STRUCTURE AND FUNCTION OF
RAT SUPRAOPTIC NUCLEUS NEURONS

IN VITRO

by

John C.R. Randle
Department of Physiology

McG1ill University, Montreal

September, 1985

A thesis submitted to the

Faculty of Graduate Studieg and research

McGill University

In partial fulfillment of the requirements for the Degree

of

Doctor of Philosophy

@ John C.R. Randle



ABSTRACT
-

\Supraoptic nucleus (SON) neurosecretory neurons were
exanined in perfused explants of rat hypothalamus.
Inttacelfuiar'injections of lucifer yellow revealed ovoid
somata, 1-3 unbranched dendrites with numerous spiny
processes and a single Axon with no obvious collaterals.

SON neurons displayed both spontaneous and electrically-
evoked hyperpolarizing, chloride-dependent inhibitory
post-synaptic potentiais that wére reduced by bicuculline
(1-100 uM) and prolonged by pentobarbital (100 pM). In 60V
of neurons, low concen?tationa of Y-aminobutyzric acid (GABA;

10-100 uM) and muasimol (0.3-3 uM) also induced a chloride- %

dependent conductaﬁca (2-20 n8) and hyperpolarization,. At
higher drug concentrations, a protound‘conductance increase
was a;;ompanied by a biphasic voltage response. The
remaining cells responded only to high concentrations of
GABA with a modest conductance increase and membrane
depolarization.

At the cellular level, norepinephrine (10-200 M),
acting via a,-adrenoreceptors, induced bursting activity,
membrane depolarization and increased firing.
Norepinephrine also stimulated the release of vasopressin

L4
and oxytocin into the perfusion medium.



' RESUME .

Ifes neurones neurosécréteurs du noyau supraoptique
(NSO) ont &t& &tudiés in vitro en utilisant 1'hypothalamus
per fusé. L'injection intracellulaire de 'lucifer yellow®
a révélé la présence de corps cellulaires ovoides dont les
dendrites (1 & 3 par cellule) se divisent peu et dont
l'axone est unique sans collatérale. ‘

Les neurqnes du NSO génerent des ;;otentiels pos t-
synaptigues inhibjteurs (p.p.s.i.) spontanés ou induits par
stimulation électrique. Ces p.p.s.i. recguibrent la présence
d'ions chlorle, sont r&éduits par la bicuculline (1-100 M) et
prolongés par le pentobarbital (100 yM). L'acide
gamma-amin?butyrique (GABA) 3 faible (‘oncentrat"ionN( 10—100‘
uM) ainsi que le muscimol (0.3-3 pM) induisent "une
conductance (2-20 nS) dépendante d'ions chlores et une
hyperpolarisation chez 60% des cellules é&tudiées. Des
concentrations plus &levées de ces substances donnent lieu 4
‘une forte augm‘entation de la conductance membranaire
accompagnée de changements de voltage biphasigues. Les
autres cellules ne ré8pondent qu'a de fortes concentrations
de GABA, démontrant une faible augmentation de conductance
accompagné d'une dépolarisation membranaire.

La noradrénaline (10-200 uM), agissant sur les

'a,', induit une

récepteurs adrénergiques de type .

dépolarisation membranaire ainsi que des potentiels
d'action. La noradrénaline provogue également une forte

libération de vasopressine et d'oxytocine.
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"What wisdom can you find

that is greater than

: kindnesgs?”

Jean—~-Jacques Rousseau

(1712-1778)
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CHAPTER 1

INTRODUCTION

1.1 Preface

Neurophysiologists interested in the mammalian central
nervous system are accustomed to relying on data from "model
systems" for an understanding of the fundamental properties
governing the excitability of neurons. Over the past 50
years, the glant axon (e.g. Hodgkin and Huxley, 1952a,b,c)
and synapse (Katz and Miledi, 1967a,b,1968) of the squiaq,
the neuromuscular junction (Katz and Miledi, 1965), spinal
motoneurons (Eccles, 1961; Rall, 1959,1960) and various
glant ganglion neurons of mollusks and crustaceans (see
Kandel, 1976) have yielded inPormation vital to conceptual
and technologlical advances in neurobiology. Although,
findings from these gystems were sometimes not generally
applicable to the central nervous systems of mammals, they
did expedite the exploration of other, less accessible
systems. However, technical advances of the past decade
have sermltted accegs to the central nervous system for more
direct and detailed electrophysiological investigation. 1In
particular, in vitro techniques have provided a means to
obtain stable intracellular recordings from spinal neurons
in culture (Barker and Ransom, 1978), autonomic ganglia

cells in explants (Adams and Brown, 1975; McAfee and

L
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Yarowsky, 1979), and a variety of neuronal types in brain
slices (Hillman et al., 1963; Yamamoto and MclIlwain, 1966).

For more than 20 years, the magnocellular neuro=-
secretory neurona of the hypothalamic supraoptic nucleus
(SON) and paraventricular nucleus (PVN) have been the
subject of intense electrophysiological investiqatioh. Owing
to their location deep in the brain and adjacent to major
blood vessels, most of the earlier data was derived from
extracellular recording in vivo (see review by Poulain and
Wakerley, 1982). However, in vitro slice and explant
techniques, perfected in the past five years (Brimble et
al., 1978; Haller et al., 1978; Hatton et al., 1978; Bourque
and Renaud, 1983) have permittedemore detailed analysis of \
the electrophysiological properties of these neurosecretory
neurons by intracellular recording (cf. Mason, 1980; Andrew
and Dudek, 1984a,b; Bourque and Renaud, 1985a,b).

a SON and PVN magnocellular neurosecretory neurons
synthesize either of the hormones vasopressin or oxytocin
which they secrete from axon terminals in the
neurohypophysis. As neurosecretory neurons, they occupy a Ao
middle ground between central nervous system neurons, whose
processes  and secretions are restricted to the brain, and
endocrine cells which are located in many (if not all) parts
of the body, and whose secretions often have actions
throughout the body. They can be considered as autonomic

motoneurones whose neurotransmitter acts through the



bloodstream rather than across a synaptic cleft.
Alternatively, they can be considered as unusual endocrine
cells that are located in the br;;n\{nd have a morphology
typical of neurons.

While these properties are true of many neurosecretory
cells, the compactly arranged and relatively homogeneous SON
neurosecretory neurons (see Section 1.2.1) are most amenable
to both biochemical and electrophysiological
experimentation. As a result, vasopressin was the first
peptide hormone whose amino acid sequence was elucidated
{du Vigneaud, 1954) and much is known about the processes
governing its biosynthesis, intracellular packaging,
transport and, ultimately, secretion (Section 1.3).
Electrophysiolegical studies in vivo have characterized the
electrical activity patterns that are associated with
autonomic reflexes governing the release of vasopressin and
oxytocin (Section 1.4.1). Intracellular recordings obtained
from SON neurons majintainead iﬂ vitro have revealed many of
the membrane properties responsible for their characteristic
firing patterns (Section 1.4.2). 1In vitro studies of the
release of vasopressin from isolated neural lobes were
seminal to the theory of stimulus-secretion coupling
(Section 1.4.3). The great value of the SON neurosecretory
neurons as a model system for CNS neurons is, therefore[*b?e
comparative ease with which all levels of their cellular

function can be studied.



1.2 The Supraoptic Nucleus (SON) of the hypothalamus

1.2.1 Organization of the rat SON.

The supraoptic nuclei (SON) of the rat are well-defined
elongated groupings of magnocellular neurons located on the
ventral surface of the brain along the lateral borders of
the optic tract. The SQN is filled with an e;tensive
network of caplllaries (Finley, 1939) from branches of the
antefior and retrochiasmatic arteries, ich penetrate the
hypothalamus, and also supply several "accassory" nuclel
composed of neurosecretory ncurons (Vandesandz\& Dierickx,
1975; Sherlock et al., 1975; Sofroniew and Glassman, 1981).

In Nissl preparations, the SON appears as a dense
aggregation of between 5,000-10,000 homogeneous 1ntensely
stained cells (Leranth et al., 1975). In the rat, a
rostrocaudal progression in their morphology is revealed in
serial coronal sections (see Armstrong et al., 1982).
Rostrally, the SON forms a thin layer of cells on the
ventral surface of the brain. Medially, the SON profile 1s
triangular as SON neurons line the entire lateral edge of
the optic tract. Caudally, .here the optic tract pgnetrates
the temporal lobe, SON neurons form a narrow vertically
oriented band of cells lining its lateral border. An
additional group of neurosecretory neurons located caudal
and medial to the optic tract forms the retrochlasmatic

portion of the SON (Sherlock et al., 1975).



Following injection into the neurohypophysis,
retrogradely transported horseyradish peroxidase (HRP)
reaction product is evident in almost all SON neurons
(Sherlock, 1975). Similarly, most {(greater than 85%) SON
neurons are immunoreactive for vasopressin or oxytocin and
their associated neurophysins (Vandesande and Dierickx,
1375; Swaab et al., 1975; and section 1.3}. bnly a small
number of non-neurosecretory neurons have been observed
within the confines of the nucleus (Dyball and Kemplay,
1980). Leranth et al. (1975) estimate that interneurons
account for approximately 6-7% of n;urons in the SON.

At the electron microscope level, glia are seen- to be
interposed between the somat? and dendrites of neuro-
secretory neurons, particularly in the "ventral glial
lamina™ (VGL). The VGL lines the ventral surface of the SON
and is composed of glial cells surrounding the dendrites of
SON neurons and axons afferent to the SON (Armstrong et al.
1981; McNeill and Sladek, 19803 Sofroniew and Glasswman,
1981). These glia show a great deal of plasticity related
to the functional state (i.e. parturition, lactating,

dehydrated) of the animal (Perlmutter et al., 1984).

1.2.2 SON neurosecretory neuron morphology and

ultrastructure

SON neurosecretory neurons are apparently resistant to

silver impregnation (LuQui and Fox, 1976), thus few studies



of their morpholocgy have used the Golgi technique
(Leontovich, 1969; LuQui and Fox, 1976; Felten and Cashner,
1979; Armstrong et al., 19B2; Dyball and Kemplay, 1982).
Immunocyfochemistry performed on thick sectiong of
hypothalamus now provide a more reliable means of staining
SON neurons and has contributed tremendously to our
knowledge of their light microscoplc morpholog; {Armstrong
et al., 1982; Sofroniew and Glassmann, 1981; Silverman et
al., 1980). There are a comparatively large number

of electron microscopic studieg (e.g. Rechardt, 1969; Ifft
and McCarthy 1974; Tweedle et al., 1977; Armstrong et al.,
1982; VYulis et al., 1984) of SON neuronal ultragtructure
and interrelations.

