to pre
treatment circulating GH levels after the discontinu
ation of SMS 201-995 treatment. 

Combined Treatment with SMS 205-995 and 
Bromocriptine in Acromegaly 

In acromegalic patients with only partial suppression 
of GH and SmC plasma concentrations on long-term 
treatment with SMS 205-995 the addition of oral bro
mocriptine was reported to improve or normalize GH 

and SmC concentrations19, 20. More recently, ongoing 
studies (Montini et aI., unpublished data) showed a 
suppression of GH secretion to within the normal range 
by combining Parlodel LAR (lOOmg once a month 
i.m.) to SMS 205-995 treatment in 2 acromegalics who 
showed only a partial improvement on long-term ther
apy with SMS 205-995. 

Conclusion 

The introduction of dopamine agonists and of a long
acting somatostatin analog in the treatment of PRL
and/or GH-secreting pituitary tumours has added a 
new dimension to the therapy of tumoural hyperpro
lactinemia and acromegaly and provides a medical treat
ment for patients with pituitary tumours who cannot 
be cured by surgery. 
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Introduction 

In this chapter a description will be given of the wide
spread occurrence of vasopressin (VP) and oxytocin 
(OT) neurons in the rodent brain. In addition, an at
tempt will be made to describe, on the basis of its origin, 
possible functions of VP and OT in the various parts 
of the central nervous system (CNS). 

The availability of antibodies to VP, OT and neu
rophysin permitted the localization of these hormones 
in separate cell bodies in the paraventricular nucleus 
(PVN) and supraoptic nucleus (SON) and later on in 
the suprachiasmatic nucleus (SCN) (Vandesande et al. 
1974, Swaab et al. 1975). Recently, other sites of VP 
synthesis were revealed after pretreatment of a rat with 
cholchicine: in cell bodies of the bed nucleus of the 
stria terminalis (BST), dorsomedial hypothalamus, me
dial amygdala and locus coeruleus (Caffe and Van 
Leeuwen 1983, Van Leeuwen and Caffe 1983). 

Improvement of immunocytochemical techniques 
resulted in the demonstration of extensive VP and OT 
pathways in the central nervous system. The presence 
ofthis central VP innervation suggested that VP is able 
to reach neuronal structures by other routes than via 
the general circulation or the cerebrospinal fluid. In
deed, the presence of extensive fiber arborizations and 
perineuronal structures suggested that these fibers ac
tually terminate in many such areas. Immunoelectron
microscopy applied to the lateral septum, lateral ha
benular nucleus, amygdala and nucleus tractus soli
tarius (NTS) showed that VP fibers indeed terminate 
synaptically on other neuronal structures (Buijs and 
Swaab 1979, Voorn and Buijs 1983). 

At present, a number of reports have appeared 
showing the synaptic release of VP or OT in a number 
of different brain regions (Cooper et al. 1979, Buijs and 

Van Heerikhuize 1982, Pittman etal. 1984). The con
clusion seems justified that VP and OT will be released 
with a specific stimulus and will act in only those areas 
where synaptic specializations are present. In addition, 
the actions of this peptide on neuronal firing in several 
brain regions, (Zerihun and Harris 1981, Miihlethaler 
etal. 1982, Joels and Urban 1982), together with the 
demonstration ofVP and OT binding in the same brain 
regions (Baskin etal. 1983, Van Leeuwen and Wolters 
1983, Biegon et al. 1984), shows that these peptides are 
able to act as neurotransmitters in these brain regions 
(Buijs 1983). With a neurotransmitter role of VP or 
OT basically being established, it is necessary to de
termine the functional meaning of these transmitters 
and how and where these functions can be executed. 
Therefore it became of crucial importance to determine 
the origin of the VP and OT fibers in the various brain 
regions. Fig. I summarizes the anatomical picture of 
the organization of the different VP systems that can 
be found in the rat brain, while Fig. 2 does the same 
for ~T. It will be clear that based on the widespread 
distribution of VP fibers and the different origin of 
these fibers, VP is involved in a large number of dif
ferent brain functions. 

For OT the picture seems to be far less complex, 
most innervations being derived from the PVN, and 
apart from projections to the circumventricular organs 
the brain stem and spinal cord are largely reached by 
OT fibers. 

De Vries etal. (1981) detected the presence of a 
sexually dimorphic innervation ofVP fibers in the lat
eral septum. From postnatal day 12 onwards, a male 
rat had a much denser VP innervation in the lateral 
septum than a female rat. Moreover, the presence of 
gonadal hormones, either testosterone or oestradiol, 
appeared to be of crucial importance for the mainte-
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nance of the VP fiber innervation of, e.g., the lateral 
septum (De Vries et al. 1985). Gonadectomy of adult 
male or female rats resulted in a gradual decrease in 
VP fiber density over a period of 15 weeks to a point 
where hardly any fibers were found (De Vries et al. 
1984). These results indicate that apart from the pos
sibility of dividing the extrahypothalamic pathways on 
the basis of their origin, it is also possible to divide 
them on the basis of their sensitivity to gonadal hor
mones. 

At present, the morphology and origin of the various 
VP systems is well established and it may be possible 
to make a few assumptions on the putative functions 
of VP in the brain. 

Each of the sites where VP is produced will be in
fluenced by different stimuli, a spatially controlled re
lease of VP. Therefore the approach of the present 
chapter is to take into account the source of VP fibers 
when it comes to distinguishing between the different 
VP systems of the brain. 

Para ventricular Nucleus 

The PVN supplies the largest contingent ofVP and OT 
fibers, the latter predominating, in the caudal brain, 
viz., brain stem and spinal cord (Buijs 1978, Swanson 
and McKellar 1979). The OT projection to the A 1 and 
A2 areas and to the intermediolateral column in the 

spinal cord have been the most eye-catching of the PVN 
OT projections, suggesting that these peptides from the 
PVN are involved in the control of autonomous func
tions. It has been shown that especially Al (noradre
nergic) neurons (Sawchenko and Swanson 1981, Sladek 
and Zimmerman 1982) densely innervate the magno
cellular VP and OT containing neurons in the SON 
and PVN. Day and Renaud (1984) have shown by a 
combination of lesioning with 6-hydroxy-dopamine 
and stimulation of the A I area that this noradrenergic 
innervation provides a stimulatory input for the VP 
containing neurons of the SON and PVN, thus pro
moting the neurohypophyseal release of VP into the 
bloodstream. The innervation of A 1 and A2 neurons 
by OT containing fibers suggests that OT as a neu
rotransmitter can be involved in, for example, the con
trol of the release of VP from the HNS into the general 
circulation. Infusions of small amounts of OT in this 
area indeed induce elevated levels of vasopressin in the 
general circulation (Hermes, unpublished observation). 

Suprachiasmatic Nucleus 

The SCN, which is the major endogenous pacemaker, 
functions as the major clock in synchronizing the cir
cadian rhythms (Stephan and Zucker 1972, Moore 
1979). It seems only logical to assume that VP from 
the SCN is involved, one way or another, in this syn-



88 R. M. Buijs : Vasopressin and Oxytocin Localization 

LHr 
,~.~.~::"",~'~'.:i. ' ' ' 

" ... ,~.~.~.' pvs ... ......... ... .... 
, BST.,' , '"" 

: .'1 ./ PVN J , ' " 
\, DBB ,',1 :. \·A";.I' PVG..\"" , 
' ,,( /' ! \" - ._ . 2:: .- .-.~ '- '- '-'- ' - '-' _'? '::r:-

OVLT)..,,-- f \ .... . , ._ Y VHi VIA RD' '';' ' - ' LC-·-'--·_ ·- _ 
........... :.. ........ '1."".""", .- - '- . r. _.- .- .- . ' - ' - 'r--

•• \ "" .. - -~l? '- "" --. 
SCN ,DMH ". DVC ' __ 

' . ' . 
'-')0:._ ._ " ' . 
M E ' . .... . 

"" NA , .- ._._._ . .Y.- .- .- __ -_ 
Vasopress in 

Fig. 2. Sagittal scheme of the rat brain representing the major oxytocinergic pathways originating largely from the para ventricular nucleus. 
For abbreviations used, see Fig. I 

chronizing function. The fact that a VP-deficient Brat
tleboro rat, which lacks VP also in the SCN, seems to 
have a normal sleep-wake rhythm (Peterson et al. 1980), 
does not necessarily lead to the conclusion that VP is 
of no importance to the circadian synchronization of 
certain behaviors. These mutant rats are likely to have 
compensatory systems that, at least partially, take over 
the function of VP. 

In the CSF, VP has a pronounced day-night rhythm 
that seems to be dependent on the activity of the SCN 
(Reppert et al. 1982, Schwartz et al. 1983). S6dersten 
et al. (1983, 1985) have shown that VP injected into the 
CSF during low VP night levels inhibits lordosis be
havior in ovariectomized female rats, while an antag
onist injected during the day period enhance lordosis 
behavior. Their observations led them to the conclusion 
that VP inhibits lordosis behavior, and to the sugges
tion that the SCN is involved in the regulation of this 
behavior. 

Bed Nucleus for the Stria Terminalis 
and Medial Amygdala 

The reason for discussing these nuclei together is that 
they are both influenced by gonadal steroids and prob
ably both project to the same areas (Holstege et al. 
1985). The sexually dimorphic innervation, and the fact 
that replacement of oestrogen and testosterone restores 
the original VP innervation (in gonadectomized females 
and males respectively; De Vries et al. 1981, 1984) sug
gests that VP in these limbic brain regions is involved 
in the regulation of sex-linked functions. This does not 
imply, however, that VP is involved in the regulation 

of reproductive behavior, for a number of other be
haviors such as feeding, drinking, temperature regu
lation and aggressive behavior is sexually dimorphic as 
well (Goy and McEwen 1980, Beatty 1984). Thus, the 
sexually dimorphic VP innervation may be involved in 
non-reproductive behavior-linked sexually dimorphic 
functions. 
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Introduction 

The water content of the body is divided between ex
tracellular and intracellular compartments. The 33% 
of body water in the extracellular fluid is very finely 
regulated and even following major physiological 
changes such as exercise, drinking or eating, plasma 
osmolality remains within a narrow range of about 
286-294mmol/kg. The pre-eminent mechanism con
trolling body water content is the hormone arginine 
vasopressin (A VP) which is synthesized in the supraop
tic and para ventricular nuclei of the hypothalamus, and 
acts on the kidney to reduce free water clearance. 

Vasopressin secretion can be activated by osmotic 
and cardiovascular stimuli. The osmoreceptors are pre
dominantly located in the hypothalamus itself, prob
ably in the anteroventral part of the third ventricle 
whence they are thought to project directly to the va
sopressin containing magnocellular cells of the su
praoptic and para ventricular nuclei (Lightman and Ev
eritt 1986). Afferent fibres from the cardiovascular re
ceptors in the thorax travel in the IX and X cranial 

x 

Fig. I. Schematic representation of the catecholamine projections 
from the brainstem to the paraventricular nucleus of the hypothal
amus (PVH) and of neurosecretory fibres from the PVH to the 
pituitary neural lobe. The dorsal noradrenergic bundle runs between 
A6 (the locus coeruleus) and the hypothalamus, the ventral norad
renergic bundle between A I and the hypothalamus 

nerves to synapse in the nucleus of the tractus solitarius 
(NTS) in the dorsomedial medulla. From the nucleus 
of the tractus solitarius two noradrenergic pathways 
project to the hypothalamus (Sawchenko and Swanson 
1982). A major nonadrenergic pathway connects the 
NTS to the A 1 medullary noradrenergic cell group 
which then projects directly to the hypothalamus; 
whilst a second noradrenergic pathway carries fibres 
from the A2 cell group within the NTS itself, the A6 
(locus coeruleus) in the pons and some dorsal projec
tions from A 1. This pathway innervates most of the 
forebrain and also contributes towards hypothalamic 
catecholamine content (Fig. 1). It is generally agreed 
that the A 1 projections run primarily within the ventral 
noradrenergic bundle of fibres, and the A2, A6 and 
some A 1 projections in the dorsal noradrenergic bun
dle. In addition to the neuroanatomical description of 
these brain stem noradrenergic pathways there is also 
much information on the effect of noradrenaline on 
the firing of hypothalamic vasopressin cells, and al
though the situation is not completely clear it seems 
noradrenaline does indeed facilitate the firing of va
sopressin cells (Day et al. 1984). 

We have been particularly interested in the mech
anisms controlling vasopressin secretion in man and 
the effect of pathological lesions on its control. We 
have studied three major mechanisms which modulate 
the release of vasopressin-osmotic stimuli, cardio
vascular stimuli and oropharyngeal stimuli. 

Osmotic Stimuli 

In normal subjects there is a close relationship between 
plasma omolality and plasma A VP concentrations 
(Lightman and Everitt 1986), as plasma osmolality in
creases so does the plasma concentration of vasopres-
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Fig. 3. Plasma A VP and mean arterial blood pressure during nitro
prusside infusion in 2 subjects with selective osmoreceptor dysfunc
tion 

sin. The site of the osmoreceptors which respond to 
these changes in osmolality has been a subject of some 
dispute. It is, however, generally agreed that the os
mosensitive areas of hypothalamus reside in the an
teroventral region of the third ventricle in the rat, an 
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area which includes the organum vasculosum of the 
lamina terminalis found in larger animals. Lesions of 
this area in the rat (Sladek and Johnson 1983), or dog 
(Thrasher et al. 1982) result in a loss of vasopressin 
response to osmotic stimuli. Interestingly, they main
tain their vasopressin response to cardiovascular stim
uli so that the brainstem pathway and final common 
hypothalamo-neurohypophyseal pathways must re
main intact. 

Similar abnormalities can occur in man and are 
usually associated with an abnormality of thirst and
not surprisingly-hypernatraemia. We have recently 
described two such patients (Dunger et al. 1985) and 
their lack of response to hypertonic saline can be seen 
clearly in Fig. 2. Like dogs with lesions of the organum 
vasculosum of the lamina terminalis, these subjects still 
maintain their response to a cardiovascular stimulus 
(Fig. 3) which in our study was elicited by the use of 
controlled hypotension with intravenous sodium nitro
prusside. 

Cardiovascular Stimuli 

A demonstration of the vasopressin response to a car
diovascular stimulus has already been demonstrated in 
Fig. 3. We have studied the brainstem pathways which 
mediate these responses and have found that in the rat, 
noradrenergic pathways which run in the dorsal no
radrenergic bundle (Fig. 1) playa major role in the 
cardiovascular control of vasopressin secretion (Light
man et al. 1984). This effect is specific for the cardio
vascular control of vasopressin since lesions of the dor
sal noradrenergic bundle do not effect the vasopressin 
response to an osmotic stimulus. 

Although there is no clear model of discrete bilateral 
lesions of the nor adrenergic pathways in the human 
brainstem, there is one condition associated with a loss 
of brainstem amines. In the Shy-Drager syndrome not 
only is there histological evidence for neuronal loss in 
the locus coeruleus (Oppenheimer 1983), there is also 
neurochemical evidence for a loss of catech01amines 
both in the brains tern and hypothalamus (Spokes et al. 
1979). It is clearly of interest to know whether this loss 
of brains tern and hypothalamic catecholamines is as
sociated with any alteration in the cardiovascular or 
osmotic control of vasopressin secretion. 

We have now been able to compare the vasopressin 
response to the osmotic stimulus of intravenous hy
pertonic saline and the cardiovascular stimulus of up
right tilt in three groups of subjects: Normal controls, 
patients with the Shy-Drager syndrome and patients 
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Fig. 4. Changes in plasma vasopressin (A VP) during head-up tilt in 
controls, Shy-Dragers (MSA) and Tetraplegics (SPCD Trans) 

with mid-cervical cord lesions (these act as controls for 
the autonomic failure and postural hypotension found 
in the patients with the Shy-Drager syndrome) (Puritz 
et al. 1983, Poole et al. 1987). 

The vasopressin response to hypertonic saline was 
normal in all three groups of subjects. We can therefore 
deduce that the vasopressin response to an osmotic 
stimulus is intact and not inhibited by the loss of brain
stem aminergic pathways in the Shy-Drager syndrome 
nor are they effected by cervical cord transection. 

In contrast to the normal response to hypertonic 
saline there is a marked difference in the responses of 
the three groups to the cardiovascular stimuli of head
up tilt (Fig. 4). Normal subjects show a significant rise 
in plasma vasopressin following tilt. The additional 
stimulus of postural hypotension in the subjects with 
mid-cervical cord transection was undoubtedly the 
cause of the greater vasopressin response to tilt in these 
subjects. In spite of a very similar hypotensive response 
to tilt however, the vasopressin response in the group 
with Shy-Drager syndrome was only 10% of that found 
in their control group. It is clear there is a marked 
similarity between the neuroendocrine abnormalities 
manifest in subjects with Shy-Drager syndrome and in 
our rats with lesions of the dorsal noradrenergic bundle. 
Both maintain a normal vasopressin response to os
motic stimuli but have a severely blunted response to 
a cardiovascular stimulus. This suggests that in man, 
like the rat, ascending catecholamine pathways are im
portant in mediating the vasopressin response to car
diovascular stimuli. 
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Oropharyngeal Stimuli 

Arnauld and du Pont (1982) in an elegant study on 
rhesus monkeys demonstrated that drinking water for 
5-8 minutes resulted in an abrupt fall in vasopressin 
independent of plasma osmolality, and an inhibition 
of electrical activity in neurosecretory supraoptic neu
rons which reached a maximum within 5-20 seconds 
and persisted during the whole period of drinking. We 
have now performed a similar study in man (Seckl et al. 
1986) and found that drinking water or even hypertonic 
saline resulted in a significant fall in plasma A VP within 
5 minutes (Fig. 5). This fall preceded any change in 
plasma osmolality. This rapid response must represent 
the activation of an oropharyngeal reflex which is in
hibitory to vasopressin secretion and we are now plan
ning further studies to delineate the role of the glosso
pharyngeal nerve and the effects of neurological lesions 
on the integrity of this reflex. 

Post-Operative Diabetes Insipidus 

Diabetes insipidus may occur following surgery to the 
pituitary or hypothalamus and exhibits one of three 
patterns (Randall et al. 1960, Verbalis et al. 1985). 
These are illustrated in Fig. 6: 

1. Transient DI: The polyuria is of abrupt onset 
usually within the first 24 hours of surgery and resolves 
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Fig. 6. Three patterns of Diabetes insipidus following hypothalamic 
or pituitary surgery. U, Urinary volume, T time. Details in text 

over several days. This form is particularly associated 
with intrasellar surgery. 

2. Prolonged or permanent OI: Again the onset is 
early and rapid but the disorder persists for weeks or 
may be permanent. This pattern is associated with more 
proximal damage to the neurohypophyseal stalk or the 
hypothalamus. 

3. The triple response: following a similar early on
set of diabetes insipidus there is a transient remission 
from polyuria (interphase) lasting a few days until pro
longed OI occurs (Ikkos etal. 1955, Verbalis eta!' 
1985). The resolution phase may be only partial or may 
even involve a frank syndrome of inappropriate anti
diuresis (Lipsett etal. 1956) and is thought to be due 

Fig. 7. Changes in plasma vasopressin (PI AVP), 
human neurophysin I (HNPl) and plasma oxy
tocin (PI01) during the first 2 days following 
the onset of postoperative diabetes insipidus in 
children 
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to non-specific release of arginine vasopressin from 
damaged neurohypophyseal tissue degenerating in situ. 

Although these phases of post-operative OI would 
be expected to correlate with inadequate plasma con
centrations of AVP, there has been little experimental 
evidence for this. We have now investigated the plasma 
concentration of AVP, its carrier protein neurophysin 
1 and oxytocin in children undergoing pituitary and 
suprasellar surgery (Seckl et a!. 1987). OI occurred in 
approximately 80% of our patients with an abrupt 
onset within 24 hours of surgery. At this time, however, 
plasma A VP concentrations were not depressed but 
were in fact relatively high, at levels usually associated 
with maximum antidiuresis (Fig. 7). These high levels 
of A VP and their subsequent fall over the next 24 hours 
were confirmed by parallel changes in neurophysin I . 
Sine HPLC analysis revealed that vasopressin immu
noreactivity to be predominantly genuine vasopressin 
we must conclude that for some reason the kidneys are 
unresponsive to vasopressin. This is unlikely to be due 
to non-specific effects, such as changes in sympathetic 
tone following surgery, since cranial OI does not com
monly occur after other neurosurgical procedures. J 
should like to speculate that the hypothalamic damage 
may result in the release of other biologically active 
agents, perhaps related to the hypothalamic natriuretic 
compound of de Wardener (Clarkson et al. 1974) which 
themselves have a diuretic or antivasopressinergic ac
tion. 

Conclusion 

We are at an early stage in elucidating pathways which 
mediate the control of vasopressin secretion. We have 
clear evidence for three major afferent pathways from 
osmoreceptors, cardiovascular receptors and orophar-
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yngeal receptors and have demonstrated the results of 
disruption of some of these pathways in specific neu
rological or neurosurgical conditions. Post-operative 
diabetes insipidus is still poorly understood, but we are 
now in a position to study the aetiology of this con
dition in more detail to realise a more rational attitude 
to its management. 
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Fluid Balance Disturbances in Neurosurgical Patients: Physiological Basis and 
Definitions 

V. Walker 

Chemical Pathology and Human Metabolism, Southampton University Medical School, Southampton, England 

Normally, neural, hormonal, haemodynamic, and re
nal mechanisms all function in a highly integrated way 
to preserve sodium and water homeostasis. There are 
two major objectives. The first is to keep the concen

tration of sodium in the extracellular fluid (ECF) within 
very tight limits. Together with its associated anions, 
sodium constitutes more than ninety per cent of the 
total solute in the ECF, and it controls the distribution 
of water between the cells and the extracellular space. 
Large deviations in ECF sodium concentration from 
normal cause the cells to shrink or swell. This can have 
disastrous effects, particularly on brain function. The 
body protects the sodium concentration constantly by 
finely adjusting the water content of the ECF. This is 
achieved through the secretion and action of antidi
uretic hormone (ADH) to control water loss from the 
kidney. The thirst mechanism helps by controlling the 
fluid intake to some extent. The second objective is to 
keep the total sodium content of the ECF within narrow 
confines, and thereby to maintain a normal ECF vol
ume. Given that sodium is the major cation of the ECF 
and that the body adjusts the water around it to main
tain a normal sodium concentration, then the total 
number of sodium ions in the ECF will determine the 
ECF volume. Large deviations in the ECF sodium con
tent from normal cause fluctuations in the circulating 
blood volume. Both volume contraction and expansion 
can have disastrous consequences on brain function, 
particularly in the presence of brain damage. Normally 
ECF sodium is regulated by many closely coordinated 
mechanisms which adjust the amount of sodium lost 
through the kidneys (Schrier and Anderson 1980). Mi
nor alterations in renal tubular reabsorption can have 
a profound effect on sodium balance, since the filtered 

load of sodium is enormous in relation to the amount 
excreted (Leader, Lancet 1984). 

Fluid balance disturbances are common among neu
rological patients and are frequently multifactorial in 
origin. Fluid adjustments occur as part of the normal 
metabolic response to trauma, haemorrhage, or sur
gery. Superimposed on these changes may be a neu
roendocrine disturbance due to structural brain dam
age. Therapeutic man~uvres such as the infusion of 
mannitol, hypotonic or hypertonic solutions may add 
to the problems. It is essential to consider all aspects 
of sodium and water homeostasis in order to identify 
individual factors contributing to a disturbance. Then 
appropriate therapy can be given. Hyponatraemia in 
neurosurgical patients has often been attributed to a 
cerebral salt wasting state, or to inappropriate secretion 
of antidiuretic hormone (ADH). Whilst these disorders 
undoubtedly occur (Cort and Yale 1954, Lester and 
Nelson 1981), recent reports have questioned the ac
curacy of these diagnoses in some patients (Nelson et al. 
1981, Bouzarth and Shenkin 1982). Hyponatraemia is 
probably often iatrogenic. 

Factors in the Regulation of Sodium and Water 
Balance. Arginine Vasopressin (AVP) 

A VP is the major mammalian antidiuretic hormone. 
Its main function is to regulate water balance by pro
moting reabsorption of water from the renal collecting 
ducts as they pass through the hyperosmolar gradient 
in the medulla of the kidney. At least four physiological 
stimuli release A VP into the blood stream by inde
pendent mechanisms in man (Zerbe et al. 1981): os
motic, haemodynamic (hypotension and/or hypovo-
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laemia), nausea and emesis, and hypoglycaemia. Of 
these, osmotic stimulation is normally the most im
portant for fine control of secretion and maintenance 
of water balance. 

Osmoregulation: Changes in plasma osmotic pres
sure are "sensed" by osmosensitive cells in the brain 
which relay to A VP-producing cells in the supraoptic 
nucleus (SON) and paraventricular nucleus (PVN) of 
the hypothalamus. These osmoreceptors probably lie 
outside the blood brain barrier, perhaps in the region 
anterior and ventral to the third ventricle (Lightman 
and Everitt 1986). An increase in the ECF concentra
tion of sodium ions, which are effectively excluded by 
the cell membranes, causes dehydration of the osmo
receptor cells. This stimulus is transmitted to SON and 
PVN, and triggers the release of A VP from the pitui
tary. Other solutes which are impermeable to cell mem
branes, for example mannitol, also stimulate the os
moreceptors. Solutes such as urea and glucose, which 
readily enter cells and do not therefore produce an 
osmotic gradient, have little or no effect. Osmoregu
lation is normally extraordinarily sensitive. For every 
unit rise in plasma osmolality, plasma AVP rose on 
average by 0.63 pmol/l, and a change in plasma os
molality of only one per cent altered A VP by 1.8 pmol/ 
I (Zerbe et al. 1981). A threshold of the osmostat can 
be defined, generally at a plasma osmolality of around 
280-284 mosmol/kg water, at which plasma A VP starts 
to increase. Below this, secretion is suppressed. Max
imum urinary concentration is achieved at a plasma 
osmolality of around 295 mosml/kg water. The thes
hold for thirst sensation is around 299 mosmol/kg wa
ter but varies widely (Reviewed by Zerbe et al. 1981). 

Cardiovascular regulation is mediated by high pres
sure receptors (baroreceptors) in the carotid body and 
aortic arch, which respond to arterial blood pressure, 
and by low pressure receptors in the atria of the heart, 
which respond to changes in blood volume. The af
ferents travel via the IX and X cranial nerves (Lightman 
and Everitt 1986). Relatively large stimuli are required 
in healthy adults to increase plasma A VP: a fall in 
mean arterial pressure exceeding 5 per cent, or of blood 
volume of 10-20 per cent (Edwards 1979). Both high 
and low pressure receptors are stimulated if hypoten
sion accompanies vasodilatation, as in syncope. Once 
the stimulatory threshold is reached, there is a geo
metric rise in plasma AVP (Schrier 1980) to concen
trations much higher than those achieved with maximal 
osmotic stimulation, and this over-rides the normal 
suppression in response to hypotonicity. Under con-
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ditions of hypotension or hypovolaemia, the threshold 
"set" of the osmoreceptor is lowered. 

Nausea and emesis lead to large increases in plasma 
A VP by an unknown mechanism. Insulin-induced hy
poglycaemia leads to a 2-4-fold increase in man, but 
the physiological significance of this is uncertain. The 
widely held belief that pain and other noxious stimuli 
stimulate A VP release has been questioned (Zerbe et al. 
1981). Other non-physiological stimuli may be impor
tant in neurosurgical patients, for example a sudden 
increase in intracranial pressure (Rap and Chwalbin
ska-Moneta 1978). Of anaesthetic agents in common 
use, halothane and chloralose produced modest in
creases, and trilene more marked increases, in rats. 
Phenobarbitone and althesin (alphaxolone/alphado
lone) were without effect. Morphine in high doses was 
stimulatory (Aziz and Forsling 1979). Positive pressure 
ventilation increased release (Haas and Glick 1978). 
Among drugs, atropine and chlorpromazine inhibit 
A VP release. Chlorpropamide and carbamazepine po
tentiate, and lithium and demethylchlortetracycline in
hibit its peripheral action (Edwards 1977). 

Regulation of Sodium Excretion 

The renal excretion of sodium is controlled and influ
enced by many factors, some arising outside the kidney, 
and some direct renal responses to changes in ECF 
volume (Reviewed Schrier and Anderson 1980, Findlay 
1986). 

Renal Factors: Whilst alterations in filtered sodium 
load playa part in determining sodium excretion, they 
probably do not have a major role. Intrarenal hae
modynamic factors are undoubtedly important, how
ever. An increase in renal perfusion pressure, as during 
expansion of the ECF volume, and haemodilution with 
a fall in plasma oncotic pressure, both increase the 
hydrostatic pressure around the proximal and distal 
nephron. This decreases sodium reabsorption and 
causes a natriuresis. Thus an increased urinary sodium 
excretion during administration of hypertonic saline, 
for example, may be a normal homeostatic response 
and should not be interpreted as a "salt-wasting" dis
order. Intrarenal vasodilatation causes natriuresis by 
the same mechanism. Bradykinin and prostaglandin E2 
are both synthesised in the kidney and are potent renal 
vasodilators. Their importance in natriuretic condi
tions is uncertain. 