The somata of rat SON neurons are round or elongatedi
with dimensions of approximately 15 x 20-30 ym (Dyball and
Kemplay, 1982) and give rise to 1-3 ventrally directed
dendrites (Armstrong et al., 1982; Dyball and Kemplay,
1982). The somata contain a large, ecceﬁtrally located
nucleus with one or more nucleoli (Rechardt, 1969). The
cytoplasm is typical of secretory cells in that it contains
mipochondria and stacks of rough endoplasmic reticulum,
golgil apparatus and dense-core vesicles.

The dendrites of SON neurons are irregular in diameter



o

(€2 uym) and taper gradually. They branch sparingly but

possess spines (Silverman et al., 1980; Armstrong et al.,

1982; Felten and Cashner, 1979; Dyball and Kemplay, 1982)

which form synaptic contacts (Ifft and McCarthy, 1934).

Many dendrites of SON neurons course extensively in the

ventral glial lamina (Armstrong et al., 19B2) where they arc
s -

enveloped by glial processes (Perlmutter et al., *984, d

Yulis et al., 1984).

The axons of SON neurons are beaded in appearance due
to numerous rounded enlargments or varicosities (Sofrcniew
and Glasmanﬁg 1981). They course dorsally from the nucleus
gnd then into the basal hypothalamus to form the supraoptico-
neurchypophysial tract (cf. Luqui and Fox, 1976). Mxons of
SON neurons proceed to the internal zone of thg median
eminence and, infundibular stalk and terminate as large
granule~filled dilatations (cf. Pickering, 1978} throughout
the neitohypophysis {Vvandesande and Dierickx, 1975; Alonso
and Assenmacheé, 1981). aAlthough axon collaterals have been
reported in the region dorsal to the SON (Mason et al.,
1984) other studies suggest that they are infrequent

(sofroniew and Glasmann, 1981; Dyball and Kemplay, 1982;

Armstrong et al., 1982}). ) )
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1.2.3 Immunohistochemical localization of peptide hormones
in SON neurons , \ i

Immunohistochemical s;aining for vasopressin and
oxytocin p{oviéed the first direct proof that the SON
containg sepirate populations of neurons that synthesize the
two peptides (Vandegande and Dierickx, 1975; Swaab et al.,
1975; Sokol et al., ;976). In the rat, a spatial
segregation exigts such that oxytocin neurons are more
numerous in rostral and dorsal parts of the SON and
vasopressin neurons are more numerous caudally and ventrally
(Vvandesande and Dierickx, 1975; McNeill and Sladek, 1982).

Several otéer peptides have been observed histochemi-
cally in SON neurosecretory neurons. The oploid peptide
dynorphin co-exists in vasopressin neurons (Watson et al.,
1982a,b; Weber et al., 1982] Leu-enkephalin (Martin and
Voigt, 1981) and a-neo-endsrphin (Ito et al., 1981, Millan
et al., 1983) are found in vagopressin terminals in the
neurohypophysis as is met-enkephalin in oxytocin terminals
(Martin et al., 1983; Martin and Voigt, 1981).
Corticotropin-releasing factor (CRF) (Sawchenko et al.,
1584) and cholecystokinin (Martin et al., 1983) are also
found in same oxytocin neurons of the SON. The function of
these peptides is still unknown but evidence is accumlating
that the opioid peptides may modulate the releasa of

oxytocin and vasopressin (Bicknell et al., 1985; Clarke et

al., 1979; Iversen et al., 1980).
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1.2.4 Synapses and afferent fibers in the SON

Quantitative electron microscopical studies by Leranth
et al. (1975) revealed that each SON neuron receives
approximately 600 synapses distributed on its soma,
dendrites, dendritic spines and axon. Remarkably, only 30%
of these synapses are sensitive to lesions or knife cuts
that isolate the SON from surrounding tissues, indicating
that the remaining 70% of synapses arise from cells located
within or near the SON (Leranth et al., 1975; Zaborsky et
al., 1975). Contacts between neurosecretory cells account
for a portion of the intranuclear synapses {(cf. Theodosis,
1985). The small number of putative interneurons present in
the SON likely account for another portion although Leranth
et al. (1975) have calculated that each of these -neurons
would be required to form 6000 synapses if they alone are to
account for all the synapses of intranuclear origin. 4
Therefore, a more reasonable proposal is that neurons

located adjacent to the SON contribute a prominent portion

of their afferent innervation.

Y-Aminobutyric acid (GABA): The SON and adjacent

structures contain a plexus of GABAergic fibers (Perez de la
Mora et al., 1981) that make synaptic contacts with SON
neurons (Tappaz et al., 1982). Lesion studies indicate that
approximately 60% of this GABA innervation is of local

origin (Meyer et al., 1980). Neurons containing glutamate
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decarboxylase (GAD) and GABA-transaminase (GABA-T), the GABA
synthesizing and metabolizing enzymes, respectively, are
located around the periphery of the SON (Tappaz et al.,
1982) and in the lateral hypothalamus and substantia
inominata, structures dorsal to the SON (Nagai et al., 1983)
However, the remaining GABA innervation is thought to
originate in the region anterior to the third ventrical
(Meyer et al., 1980). The diagonal band of 8roca and
lateral septum both contain many GABA neurons (Nagai et al.,
1983 ; Pannula et al., 1984) and are possible sources ofl
this 1innervation.

This hypothesis is suggorted by leasion (Carithers et
al., 1980; Powell and Rorie, 1967; Zaborsky et.al., 1975)
and retrograde HRP tracing studies (0Oldfield et al., 1985;
Tribollet et al., 1985) which suggest that the neurons in
the diagonal band of Broca and the septum project to the SON
or nearby structures. However, these studies indicate that
septal projections terminate dorsal to the SON and may
contact interneurons which, in turn, innervate SON neurons
(Tribollet et al., 1985). Nevertheless, these fibers also
form synapses with dorsally dlirected proceasses (possibly
axons) of SON neurons (Oldfield et al., 1985),
Unfortunately, the identity of the transmitter contained in
these terminals has not been ascertained.

Norepinephrine: Early histofluorescence studies showed

that the SON contains one of the most dense catecholaminergic
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innervations in the brain (Carlsson et al., 1962) which 1is
primarily noradrenergic (Palkovits et al., 1974).and
originates in the A1 cell group of the ventrolateral medulla
(Sawchenko and Swanson, 1981)., The nucleus of the tractus
Bolitarius and locus ceruleus contribute only a small number
of noradrenergic fibers to the SON (S5awchenko and Swanson,
1982; Jones and Moore, 1977). The noradrenergic plexus is
most dense ventrally and is thus in closest contact with
vasopressin-containing SON neurons {McNeill and Sladek,
1980). Large numbers of axo-dendritic noradrenergic
contacts have been identified in the ventral glial lamina
underlying the SON although a lesser number of axosomatic
contacts occur throughout the nucleus (Alonso and
Assenmacher, 1984; McNeill and Sladek, 1980). Thus, the
ventrally directed dendrites of SON neurons appear to be
critical to the cell's contact with the noradrenergic
innervation (Sawchenko and Swanson, 1982; Alonso and

Assenmacher, 1984).

Acetylcholine: Deafferentiation of the SON has little

effact on its content of choline acetyltransferase, a
specific marker for cholinergic neurons (Meyer and
Brownstein, 1980). Thus, as with GABA, the cholinerglic
innervation of the SON appears to originate locally. Mason
et al. (1983) used immunocytochemical and histochemical

technigues to identify a diffuse group of cholinergic
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neurong dorsolateral to the SON whose processes enter the

nucleus and appear to be responsible for its cholinergic

innervation.

x

Other Brain Regions: A number of other brain regions

contribute afferents to the SON. Neurons of the subfornical
organ which project heavily to the SON (Miselis et al.,
1979; Lind et al., 1980; Renaud et al., 1983; Tribollet et
al., 1985) may contain angiotensin II (Lind et al., 1984).

A projection from the amygdala (Zaborsky et al., 1975)
probably t;rminates primarily dorsal to the SON (Tribollet
et al,, 1985; Oldfield et al., 1985). Although this input
is reported to be inhibitory (see section 1.4.3) the

transmitter mediating this effect i8 unknown at present.
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1.3 Synthesis, Processing, Transport and Secretion of

Vasopresasin and Oxytocin

Since du Vigneaud (1956) deduced the primary structure
of the cyclic neuropeptide vasopressin, the neurohypophysial
hormones have been a model system for the study of the
synthesis, processing, transport and secretion of peptide
.hormones ksee reviews by Brownsteln 1980; Pickering, 1978;
Pickering et al., 1983). Vasopressin and oxytocin can be
studied with relative ease because large amounts of the
hormones that are synthesized and secreted and the sites of

synthesis, transport and secretion are physically separated.

1.3.1 Synthesis and Processing of Vasopressin and Oxytocin
Sachs and coworkers were the first to suggest that
vagsopressin and the associated protein, neurophysin, are
synthesized from a high molecular weight precursor (see
Sachs et al., 1969). Ultimate proof of this theory was
obtaingé recently when the sequence of a complimentary DNA
(cDNA) for messenger RNA coding for vasopressin was
determined (Land et al., 1982). The primary sequence of
"pre-provasopressin-neurophysin” was deduced from the cDNA
sequence and revealed that the precursor contains (in order
from N- to C~terminus) a signal peptide, vasopressin,
neurophysin, and a quﬁfprotein- Similarly, Land et al.

(1983) determined the primary structure of pre-prooxytocin-

neurophysin and showed that it is homologous to pre-provaso-
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pressin-neurophysin except for the absence of a glycoprotein
from the C-terminus.

The pre-prohormones are processed to thelr respectdve
hormones by removal of the N-terminal signal peptide and, in
the case of vasopressin, the C-terminal glycoprotein. Thus
pro-oxytocin-neurophysin and pro-vasopressin-neurophysin are
compoged of oxytocin and vasopressin attached to their
respective neurophysin by the tripeptide
glycine-lysine-arginine (Land et al., 1982,1983). The
paired basic amino acids serve as a site for the enzymatic
cleavage of the prohormones. The remaining C-terminal
glycine probably donates its amino group in the C-terminal
amidation of vasopressin and oxytocin (Land et al., 1983).
Finally, a disulfide linkage forms hetween cysteine residues
in ‘positions 1 and 6 of both hormones (cf. du Vigneaud,
1956) to form the characteristic 6-amino acid ring

structure.