Extrarenal Factors: The kidneys are richly inner
vated by the adrenergic system via the renal nerves, 
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which decrease sodium excretion by several mecha
nisms. They are stimulated by input from high and low 
pressure thoracic sensors, and are probably the most 
important means by which the brain modulates sodium 
excretion. Adrenergic stimulation also influences so
dium excretion by changes in central haemodynamics. 
Adrenergic activity is increased in stressed neurosur
gical patients (Neil-Dwyer et al. 1974) and will con
tribute to changes in salt and water balance. The renin
angiotensin-aldosterone system has synergistic vasocon
strictor and sodium-retaining actions, and has a central 
role in the renal regulation of sodium balance. It nor
mally protects against contraction of the ECF volume. 
The system is activated by release of renin from the 
juxtaglomerular apparatus in the kidneys. This is stim
ulated by a fall in renal perfusion pressure, sensed by 
baroreceptors in the renal afferent arteries, by the sym
pathetic nervous system through the renal nerves, and 
by a fall in the sodium supply to the distal renal tubule 
(Reviewed: Mulrow 1976, Schrier and Anderson 1980, 
Findlay 1986). 

Circulating Natriuretic Factors: Several groups re
ported that plasma and urine from volume-expanded 
animals and man inhibited net renal tubular sodium 
transport, and caused a natriuresis. De Wardener et al. 
(de Wardener 1982) demonstrated the presence of a 
renal Na + -K + ATPase inhibitor in human plasma, 
whose concentration was related to sodium intake. A 
digoxin-like substance has been proposed, which may 
originate in the hypothalamus. Chemical properties of 
the plasma extracts, however, suggested that the agent 
might be a peptide (de Wardener and Clarkson 1982). 
It seems that there may be more than one circulating 
natriuretic factor. An exciting recent discovery has been 
the identification of a-human atrial natriuretic peptide 
(a-h ANP). This has 28 amino acids and the cardiac 
atria are the major sites of production. Small amounts 
are also synthesised in the brain and kidneys. Plasma 
ANP levels in man change rapidly in response to acute 
changes in sodium balance, and an increased concen
tration preceded the natriuresis induced by saline in
fusion (Leaders, Lancet 1984 and 1986, Singer 1987). 
When synthetic a-h ANP was infused in man to achieve 
similar plasma concentrations, a striking increase in 
urinary sodium and water excretion resulted, and on 
a molar basis a-h ANP was 1,000 times more potent 
than frusemide (Anderson 1986). It is proposed that 
a-h ANP is released into the blood by stretching of the 
atria after expansion of the ECF volume. It then acts 
on the kidney to promote excretion of salt and water, 
and thereby restores homeostasis. The mechanism un-
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derlying natriuresis is uncertain. The peptide does not 
inhibit Na + -K + ATPase, and its relation to de War
dener's less-well characterized natriuretic factor is un
known. 

Changes of Sodium and Water Balance Following 
Surgery 

Water and sodium retention are a normal occurrence 
during the first 24-36 hours after surgery, and on the 
basis of careful fluid balance studies in the 1950's (Ie 
Quesne and Lewis 1953) were attributed to increased 
secretion of antidiuretic hormone and adrenocorticos
teroids. Using a radioimmunoassay for plasma A VP, 
Haas and Glick (1978) showed that in patients under
going general surgery, A VP was released during oper
ation, with plasma concentrations ranging from 12.5-
82 pgjml. The levels fell gradually during the first 3 or 
4 days post-operatively. The increase was unrelated to 
plasma osmolality. Many factors probably contribute 
to AVP release peri-operatively. Circulatory changes 
induced by haemorrhage, hypotensive agents, and tilt
ing (Aziz and Forsling 1979, Cochrane etal. 1981) are 
probably important, and in some patients, nausea or 
emesis, or mannitol infusion contribute. It is important 
to be aware of the increased A VP secretion which oc
curs in response to trauma, and to infuse hypotonic 
fluids cautiously after surgery. 

Injudicious intravenous infusion, and not inappro
priate ADH secretion, probably accounts for many 
cases ofhyponatraemia in neurosurgical patients (Bou
zarth and Shenkin 1982). Volume expansion and not 
"cerebral natriuresis" would account for the increased 
urinary sodium excretion frequently observed. 

Fluid Balance Disturbances in Neurosurgical Patients 
Caused by Damage to the Neuroendocrine System 

Some working definitions for the more commonly en
countered disorders are presented (Table 1), and rele
vant reference ranges (Appendix 1). Meticulous fluid 
intake and output records are essential for early de
tection and management of fluid disturbances. Daily 
weighing is helpful if it is accurate, but this is seldom 
the case in the normal ward setting. Frequent esti
mations of plasma sodium are necessary, and paired 
serum and urinary osmolality measurements if there is 
evidence of a fluid disturbance. Unless the patient's 
ECF volume status is known, 24-hour urinary sodium 
excretion can be very difficult to interpret. Attempts 
to replace urinary sodium losses with infused saline can 
be hazardous in a patient who is having a natriuresis 
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Table 1. Definitions * 

Polyuria: 
More than 31 urine/24 h (adults) 

Complete cranial diabetes insipidus: 

Lack of circulating A VP 
Polyuria approximately 10% of filtered water, adults: generally 

> 10-121/24h 
Urinary osmolality below 100 mosm/kg water 
Plasma sodium and osmolality are raised if fluid intake is inade

quate. 

Partial cranial diabetes insipidus: 

Impaired secretion of A VP 
Variable polyuria, adults: 3-6l/24h 
Urine hypoosmolar with respect to plasma. BUT during fluid 

deprivation, urinary osmolality may exceed 300 mosmol/kg wa
ter 

Plasma A VP: In five studies within the range < 0.8 to 1.3 pg/ml 
(Edwards, 1979). 

Inappropriate secretion of antidiuretic hormone (SIADH): 

Secretion of A VP despite a low plasma osmolality. 
Expansion of the ECF volume 
No discernable stimulus, such as dehydration, hypovolaemia, hy

potension, drugs 
Normal adrenal, renal, and thyroid function 

Plasma: 
Sodium low 
Osmolality low 
A VP detectable when hyponatraemic 

Urine: 

Osmolality inappropriately high 
Sodium greater than 20 mmol/l 

* Schrier and Leaf 1981, Andreoli 1982. 

because he is volume expanded. Calculation of the free 
water clearance provides a useful indicator of antidi
uretic activity (Whitaker et al. 1985). 

Diabetes Insipidus (DI): Severe Dr is readily di
agnosed. However, many patients with cranial DI have 
a partial defect in A VP secretion. These patients can 
often concentrate their urine to some extent during fluid 
deprivation. It can be difficult at times to differentiate 
between partial DI and primary polydipsia, which may 
occur in patients with hypothalamic pathology. 
Chronic excessive water intake diminishes the renal 
medullary concentration gradient upon which the an
tidiuretic action of A VP depends, and patients with 
polydipsia are unable to concentrate their urine max
imally. Measurement of plasma sodium and osmolality 
is helpful sometimes, since in Dr the values may be 
towards or a little above the upper limit of normal, 
whereas in polydipsia values are usually near the lower 
end of the range (Zerbe et al. 1981). An indirect test is 
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to compare the maximum urinary osmolality achieved 
during dehydration to that achieved after vasopressin 
lllJection (as desamino-D-arginine vasopressin, 
DDA VP) (Appendix 2). In theory, patients with DI 
concentrate the urine better after vasopressin than after 
dehydration, whereas patients with primary polydipsia 
concentrate similarly with both. However, Zerbe et al. 
found that the test was sometimes an unreliable dis
criminant. A therapeutic trial of DDAVP may help in 
the differentiation, but this can induce severe water 
intoxicaton in patients with polydipsia. The most re
liable discrimination can be achieved by measuring 
plasma A VP during infusion of hypertonic saline over 
several hours. However, there is a risk of inducing fluid 
overload, and the infusion itself may cause a solute 
diuresis making interpretation of urinary flow changes 
difficult (Zerbe et al. 1981). Very few laboratories could 
return A VP results sufficiently quickly to be of value 
in most postoperative situations in which the diagnostic 
problem arises. DI is frequently transient and short
lived in neurosurgical patients. It is a common occur
rence following transsphenoidal adenectomy (Whi
taker et al. 1985), and probably reflects the extreme 
sensitivity of the hypothalamic-neurohypophyseal unit 
to local alterations in blood flow, oedema, and traction 
on the pituitary stalk (Cobb 1980). 

The syndrome of inappropriate ADH secretion 
(SIADH) was a term used originally in 1957 to describe 
the effects of ectopic production of an antidiuretic sub
stance by bronchial carcinoma (Schwartz et al. 1957). 
It was subsequently reported to occur in malfunctions 
of the nervous system (Goldberg and Handler 1960, 
Lester and Nelson 1981). However, the condition has 
been over-diagnosed in patients with neurological dis
orders, and has been applied indiscriminately to pa
tients with hyponatraemia. Strict criteria should be ful
filled (Table 1), and the diagnosis should be considered 
only after other causes of hyponatraemia have been 
excluded, and in the absence of hypo vol aemi a, oedema, 
adrenal insufficiency, hypothyroidism, renal failure, 
and drugs which impair water excretion. When these 
criteria have been met, AVP levels have generally been 
inappropriately high for the hypotonic plasma. An un
ambiguous diagnosis of SIADH can only be made by 
measuring A VP while the patient is hyponatraemic. 
Results from samples obtained after correcting the salt 
and water balance are difficult to interpret. Several 
different mechanisms appear to underlie SIADH in 
patients with brain disorders. 

A triphasic pattern of development of DI has been 
described in animals and man following hypothalamic 



V. Walker: Fluid Balance Disturbances in Neurosurgical Patients 

damage or high pituitary stalk section with more than 
ninety per cent interruption ofaxoplasmic flow in the 
median eminence and below (Randall et al. 1960, Cobb 
1980). Transient DI lasting 1-7 days is followed by an 
"interphase" in which the urinary loss decreases and 
there may be inappropriate water retention (SIADH). 
This is postulated to result from leakage of A VP from 
degenerating pituitary cells. Permanent DJ follows 
within a few days. A VP leakage from disintegrating 
cells was proposed as an explanation for severe hy
ponatraemia which developed in three patients follow
ing trans sphenoidal pituitary adenectomy (Cusick et al. 
1984). Our own group found no evidence for this in 
35 patients who had pituitary adenectomy (Whitaker 
et al. 1985). 

Hyponatraemia in Hypothyroidism and Adrenal 
Insufficiency 

Recent studies in hypothyroid man and rats with im
paired water excretion have demonstrated an increase 
in immunoreactive AVP, indicating some disturbance 
in hypothalamic-neurohypophyseal function. In ad
dition, decreased proximal tubular reabsorption may 
increase urinary sodium loss in this condition (Schrier 
1980). The pathophysiology of hyponatraemia in ad
renal insufficiency is imperfectly understood. In pri
mary adrenal insufficiency, a deficiency of minerallo
corticoids leads to excessive sodium loss, a fall in the 
ECF volume, and an increase in A VP secretion, as well 
as to diminished renal perfusion pressure and altered 
renal haemodynamics. These factors together would 
account for hyponatraemia. However, glucocorticoid 
deficiency alone also leads to impaired water excretion, 
in the absence of volume depletion. A VP levels were 
found to be inappropriately increased in glucocorticoid 
deficiency (Boykin et al. 1978). It was suggested that 
impaired cardiac function might lead to baroreceptor
mediated stimulation of A VP release. It has also been 
proposed that glucocorticoids are important in allow
ing maximal suppression of A VP release, as well as 
maximal impermeability of the collecting ducts. How
ever, most studies used pharmacological doses of glu
cocorticoids, and the physiological significance of the 
observations is uncertain (Kleeman et at. 1960). Four 
of 35 patients studied in Southampton after pituitary 
adenectomy had evidence of glucocorticoid insuffi
ciency during the first week following surgery, despite 
receiving steroid cover. Three became hyponatraemic, 
and one had an acute hypotensive episode (Whitaker 
et al. 1985). The steroid regimen was subsequently mod-
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ified so that the steroid doses were spaced to provide 
better 24-hour cover. Steroid withdrawal must be un
dertaken very carefully in patients who have had ad
enectomy for Cushing's disease, because they have pro
longed suppression of their pituitary-adrenal axis which 
may persist for over a year after surgery (Fitzgerald et 

al. 1982, Boggan et al. 1983). 
Many factors may contribute to fluid balance dis

turbance in neurosurgical patients. These all have to 
be considered when planning appropriate corrective 
therapy. 
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Plasma 

Urine 

sodium 
chloride 
osmolality 
urea 
creatinine 
sodium 

osmolality 

Appendix 1 

Biochemical reference ranges for young adults 

135-145mmol/1 (l35-145mEq/l) 
95-105 mmol/I (95-105 mEq/l) 

280-295 mosmol/kg water 
3.0--6.5mmol/1 (18-40 mg/IOO ml) 

60-1251!mol/1 (0.68-1.41 mgjlOOml) 
: varies with intake, generally around 100-200mmol/24h 
: a concentration of < 10mmol/1 suggests hypovolaemia or sodium depletion 
: varies with fluid intake 
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: after 16-18hours of fluid deprivation, most healthy adults concentrate urine to around 1,000 to 

urea 
creatinine 

1,200 mosmol/kg water 
: values around 290 mosmol/kg are isotonic with plasma. 
: 250-500mmol/1 (1.5-3.0 g/IOO ml). 
: 9.0 to 18.0mmol/24h (1-2 g/24 h). 

AVP (arginine vasopressin; the human antidiuretic hormone) 

Plasma* (Morton etal. 1975; 
Edwards 1979) 

Lumbar CSF (Jenkins et al. 1980) 

: half life around 7-8 min 
: partially hydrated subjects, 1-5 pg/ml (0.9-4.6 pmol/I). 
: water-loaded, around 0.5 pg/ml (0.5 pmol/I) or less 

overnight fluid deprivation (12 h), 7.4 ± 1.5 pg/ml. 
24 hour fluid deprivaton, 8.8 ± 0.6 pg/ml. 

2.4±0.7pg/ml 

* Concentrations vary for different laboratories. Some representative published ranges are presented. 
Note: 1 pg/ml AVP = O.92pmol/1,1 J.LU of AVP = 2.5 pg = 2.3 x 10~3pmol. 

Appendix 2 

Combined water deprivation/DDAVP (desmopressin) test 

Preparation: Allow only water to drink for the 8 hours preceding the test since tea or coffee can produce spurious results. No smoking is 
permitted. Record the patient's weight at the beginning of the test, and terminate the test if weight loss exceeds 3 per cent. 
The patient may eat and drink after the DDAVP injection, but to avoid water intoxication, the hourly fluid intake should not exceed 
the urinary volume passed in the preceding hour. 

The test: It is safest to do the test during the daytime, starting, for example, at 6.00 or 8.00 h. 
6.00 h. Weigh. Collect urine and blood. 

6.00 h to 14.00 h. Deprive of all fluids for 8 hours. Weigh, and collect urine and blood at two-hourly intervals. 

14.00h. Give 21!g DDA VP intramuscularly or 40 I!g intranasally. Collect urine and blood at 2 hours and 4 hours after DDA VP. 
Urine and plasma osmolalities are measured. 

Interpretation 

Normals: Concentrate urine to more than 700mosmol/kg water after 8 hours of fluid deprivation, and there is little further increase 
with DDA VP. Plasma osmolality remains normal. 

An osmolality of < 500 mosmol/kg water is abnormal. 
Values between 500 and 700 are equivocal. 
IfDDAVP produces an increase in urinary concentration of over 10 per cent, cranial diabetes insipidus is likely. The serum osmolality 
may be >295 mosmol/kg water in DI. 
If DDAVP produces only a small increase in urinary concentration « 5 per cent), primary polydipsia is likely. 
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The Stress Response in Subarachnoid Haemorrhage and Head Injury 

G. Neil-Dwyer, J. M. Cruickshank, and R. Doshi 

Department of Neurosurgery, Brook General Hospital, London, U.K. 

Introduction 

The concept of the stress response-the response to a 
variety of non-specific damaging agents-has been 
known for years. There is evidence in some older med
ical texts that physicians had long suspected the ben
eficial effect of this response. Hippocrates made men
tion of this in his writings (Jones 1923) when he stated 
that "disease caused nature the constitution of the 
individual to make every effort she could through an 
exciting cause to restore the original status". John 
Hunter in 1794 was the first to put forward the idea 
of the response to injury as a concept when he wrote 
"there is a circumstance attending accidental injury 
which is not belonged to disease namely that the injury 
alone has in all cases a tendency to produce both the 
disposition and the means of cure". Subsequently, this 
response was described by many eminent workers and 
it was left to Hans Selye in 1936 who, while working 
with animals, showed that when they were exposed to 
a variety of non-specific damaging agents they re
sponded with a discharge of adrenaline and adrenal 
cortical hormones. The most striking feature of the 
response was its non-specific nature. Magoun, Ranson, 
and Hetherington (1937) at around this time, found 
that stimulating the hypothalamus increased the pro
duction of adrenaline and noradrenaline. Their results 
pointed to the hypothalamus as being involved in the 
so called "adaptive reaction". However, in 1944 it be
came apparent to Selye and, subsequently in 1966 to 
Raab in particular, that under certain circumstances 
increased endogenous production during stress or ex
ogenous administration of ACTH, corticosteroids and 
catecholamines can, in their own right, become the 
cause of disease, that is, hypertension, diabetes, myo
carditis etc. These diseases were well described by Selye 

as "the diseases of adaption". Further progress with 
this concept occurred when Oka (1956) in 1956 was 
able to show that a marked increase in the free 17 
hydroxycorticosteroids after cerebro-vascular acci
dents indicated a poor prognosis and Kerr Corbett, 
Prys-Roberts et al. in 1968 demonstrated that over
activity of the sympathetic nervous system in tetanus 
was a factor in the morbidity of that disease. 

Subarachnoid haemorrhage and head injury are 
acute illnesses. Some of the systemic effects, particu
larly in subarachnoid haemorrhage, such as hyperten
sion, electrolytic changes, proteinuria, glycusuria and 
electrocardiographic (ECG) abnormalities had been 
recognized for years but the mechanism causing these 
changes had been a matter for speculation. 

Subarachnoid Haemorrhage 

EeG Abnormalities 

In considering the ECG abnormalities, most experi
mental evidence pointed towards the possible action of 
the sympathetic nervous system associated with ab
normal hypothalamic activity but direct evidence was 
lacking. The hypothesis that we formulated was that 
the overactivity of the adrenal gland and the sympa
thetic nervous system was an integral part of a sub
arachnoid haemorrhage and that this overactivity by 
acting on the heart, kidney and brain was a factor in 
the morbidity and mortality of this condition. The pur
pose of a series of studies over a number of years was 
to test this hypothesis. 

Some years ago we looked at a group of 40 patients 
who had sustained a spontaneous subarachnoid hae
morrhage. There were 16 men (mean age 41) and 24 
women (mean age 42). The patients were studied over 
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Fig. I. Values of the serial urinary norme
tanephrine and metanephrine levels over 15 
days after SAH 
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the period of their stay in hospital, on average two 
weeks. Certain serial investigations were done over the 
course of this time. A daily clinical assessment, blood 
pressure and pulse rate recordings, a 24 hour urine 
collection was started for the estimation of normeta
nephrine, the breakdown product of noradrenaline and 
metanephrine, the breakdown product of adrenaline, 
and blood was also taken for plasma cortisol estima
tions. Figure 1 shows the values of the serial urinary 
normetanephrine and metanephrine levels during the 
period of the study following the haemorrhage and 
demonstrates that on no occasion did the mean values 
of normetanephrine and metanephrine lie within the 
normal range. A similar picture occurred with the serial 
measurements of plasma cortisol. 

A total of 197 ECGs were recorded, an average of 

Table I. Types of ECG abnormality and their incidence in 40 patients 

Type of abnormality No. of patients % 

Tachycardia (IOO/min) 13 33 
Bradycardia (60/min) 9 23 
P pulmonale 16 41 
Short P-R (0.13 sec) 10 25 
Q waves 2 5 
Raised ST segment 13 33 
Depressed ST segment 3 8 
Coved S-T 6 16 
Inverted T 14 36 
Peaked T 8 20 
Tall U (0.1 mv) 13 33 
Long Q-Tc (0.43 sec) 22 55 

5 per patient, and the types ofECG abnormalities noted 
and their incidence is shown in Table 1. For analytical 
purposes, the patients were divided into thre groups. 
Patients with all normal ECGs [8], those with all ab
normal ECGs [19] and those with changing ECGs 
[13]. The relationship between the urinary catecho
lamines and plasma cortisol levels with time in the 
normal and abnormal ECG groups is shown in Fig. 2 
(a and b) and 3 (a and b) respectively. It is seen that 
in the normal ECG group, though the number of meas
urements are relatively small, catecholamine and 
plasma cortisol levels are within or marginally above 
the normal range throughout the period of study. This 
is in distinct contrast to the abnormal ECG group of 
patients were the catecholamine and plasma cortisol 
levels remained above the normal range. 

The ECG features were broken down into com
ponents in an attempt to relate high urinary catecho
lamine levels to particular types of abnormality. ECG 
components such as short PR intervals, large T waves, 
long QTC intervals and large U waves were found to 
be associated with significantly higher levels of urinary 
catecholamines. 

Clearly, a case for catecholamines being responsible 
for the ECG abnormalities in subarachnoid haemor
rhage could be made though a cause and effect rela
tionship is not proven. 

The mode of action of the catecholamines upon the 
heart is not fully understood. Both transient and more 
permanent effects can occur. Transient effects stem 
from the properties of the catecholamines and, if car
ried to excess, produce pathological changes such as 
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myocardial necrotic lesions. Cardiac myofibrillar de
generation, frequently focal and subendocardial, has 
been well described in association with pheochromo
cytomas and catecholamine administration. 

Renin/Angiotensin II System 

A part of the initial hypothesis had been that the kid
neys could be affected by the increased sympathetic 
activity produced by this condition. Stimulation of the 
limbic system in animals had been shown to produce 
vasomotor, cellular and functional changes in the kid
ney (Hoff, Kell, and Hastings 1951). Stimulation of 

15 Days after SAH 

the posterior aspect of the hypothalamus had been 
shown to produce renal vasoconstriction (Takeuchi, 
Yagi, Nakayama eta/. 1960) and, in addition, hypo
thalamic stimulation had increased renin output from 
the kidney (Zanchetti 1976). James, in 1972, demon
strated that renal blood flow was significantly de
creased following a subarachnoid haemorrhage despite 
systemic hypertension and had argued that it was due 
to renal arterial vasoconstriction. It was, therefore, pos
sible that increased activity of the renin/angiotensin II 
system in subaracharchnoid haemorrhage may, by its 
inter-relationship with the sympathetic nervous system, 
be an added factor in the morbidity and mortality of 
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this condition. We decided to examine the possibility. 
6 post-laminectomy patients (age range 24-63 years) 
were used as controls in order to obtain a normal range 
of plasma renin activity (PRA) for patients on strict 
bed rest. There were 4 women. 23 patients (age range 
24-64 years) who had suffered a subarachnoid hae
morrhage, 17 of these proving to have aneurysms, were 
studied. There were 15 women. All patients were on 
strict bed rest throughout the period of study. Controls 
and SAH patients were age matched as far as possible 
to take account of the observation that PRA declines 
with age (Crane and Harris 1976). Patients who had 

previously been on hypotensive or diuretic medication 
were excluded. Both control and SAH patients were 
put on a diet containing 120mEq sodium and 40-
50mEq potassium daily. 

All patients were on strict bed-rest throughout the 
period of study. On the first, fourth and eight days 
between 8.00 and 9.30 hrs the patients having been 
fasted over night, their clinical state was assesed, the 
blood pressure measured and blood was taken for the 
estimation of plasma renin activity, urea and serum 
electrolytes. A 24-hour urine collection was started to 
measure the excretion rates of urinary catechola-
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mines-namely adrenaline, noradrenaline, 3-methoxy, 
4-hydroxymandelic acid (HMMA) metadrenaline and 
urinary sodium. Post mortem examination was carried 
out on all patients who died, with particular attention 
being paid to the histology of the hypothalamus, kidney 
and heart. 

Results showed that 13 patients had what we de
scribe as low PRA ( < 1.77 P mol/ml/hr), 2 patients were 
within the normal range (> 1. 77 and < 2.5 P mol/ml/ 
hr) and 8 patients had high PRA and these were patients 
whose renin levels were > 2.5 P mol/ml/hr. We found 
that there was a significant correlation between the high 
PRA and the high levels of urinary catecholamines and, 
curiously, the low PRA was also significantly associ
ated with high urinary noradrenaline levels. However, 
there was a significant correlation between high adren
aline, HMMA, metadrenaline levels and high PRA es
timations. Although the SAH patients with neurolog
ical deficits and those with an altered levels of con
sciousness had a significantly higher level of PRA than 
did patients without a neurological deficit, the striking 
feature in this study was the significant difference in 
the outcome between the patients in the high PRA and 
the low PRA groups. Of the 13 patients in the low PRA 
group, 11 did well, 2 died, while in the high PRA group 
only 2 patients did well, 6 did poorly with 4 of these 
dying. An interesting feature was that in 2 patients in 
the high PRA group who had post mortem examina
tion, both had hypothalamic and myocardial necrotic 
lesions. We felt that there were two conclusions from 
this study, firstly that there was an indication of an 
inter-relationship between the increased activity of the 
sympathetic nervous system and the renin system fol
lowing a subarachnoid haemorrhage and, secondly, in
creased PRA appears to be a predictor of a poor out
come after subarachnoid haemorrhage. 

Hypothalamic and Myocardial Lesions 

One of the feasible explanations of this increased sym
pathetic drive is an abnormal hypothalamic response 
induced by spasm of the small vessels supplying the 
hypothalamus after a subarachnoid haemorrhage. 
Therefore, we looked at the hypothalamus and myo
cardium in 54 patients who had died following a sub
arachnoid haemorrhage. Lesions in the hypothalamus 
consisted of small perivascular haemorrhages, disten
sions of perforated vessels with small ball haemor
rhages, oedema of the vessel walls involving the en
dothelial cells with perivascular cuffing of polymor
pholeucocytes, microinfarction and, extraordinarily, in 

Fig. 4. Infarction of hypothalamus 

Fig. 5. Hypothalamic haemorrhages 

three cases complete infarction of the hypothalamus 
(Fig.4 and 5). The histology of the majority of the 
myocardial lesions found in the left ventricle were foci 
of necrotic muscle fibres (Fig. 6). The age range of the 
54 patients was 12-73 years and, interestingly, hypo
thalamic and extensive myocardial lesions were found 
in the youngest patient, a boy of twelve. Table 2 shows 
the relationship between the hypothalamus and myo
cardiallesions, 42 of the 54 patients having this com
bination. 
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Fig. 6. Foci of necrotic myocardial muscle fibres 

Table 2. Relationship between the hypothalamic and myocardial lesions 

Total Male Female 

Hypothalamic and myocardial lesions 42 16 26 
Hypothalamic lesions only 7 7 
Neither lesion 5 5 

Reversal of ECG Abnormalities and Myocardial Lesions 

If the hypothesis that the ECG changes occurring in 
subarachnoid haemorrhage are due to increased sym
pathetic activities was correct, then it should be possible 
to reverse them. As most of the ECG changes probably 
result from the beta-adrenergic activity of the catecho
lamines, the effect of the beta-blocker propranolol on 
the changes was investigated. 80 mg of oral propranolol 
was given to 6 cases of spontaneous subarachnoid hae
morrhage who had at least one of the previously men
tioned catecholamine-linked ECG abnormalities. 
Table 3 shows the overall results. The P-wave peaking 

Table 4. Post-mortem results 

Coronary arteries 

Left ventricle 

Hypothalamus 

~-blocker patients (7) 

2-no atheroma 
5-mild atheroma 
no lesions 

7 lesions 

Table 3. Effect of propanolol on ECG changes in 6 patients 

ECG abnormalities Patients Results 

Peaked P-wave 3 all abolished 
Short P-R interval 3 all lengthened 
Tall V-wave 2 both abolished 
Long Q-Tc 5 all shortened 
S-T Segment 3 variable 
Path Q-wave not affected 
Inverted T -wave not affected 
Peaked T-wave increased, 

abolished by atropine 

seen in 3 of the six cases was abolished. The short PR 
intervals in 3 cases was lengthened to normal, the tall 
U waves seen in 2 cases were diminished in amplitude 
while the long QTC interval was shortened in all 5 
cases in which it occurred. Interestingly, the peaking 
of the T wave was made worse by propranolol and this 
was reduced to a normal amplitude when the patient 
was given atropine. This indicates that it is not only 
increased sympathetic action but clearly there is some 
altered parasympathetic activity as well. 