1.3.2 Transpo;t of Vasopressin and Oxytocin

Information concerning the sites of synthesis and
processing of vasoptes;in and oxytocin has been obtained in
pulse-chase experiments. 358-cysteine or 35S-methionine
injected near the SON was rapidly incorporated into proteins
by neurosecretory cells. Following synthesis on ribosomes

in the somata of SON neurons, the prohormopes are packaged

in granules and transported to the neurohypophysis (See
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Brownstein et al., 1980). Radioactivity associated with
vagsopressin is present in the neurchypophysis within 1%
hours qf injection in the SON (Sachs et al., 1969; Heap et
al., 1974). This indicates that the granules are conducted
over the 3 mm distance by fast axonal transport at a rate
estimated to be greater than 200 mm/day (Brownsteln et al.,
1980). '
Radjoactivity found in the neurohypophysis within
several hours of injection of tritiated amino acids into the
SON is mostly associated with large molecular welght
proteins, probably the precursors of vasopressin and
oxytocin (Brownstein et al., 13980). These radioaﬂfive
protein species disappear over several days until ﬁPst of the
\
radiocactivity can be associated with vasopressin, oxXtocin
and their neurophysins. Since auntoradiographic ?tud}és
confirm that thils radicactivity 1s confined to secretory
granules (Kent and Williams, 1974) Brownstein et al. (1980)
concluded that the granules must contain, not only the
hormones bound to their neurophysins, but also the enzymes
and other factors necessary for their processing. Thus,
processing of the hormone precursors appears to occur during
and following axonal transportation from the SON to the
neurohypophysis.
Heap et al. (1975) traced the progress of radiolabelled
neurosecretory granules through the neurohypophysis using

autoradiography. Labelled neurosecretory granules were

«
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observed in three sites: 1) axons, 2) smallkaxonal
dilatations, in which small granules were present, termed
"endings™ and 3) larger dilatations in which large granules
were present, termed "swellings"™ and resembled Herring )
bodies (Herring, 1908). Based upon the time-course of
their appearance at, and disappearance from each site, Heap
et al. (1975) concluded that granules containing
newly-synthesized material proceed from axons to "endings"®
and thereafter to "swellings™. The possible significance of

these data is discussed below (Chapter 1.3.3) as it .applies

to secretion of newly synthesized hormone.

1.3.3 Secretion of Vasopressin and Oxytocin

Experiments with isolated neurohypophysis in vitro
(Douglas, 1963;‘Douglaa and Poisner, 1964) were important to
the formulation of the theory of stimulus-secretion coupling
(see Douglas, 196?#. According to this theory, vasopressin
and oxytocin ate'ieleaaed in response to calcium flux into
nerve terminals provoked by membrane depolarization.
Experimentally, depolarization was induced by elaectrical
stimulation of the isolated glands or exposure to medium
containing an elevated concentration of potassium. In vivo,
depolarization is presumed to be due to invasion of the
neurohypophysial terminals by action potentials generated in
the somata of SON neurons. The correlation between

electrical activity of neurosecretory neurons and secretion
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of vasopressin and oxytocin supports this hypothesis (see
Poulain and Wakerley, 1982) and Section 1.4.4).

Secretion of neurophypophysial hormones is8 thought to
occur by exocytosis (See review by Pickering, 1978). Thus,
according to the scheme of Palade (1975), secretory granules
fuse with the plasma membrane and discharge their contents
into the extracellular space where it eventually enters the
portal circulation. Details of the mechanism of exocytosis
are lacking. PFor example, the role of calcium in this
process, although critical, is still obscure.

Several interesting observations have been made
concerning the "pools”™ of vasopressin available for release.
Experiments performed both in vivo and in vitro showed that
high levels of release of vasopressin are not maintained or
repeatable (Sachs et al., 1967, Sachs and Haller, 1968;
Thorn, 1966; Ingram et al., 1982). The releagse of oxytocin
may undergo a lesser degree of "fatigue®" (Bicknell et al.,
1984). ©Sachs and Haller (1968) proposed the axistence of a
readily "releasable pool" of vasopressin which compriases
no more than 10-20% of the total content of the
neurophypophysis. It might be separated from "unreleasable"
vasopressin either: 1) morphologically in different
dilations, 2) extragranularly as opposed to intragranularly,
or 3) within active as opposed to inactive neurons. No

evidence is available to support the latter possibility.
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The second possibility is unlikely in view of evidence
aupporting exocytotlic release of vasopressin/ggge above).

.
An argument in support of the first hypotheslg can be
formulated based upon atudies that show that
newly-synthesized vasopressin is preferentially released
by neurohypophyses iﬁ vitro (Sachs and Haller, 1968;
Nordmann and Labouesse, 13981). Taken together, this
physiological evidence and the morphological data of Heap et
al. (1975) suggest that newly synthesized vasopressin
contained in granules is briefly available for release from
terminals before being transported to swellings for storage.
However, failure of the calcium signal, either through
reduction of {ts influx or its intracellular effects, could

also account for the fatigue of vasopressin release (See

congsideration in Section 1.4.4). _
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1.4 Electrophysiology of SON neurons
e

Kandel (1964) demonstrated that neurosecretory neurxons
have electrical properties similar to other central nervous
system neurons in his studies of the preoptic nucleus of
teleost fish. Following confirmation of this finding 2an
mammals (Yagi et al., 1966; Ishikawa et al., 1966) the
electrical activity of mammalian ncurosgsecretory neurons
became a subject of intense investigation (see reviews by
Poulain and Wakerley, 1982; Renaud et al., 1985). These
studies have provided information which now allows
identification of SON neurons according tJ Qheir firing
patterns, both spontaneous and stimulus or reflex—evoked
({Section 1.4.1 and 1.4.3). Intracellular recordings provide
insight into the membrane pr;pe;ties of SON neurons
responsible for generation of these characteristic firing

patterns (Section 1.4.2) and their relevance to secretion of

hormones (Section 1.4.4).

AY
1.4.1 Identification of SON neurosecretory neurons

Antidromic activation: The axong of SON neurons

project uniformly to the neurohypophysis (Section 1.2).

Yagi et al. (1966) showed that antidromically conducted
action potentials can be recorded in the mammalian SON
following electrical stimulation of the neurchypophysis.
This procedure has since been used routinely to i1dentify SON

neurosecretory neurons during electrical recordings (eg.
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Dyball and Koizumi, 1969; Yamashita et al., 1970; Poulain et
al., 1980; Armstrong and Sladek, 1982; Bourque and Renaud,
1983; Day and Renaud, 1984; Barker et al., 1971; Harxis,
1979; Koizumi and Yamashita, 1972; Wakerley et al., 1975).
Three criteria verify the antidromic nature of the evoked
action potential: 1) all-or-nothing, constant latency spike,
which 2) follows high frequency (larger *han 160 Hz )
stimulation, and is 3) cancelled by 'collision' with a
spontaneous orthodromic action potential (See detailed
explmnation in Poulain and Wakerley, 1982). lLatencies for
somatic invasion of the antidromic spike are typically 8-20
msec indicating that SON neuron axons have conduction
velocities of approximately 0.5-1 m/sec (Yagi et al., 19ur;

Yamashi*a et al., 1970; Koizumi and Yamashita, 1972).

Intracellular Injection of Marker Dye: During intra-

cellular recordings from SON neurons in vitro in brain
8lices or explants, antidromic activation is often
impractical. Although in vitro recording systems ease
visual positioning qf micro—pipette? in the SON (Andrew et
al., 1981; Bourque, 1984) confirmation of recording sites by
intracellular injection of a marker dye (cf. Thomas and
Wilson, 1966) is essential. Several groups (Andrew et al.,
1981; Reavesg et al., 1982; Yamashita et al., 1983; Bourque,
1984) have accomplished this using the ¥luorescent

naphthalimide dye, lucifer yellow introduced by Stewart
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(1978). Histological examination of the lucifer yellow-
filled SON neuron not only confirms its identity but opens
the experimental avenues discusssed below.

Spontaneous Action Potential Firing Patterns: SON

neurons identified by antidromic activation demonstrate
three broadly-defined catagories of spontaneous activity
patterns (Poulain et al., 1977; wakerley et al., 1378):

1) slow, irregqular — characterized by low mean firing

rate (0-3 spikes/sec) and frequent silent periods,

2) fast, continuous - characterized by unintcrrupted

firing at_a mean rate of 3-15 spikes/sec, and

3) phasic - described in the rat by Wakerley anad
Lincoln (1971) and characterized by alternating
10~-90 sec periods of action potential ?iring { »
Hz) and guilescence.

Individual neurons sometimes exhibit more than one of these

firing patterns during prolonged recording sessions,

particularly d&ring responses to some of the manipulations

to be described below. Nevertheless, the pattermnm of firing

i8 an indication of the hormone content of the neuron and

the rate of release of that hormone (Section 1.4.4).

Autonomic reflexes and the identification of

vasopressin and oxytocin neurons: The release of oxytocin

and vasopressin is governed by autonomic reflexes. Most

notably, suckling leads to oxytocin release and milk
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a

ejection (Lincoln and Wakerley; 1974, 1975) and vasopressin
release is closely regulated by plasma osmolality and blood

volume (Dunn et al., 1973). Since.vasopressin and oxytocin
S5
0]

are contained in separfte neurons in the SON (Vandesande and

Diﬁrickx, 1975; Swaab et al., 1975) it was anticipated that
these populations of neurons wou%ﬁ respond differently
during autonomic reflexes.

Lincoln and Wakerley (1974,1975) showed that about half
of SON neurons fire a synchronous, high frequency burst of
aition potentials 10-15 seconds before milk ejection. The
spontaneoﬁs activity pattern of these neurons was usually
"continuous” or "slow, irregular® prior to the burst:

"phasic™ neurons rarely fired a burst prior to milk

.
«-m

ejection. Therefore "phasic" neurons were deemed to be
vasopressin-secreting vhile continuously firing cells were
likely to be oxytocin-secreting.

This relationship was affirmed by experiments that
tested the respénses of "continuous™ and "phasic®™ SON
neurons té manipulations known to alter vasopressin
secretion. Thus, hemorrhage increased the firing of
"phasic" SON neurons (Wakerley et al.,‘1975) while baro-
receptor activation (;ncreased blood pressure) -abruptly
halted firing of SON neurons (Yamashita, 1977; Kannan and
Yagi, 1978) an effect reported to be restricted to, "phasic"

neurons (Harris, 1979). Responses to changes in plasma

» osmolality were not restricted to one category of SON
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neuron {Brimble and Dyball, 1977).