The question then was, having altered the ECG 
changes was it possible to alter the histological ab
normalities found in the heart? In a recent randomized 
double-blind between patients' study in which there 
were 104 patients, 18 died. Of these 18, 16 had post 
mortems. There were 9 patients in the control group 
who had received placebo tablets and 7 in the treated 
group who had received both propranolol and phen
tolamine, an alpha-blocker. Table 4 shows the results. 
We felt that the absence of myocardial necrotic lesions 
in the treated group was due to propranolol rather than 
the phentolamine because of the relative absence of 
alpha-receptors in the myocardium. 

Head Injury 

Head injuried patients exhibit many of the systemic 
effects noted following a subarachnoid haemorrhage. 

Placebo patients (9) 

2- no atheroma 
7- mild atheroma 
I-no lesions 
2- focal necrotic lesions of muscle fibres 
6--as above and inflammatory cell infiltrations 

9 lesions 
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Patients with severe head injury are known to be 
markedly hyper adrenergic and can experience cardiac 
morbidity. In a small study of7 patients, all male, mean 
age 22, with severe diffuse brain injury admitted into 
the Neurosurgical Unit within 4 hours from the time 
of accident, each patient was studied intensively for 72 
hours. Continuous recording of the electrocardiagram 
was made using an Oxford-medilog recorder and an
alysed by using an Oxford analysis system and a Rey
nolds Pathfinder. Daily assays of creatine kinase and 
its myocardial isoenzymes CKMB were made and 24-
hour urine samples were collected for assay of free 
catecholamines and their metabolites. This study 
showed increased levels of urinary catecholamines, 
grossly high levels of total CK and significantly raised 
levels of CKMB (McCleod, Neil-Dwyer, Meyer et al. 
1982). Continuous electro-cardiographic recordings 
disclosed pronounced sinus tachycardia without any 
beat variation present in 5 of the 7 patients, superven
tricular tachycardia (SVT) with heart rates exceeding 
150 beats per minute in 4 patients and ECG evidence 
of significant myocardial ischaemia occurring in 3 pa
tients with ST depressions of 3, 5, and 13 mm respec
tively. 

Ventricular arrhythmias were infrequent with the 
exception of one patient who demonstrated salvos of 
ventricular tachycardia on day 1 followed by ST seg
ment depresson on day 3. This patient died suddenly 
on day 5 after making satisfactory neurological pro
gress. Histological study of the heart showed focal my
ocardial necrosis in the left ventricle. 
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This pilot study prompted a larger study which was 
designed to assess firstly, a possible association between 
increased sympathetic activity producing cardiac mor
bidity in acute head injury and secondly, the effect of 
beta 1 selective blockade with atenolol upon cardiac 
morbidity. 

This study involved 114 haemodynamically stable 
acute head injury cases who were randomized, double
blind to either placebo or atenolol given intravenously 
(10mg six hourly) for 3 days, followed by oral (lOOmg 
once daily) for a further 4 days. Patients were clinically 
assessed for entry to the trial using the Glasgow coma 
scale throughout the study, heart rate, and blood pres
sure was measured every 4 hours, a daily 24-hour dou
ble channel ECG recording was performed for up to 
5 days and over the 7 days of the study daily measure
ments of plasma noradrenaline, total creatine kinase 
(CK) and its myocardial isoenzyme CKMB were done. 

As arterial rather than venous concentration of nor
adrenaline (NA) was felt to be a more sensitive estimate 
of sympathetic activity in the body as a whole, only 
the 69 patients who had arterial samples taken will be 
considered. Plasma noradrenaline levels in many pa
tients were found to be markedly elevated beyond the 
normal upper limit of 5 n'mol/litre (Fig. 7). There did 
not appear to be any obvious treatment effect on cir
culating NA levels. Very high values of mean arterial 
total CK were found in both groups of patients and 
no difference was seen between the placebo and treated 
group. Usually, CKMB is not found in the plasma. A 
CKMB of greater than 3% of total CK concentration 

ATENOLOL Cn = 33) 

• I • : I . . . . .. 
~ Hi r-r:. ... 

o..&J ... . 
II : •• I ~-H . : : ......... IT! I • I . . .. : : . 1'1 I· • : : i . .. 
: : I II 

. . . .. 
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Baseline 2 3 4 5 6 7 
DAY NO. ON TREATMENT 

Fig. 7. Arterial noradrenaline (NA) concentrations. Arterial NA levels (daily mean shown as horizontal bar) over I week in patients with 
head injury who received either placebo or atenolol. Shaded area represents normal limits of plasma NA concentration 
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is compatible with myocardial damage and over 6% is 
considered to be evidence of myocardial infarction. 
While 30% (9 out of 30) of patients in the placebo 
group had CKMB levels of greater than 3% of total 
CK, only 7.4% (2 out of 27) in the atenolol group had 
CKMB of greater that 3 % (p < 0.05). CKMB levels > 
6% of total CK were detected in 16.7%. C130) of pa-

Table 5. Incidence of SVT in placebo and atenolol groups (24-hour 
Holter monitoring) 

Treatment SVT 

Placebo. 

Ateno.lo.l 
P-value 

Day 0+ I 

19 

10 

p<O.OOOI 

SVT = Supraventricular tachycardia. 

Days 2-5 

28 
6 

We examined the relationship between CKMB and 
plasma noradrenaline in the placebo group of patients 
to exclude the effect of atenolol. Figure 8 shows the 
close association between plasma CKMB and nora
drenaline concentration in patients on placebo with 
CKMB levels greater than and less than 3 % of total 
CK. There is a significant correlation (R = 0.46, P = 

0.01) between plasma CKMB and NA levels. The in
cidence of superventricular tachycardia (SVT) is shown 
in Table 5. The only significant changes was in the 
reduction of SVT by atenolol (p < 0.0001). The effect 
of treatment on ST segment and T wave changes is 
shown in Table 6). Patients who received the atenolol 
were significantly (p < 0.05) less likely to develop ST 
segment and T wave changes. 

6 hearts were available for detailed examiantion. 
Focal necrotic lesions were not detected in any of the 
4 hearts from the atenolol-treated patients while, in 
contrast, nectrotic lesions were identified in both of the 
hearts of the placebo patients. 

Conclusion 

In demonstrating the stress response in the two con
ditions, our results show a significant relationship be
tween high catecholamine levels. ECG abnormalities 
and necrotic myocardial lesions. There was a significant 
positive correlation between arterial noradrenaline 
concentration and cardiac damage. These relationships 
were abolished by beta blockade. The hypothesis re
mains that the stress response in these conditions is 
initiated by hypothalamic dysfunction. Finally these 
studies illustrate that the heart is an excellent monitor 
of the stress response, particularly as its peformance 
can be continuously and non-invasively recorded for 
24-hour periods. 

Table 6. ST segment and T wave changes in placebo and atenolol groups (24-hour Holter monitoring) 

(n) ST segment ST segment Twave To.tal 

elevatio.n depressio.n inversio.n changes 
-----

Day 0+ I Days 2+5 Day 0+ I Days 2-5 Day 0+ I Days 2-5 Day 0+ I Days 2-5 Day 0+ I Days 2-5 

Placebo. 53 49 0 6 2 4 9 16* II 26** 

Ateno.lo.l 51 46 6 5 3 3 6 7 15 IS 

* P = 0.057 co.mpared with ateno.lo.l. 
** p = 0.062 co.mpared with ateno.lo.l. 
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Hyponatraemia and Volume Status in Aneurysmal Subarachnoid Haemorrhage 

E. F. M. Wijdicks, M. Vermeulen, and J. van Gijn 

Departments of Neurology, University Hospitals Rotterdam and Utrecht, The Netherlands 

The aim of this study was to investigate if and why 
patients with aneurysmal subarachnoid haemorrhage 
(SAH) and hyponatraemia have a poor outcome. Hy
ponatraemia is often explained by the syndrome of 
inappropriate secretion of antidiuretic hormone 
(SIADH). In that case sustained secretion of antidi
uretic hormone is maintained in the face of low os
molality and an expanded extracellular fluid volume, 
which in turn causes hyponatraemia and natriuresis 
(Lester and Nelson, 1981). Recently, however, it has 
been questioned whether inappropriate secretion of 
ADH really occurs after SAH, since decreased blood 
volumes have been demonstrated in patients with hy
ponatraemia, although they fulfilled the laboratory cri
teria for SIADH (Nelson etal. 1981). This doubt was 
corroborated by our retrospective review of a consec
utive series of 134 patients with SAH. 

Hyponatraemia (sodium level of 120 to 134mmol/ 
1) developed in 44 (33%) of the 134 patients. It was 
mild (130 to 134mmol/l) in 18, moderate (125 to 
129mmol/l) in 20, and severe (120 to 124mmol/l) in 6. 
In all instances hyponatraemia developed between days 
2 and 10 (median 4) after the haemorrhage. Twenty
five patients with hyponatraemia fulfilled the labora
tory criteria for SIADH (18% of 134). Twelve patients 
had other conditions that might have contributed to 
hyponatraemia, sepsis (2 patients), severe vomiting (3 
patients), renal disease (3 patients), Addison's disease 
(1 patient) and diuretics (3 patients). In 7 cases the 
cause remained unknown because of incomplete lab
oratory investigations. 

We found the incidence of cerebral infarction after 
SAH to be significantly higher in patients who devel
oped hyponatraemia (Wijdicks et al. 1985 a). 

Table 

Serum sodium level 

135mmol/1 
135mmol/l 
Total 

No. of patients 

with without 
infarction infarction 

19* 71* 
27 17 
46 88 

Total 

90 
44 

134 

* Significantly different from number in hyponatremic group by 
Chisquare rest (p < 0.001). From Wijdicks etal. with permission of 
Annals of Neurology (Wijdicks et al. 1985 a). 

We did not find episodes of clinical deterioration 
that could be attributed to hyponatraemia alone, with
out clinical or radiological signs of cerebral ischaemia, 
probably explained by the gradual development of hy
ponatraemia. 

If our patients had a decrease in plasma volume 
caused by salt wasting, fluid restriction might have 
aggravated a hypovolemic state, leading to a decrease 
in cerebral perfusion pressure and cerebral ischaemia. 

To elucidate the cause of hyponatraemia, SIADH 
or cerebral salt wasting, a prospective study was per
formed on plasma volume, sodium balance and secre
tion of antidiuretic hormone and renin (Wijdicks et al. 
1985b). In 21 patients with aneurysmal SAH we could 
demonstrate that the plasma volume decreases in pa
tients who develop hyponatraemia, by comparing two 
measurements (one on admission, and one after 5 days). 

Hyponatraemia was associated with a decrease in 
plasma volume and a decrease in body weight and 
preceded by a negative sodium balance in all instances. 
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Fig. 1. From Wijdicks et al. with permission of the Annals of Neu
rology 

Serum vasopressin levels were increased or normal on 
admission but had decreased at the time of hypo
natraemia. 

Conversely plasma renin values increased between 
the two measurements. An additional finding was that 
plasma volume also decreased considerably in patients 
with normal serum sodium levels, usually as a result 
of excessive natriuresis. 

All these findings support the concept of cerebral 
salt wasting and negate the syndrome of inappropriate 
ADH secretion. 

Ventricular size on the 
initial CT scan 

EnlargelDent of third ventricle 
with enlarged lateral ventricles 
with normal lateral ventricles 

NorlDal third ventricle 
with eJ;llarged lateral ventricles 
with normal lateral ventricles 

Total 

HyponatrelDia 

12" 
8"" 

2""" 
22 

44 

"P2 = 0.05 
""P2 = 0.03 

"""N.S. 
Fisher's exact probability test 

Fig. 3 
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Fig. 2. From Wijdicks et al. with permission of the British Medical 
Journal 

After we had demonstrated that hyponatraemia af
ter SAH is caused by natriuresis, we looked for a sub
stance which possessed natriuretic properties that could 
be detected in plasma of patients with SAH-the so
called digoxin-like immunoreactive substance. After 
heating the plasma samples an endogeneous substance 
cross reacting with antibodies to digoxin was identified 
in 18 of 25 consecutive patients with SAH (ten of the 
25 patients with SAH had detectable levels in both 
samples- admission and 6th day; 8 in only one sample). 

The presence of this substance was associated sig
nificantly with an extensive haemorrhage and with a 
distribution of blood compatible with a ruptured an
terior cerebral artery aneurysm and hence suggestive 
of hypothalamic damage (Wijdicks et al. 1987). 

In a previous study, a relationship was found in 
patients with SAH between the development of hy
ponatraemia and the presence of hydrocephalus on 

NorlDal 
serulD sodiulD Total 

14 26 
7 15 

I 3 
67 89 

89 133 
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Fig.4. Plasma volume changes in 21 patients with a ruptured an
eurysm treated with fludrocortisone acetate compared with patients 
without fludrocortisone acetate treatment from our previous study 
(Mann-Whitney, p < 0.04) 

admission (Van Gijn et al. 1985). A possible explana
tion was that enlargement of the third ventricle might 
interfere with hypothalamic function. However, the 
width of the third ventricle was not measured, as the 
diagnosis of acute hydrocephalus was based on the 
width of the lateral ventricles. Therefore, the relation
ship between hyponatraemia and the size of the third 
ventricle was investigated separately in a consecutive 
series of 133 patients, who were seen within -72 hours 
of aneurysmal haemorrhage. 

Hyponatraemia occurred significantly more often 
in patients with initial enlargement of the third ventricle 
and lateral ventricles than in patients with a normal 
ventricular system, and also in patients with enlarge
ment of the third ventricle only (Fig. 3). The relation
ship between initial enlargement of the third ventricle 
and hyponatraemia remained after adjustment for the 
amount of cisternal blood or for mild degrees of hy
ponatraemia, but not entirely after adjustment for the 
amount of intraventricular blood (Wijdicks et al. 
1988a). 

Finally, in order to prevent a negative sodium and 

fluid balance we tried the administration of extra so
dium solutions or of albumen, but in some of these 
patients the increased fluid intake was followed by a 
proportionately increased fluid excretion. 

In a pilot study we could demonstrate that fludro
cortisone acetate, a mineralocorticoid agent, was a 
comparatively safe method to increase plasma volume. 

In a consecutive series of 39 patients with CT evi
dence of SAH, fludrocortisone acetate treatment was 
started on admission. In 21 of these the effect of flu
drocortisone acetate on sodium balance and plasma 
volume could be studied. The plasma volume decreased 
more than 10% in four of the 21 patients, decreased 
less than 10% in five and increased in 12 patients. 
Permanent side-effects did not occur (Wijdicks et al. 
1988 b). 

However, further studies are needed to confirm these 
results in a comparison with concurrent controls and 
to demonstrate that these measures result in fewer ce
rebral infarcts. 
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Blood Volume Measurement Following Subarachnoid Haemorrhage 

R. J. Nelson 

Wessex Neurological Centre, Southampton General Hospital, Southampton, U.K. 

Introduction 

The accurate assessment of circulating blood volume 
by direct clinical observation is notoriously difficult 
(Irwin et a!. 1972). Measurements of central venous 
pressure, pulmonary wedge pressure and cardiac out
put may provide useful additional information about 
the cardiovascular status of patients, but involve in
vasive techniques with attendant risks, and require in
tensive care facilities (Finn eta!' 1986, Pritz 1984a, b). 
In contrast, blood volume measurements using radi
oisotopes are bedside procedures. However, for several 
reasons they have not been widely adopted in routine 
surgical practice. They require certain laboratory fa
cilities and technical support and tend to be less ac
cessible to the clinician who, as a result, remains un
familar with their use. They are relatively time con
suming to perform and unless sufficient care is taken 
significant methodological errors may occur. Finally, 
and perhaps most importantly, the problems of stan
dardizing or predicting normal values may seriously 
hamper the interpretation of results. 

Despite these practical difficulties recent blood vol
ume studies have added to our knowledge of the met
abolic responses to intracranial pathology. They have 
highlighted the relationship which exists between de
layed cerebral ischaemia and systemic hypovolaemia 
following spontaneous subarachnoid haemorrhage 
(SAH) and have contributed to our understanding and 
management of hyponatraemia. This chapter reviews 
the published literature and suggests how blood volume 
measurement can contribute to future clinical research. 

Hypovolaemia 

The pathogenesis of delayed cerebral ischaemia follow
ing a SAH remains uncertain but the impairment of 

cerebral autoregulation and the development of cere
bral vasospasm play major roles (Symon 1978, Pickard 
et al. 1980). When both are present even modest falls 
in systemic arterial pressure, and perhaps cardiac out
put (Davies and Sundt 1980) may be sufficient to reduce 
focal cerebral blood flow to ischaemic levels. Hypo
volaemia reduces cardiac output and exposes patients 
to increased risks of hypotension and cardiovascular 
instability. 

Maroon and Nelson (1979) were the first to docu
ment a significant decrease in the red cell volume (RCV) 
and total circulating blood volume (TCBV) of 15 non
selected SAH patients compared with six unmatched 
neurosurgical patients without intracranial disease. The 
measurements were made an average of ten days after 
the SAH using 51 chromium-labelled autologous red 
blood cells and radio-iodinated human serum albumin 
(RISA). They failed to detect a significant change in 
plasma volume (PV). Limited information was pro
vided regarding the relationship between hypovolaemia 
and either the neurological status of their patients, the 
presence of cerebral vasospasm or the development of 
ischaemic neurological deficits. 

Since then a number of prospective studies have 
demonstrated a correlation between hypovolaemia and 
the development of cerebral ischaemia. Kudo et a!. 

(1981) reported three cases from a series of 45 patients 
in whom PV was monitored both pre- and post-op
eratively using the RISA technique. In each case isch
aemic symptoms occurred in the presence of hypovo
laemia and were reversed by blood volume expansion. 
They calculated the Rev of their patients from their 
PV and venous haemocrits (vide infra). These cases 
were studied at least 14 days after their haemorrhage 
and it was a reduction in RCV rather than PV that the 
investigators considered to be important. 



R. 1. Nelson: Blood Volume Measurement Following Subarachnoid Haemorrhage 115 

Solomon et al. (1984) studied 25 un selected SAH 
patients using 51 chromium-labelled autologous red 
blood cells. Whilst there was no significant reduction 
in the blood volumes of the seven males as a group, 
the RCV and TCBV of the 18 females were significantly 
lower than corresponding control values. Fifteen of the 
patients had angiographic evidence of vasospasm and 
seven of these (six of whom were females) developed 
neurological deficits attributed to cerebral ischaemia. 
The RCV and TCBV of the six females with "symp
tomatic" vasospasm were significantly lower than those 
with "asymptomatic" spasm. 

Several important questions remain unanswered. 
Which patients are at greatest risk of developing hy
povolaemia? What is the time-course of hypovolaemia 
and can it be prevented? Is hypovolaemia following a 
SAH a non-specific phenomenon or is it the result of 
a single pathophysiological disturbance? Maroon and 
Nelson attributed hypovolaemia to the effects of bed
rest, the supine diuresis, pooling in the peripheral vas
cular beds, negative nitrogen balance, decreased eryth
ropoiesis, and iatrogenic blood loss. These largely cat
abolic processes would be expected to result in a grad
ual contraction of blood volume, particularly of RCV. 
In the studies described above a consistent finding in 
hypovolaemic patients was a low RCV occurring at 
least a week after the haemorrhage. Similar circulatory 
changes have been observed in other clinical and ex
perimental studies. Trauma patients who have been 
resuscitated following blood loss with crystalloid and 
colloid solutions suffer a 30-40% reduction in PV and 
RCV, exposing them to hypotension and even cardiac 
arrest during anaesthesia (Biron et al. 1972). In dogs 
blood loss replaced by isotonic sodium chloride results 
in a 10% fall in TCBV, a 50% fall in RCV, but no 
change in PV (Valeri etal. 1986). Similar, if less pro
found changes in blood volume would be anticipated 
in poor-grade SAH patients who typically received fluid 
replacement with isotonic or hypotonic saline solutions 
whilst awaiting surgery. Sundt's assertion that those 
patients developing cerebral ischaemia should be 
treated with "less drug and more blood" appears jus
tified (Sundt and Whisnant 1978). Hypovolaemia due 
to a reduction in RCV should be considered a potential 
problem in any patient undergoing delayed aneurysm 
surgery. 

Recent evidence suggests that hypovolaemia can 
also occur in the first week after a SAH due to a re
duction in PV. Wijdicks et al. (1985 a) measured PV in 
21 patients within 48 hours of admission and again six 
days after their haemorrhage. PV decreased by more 

than 10% in 11 patients. Fluid and sodium balance 
studies performed at the same time implicated a neg
ative sodium balance due to an excessive natriuresis in 
the majority of the hypovolaemic patients. 

It seems likely that the early development of hy
povolaemia will be reflected by changes in PV rather 
than RCV. Under these circumstances the prevention 
of hypovolaemia will depend on measures directed to
wards maintaining PV. 

Hyponatraemia 

Some 25% of patients with serious intracranial pa
thology will develop hyponatraemia (Fox etal. 1971). 
Hyponatraemia is frequently associated with, and may 
be responsible for neurological deterioration. The path
ophysiology of hyponatraemia in these patients is still 
not fully understood. In 1950 Peters et al. suggested 
that the problem was due to excessive renal excretion 
of sodium and coined the term "cerebral salt wasting". 
The primary disturbance was considered to be a cen
trally mediated influence on the ability of the kidney 
to reabsorb sodium from the proximal tubule resulting 
in a secondary reduction in extracellular fluid volume 
(Cort 1954). There was no evidence of glucocorticoid 
or mineralocorticoid deficiency and treatment with salt 
replacement was advised. 

Attitudes changed in the early 1960's after the report 
of Schwartz et al. (1957) describing two patients with 
hyponatraemia and bronchogenic carcinomas which 
they attributed to a syndrome of inappropriate secre
tion of antidiuretic hormone (SIADH). The essential 
features of the syndrome-progressive hyponatraemia, 
urinary sodium loss, urine persistently hypertonic to 
plasma, resistance to correction by hypertonic saline 
but response to fluid restriction-had already been ob
served in normal subjects given pitressin and water. It 
is important to note that a reduction in blood volume 
was not a prerequisite of SIADH as originally de
scribed. In many subsequent studies blood volume was 
found to be normal (Kaye 1966, Ivy 1961). Although 
an increase in total body water can occur in patients 
with SIADH, this rarely amounts to more than 3-4 
litres and is not accompanied by oedema (Bartter and 
Schwartz 1967). Inappropriate ADH secretion in neu
rological patients was then widely reported such that 
SIADH became accepted as the principle cause of hy
ponatraemia following SAH and head injury and fluid 
restriction was adopted as the treatment of choice (F ox 
etal. 1971, Doczi etal. 1981, 1982). 

An antidiuretic phase is a predictable component 
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of the normal response to stress and it has been sug
gested that it is an adaptive mechanism to prevent 
dehydration in the ill or injured (Zimmermann 1965, 
Moore and Ball 1952). The response is mediated by 
high levels of vasopressin (ADH) and has been dem
onstrated following craniotomy and head injury 
(McLaurin et al. 1960 a, b, 1975). Vasopressin release 
may be prolonged by the specific features of intracra
nial disease including hypothalamic-pituitary distur
bances and raised intracranial pressure (Jenkins et al. 
1980). Bouzarth and Shenkin (1982) warned against 
the uncritical use of term "inappropriate" ADH se
cretion and claimed that "cerebral hyponatraemia" was 
an iatrogenic phenomenon largely due to excessive ad
ministration of fluids to patients in a water-retaining 
state. 

A further examination of SIADH in neurological 
patients by Nelson et al. (1981) using blood volume 
measurements turned the preceeding arguments full cir
cle. They reported on a series of 12 unselected neu
rosurgical patients (8 SAH, 2 head injury, 2 craniot
omy) who fulfilled the laboratory criteria for SIADH, 
becoming hyponatraemic, on average, on the 10th day 
of their illness (range 4-16 days). Blood volume was 
determined using 5lCr-Iabelled RBCs and RISA within 
48 hours of making the diagnosis of SIADH and the 
results, expressed in terms of body weight, were com
pared with the blood volumes of six neurosurgical pa
tients without intracranial disease. The mean blood 
volumes of the hyponatraemic patients were found to 
be significantly lower than those of the controls, al
though blood volume was expanded in two patients. 
The authors felt that the reduced blood volumes were 
more in keeping with the original concept of cerebral 
salt wasting, whilst admitting that there might be a 
spectrum of abnormalities in the hyponatraemic, na
triuretic patient ranging from salt wasting to SIADH. 

They cautioned against the use of fluid restriction 
alone in treating hyponatraemia, recognizing the risks 
to the cerebral circulation of adding further dehydra
tion to a hypovolaemic, hyponatraemic state. These 
risks were emphasized in a retrospective clinical study 
of hyponatraemia and cerebral infarction in 134 SAH 
patients published in 1985 (Wijdicks et al. 1985 b). Of 
44 patients who became hyponatraemic 25 fulfilled the 
criteria for SIADH. Cerebral infarction developed in 
27 of the 44 hyponatraemic patients and in 19 of the 
90 normonatraemic patients (p < 0.001) and cerebral 
infarctions were more commonly fatal in the hypon
atraemic patients (p < 0.01). Cerebral infarction oc
curred in 21 of the 26 patients treated by fluid restric-

tion compared with 6 of 18 patients with a normal fluid 
intake (p = 0.004). It appeared that hyponatraemia 
preceeded cerebral infarction and was not simply a 
epiphenomenon. 

The study of relationships between a natriuresis, 
hyponatraemia, and hypovolaemia in SAH patients is 
made difficult by the complexities of controlling salt 
and water balance in critically ill patients and the lack 
of pre-morbid data to allow interpretation of results. 
To overcome these problems Nelson's group turned to 
a monkey model of SAH to examine the incidence of 
hyponatraemia and natriuresis together with changes 
in ADH secretion and salt and water balance (Nelson 
et al. 1984). PV was determined using the RISA tech
nique before and after the SAH and at the nadir of 
serum sodium content (mean 4.4 days). Seven of9 SAH 
animals developed a negative sodium balance and na
triuresis and became hyponatraemic, the falls in PV in 
this group were less than in sham-operated animals and 
neither were statistically different from pre-operative 
values. Plasma vasopressin levels rose transiently on 
the first post-operative day. The authors concluded that 
changes in salt balance were mainly responsible for the 
development of hyponatraemia and that the release of 
a brain natriuretic factor or alteration in the neural 
control of the kidney should be considered possible 
causes of a primary natriuresis. 

The work of Wijdicks et al. (1985) showed that a 
negative sodium balance (12 out of 21 SAH patients) 
is likely to be associated with both hyponatraemia (8 
of 9 patients) and with hypovolaemia (10 of 12 pa
tients). Nevertheless, there were considerable individual 
variations between patients indicating that the patho
physiological disturbances were not of a uniform pat
tern. Thus four patients without hyponatraemia were 
in negative sodium balance and three hyponatraemic 
patients were not hypovolaemic. 

In summary: 

1) Hypovolaemia following a SAH may occur as a 
result of reductions in both PV and RCV. A consid
eration of the time-course of the processes involved 
suggests that early hypovolaemia will be due to changes 
in PV and will be followed by a gradual catabolic re
duction in RCV. These observations dictate to a certain 
extent the timing and type of blood volume measure
ment to be used in future studies. 

2) Although a natriuresis and negative sodium bal
ance proceed the development of hypovolaemia and 
hyponatraemia in many patients, it is most unlikely 
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that there is a "unified" metabolic response to a SAH 
and some attention must be paid to identifying the 
different types of response. 

3) To do this changes in blood volume must be 
related, to each individual patient's normal, physio
logical, circulating blood volumes. 

Methodological Aspects of Blood Volume Measurement 

Modern isotope dilution methods have superceded all 
others for the direct measurement of blood volume. 
The techniques employed do not vary greatly between 
laboratories. Internationally agreed guidelines have 
been set out (ICSH 1973) and the potential sources of 
laboratory error are well described elsewhere (Wright 
et al. 1975). However, several practical matters deserve 
mention. 