Conclusive proof that "phasic™ SON neurons contain
vasopressin could best be obtained by coupling intracellular
recording of phasic activity followed by injection of
lucifeér yellow (see above) with immunocytochemical staining
for vasopressin and oxytocin. Studies using this approach
confirmed that most phasic SON neurons are immunoreactive
for vasopressin but not oxytocin (Yamash.ta et al., 19813).
However, 30% of phasic SON neurons were unstained in these
studies, leaving an element of doubt concerning the hormonal

content of ®"phasic”™ SON neurons.

1.4.2 Intrinsic electrical properties of SON neurons
Intracellular recordings from rat (Andrew and Dudek,
1982,1983,1984,a,b; Mason, 1983a; Bourque, 19B4; Bourque and
Renaud, 1985a,b; Bourque et al., 1985) and guinea pig (Abe
and Ogata, 1982, Abe et al., 1983) S50N neurons in vitro have
begun to provide a description of the intrinsic electrical

properties that underly their firing patterns.

Properties of the "Resting” Membrane: SON neurons

maintain resting membrane potentials of 50-70 mV (Andrew and
Dudek, 1982; Bourque and Renaud, 1985; Mason, 1983a). In
keeping with their small size, input resistance is high
(100-400 MQ) and cell-time constants are long ;8-20 msec).
The voltage-current relationship is linear for

hyperpolarizing pulses (Mason, 1983a) but depolarizing
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pulses are subject to strong rectification (Bourque, 1984).
This rectification is reduced by calcium channel blockers
such as cobalt (Bourque and Renaud, 1985b) indicating that
it 418 due in part to the voltage-dependent activation of a
calcium current. These passive electrical properties, when
conslidered with the simple dendritic morphology of SON
neurons (Section 1.2), predict efficient conduction and

5

summation of saynaptic and non-synaptic voltage transients

(see below).

Action Potentials: Overshooting action potentials in

SON neurong attain amplitudes up to 100 mV with durations of
1.0 - 3.5 msec (Mason, 1983a; Bourque and Renaud, 1985a,b;
Andrew and Dudek, 1984). Blockade of Na* channels with
tetrodotoxin (TTX) raises the thre;éold for firing of a
TTX-resistant splke (Andrew and Dudek, 1983; Bourque and
Renaud, 1985) which is reversibly abolished when CaCl2 is
replaced by equimolar EGTA, Cd**, Co** or Mnt*. &Thua, both
Na* and Ca** currents contribute to action potentials in SON
neurons. Both lons also contribute to compound action
potentialsktecorded optically in neurohypophysial axon
terminals (Salzberg et al., 1983).

Prolongation of action potentials by tetraethylammonium

(TEA) indicates that potassium currents contribute to action

potential repolarization in SON neurons (Bourque and Renaud,
1984). Enhanced Ca** entry consequent to blockade of

v

voltage and/or Ca**-dependant potassium currents likely

1
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accounts for the increase in spike duration.

Action potential duration also varies as a function of
spontaneous firing fregquency and is maximal at 10-20 Hz
(Bourque and Renaud, 1985b). Furthermore, dynamic
broadening of action potentlials occurs at the onset of
spontanecus phasic bursts; spike duration is increased a
much as 100%. The changes in duration are blocked by Cat**t
channel blockers indicating they result from enhancement of
the cat* component of the action potential, perhaps as a
consequence of gradual inactivation of the potassium
currents that terminate the spike. Similarly, increased
entry of calcium in neurohypophysial axon terminals during
rapid or phasic firing might increase release of vasopressin
and oxytocin (See section 1.5).

Hyperpolarxizing After-Potentials and antidromic

inhibition: Action potentials in SON neurons are followed
by a hyperpolarizing after-potential (Andrew and Dudek,
1984; Koizumi and Yamashi;a, 1972; Mason, 1983}. A similar
hyperpolarization followsa high frequency trains of spikes
induced by repetitive antidromic stimulation or
intracellular current injection (Andrew and Dudek, 1984),
These potentials result primarily from activation of a Ca**t
dependent K* current following influx of Ca*t during action
potentials (Bourque et al., 1985) and function to limit
action potential firing frequency.

The existence of a recurrent inhibiting mechanism has
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been inferred from the period of reduced excitability
that followsa antidromic activation (Barker at al., 1971b;,
Dreifuss and Kelly, 1972). The hyperpolarizing after-
potential that follows antidromic spikes is of similar
duration (Koizumi and Yamashita, 1972) but is not graded by
stimulus intensity and disappears below threshold for
antidromic activation (Bourque and Renaud, 1983). These
data indicate that most of what has been termed as
"post-antidromic inhibition™ does not result from synaptic
activation of a recurrent collateral pathway, but rather
from an intrinsic inhibitory mechanisﬁ%ri.e. a
calcium~activated potassium conductance (Andrew and Dudek,

1984; Bourque et al., 1985).

Depolarizing after-potential and spontaneous phasic

acéivitx: Repetitive antidromic (Dreifuss et al., 1976) or
orthodromic (Thompson, 1982) activation can induce premature
onset of phasic bursts. This effect appears to be daependent
upon periodic fluctuations in the excitability or refract-
oriness of phasic SON neurons since the effectiveness of
these stimuli is low immediately following a spontaneous
burst but increases progreaa%vely with time. Intracellular
recordings have shown that the periodicity of phasic firing
can be modified by small adjustments of membrane potential
with current injection (Andrew and Dudek, 1983, 1984a) and

that spontaneousa synaptic input to SON neurons is
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unpatterned (Andrew and Dudek, 1984a; Bourque, 1984).
Therefore, in agreement with extracellular observations
(Hatton, 1982) phasic firing reflects an intrinsic property
of SON neurons (see Renaud et al., 1985).

Andrew and Dudek (1983, 1984a) made several salient
observations which provide an explanation for the ability of
SON neur;ns to generate repetitive burst firing. Single
action potentials, or brief current-evoked bursts, are
followed by a late 2-5 mV depolarizing after-potential that
lasts 1-2 msec and persists in the absence of synaptic
tranamission. Therefore, when action potentials occur in
succession (;a at the beginning of a phasic burst) thelir
depolarizing after-potentials summate and may eventually
reach threshold. Repetitive firing ensues and is sustained
by summation of depolarizing after-potentials into a
"plateau” potential (Andrew and Dudek, 1984a). According to
these authors, termination of the phase cannot be aexplained
by synaptic inhibitory drive or active repolarization (eg:
by calcium-dependent potassium current). Characteristically,
action potential firing slows and fails at the end of a
phase although the plateau potential is maintained. The
cell then hyperpolarizes and begins a depolarizing drift
that culminates in a subsequent phase (Bourque, 1984).

Large, calcinm;a;pendent plateau potentials in cultured
fetal hypothalamic neurons resemble phasic bursts in adult

neurons in many respects (Legendre et al., 1982; Theodosis
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et al., 1983). Although the amplitude is far greater than
that observed in adult neurons? the voltage-~dependence

of plateau duration 1s very similar to that of phasic burst
duration (cf. Andrew and Dudek, 19B4a). Similar calcium~
dependent plateau potentials are observed in adult SON
neurons when potassium channels are blocked by intracellular
injection of cesium (Bourque et al., submitted). However,

[

platecau durations are increased tremendously by replacing

** currents

medium calcium with barium. Barium carries Ca
but does not mimic the intracellular actions of cal~.um such
as Ca++—dependent activation of XK' currents and
ca**-dependent inactivation of Ca** currents (See Eckert and
¢
Chad, 1984). Thus plateau termination appears to depend not
only on potassium currents that hyperpolarize the cell, but
also upon Ca++—dependent inactivation of the calcium current
underlying the plateau. While plateaus of this size do not .
occur in untreated adult SON neurons, the underlying
current(s) may be responsible for the depolarizing
after~potential and plateau potential. Accumulation of
intracellular calcium during a phasic burst may lead to the

calcium-dependent inactivation of the plateau current and

burst termination.

Synaptic and Non-Synaptic spontaneous potentials:

Several groups have reported the efistence of spontaneous

excitatory and inhibitory synaptic potentials in SON neurons
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which are abolished by tetrodotoxin or Ca**t channel blockers
(Andrew and Dudek, 1984a,b; Bourque, 1984; Mason, 1983).

No detailed study of the potentials has been reported,
although inhibitory post-synaptic potentials are reported to
reverse polarity upon membrane hyperpolarization (Andrew and
Dudek, 1984a) and to be sensitive to intracellular injection
of chloride ions (Bourque, 1984; Mason, 1983). Spontaneous
post-synaptic potentials occur randomly and do not appear to
participate in phasic burst generation (Andrew and Dudek,
1984a).

A second class of brief, sub-threshold, depolarizing
potentials have been indentified in SON neurons (Bourque,
1984). These "fast-depolarizing potentials”™ can be
distinguished from post-synaptic potentials by their
insensitivity to ca‘*t channel blockers, their small
amplitude (1-4 mV), their symmetrical shape, and pronounced
voltage~dependence. Their voltage dependence and
sensitivity to tetrodotoxin indicate that fast-depolarizing
potentials may arise from the activation of small numbers of
cation channels. The high input resistance of SON neurons
may permit resolution of the current (50 pS) flowing through
single or clusters of cation channels in a manner similar to
that proposed for pituitary cells (See Vincent and Dufy,
t982).

Osmosensitivity of SON neurons: SON neurons respond to

an increase in plasma osmotic pressure by increasing their
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electrical activity (Brimble and Dyball, 1977) and hormone
output (Dunn et al., 1973). Neurons in many central
(Iovino et al., 1983; Mangiapane et al., 1983; Sladek and
Johnson, 1983; Yamashita and Kannan, 1976) and per}pheral
(Baertschi and Vallet, 1981) locations undoubtedly
contribute to this neurocendocrine reflex. However, recent
electrophysiological experiments in vivo (Leng, 1980) and
in vitro (Abe and Ogata, 1982; Bourque and Renaud, 1984;
Mason, 19B80) suggest that SON neurona are endogenously
oemosensitive. Synaptic input to SON neurons serves to
increase the sensitivity of the response or to amplify the
output (see Renaud et al., 1985).

The mechanism of the response to osmotic stimuli has
been studied using intracellular recordings in vitro (Abe
and Ogata, 1982; Mason, 1980). Increasing the osmotic
pressure of the bathing medium with NaCl, mannitol or
sucrose induces a membrane depolarization and enhanced
action potential firing as a result of inactivation of a
potassium conductance (Abe and Ogata, 1982). The frequency
of spontaneous post-synaptic potentials also enhanced in
hyper-osmotic solutions. Thus the output of SON neurons
depends upon intrinsic and extrinsic factors responding to

osmotic stimuldi.,

1.4.3 Synaptic and Drug Responses of SON neurons

Electrophysiological studies of the past 20 years have
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identified several areas of the brain that influence the
activity of SON neurons. This section reviews these
reports and, where anatomical, physiological and
pharmacological studies are avajilable, portrays the role

that various brain regions may play in neuroendoanw{

control.

/

A1l Noradrenergic input: The function of the dense

noradrenergic input to the SON (Carlsson et al., 1962;
Palkovitz et al., 1974) from the Al cell group of the
ventrolateral medulla (Sawchenko and Swanson, 1981,1982)
has long been a source of controversy.

Secretion of vasopressin, usually indicated by a change
in diuresis, is generally enhanced by central administration
of norepinephrine (Bhargava et al., 1972; Bridges et al.,
1976; Xuhn, 1974; Milton and Paterson, 1974; Morris et al.,
1976) Olsson, 1969; Stutinsky, 1974; Urano and Kobayashi,
1978; Vandeputte-Van Messon and Peeters, 1975; Willoughby et
al., 1985) and diminished following destruction of central
catecholamine pathways (Everitt et al., 1983; Lightman et
al., 1984; Miller et al., 1979; Milton and Patterson,

1973). Similarly, oxytocin release, as evidenced by milk
ejection, 1is atimulated by central administration of
norepinephrine or the a-adrencreceptor agonist,
phenylephrine (Clarke et al., 1979) and reflex milk ejecé?on

is delayed by administration of a-antagonists (Moos

o
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and Richard, 1975; Clarke et al., 1979; Tribollet et al.,
1978).

In contrast, lontophoretic application of norepi-
nephrine is reported. to inhibit firing of SON neurons
(Arnauld et al., 1983; Barker et al., 1971; Moss et al.,
1971, 1972) an effect apparently mediated by B-adreno-
receptors (Barker et al., 1971}). In hypothalami¢ oigan
cultures, vasopressin release (Armstrong et al., 198B2) and
neurosecretory cell firing (Sakai et ;1., 1974) are
inhibited by norepinephrine. Furthermore, reflex milk
ejection 18 depressed by B-adrenoreceptor activation (Moos
and Richard, 1979; Tribollet et al., 1978).

Despite this controversy, two recent studies support a
facilitatory role of noradrenergic afferents in the release
of vasopressin: (a) First, electrical stimulation the A1
cell group enhances the activity of SON and PVN vasopressin
neurons {(Day and Renaud, 1984a,b). (b) Second, pressure
ejection of norepinephrine at concentrationg of 50-150
excites SON neurons via oa-adrenoreceptors whereas
concentrations of norepinephrine in excess of 1 mM induce a
B-adrenoreceptor- mediated inhibition (Day et al., 1985).
These findings suggest that iontophoretic application of
noreplnephrine (see above) resuvits in exposure of the
neurons to Righ concentrations of the drug (cf.
Armstrong-James and Fox, 19813).

A contradictory report by Blessing et al. (1982) that
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lesions encompassing the E% cell group are followed by a
brief rise in plasma vasopressin levels muay have been
misinterpreted as indicating that A1 neurons reduce SON
neuron activity. A recent report (Blessing and Willoughby,
1985b) now suggests the contrary, i.e. that micro-injection
of glutamate in the caudal ventrolateral medulla increases
plasma vasopressain, presumably by activating A1 neurons
which, in turn,.activate SON vasopressin neurons.
Furthermore, microinjections of muscimol, a GABA agonist,
in this same region, block the hemorrhage-induced 1increase
in plasma vasopressin (Blessing and Willoughby, 1985a).
These observations confirm the electrophysiologic impression
(Day and Renaud, 1984a,b) that A1 neurons are an important
excitatory link in the central nervous system pathways that
transmit cardiovascular information to hypothalamic
vasopressin neurons.

The role of noradrenergic afferents, particularly the
Al cell group, in control of oxytocin neurons is less well
established. Putative oxytocin-secreting neurons in the SON
or PVN do not d;monatrute an increase in excitability after
electrical stimulation of the§A1 cell group (Day and Renaud,
1984) and aie far less reaponsive.(compared wfth putative
vasopressin neurons) to pressure ejection of norepinephrine
(Day et al., 198S5). However, evidence for the participation
of a-adrenergic receptors in the milk ejection reflex is

compelling (see above), raising the possibility that
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oxytocin neurons of lactating rats are more responsive to
norepinephrine and noradrenergic afferents than they are at
other times in the reproductive cycle. Another possibility
is that dopamine, which increases SON neuron firing (Mason,
1983) and oxytocin reléase (Bridges et al., 1976; Clarke et
al., 1978) may be the catecholamine regulating oxytocin
secretion. Dopamine antagonists ddmintﬁte;ed éntravenous]y
block suckling-induced oxytocin secretion and milk ejection

(Clarke et al., 1979).

Limbic afferents: Anatomical studies have revealed

a modest projection from the septum and amygdala to the
region of the SON and PVN (Zaborsk; et al., 1975; oldfield
et al., 1985; Tribollet et al., 1985). Alterations in
neurohypophysial hormone release caused by emotional or
stressful stimuli (Mirsky et al., 1954; Cross, 1955;
Taleisnik and Deis, 1964; Keil and Severs, 1977) are likely
mediated by these limbic regions.

Two groupé have independently observed that electrical
stimulation of the lateral septum produces predominantly
inhibitory responses in SON neurons (Cirino and Renaud,
1985; Poulain et al., 1980) with both continous and
phasic firing neurons affected. Similar responses of SON
neurons to amygdala stimulatigﬂ are reported (Hanamura et
al., 1980; Cirino and Rena&d, 1985; Ferreyra et al., 1983;
Thompson, 1982). Septal stimulation has inconsistent effects

on the basal release of\ vasopressin and oxytocin (Aulsebrook
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and Holland, 1969). However, repetitive septal stimulation
inhibits suckling-induced release of oxytocin (Lebrun et
sal,, 1983) and osmotically-induced increase in SON
neurosecretory neuron firing (Yamashita and Kannan, 1976).
Furthermore, septal lesions abolish the reflex release of
vagopressin in response to bilateral carotid occlusion
(Harris et al., 1984) and induce chronic polydipsia and
polyuria associated with decreased vasopressin secretion
(Iovino et al., 1983).

The results indicate that limbic structures modulate
neuroendocrine reflexes involwving the SON. No direct evidence
is available concerning the transmitter substances present
in these afferent systems. However, the fact that a potent
inhibitory influence of septal and amygdalar stimulation is
observed on SON neural excitability allows speculation that ]
GABA is the transmitter underlying these effects. This
hypotheglis i8 supported by the observation that inhibitory
post—-synaptic potentials in neurosecretory neurons of the
paraventricular nucleus follow septal stimulation (Koizumi
and Yamashita, 1972). Further investigation i3 required to
clarify the role of these limbic structures’and the nature

of the transmitter mediating their influence.

Subfornical Organ: Anatomical studies at both the

light (Miselis et al., 1979; Lind et al., 1982) and electron

microscope level {(Renaud et al., 1983) reveal that the SON p
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receives a direft innervation from the subfornical organ.
This circumventricular structure is thought to be important
to drinking behavior and mediates the stimulation of
vasopressin release by circulating angiotensin II (Simpson
et al., 1978; Eng and Miselis, 1981; Knepel et al., 1982,
Iovino and Steardo, 1984). Electrical stimulation of the
subfornical organ produces a prolonged (up to 500 msec)&\/;/
excitation Jf the majority of SONlneurons of both classes

i.e. putative oxytocin and vasopressin-secreting cells (Sgro

h )
et al., 1984). Thus, although direct evidence is lacking,
it 18 proposed that ;timulation of the subfornical organ
w111 promote the release of both vasopressin and oxytocin.
Several structures ldécated rostral to the third
ventricle appear to participate in autonomic responses
conssquant to cantral adminisération of angiotensin II
(Brody and Johnson, 1980). However, the subfornical oégan
has angiotensin II-containing neurons whose fibers projec:~
to the PVN and SON (Lind et al., 1984). i¥f°' angiotensin II
receptors gave been localized in the SON (Mendelsohn et al.,
1984). In light* of the ability of anglotensin II to induce
phasic firing in cultured hypothalamic neurons (Gahwiier and
Dreifuss, 1980), it 1s tempting to speculate tgat centrally

administered angiQEEEiif II stimulates vasopressin secretion

via a direct action on neurosecretory neurons.
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Cholgggjﬁic control: The earliest studies of the

control of vasopressin secretion suggest a stimulatory role
for acetylcholine (Abrahams and Pickford, 1956). Subsequent
'stééi.a are unanimous in their conclusion that central
adminigptration of acetylcholine stimulates secretion of
vasopressin (Bhargava et al., 1972, Bridges et al., 1976,
Kuhn, 1974; Milton and Paterson, 1973,1974; Stutinsky,
1974, Vandeputte—-Van Messom and Peeters, 1974) and oxytocin
(Bridges et al., 1976). Similar responses are observed in
vitro 4in hyp;thalamo-neurohypophysial explants (Bridges et
al., 1976, Sladek and Knigge, 1977; Sladek and Joynt,
1979). Furthermore, since the electrical activity of SON
neurons is enhanced by acetycholine administered by
iontophoresis iﬁ Zil& (Arnauld et al., 1983; Barker et al,
1971: Moss et al.,1971,1972) or bath application in vitro
(Bloulac et al., 1978, éabwiler and Dreifuss, 1980; Hatton
et al@, 1983 ; Ogata and Matsuo, 1984; Sakai et al., 1974),
there is little doubt that acetylcholine enhances SON
neuronal functi
Magson et al. (1983) recently identified a diffuse group
of cholinergic neurons located in the lateral hypothalamus,
dorsolateral to the SON, whose processes appear to penetrate
the SON. Excitatory post-synaptic potentials can be
recorded in phasic SON ne?prs following electrical

stimulation of this region in hypothalamic slices (Hatton et

al., 1983). This excitation is blocked by the nicotinic

receptor antagonist, hexamathonium, but not the muscarinic
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receptor antagonist, atropine. Therefore, these cholinergic

neurons located dorsolateral to the SON may 1influence

vasopressin secretion.