The gold standard of blood volume measurement 
is the simultaneous determination of both PV and 
RCV. This is usually achieved with radioiodinated (1251 
or 1311) human serum albumin (RISA) and autologous 
red blood cells labelled with sodium radiochromate 
elCr) or sodium pertechnetate e9Tc), which, because 
of its short half-life, is better suited to serial measure
ments of RCV. The additional resources required to 
perform simultaneous measurements make single vol
ume measurements attractive. It is possible to estimate 
TCBV from either PV or RCV using the peripheral 
venous haematocrit (Hv), having first corrected for the 
difference between the venous and total body hae
matocrit. A difference exists because the haematocrit 
of blood varies throughout the circulation, capillary 
blood having the lowest haematocrit and venous blood 
the highest. Total body haematocrit (a theoretical fig
ure which can only be derived from simultaneous mea
surements of RCV and PV) represents the "true" mean 
haematocrit and is related to venous haematocrit by 
the body/venous haematocrit ratio (Hb/Hv, sometimes 
referred to as the f-cell ratio). The ratio is usually taken 
to be 0.9 and thus the formulae for calculating TCBV 
become: 

Rev pv 
TCBV = 0.9 Hv or 1-0.9 Hv 

It has been generally assumed that the Hb/Hv ratio 
does not change greatly between individuals or groups 
of patients, but this is not the case. Wide variations 
occur in patients with haematological or circulatory 
disturbances e.g. spleenomegaly, severe anaemia or 
shock (Loria et al. 1962), and might be expected in any 
patient with hypovolaemia. We found a significant re-

duction in the Hb/Hv ratio of 10 un selected SAH pa
tients compared with 10 matched controls from 0.91 
to 0.87 and speculated that this might be due to a 
reduction in central venous blood volume (Nelson et al. 
1987). Kirsch etal. (1971) found similar changes in 29 
hospitalized patients and concluded that TCBV should 
be calculated using a Hb/Hv ratio of 0.86 rather than 
0.91. In our series the mean errors of calculating TCBV 
from either RCV or PV and the appropriate Hb/Hv 
ratio, 0.87, were 2.84% and 1.76% respectively. 

The accuracy of isotope dilution techniques depends 
upon complete and homogeneous mixing of the isotope 
marker in the space to be measured. Ideally the marker 
should remain entirely within the space or should leave 
it at a predictable and constant rate. Albumin is con
tinuously lost from the circulation to the lymphatic and 
reticuloendothelial systems (Rossing 1967, Rothschild 
1955) with the result that the uncorrected albumin 
space measured with RISA is always greater than the 
true PV. This problem may be overcome by counting 
the activity of a number of dilutional samples (say 10, 
20 and 30 minutes) and extrapolating back to time
zero, giving a measure of perfect or instantaneous mix
ing ofRISA in the plasma. Alternatively a single sample 
may taken at 10 minutes and a correction made for 
the loss of RISA. (The ICSH recommends a factor of 
1.015 which assumes that 1.5% of the RISA is lost 
from the circulation in 10 minutes). 

Opinions vary as to whether single sample deter
minations of PV need to be corrected and even if they 
are desirable in the first place. In the absence of hy
povolaemic shock or congestive cardiac failure the mix
ing of RISA in the albumin space is complete by 10 
minutes and the loss of activity is probably less than 
1 % (Noble and Gregersen 1946). Using 15 and 30 
minute samples we showed no difference between the 
rate of loss of activity in SAH patients and controls. 
From a practical point of view, small differences, of 
the order of 2-3%, occur when PV is calculated either 
from a 10-minute equilibration sample or by back
extrapolation (Tarazi et al. 1968). The later technique 
involves multiple venepunctures to obtain stasis-free 
blood and additional iatrogenic blood loss which may 
be undesirable when serial PV determinations are con
templated. 

The problem of standardizing and predicting nor
mal blood volumes and thus interpreting individual 
results far outweighs other methodological problems. 
The commonest method of presenting blood volume 
data is in terms of body weight. Normal values for 
RCV for adult males and females are 30 ml/kg (25-35 



118 R. J. Nelson: Blood Volume Measurement Following Subarachnoid Haemorrhage 

95% confidence limits) and 25 ml/kg (20-30) respec
tively. The values for PV are roughly the same in men 
and women, 40 ml/kg, but the 95% confidence limits 
are even greater. These large variations in normal val
ues reflect differences in body composition. Since fat 
is relatively avascular blood volume is much more 
closely correlated with lean body mass than body 
weight. The obese elderly patient will have much lower 
blood volumes expressed in terms of body weight than 
say a fit athletic young man. Even in healthy individuals 
blood volume varies with physical training, activity, 
nutritional state, body position, menstrual cycle, season 
and altitude. Given these observations the most stable 
determinant of normal blood volume would appear to 
be lean body mass. Because there is no direct or simple 
way of measuring lean body mass attempts have been 
made to predict normal blood volumes using formulae 
based on combinations of weight, height, and surface 
area but the results are only slightly better than pre
dictions based on weight alone (Retzlaff eta!' 1969, 

Hurley 1975, Wennesland et al. 1959, Naddler et al. 
1962). 

In the SAH research described above the difficulties 
of blood volume prediction were partly overcome by 
either comparing the blood volumes of patient groups 
with controls, or by following serial changes in the 
blood volumes of each patient. These approaches only 
allow a qualitative assessment of blood volume status 
which may not be sufficient to define different patho
physiological subgroups. We have attempted to im
prove the accuracy of blood volume prediction in SAH 
patients by re-examining the use of total body water 
(TBW) measurements, described in detail by Moore 
et al. (1963). TBW is the major constituent oflean body 
mass and as such is closely related to normal blood 

Table 1. Summary of regression equations 

Independent variable 

TBWop 
TBWop 
TBWop 
BWt 
BWt 
BWt 

Dependent variable 

TCBVop = 

PVop = 

RCVop = 

TCBVop = 

PVop = 

RCVop = 

TBWop = total body water measured in outpatients at 6 months. 
TCBV = total circulating blood volume. 
PV = plasma volume. 
RCV = red cell volume. 
BWt = outpatient body weight. 
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volume. The prediction of normal blood volumes using 
TBW as an index of lean body mass circumvents many 
of the drawbacks of other methods and has the ad
vantage of being a simple and robust measurement. 

We studied 32 consecutive patients admitted within 
96 hours of a SAH, confirmed by computerized tom
ographic brain scanning and where necessary lumbar 
puncture. The TBW, RCV and PV were measured using 
tritiated water, 125I-RISA and 51Cr-Iabelled RBCs. 
Cerebral aneurysms were identified angiographically in 
29 patients. In the remaining 3 patients the distribution 
of blood in the sylvian or anterior interhemispheric 
fissures made the presence of an aneurysm likely but 
their clinical condition precluded further investigation. 

Regression equation 

- 0.08 + 0.10TBWop 
0.04 + 0.064 TBWop 

- 0.11 + 0.04 TBWop 
0.16 + 0.056BWt 
0.08 + 0.036 BWt 
0.09 + 0.020 BWt 

Correlation coefficent 

r = 0.96 
r = 0.93 
r = 0.92 
r = 0.58 
r = 0.59 
r = 0.52 



R. J. Nelson: Blood Volume Measurement Following Subarachnoid Haemorrhage 

:3 

: 2 
L 

:: 
~ 

<1 
o 
> 
l;l 

m • L 

:: 
<1 
0 
> .. 

· • L 

:: 
~ 

<1 
0 
> .. 
U 
I-

4 

:3 

2 

B 

6 

4 

2 

o 

40 

40 

40 

Fig. 2 

Regre •• 1on of RCVop on Body Weight 

." 0 

50 60 70 BO 90 

Outpatient weight kg 

Regrese10n of PVop on BOdY Waight 

o. 

050 60 70 BO 90 

Outpatient we1ght kg 

Regress10n of TCBVop on Body Weight 

0' 

!l0 60 70 BO 90 

Outpatient weight 1n kg 

100 

100 

100 

:3 

: 2 
L 

:: 
~ 

<1 g 
u a: 

m 
G 
L 

:: 
11 
0 
> .. 

11 
o 
> .. 
U 
I-

o 

4 

:3 

2 

B 

6 

4 

2 

o 

o 

o 

o 

119 

Regression of RCVop on TaWop 

" .... 
.' . .. ' .' .. ' ~'. 

20 40 60 BO 

TBWoP litre. 

Regression of PVop on TBWep 

-: .. ' 
,. .-.. 

.. ' 
• 

-. .~ .. 

20 40 60 BO 

TaWep litres 

Regression of TCBVop on TBWop 

" >, .... 
" " . 

.. , 

20 40 60 80 

Tawop litres 



120 R. J. Nelson: Blood Volume Measurement Following Subarachnoid Haemorrhage 

Twenty-two of the 32 patients who had made good 
recoveries were reinvestigated 6 months after their 
haemorrhages. Of the 10 patients who were not fol
lowed up 6 had died, 3 declined the outpatient studies 
for personal reasons and one patient who was hemi
paretic and immobile was excluded. The admission 
characteristics of these patients did not suggest that 
their initial prognoses were worse than those of the 
patients followed up. 

The TBW measurements made either in the first or 
second 48-hour period after the SAH were compared 
with the outpatient measurements made six months 
later. In the absence of any complications or changes 
in general health and activity the outpatient TBWs were 
assumed to be representative of each patient's normal 
pre-morbid TBW. On this basis changes in TBW in 
the first 48 hours following a SAH were found to be 
small, mean % change 2.9 ± 1 %. Changes in TBW in 
the second 48-hour period were greater, mean % 
change 9 ± 2.S. The extent of the changes in TBW, 
expressed as a percentage of the outpatient TBW are 
shown in Fig. 1. 

The measured blood volumes of the outpatients 
were then separately correlated with either their out
patient TBW or their body weight (see Table 1). The 
close correlation between TBW and blood volumes and 
the poor correlation between body weight and blood 
volume, particularly RCV, were confirmed, Fig. 2. The 
regression of TCBV on TBW is sufficiently good to 
allow for a prediction of normal TCBV to be based on 
TBW. However, the regression ofRCV on body weight 
is such that two women with body weights differing by 
as much as 30kg may have identical measured RCVs. 
Clearly any assessment of blood volume based on a 
measurement of RCV alone and normal values pre
dicted from body weight is likely to be misleading. 

We consider that TBW may be sufficiently stable 
in the first 48 hours following a SAH for it to be used 
as an index of the normal lean body mass of these 
patients. The close correlations between blood volumes 
and TBW in an aneurysmal SAH population provide 
the basis for predicting the normal blood volumes of 
individual patients during the acute stage of illness. 

Conclusions 

1. Whilst blood volume measurements are unlikely to 
become routine investigations in SAH patients they 
should be considered as part of any detailed metabolic 
study or investigation of systemic circulatory changes. 

2. Centres adopting an aggressive approach to early 

surgery in poor grade patients may wish to supplement 
their usual monitoring with pre-operative assessment 
of blood volume. 

3. The calculation of TCBV from simultaneous 
measurements of PV and RCV is least prone to meth
odological error. The assessment of TCBV from RCV 
alone should be viewed cautiously. 

4. The interpretation of blood volume results can 
be improved by taking into account body composition. 
The early measurement of TBW appears to be a prom
ising way of doing this. 
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Background and Review of the Literature 

In 1981 Marcus Raichle put forward the hypothesis 
that a central neuroendocrine system regulates the 
brain ion and water homeostasis 38. In this presentation 
I would like to summarize briefly the available data
including our own results-in support of this hypoth
esis. The hypothesis supposes that three cell groups 
(brain capillary endothelial cells, secretory cells of the 
choroid plexus, and astroglia) regulate the internal 
ionic environment of the brain 38. A unique element of 
this hypothesis is that the regulation of the ion and 
volume homeostasis of the brain is orchestrated by a 
central neuroendocrine system capable of affecting all 
three cell types 38 . 

What is meant by central as opposed to peripheral 
with respect to the neuroendocrine system is well dem
onstrated by considering vasopressin (A VP). Schultz 
et al. (1977), Brownfields and Kozlowski (1977) and 
Buijs et al. (1978) showed that the plasma and cere
brospinal A VP originate from different sources 4, 5, 43. 

Further evidence for the existence of a separate central 
vasopressin system is provided by the inability of A VP 
to cross the blood-brain barrier and blood-cerebro
spinal fluid (CSF) barriers 48. On the other hand, the 
secretion of A VP into the CSF may be influenced by 
the same stimuli that govern its secretion into the 
blood 5l • According to Rodriguez (1976), the CSF and 
interstitial fluid (ISF) flows should serve as pathways 
in neuroendocrine integration6• 7,40. His generally ac
cepted concept is strongly supported by the recent find
ings of Rennels et al. (1985) of dynamic interactions 
between the CSF and the ISF of the nervous tissue 39. 

With a protein tracer administered into the ventricle, 
they were able to prove that a "paravascular" fluid 
circulation exists in the mammalian brain 39. They dem
onstrated that solutes in the CSF have access to the 
extracellular space throughout the brain within a mat
ter of minutes (2-4 minutes), via fluid pathways along 
the intraparenchymal vasculature 39• 

The activity of the secretory cells of the choroid 
plexus may be under neuroendocrine control 3, 24-26, 32, 

33,42,52. Furthermore, nerve fibers are present on the 
secretory cells and on the capillaries of the choroid 
plexus 52. These fibers may originate from the peripheral 
sympathetic chain and from the paraventricular and 
supraoptic nuclei 4, 24-26, 32. Specific neurotransmitter 
and hormone receptors are present on the secretory 
cells of the choroid plexus 33, 42. Sympathetic nerve stim
ulation and exposure of the choroid plexus to A VP 
and acetylcholine not only alter CSF formation rate 
but also produce ultrastructural changes in the affected 
cells 13, 24, 43. Liszczak et al. (1987) showed that fluid 
transport was enhanced in the epithelium of the choroid 
plexus in response to AVP in the CSF27. Steardo and 
Nathanson (1987) found receptors and second mes
senger systems in the secretory cells of the choroid 
plexus for atriopeptin, a cardiac peptide involved in 
peripheral water regulation 14,21,30,31,35,44,49. 

The role of astroglia in brain extracellular fluid and 
ionic homeostasis has been studied extensively. Certain 
observations suggest that the glial cell activity may be 
under neuroendocrine control. Kimelberg et al. (1978) 
showed that the activities of glial Na, K-ATP-ase and 
carbonic anhydrase increase in the presence of nor
epinephrine 22 . Harik et al. (1979) and MacKenzie et al. 
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(1979) also revealed the modulatory role of norepi
nephrine upon glial cell enzyme activiy 15,16,29. 

The brain capillary endothelium is considered to be 
a major component in the regulation of the internal 
environment of the brain, because of its very large 

surface area relative to that of the choroid plexus 
(5000: 1) and its very close contact with the neuropil 3. 

Cserr et al. (1981) suggest that the brain capillaries have 
the potential to playa very dynamic role in the regu
lation of brain water and electrolyte permeability, in 
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a manner very similar to the kidney and other mem
branes known to regulate fluid and electrolyte per
meability (i.e. intestine, etc.) 7. Brain capillaries exhibit 
anatomical and biochemical features characteristic of 
secreting epithelia, such as tight junctions, a high mi
tochondrial content in the endothelial cells, and a sim
ilar complement of intracellular enzymes3. 