1.4.4 Relevance of SON neuron firing patterns to
stimulus-secretion coupling

The majority of in vitro studies of the release of
vasopressin and oxytocin have utilized isolated neural lobes
impaled upon platinum electrodes. Hormone release evoked by
r;petitive electrical stimulation depolarizes axon
terminals, mimicking the effect of action potentials
propagated to the neurqghypophysis from somata in the
supracptic and paraventricular nuclei. Early studies showed
the amount of hormone released into the bathing medium was
dependent upon the number and frequency of the applied
stimuli, and the presence of calcium in the bathing medium
(breifuss et al., 1971; 1Ishida, 1967) in a manner
compatible with DJ%glas’ model (1966) of “"stimulus-secretion
coupling”™.

Subsequent studies have shown that the efficiency of
release of vasopressin (Bicknell and Leng, 1981; Dutton and
Dyball, 1979) and oxytocin (Bicknell et al., 1982), on a
"per stimulus" basis, is ‘eatly increased if electrical
stimulation is administered phasicall rather than
cont inuously, with pre—-recorded phasic activity used to

trigger the electrical stimulation. The high frequency of

short interspike intervals during phasic firing is thought
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to facilitate hormone release {(Dutton and Dyball, 1979).
Bourque and Renaud's (1985Db) observation of activity-
dependent changes in action potential duration provide one
explanation for this phenomenon, assuming that the changes
cbserved in gomata of SON neurons also occur in axon
terminals in the neurohypophysis. Enhanced calcium entry
during action potentials occuring at short intervals can be
expected to increase hormone release.

However, Bicknell and Leng (1981) argued that the
s8ilent period between phasic burats might also contribute to
the qfficlency of this stimulation pattern, by relieving the
fatigye of hormone release associated with prolonged
stimulation (See Section 1.3.3 and Ingram et al., 1982).
Recent experiments by Bourque et al. (submitted) suggest
that plateau potentials underlying phasic activity (cf.
Andrew and Dudek, 1984b) in SON neurons result from a
calcium~current that inactivates when calcium accumulates
intracellularly. Conceivably, calcium entry that undérlies
the plateau potential and is critical to stimulus-secretion
coupling is impalired during prolonged electrical stimulation.

This would result in a fall in hormone Becretion.
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1.5 Originality, Objectives and Overview

As our famjiliarity with the SON neuron increases, it
becomes important to adopt a holistic approach to further
investigation. Thus, morphological features of SON neurons
must be related to thelr membrane properties and afferent
inputs. The membrane properties and the neuropharmacology
of SON neurons must be studied simultaneously since neither
can be fully understood individually. Finally, firing
patterns gain significance primarily when correlated with a
measurement of the output of the neurons, ie: release of
vasopressin and oxytocin.

The results described in this thesis derive from
experiments performed using the perfused hypothalamic
explant (cf. Bourque & Renaud, 1983). The findings are
original and except for parts of Chapters 3 and 6, have not
appeared previously. In general terms, the objective of my
studlies was to apply this preparation to the study of many
aspects of SON neuronal function. The projects undertaken
are described as follows.

In CHAPTER 2, "Materials and Methods", the preparation
of the perfused hypothalamic explant is described. Detalils
of the modifications of the basic preparatio%/necessary to
perform each kind of experiment are given along with the

A
techniquas used in analysis of the data.
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In CHAPTER 3 "Serial Reconstruction of Lucifer
Yellow=-Filled SON Neurons®” details of the stereotyped
morphology of individual SON neurons are revealed more
completely than is possible with Golgi or immunocytochemical
techniques.

In CHAPTER 4 "Characterization of Spontanecus and
Evoked Post-Synaptic Potentlals (PSPs) in SON Neurons”™,
evidence is presented that inhibitory PSPs (IPSPs) in SON
neurons are mediated by a GABA~activated chloride
conductance. CHEAPTER 5 "The Effects of GABA on the Membrane
Properties of SON neurons” is a sequel to CHAPTER 4. The
effects of exogenous GABA on the membrane properties of SON
neurons are shown to resemble those of the IPSPs. These
findings support the hypothesis that GABA mediates
spontaneocus and evoked IPSPs in the SON (cf. Werman, 1969).

CHAPTER 6 "a~Adrenergic Activation of SON Neurons"”
describes & neuropharmacological study of the function of
the %&gfe noradrenergic innervation of the SON.
Norepinephrine 1is shown to excite SON neurons and induce a
bursting firing pattern via activation of a~adrenoreceptors.
The mechanism of actlion of norepinephrine is investigated
and data is presented that support a recent report
(Aghajanian 1985) that a,-adrenoreceptors modulate the
voltage-dependent, transient potassium current known as

P
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In CHAPTER 7 “"Norephinephrine-Induced Release of
Vasopresasin and Oxytocin from the Hypothalamic Explant”,
a neuroendocrinological study reveals that norepinephrine

acting on a,-adrenoreceptors stimulates vasopressin and

L
oxytocin release from the hypothalamic explant.

In CHAPTER 8 "Discussion®, the results of these and
other recent studies are incorporated in a model of the
neural circuitry mediating reflex secretion of vasopressin

and oxytocin. The model focuses on the possible role of

GABAergic and noradrenergic afferents to the SON.



CHAPTER 2

MATERIALS AND METHODS

The experiments described in this thesis were all
performed in vitro using perfused explants of rat
hypothalamus, prepared in a manner similar to that described

previously (Bourque, 1984; Bourque and Renaud, 1981).

2.1 Hypothalamic Explant Chamber

Hypothalamic explants were incubated in a twin-
chambered cylindrical bath (Figure 2-1) whose ocuter chamber
(Figure 2-1,no.6) contained distilled water maintained at
3s0¢ thermostatically. The inner chamber (Figure 2'15)4
congisted of a perspex disc with a central well filled to
within 1«2 mm of the top with Sylgard elastomer (Corning
Ltd.), thereby providing a shallow depression in which the
explant'could be fixed (see below).

Perfusion media (contents described below) were stored
at room temperature under a 958 O,: 58 CO, atmosphere in
reservolrs located approximately 1.5 meters above the bath.
These were gravity-fed through PE-~120 polyethylene tubing to
a series of solenoid-controlled 3I-way valves (General Valvas
Inc.) which allowed selection of control medium, or one to
four other media containing test substances. The selected

-

medium then flowed through a 30-40 cm segment of PE tubing
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contained within the outer bath where it was heated to 35 0.
The PE tubing was led through a hole in the top of the outer
chamber and connected to a pipette (Figure 2-1B) whose tip
diameter of 100-200um permitted medium flow rates of 0.6-1.5
mL/min. This pipette was fitted to a micromanipulator to
allow positioning in the stump of the internal carotid or
antexfor cerebral artery.

In order to avoid possible 1loss of CO2 by diffusion
from medium while in transit from reservoir to the bath, the
PE-120 tubing carrying the media from the reservoirs to the
valves were surrounded by Tygon tublng through which a 95%
0,1 5% CO, gas mixture was passed. This gas was directed
into the outer bath for humidification and then to the
vicinity of the inner bath via holes drilled in the plate
covering the outer bath so as to provide a warm, humidified,
oxygenated environment for the explant. A fibreoptic
illuminator positioned immediately below the inner bath

provided heat-free transillumination of the explant.

2.2 Preparation for Electrophysiology

All experiments utilized a perfused basal forebrain
explant from male Sprague-Dawley rats (150-300 g, Canadian
Breeding Farm Laboratories). Following decapitation, bones
forming the roof of the skull were rapldly removed and the
olfactory tubercles and optic nef¥ves were severed. The

brain was gently removed and attached by its dorsal surface
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to the base of an inverted petri dish using cyanoacrylate
glue. An explant of the basal forebrain measuring
approximately 10x10x3 mm and including the hypothalamus,
pituitary and parts of the temporal and frontal cortex,
optic nerves and chiasm and mesencephalon (Figure 2-2) was
cut carefully with razor blades to preserve the entire
vasculature of the Clrcle of Willis.

Following transfer to the inner bath described above
(Section 2.1) this brain explant was fixed in place with
four insect pins inserted into the 8y1ga;d. A micro-
manipulator-mounted perfusion pilpette with medium flowing
was then inserted into the right internal carotid artery and
the pipette tip advanced to the bifurcation of the anterior
and middle cerebral arteries. This caused the tissue to
blanch rapidly. Clptted blood was removed from arteries and
veins with jeweler's forceps and the optic nerves were
trimmed to the level of the optic chiasm, avoiding damage to
surrounding tissues.

To facilitate entry of recording electrodes in the SON
(Chapters 3-6) the arachnoidal and pial membranes as wsll as
small caliber arteries and veins were removed from the
ventral surface of the nucleus. The level of the fluid
covering the area of the supraoptic nucleus was kept to a
minimum (~200 um) by careful positioning of "wicks" of
filter paper or gauze to break the fluid surface tension.

Explants were allowed 2-4 hours of "equilibration™ prior to
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recording, during which time the tissue swelled some 10-15%
but remained stable thereafter. Explants were viable for at

least 12 hours as judged by the ability to obtain stable

recordings from SON neurons (see below).

2.3 Preparation for Hormone Release Studies

A series of experiments was performed to evaluate
control and drug-induced release of wvasopressin and oxytocin
from perfused explants (Chapter 5). Samples of effluent
perfusion medium were collected for radioimmuncassay of
vasopressin and oxytocin (see mection 2.9).

The explant was prepared as described above but with
several precautions and modifications (see Figure 2-3). The
usual perfusion medium was supplemented with bovine serunm
albumin (0.1%, to serve as a qatrler protein) and phenol red
(10 mg/1l, a pH indicator). To minimize damage to the
hypothalamo-neurohypophysial tracts during removal of the
brain from the 8skull, the diaphragma sella was torn using a
hooked 24-gauge hypodermic needle to free the pituitary from
the sella turcica. Damaged preparations were discarded.