Brain capillaries are functionally innervated by ser
otoninergic and adrenergic neurons originating from 
the brain stem 17. Nerve fibers containing acetylcholine, 
vasoactive intestinal peptide, histamine, dopamine, and 
substance P, etc. have also been found 12, 19. 34, 50, 52. 
Electronmicroscopic studies have since confirmed the 
actual presence of true synapses on a few capillaries 19, 
50. In an immunoelectronhistochemical study we have 
demonstrated that A VP-containing neural processes in 
contact with the blood vessels correspond mainly to 
dendritic structures, as found by Sofroniew et af. 
(1981)20, 45. Such release from dendritic processes and 
somatic sites has been demonstrated34. 45. AVP release 
has also been revealed by morphological studies in the 
hypothalamic magnocellular areas 23. Thus, it is pos
sible that, when released, AVP may act via the glial 
processes or directly on the capillary bed. A few studies 
have shown the presence of adrenergic receptors acting 
via the cyclic AMP system on brain capillaries IS, 18. 

Owman and Edvinsson (1977) have reviewed known 
hormonal effects an brain capillaries 34. Because of the 
limited part played by capillaries in content of cere
brovascular resistance, and their role in exchange proc-

esses, it is very probable that this capillary innervation 
is concerned with regulation of the exchange of sub
stances between the blood and the brain. 

The functional characteristics of brain capillaries are 
very similr to those of the membrane which regulate 
the water and electrolyte permeabilities. Although nei
ther A VP nor angiotensin II affect cyclic AMP levels 
in isolated brain microvessels, both alter brain water 
permeability when injected into the cerebral ventricle37. 
Rosenberg et al. (1986) even found that centrally ad
ministered A VP increased the permeability of epen
dyma to water41 . 

Effects of A VP and ANF on Brain Water and 
Electrolytes 

With these considerations in mind, we have attempted 
to elucidate the possible involvement of the central 
A VP system in the development of brain oedema 8-10. 

Central administration of arginine vasopressin (125 ng) 
or DDA VP (O.5Ilg), with or without an accompanying 
water load, brought about a 1-1.3% water accumu
lation. Changes in the ion contents were inconclusive 
as to the mechanism of water accumulation. The use 
of Brattleboro diabetes insipidus rats, known to be 
unable to synthetize A VP seemed to offer a unique 
chance for study of the consequence of the lack of this 
hormone on the development of water balance distur
bances after pathological conditions such as subarach
noid haemorrhage (SAH)9. Brain water accumulation 
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developed later in the Brattleboro DI animals than in 
control rats but it then exceeded the level in the con
trols. The different time-course of brain water accu
mulation in the Brattleboro DI rats could be ascribed 
to the following phenomena: early brain water uptake 
could have been delayed as a consequence of reduction 
of the capillary permeability increase because of the 
lack of an acute central vasopressin release after SAH. 
The 2.6% (Brattleboro) versus 1.4% (control) increase 
in water content 24 hours after SAH might be explained 
by the failure of absorption to increase and by the 
decreased secretion ofCSF due to the absence of AVP. 
This means that A VP may exert opposite actions during 
the early and later phases of SAH: by enhancing the 
permeability of the capillaries, the acute, major, short
term increase in the AVP level after SAH may lead to 
an eventual water uptake, outweighing the opposite 
action on the choroid plexus and the resorptive ap
paratus, while the later increased drainage and lowered 
production of CSF may lead to reduction of water 
content 9, 28, 46, 47. In a different model of brain oedema, 
Reeder et al. (1986) likewise confirmed that pharma
cological doses of central A VP facilitate the production 
of vasogenic oedema. 

In a recent set of experiments we found that central 
administration of synthetic rat atrial natriuretic hor
mone (2 ~g) prevented the water accumulation elicited 
in rat brain by a systemic hypo osmolar fluid load, and 
led to a significant sodium loss from the nervous 
tissue II, 14,21,30,31,35,44. With the modified brain uptake 
method of Oldendorf, using 22Na and 14C-labelled su
crose, we proved that centrally released atrial natri
uretic hormone alters the sodium permeability of the 
capillary endothelium, which cannot be influenced by 
the Na-pore inhibitor amiloride or Na-cotransport in
hibitor furosemide 1-3. 

Conclusion 
We are of the view that elucidation of the role of central 
hormones such as A VP or atrial natriuretic hormone 
would contribute much towards an understanding of 
the cellular and biochemical background of brain vol
ume and fluid regulation in various conditions such as 
raised intracranial pressure. A better understanding of 
these hormones, their receptors and their pharmaco
logical manipulations have exciting clinical implica
tions. 
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The present seminar has brought up many of the fas
cinating ideas presently accepted concerning the func
tions of the hypothalamus. Summarizing them is an 
extremely difficult task. At the same time it constitutes 
a challenge, since the subject dealt with is of great 
practical importance, not only due to its interdiscipli
nary range but also to its integrative potential much 
in the same way as the hypothalamus itself appears to 
be one of the main integrative centres of the brain (if 
not the major one). It is certain that when Sherrington 
wrote his Integrative Action of the Nervous System I he 
was far from thinking in the terms of today, but already 
the classical work of Papez2 represented a preview of 
modern concepts. The conceptual shifting from a top
ographic mapping of hypothalamic "centres" towards 
a more dynamic approach thanks to biochemical stud
ies has, no doubt, led to a new era in neuroendocri
nology. It is now known that the afferents to the hy
pothalamus are not necessarily neuronal but may also 
be humoural (both CSF- and blood-borne). Further, 
it has become apparent that hypothalamic cell groups 
concentrate medially, perhaps seeking for proximity to 
the CSF spaces, perhaps because this is the deepest and 
most protected part of the brain, while the lateral hy
pothalamus is rich in fibers and appears to constitute 
part of a wide communication system. Efferents from 
this system reach not only centres in the medulla ob
longata, such as the locus coeruleus, but may extend 
even to the lumbosacral levels in the intermediate grey 
column. These efferents emanate from the dorsal and 
from the lateral parvocellular districts of the para
ventricular nuclei, and many of them use oxytocin as 
transmitter substance. 

Amazingly enough, many hypothalamic neurons 
may produce several substances. Thus, one and the 
same neuron, for instance in the arcuate nucleus, may 

secrete dopamine, growth releasing factor, neurotensin, 
galanin and, perhaps, GABA. The question remains 
open as to when-and why-the one or the other sub
stance is produced. The same situation appears to apply 
to the cells of the parvocellular part of the pa
raventricular, which are involved in the control of 
ACTH by the anterior pituitary, and which produce 
encephalin, neurotensin, vasoactive intestinal peptide 
(VIP) and corticotrophic releasing factor (CRF). 

The open questions related to the pattern of vas
cularization and the direction of blood flow in the hy
pothalamic-pituitary system make the situation even 
more complex. Since the anterior pituitary does not 
have its own arterial supply, and since there is a large 
species variation in the vascular anatomy of this area, 
it appears difficult to ascertain the role of blood flow 
in this neuroendocrine system. While this blood flow, 
reaching levels of 500 to 700 ml/100 g/min, is 10 times 
higher than cerebral blood flow and is paralleled only 
by choroid plexus blood flow, it appears not to display 
the 3 main characteristics of cerebral blood flow: func
tional regulation, CO2-dependence, and autoregula
tion. Further, intrasellar pressure gradients in cases of 
intrasellar expanding processes might cause pituitary 
stalk compression and impair portal blood flow both 
by direct vessel distortion and by reduction of local 
perfusion pressure. 

Another important fact is that hypothalamic pep
tides-both releasing and inhibitory------<.:ontrol or reg
ulate pituitary function. There is at least one hypotha
lamic peptide for each pituitary hormone, but some of 
these pep tides are not restricted to influencing the se
cretion of one pituitary hormone only. Most of these 
hypothalamic hormones are produced as pro hormones 
within hypothalamic neurons, and undergo a series of 
changes on their way to the pituitary along the hy-
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pothalamo-pituitary axons. These changes include, for 
instance in the case of arginine-vasopressin, translation, 
packaging, and glycosylation. The factors which switch 
on the hypothalamo-pituitary axis include virtually all 
biological phenomena. Sensor sites may be located at 
very distant areas in the body, and information coming 
from them may, apparently, undergo modifcation and/ 
or modulation on the way to higher centres. 

Since neurosecretion is also accompanied by elec
trical discharges of the involved neurons, rapid inte
grative action is possible as well as the induction of 
fast changes at distant secretory and non-secretory cell 
groups. In this context, hypothalamo-cortical and cor
tico-hypothalamic relationships still deserve further 
studies. It is interesting that, at least under pathological 
conditions, there may be a dissociation of previously 
coupled hormonal functions. An example is the isolated 
abolition of the vasopressor action of vasopressin with 
preserved osmoregulation in patients with Multiple 
System Atrophy (MSA), and the opposite functional 
dissociation in other circumstances. 

Mention has been made in the foregoing pages of 
the ability of some neuroendocrine cells to establish 
new, reversible, function-dependent connections with 
other cells. This is the case, for instance, of the oxy
tocinergic neurons in lactating rats. This transient func
tional flexibility widens the original concept of plas
ticity of biological systems. This plasticity is favoured 
by the diffuse nature of the neuroendocrine system, 
with peripheral components extending as far as the 
pulmonary and gastrointestinal districts. Also, little is 
known as yet concerning the action of neuropeptides 
on glial cells. These cells may well become a new and 
bright nebulosa in the neuroendocrinological firma
ment. At present they still are, to a large extent, a black 
hole. 

Both plasticity and flexibility, but also normal func
tion, are not possible without timing. Timing means 
rhythmicity. Rhythmicity requires clocks and oscilla
tors. Recent studies indicate that there is not one major 
biological clock in the hypothalamus but that several 
oscillators may react to different stimuli, or may act 
in an overlapping manner to a same stimulus-another 
example of plasticity (in the broad sense of the word). 
The close interrelationship between circadian and ul-
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tradian rhythms demonstrates that, in addition to the 
"milieu interieur", extracorporeal influences, and this 
obviously includes extraterrestrial forces, act on and 
through the hypothalamus. Thus, although the hypo
thalamus may not be the seat of the soul, as stated by 
Carmel, it certainly is the door to it. 

The major problem still afflicting those interested 
in treating disorders of the hypothalamo-pituitary sys
tem is the large gap between the animal models and 
the clinical situation. This gap is certainly not restricted 
to, but particularly distressing in, the field of neuroen
docrinology. In man, lesions of this system are not 
restricted to individual nuclei, are progressive, are of 
heterogeneous location and are of varying rate of prop
agation. Removal of the perturbing agent, for example 
by surgery, may even increase a pre-existing functional 
deficit. From the clinical point of view, it appears that 
basic neuroendocrinological research has contributed 
much more to diagnosis or to the control of therapy 
than to therapy itself (an exception being bromocryp
tine). We have seen that surgery, also curative quoad 
vitam, not uncommonly is deleterious quoad functi
onemo This is the case even in benign, congenital le
sions, such as the craniopharyngioma. This is all the 
more true in other tumours affecting the hypothalamus. 
This is even the case in subarachnoid hemorrhage, both 
by direct mechanical influence of a dilated 3rd ventricle 
on the hypothalamus and by changes of blood volume, 
blood viscosity and cerebral blood flow. 

If it is true that man was made by God, it is also 
true that it was in creating the hypothalamus that the 
Allmighty invested the largest amount of inspiration. 
There is, still, a long way to go in observing and un
derstanding this inspiration. This has become clear 
from the scientific contributions to this seminar. 
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Anatomy and Surgery of the Cavernous Sinus 
Foreword by Mahmut G. Ya~argil 

T his atlas discusses the surgical ana-
tomy ofthe parasellar and neighbour

ing regions in the midline and in the 
posterior cranial fossa. Its aim is to 
demonstrate the importance of normal 
anatomical structures and interrelation
ships in the management (treatment) of 
pathology in this area. Therefore, Chapter 
1 is devoted exclusively to the anatomy of 

the cavernous sinus and 

I 

neighbouring regions. Anatomical dissec
tions of fresh specimens were prepared 
after injection of the arterial and venous 
systems. The surface of the cavernous 
sinus and neighbouring regions were, with 
reference to standard anatomical rela
tionships, divided into ten triangular 
"windows" through which it is possible to 
enter the cavernous sinus and to study the 
normal relationships between individual 
structures. The most important feature of 
this book is the parallel drawn between 
surgical anatomy as demonstrated on nor
mal fresh cadaver specimens and in vivo 
surgical procedures for tumorous and 
vascular lesions, which are only possible if 
the anatomical relationships on the sur
face of the cavernous sinus and its walls, 
the architecture of its interior and the 
previously determined sequence of opera
tive approaches are taken into account. It 
is clearly demonstrated in detail that there 
is no one single approach to vascular and 
tumour pathology of the cavernous sinus. 
On the contrary, there are a number of 
possible approaches which are suitable for 
various pathological conditions depend
ing on their locations. It is intended that 
everyone who studies this book will be 
able to distinguish important anatomical 
landmarks and orientation on the surface 
of and inside the cavernous sinus, which 
will aid in both the surgical management 
of patients and in clear and precise com
munication. 
This book is the first to deal with the 
anatomy of the cavernous sinus in a 
practical surgical manner and which 
applies the anatomy to concrete examples. 
126 colour photos, 134 drawings, and 49 
tableaux of angiograms, CTs 
and MRI images provide a 
great degree of clarity. 
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Microsurgery of the Temporo-Medial Region 

T he differentiation of the temporal 
lobe into a lateral neocortical and 

a medial allocortical region is support-
ed by developmental, anatomical and 
clinical evidence. Although this view 
of a dual temporal lobe is generally 

accepted by neurosurgeons 

dealing with functional surgery, it still 
receives little attention by those 
approaching structural abnormalities 
located or extending into the medio
basal region. Consequently, the 
characterization of the temporo
medial area as a distinct surgical 
region is still lacking. The major 
object of this study is to analyse the 
medial part of the temporal lobe as a 
distinct surgical region and to 
integrate the microsurgical and 
physiological aspects into a concept 
applicable to the several types of 
temporo-medial lesion. The study 
includes five sections. The first section 
is devoted to the morphological 
aspects. The second and the third sec
tions present a simplified clinical 
approach to temporo-medial lesions 
and analyse the ancillary investiga
tions which are indispensable for 
characterizing their structural and 
functional features. The fourth section 
deals with the surgical aspects of 
temporo-medial lesions, and espe
cially with the selection ofthe optimal 
approach having regard to the location 
of a given process, and to the extent of 
the functional changes. The last sec
tion is devoted to commentaries 
concerning the neuropathological 
aspects and the outcome of 
surgery in the temp oro-
medial region. 
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