In these experiments, optimal perfusion of the entire
explant was assured when both 1ECana1 carotid arteries were
cannulated (Figure 2-3). Blood clots were removed from ’
blood vessels and the optic nerves were cut as described
above, but the membranes overlying the SON were not

disturbed. Also, instead of positioning filter paper wicks
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to regulate fluid level, the pedium was allowed to collect
and cover the explant to a depth of approximately 1 mm.
Excess fluid was then drawn off via a suction pipette
positioned caudal to the pituitary and powered by a
peristaltic pump (see Figure 2-3). Finally, the pars
distalis of the pituitary (anterior pituitary) was removed
using the hooked hypodermic needle and fine sciasors,
leaving the partes nervosa and intermedia (neurointermedjiate
pituitary) intact so as to ease diffusion of secretory
products of the neurohypophysis into the medium. Explants
were incubated for 1 hour prior to collection of mediun. 3
During the 1-3 hour experiments, 1 or 2 minute
fractions of effluent medium were collected in 16x100 mm
polystyrene test tubes. Samples were immediately trans-
ferred to ice, and later frozen (-200 c) anad lyophilized for

shipment.

2.4 Perfusion Media and Drug Application

The "control” perfusion medium consisted of a modified
Yamamoto's solution (cf. Yamamoto and McIlwain, 1966) and
contained (in mM) Nacl (124), KC1 (23}, KH ,PO, (1.25),

MgCl ,.2H,0 (1.30), CaCl ,.2H ,0 (2.4), NaHCO , (26), Glucose
(10.0). The csmolality of the medium was determined by
freezing-point osmometry (Advanced instruments micro-

ocgmometer OSM) and adjusted when necessary, to 295 + 2 mOsm

usually by the addition of 10-50 ml of water. The medium
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was equilibrated with a 95% Ozx 5% CO2 gas mixture as
described above (section 2.1).

Modifications of the ionic composition of the medium
were made by equimolar replacement of NaCl with KC1l or
MgCl ,.2H,0 8o as to obtain media containing 2-10 mM K'Y, or
10-15 mm Mg‘**. Medium containing 10.4-78 mM C1~ was
obtained by equiosmolar replacement of NaCl with
NaGlucuronate. Replacement of KCl with KHZPO“ and MgCl2

with Mgso,, lowered medium Cl~ to 4.8 mM (contributed by

caCl,).
/

These media were stored in separate reservoirs,
equilibrated with 958 O ,: 5% CO, and selected using the
ramote-controlled solenoid valves (Figure 2-1),.
Pharmacological antag?puats {phenoxybenzamine, phentolamine,
prazosin, yohimbine, Bicuculline methiodide and strychnine~
sulphate) and pentobarbitol were dissolved in 200-500 ml of
perfusion medium and administered by switching from control
to test medium as described above. Because of its poor
solubility in agueocus solutions, prazosin was first
biseolved in dimethylsulfoxide (PMSO) and then diluted to
the desired concentration. In these experiments, an
egquivalent amount of DMSO (not exceeding 0.005%) was added
to all media. Due to the "dead space” of the tubing
supplying the chamber, medium changes began after a delay of

1-2 minutes, depending upon the flow rate, but then

proceeded rapidly over 30-60 seconds.
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In order to test the effects of pharmacological agents
(especlally agonists) on steady-state phenomena (membrane
potential, firing rate, input resistance) two methods of
rapid and brief drug application were used. A 30-gauge
hypoéermic needle was insertcd into the perfusion line as
shown in Figure 2-1 (#1) and connected via PE10 tubing to a
syringe containing a concentrated solution of ‘dr‘ug dissolved
in control medium. Delivery of the drug was controlled by a
syringe pump (Hamilton) ain the range 12-240 pl/man. Using
the measured flow rate, the dilution (a.nd thus
contcentration) of drug was calculated. In control
experiments, administration of hyperosmotic or
dye~c;3ntaining solutions confirmed the acgurac of the
dilution calculation. Following a short delay\which
depended upon flow rate and pump speed (see Figure 2-3), the
concentration of the substance rose to its maximum within
5-30 ;seconds and fell to less than 10% within 30-60 seconds
of termination.of the administration. In all figures,
symbols (usually bars) indiclate the actual timing of drug
administration. No correction was made for dead space
delay.

For extracellular recordings from SON neurons, it was
also possible to use pressure to eject small pulses of drug
from pipette barxels attached to the recording electrode

(Figure 2-5). Three pieces of fibre-filled glass tubing

(100 mm long, outer diameter = 1.5 mm, inner diameter =

/



50
0.9 mm, W—~P Instruments, Cat# 1B150F) were attached together
uging heat-shrink tubing and dental cement or epoxy. The
tubes were heatedﬂltwisted and then pulled on a Narashige
vertical plipette puller yielding two triple-barrel
micropipettes. The micropipettes were broken back to a tip
diameter of 2-10 um and then bent using a deFonbrune
Microforge and a small flame. They were then a;tarhed te a
recording electrode (5-20 M) using cyancacrylate glue and
dental cement (see Figure 2-5). )

The barrels of the ejection pipettes wer®e then filled
with medium containing drugs at known concentrations and
connected via Tygon tubing to a pressure ejection system
(Picospritzer, General Valves Inc). Pressures of 3-40 psi
were used with 10 mgsec-10 sec pulses, depending upon the
concentration of drug used and the patency of the ejection
barrels. This method yielded results similar to those
obtained with bath application but provided less control

™~ v

over local drug concentrations.

2

2.5 Ex4&racellular Recording

In certaln experiments, extraqellular recordinéa
were obtained using glass micropipettes (1.5 mm OD., with
microfilament) filled with 2 M NaCl (5-20 MQ). Positioning
of the recording electrode was achieved with an LPC ;ﬁcro—
manipulator. Signals were amplified conventionally (WPI

M~707 preamplifier and an operational amplifier, total
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10,000x AC, bandwith 0.5-5 XHz), displayed on an oscillo-
scope, stored on magn;tic tape (JVC KD-D20 casette deck),
and led through a variable voltage gate to the interrupt bus
of a PDP 11/23%, compu@er for spike train analysis (rate-
meter, time interval histograms, post-atimulus histograms;
Figure 2-6). 1In addition, a concentric bipolar stimulating
electrode (diameter 0.2 mm) was placed on the pituitary
stalk to allow identification of SON neurons by antidromic
activation. The stimulating electrode was connected to an
igolated stimulating unit (Digltimer DS2) which was
controlled by an external clock (Digitimer 4030) to deliver

il

urrent ulses (50 usec, 0.1-1 mA).
T d - TS

2.6 Intracellular Recording

0y

Intracellular recordings were obtained using glass
micropipettes made by pulling 10 cm sections of capillary
tubing (containing a microfilament, OD = 1.2 mm, ID = 0,6

L)
mm, Fredrick Haer) on a Brown and Flaming (P-77A) pipette
puller. Micropipettes filled with either 3IM-Potassium
chloride (KCl) or 3M-Potassium aceta;e (KAc) had tip
resistances of 70-300 MQ, Electrodes were connected via an
Ag-AgCl electrode to the input stage of a Mentor N-950
pre-amplifier using 5 kHz low pass filtering (see Figure
2-7). A separate Ag—AgCl'wire inserted into the inner bath
provided the floating reference ground necesgsary for the

Mentor pre-amplifier. High resistance electrodes must be
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used to obtain good quality impalements from SON neurons.
Therefore, capacitance compensation was applied atﬁthe input
to avoid attenuation of high frequency components of the
voltage signal. Capaéitance compensation was adjusted prior
to impalement of a cell by "squaring"” the voltage response
to a current pulse applied through the unbalanced bridge
circuit. The bridge circuit was then balanced by
eliminating the time-independent voltage deflection induced
by a similar current pulse. The remaining capacitive
artifacts at the beginning and end of such pulses had

A ]
durations of <0.2 msec. Bridge balance was monitored

closely during recording and adjusted when neceasé;ya This
was important because the accuracy of measurements of
membrane potential and input resistance (section 2.7) are
dependent upon precise ‘balancing of the bridge circuit.
Current pulses were supplied by i1solated stimulating units
(Digitimer DS2) controlled by a programmable clock
(Digitimer 4030). Voltage and current signals from the
pre-amp as well as trigger pulses from the clock were stored
on magnetic tape (7.5 i.p.s.) with an FM recorder (RACAL)
and monitored on an oscilloscope (Figure 2-7).

Impalement of SON neurons were obtained by advancing
the electrode by 4 ym steps with a pilezoelectric
micropositioner (Burleigh) and applying 2-10 nA depolarizing

pulses (40-50 msec) of current through the electrode.,

Overcompensation ("buzzing”) of the capacitance compensation
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of the preamplifier was less effective. Impalemants were
improved by applying .05-.2 nA of hyperpolarizing
(*holding™) current for the first 1-2 minutes following
penetration of a cell. In "well {impaled” neurons, this
current could be removed within 3J-4 minutea. Criteria for
determining the gquality of impalement included (1) resting
membrane potential of S0 mV or more, 2) overshooting action
potentials of amplitude at least 70 mV, 3) input resistance
greater than 75 MQ, 4) strong inward rectification of the
voltage response to depolarizing current pulses, and 5)
spontanecus activity patterns that were similar to those
noted in vivo.

Data processing and analysis was performed 'ot!-line'—
following the experiments. Recorded signals were played
back on the Racal recorder and led to either a storage
oscilloscope (Tektronix R5103N), a digital oscilloscope
(Data Precision, model Data 6000) or to a pen plotter (Gould
Inetrament 22005) as shown in FPigure 2-7. The storage
o8cilloscope was used primarily to make manual measurements
of membrane potential, particularly for construction of
current-voltage plots and analysis of responses to drugs.
Traces displayed on the oscilloscope were photographaa with
a rack-mounted 35 mm camera (Pentax) using Kodak
Technical-Pan film processed for maximum contrast.

Analog signals fed into the digital oscilloscope were

digitized at 1-20 kHz depending upon the nature Af the
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signal to be analyzed. Digitizred data were either
plotted directly (Hewlett-Packard 7470A plotter) or were
processed using the system programs of the Data 6000
(especially signal averaging) or programs supplied by the
user. In particular, semi-log plots of the decay of voltage
transients (current pulses, IPSPs) were o;tained in this way.

Traces of duration 1 sec or more were plotted on the
Gould pen recorder from taped signals using playback speeds

of 1/8 oxr~1/16 the recording speed (frequency response DC-

1kHz at 1/16).

2.7 Measurement of Input Resistance and Conductance

Input resistance (Ry,) was estimated Sased upon the
amplitude of the membrane voltage deflection (AVm) in
response to intracellular injection of current pulses ( AI).
Thus:

R{in = 4&Vm/AX (1)
Similarly, Rjp can be determined as the slope of a plot
of AVm as a function of AI when a series of current pulses
of varying amplitude is applied. Input conductance
(Gipn) i8s defined as the reciprocal of Ryp:

Gin = 1/Ryp (2)
The accuracy of these measurements le critically dependent
upon precise adjustment of the bridge circuit (section 2.6).

Analysis of the synaptically-induced changes in input
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resistance ( ARj,) and input conductance (Grpgp)
can be performed with consideration of the equivalent
clircuit for a synaptic conductance in parallel with the
resting membrane conductance (Figure 2-8)(cf. Ginsborg,
1983; Choi and Pischbach, 1981). Total input conductance
during an IPSP (Gqpqor) is related to resting membrane
conductance (Gj%) and the synaptically-activated
conductance (Gypgp) by the equation:

Gror = Gin * Grpsp (3)
This relationship can be rearranged to:
Gipgp = 1/Rpor - V/Rygq (4)

where Ri, is the resting input resistance and Rqqgp
is the input resistance measured at the peak of the IPSP.
This approach is suitable for the determination of
Grpgp for the evghhd IPSP (Gerpsgp). The
membrane voltage response to 150-300 msec intracellular
current pulses can be measured under "resting” conditions
and at the peak of the evoked IPSP. Plots of the voltage-
current (V-I) relationships can be constructed as in Figures
4-3 and 4-5, and Ry, and Rppp determined as the
slope of the linear portion of the V-I plot (generally
between ~-70 and -120 mV). If short (i.e. 10 meec) curreaent
pulses are applied before, during or after the evoked IPSP
(FPigure 4-4), both Ry, and Rpgr are underestimated
because voltage response does not equilibrate due to the

relatively long membrane time constant of SON neurons (~8-15
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msec). As a result, Ggaipgp i8 Overestimated.
However the % change from Ry, to Rqpgr appears to
be gsimilar to that observed with the long pulse format
{compare results of Filgures 4-3 and 4-4).

Alternatively, since the amplitude of an IPSP (voltage
deflection, AV) 18 related to GIPSP' Gipsp
can be calculated as follows i1 f membrane potenkial (V)
resting input conductance (G;,) and IPSP reversal
potential (Ejpgp) are known. Thus:

Av = Rm b4 IIPSP (s\

or
Irpsp ® Gm{Vm-Vyipsp) (6)

where Ijpgp is the synaptic current, Vipcp

is the membrane potential of the peak of the IPSP and Rg

and G, are the resting resistance and conductance,

respectively of the non-synaptic membrane. Also:
I1psp=Cipsp(Vipsp~Erpsp’ n

80 by combininé equations (6) and (7):

Gipsp Cn(Vn~Virsp/Virsp-Errsp (8)

S8ON neurons appear to be adequately "space-clamped” during

intracellular current injection (Bourque, 1984). Therefore,

Gy, can be substituted for Gy in equation B aB a

reasonable approximation since intracellular and

extracellular resistivity can be assumed to be low compared

to the membrane resistance.

.Values of Ggypgp calculated using eguation 8
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agrees to within 5% of those obtained by the analysis of
equation 4. This method of analysis was better for
spontaneous IPSPs because considerable membrane potential
fluctuations sometimes occurred during the long periods of
current passage (several saconda) necessary to observe
enough of these randomly occurring events and because of the
considerable variation in spontaneous IPSP amplitude.

Analysis of the effects of exogenously applied
substances (GABA, Muacimol, Nogepinephrine) wag also

performed using equation 4.

2.8 Lucifer Yellow Injections and Reconstruction of SON

neurons

Intracellular recordings were obtained from SON neurons
with glass micropipettes filled with 4~6% agqueous solution
of the trilithium salt of lucifer yellow (Sigma). The
electrodes were constructed as described in section 2.6
except that thin-walled captillary tubes (1.2 mm OD, 0.9
mm ID, Frederick Haer) were used. Typical tip resistances
were between 200-400 M. Dye injection was achleved by
fiontophoresis with 0.5-1.0 nA of constant and pulsed
hyperpolarizing current’tor 5~10 minutes with occasional
osclillation of the capacitance compensation to c¢clear the
electrode tip (Figure 2-9). Usually only one cell was
injected in each SON (but see Figure 3-2).

Within 15 minutes of injection, explants were fixed by
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immersion in cold 4% formaléehyde in isotonic phosphate
buffer (pH 7.4) where they';emained for 1-3 days at 40 c,
The tissue was transferred to 4% formaldehyde plus 10%
sucrose for 2 hrs. prior to sectioning in order to reduce
artifact due to swelling, shrinking or freezing. The tissue
was then embedded in Tissue-tek, and frozen {in
2-methylbutane chilled to -800 C {n liquid nit}oqen.
Horizontal or coronal 40 um sections were cut on a cryostat
at -250 ¢, Sections were mounted on gelatin-coated slides,
dried, processed through phosphate buffer and graded
alcohols, cleared with methyl salicylate and coverslipped.
Following photography of the labelled neurons (see below),
sections were rehydrated through graded alcohols, anad
stained with 3% cresyl violet to allow verification of the
location of the injected neuron in the SON (Figure 2-10}).
Lucifer yellow fluorescence was visualized with a Leitz
Ortholux microscope using ploem filter pair H,. Cells were
photographed at 64X or 320X magnification using Kodak Tri-X
Pan (black and white) or VR1000 {(colour) negative film.
Since the depth of field of the objective lenses was usually
insufficient to simultaneously focus on all segments of a
dendrite or an axon passing through a 40 um histological
section, exposures were made in different focal planes so as
to achieve an accurately focused record of all segments of
the neurone. To compensate for the variation in intensity

of fluorescence between soma and distal axon or dendritic
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spine, the camera's (Leitz-ortholux) automatic exposure was
used with metering restricted to the center of the field.
Thus, by centering the desired object (soma, dendritic
spine, etc.) in the microscope fileld an approprlate exposure
-time (range 0.1-10 sec) was obtained. This reduced the halo
around intensely fluorescent parts of the cell and allowed
for a more accurate determination of soma and.dendrlte
dimensions.

Cell reconstructions were made from prints by apposing
portions of the labelled neuron found in adjacent
histological gsections (Figure 2-11). Where adjacent
segments of a process were more sharply 1in focus at
different exposures, or focal planes, appropriate parts of
the prints were inserted into the reconstruction.

Drawings were made from projected negative images usirg
a microfilm viewer (Zeiss). Measurements of the lengths of
processes were made from these drawings. Since dendrites
penetrated as many as 10 histological sections and axons
penetrated as many as 25 sections, the following correction
of the length of each process was applied to account for the
number of higtological sections through which it passed
(Length of the hypotenuse of a right triangle):
real length = [measured 1ength2 + (# sections x 40 wn)zjl/a

Somata were examined for size, shape, location and the
presence of spines. Measurements were made of the lengths

of dendrites, the position of branches and number and
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frequency of spines. The axon, 1dentified on the basis of
its origin (soma or dendrite) and trajectory was carefully
examinsed for the presence of collaterals or spines. Spinous
processes on somata, dendrites and axons were counted by
direct observation of the cell with a 100X oil immersion
objective lens. No attempt was made to distdnguish
quantitatively between spinous processes of various length

and shape.

2.9 Radioimmunoassay of Arginine-Vasopressin (AVP) and

Oxytocin (0OXY) m

f

Vasopressin and oxytocin in the samples of effluent
perfusion medium were measured by radioimmuncassay (RIA) by
Dr. Michael P. Mazurek (Massachusetts General Hospital,
Boston, Mass.). Antibodies were raised in New Zealand
white rabbits against synthetic peptides (Bachem)
conjugated with thyroglobulin. Synthetic peptides vere\used
as standard and for lodinated ( !25I) tracer. These asua;s
wera highly sensitive (0.2 pg/tube) and were characterited
for specificity by high pressure liquid chromatography
(HPLC) and serial dilution curves (Figure 7-1).
Cross-reaction of AVP th the OXY-RIA and of OXY in the
AVP-RIA was lesas than 0.2%, Results were expressed as pg of

AVP« or OXY-like immunoactivity released per minute (pg

AVP-LI/min or OXY-LI/min).
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N

Figure 2-1 Diagram of the perfusion apparatus. The

perfusion (inner) chamber consisted of a well drilled
in;o a thick perspex disc (A). The bottom'of the chamber
was filled with Sylgard elastomer into which pins were
inserted to stabilize the explant. The right internal
)

carotid artery of the explant was cannulated with a glass
plpette (B). The entire perfusion system i8 schematized
in (C): 1) infusion lines; 2) thermostatic temperature
regulator; 3) fiberoptic light source 4) micromanipulator
and perfusion pipette; 5) perfusion chamber; 6) water
jacket; 7) pressurized 95% 0,/ 5% CO, source; 8) ACF
reservoir; 9) jacketed perfusion line; 10) pressurized
outf low ;t the perfusion line jackets; 11) selected ACF

output perfusion line; 12) solenoid valve assembly; 13)

waste drain. (From Bourque (1984), with permission.)

be
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Figure 2-2 Drawing of the perfused hypothalamic
explant. MCA, middle cerebral artery; ACA, anterior
cerebral artery; PCA, posterior communicating arteryy
ICA, internal carotid artery: DBB, diagonal band of
Broca; OC, optic chiasm; ME, median eminence; Pit,
pituit{}y gland; PP, perfusion pipette; SON, supraoptic

nucleus. (Drawing by Jean Dufresne.)
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Figure 2-3 Experimental set-up for collection of
perfusion medium for hormone assay. Both internal

dargtid arteries are cannulated and the anterior
pituita¥y i8 removed. Medium was removed by a suction
pipette positioned caudal to the neurointermediate lobe,
PE100 polyethylene tubing and a peristaltic pump f%r

collection in polystyrene test tubes. Vasopressin and

oxytocin were determined by radioimmunoassay.

¥
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Figure 2-4 Time—course of the appearance in, and
disappearance from, the bath of a hyperosmotic solution
(1000 mOsm/L)ﬁadministered using the infusion pump.
Infusion rate was 55 ul/min and pipette flow rate was 0.7
ml/min. Pump was turned on for 5 sec (circle), 10 sec
(triangle), or 20 sec (square) and samples of medium in
the bath were drawn every 10 sec for meagsurement of the
osmolarity by freezing point depression (Advanced
Instruments Microogmometer OSM). Mediun osmolality
reached the maximum expected level within 15-20 seconds.
Shorter administrations of hyperosmotic Bolution produced

submaximal changes in osmolarity.
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Figure 2-5 Multibarrel pipettes used for pressure !
ejection of drugs during extracellular recording. Top:
low power photo showing the 3-barrel ejection pipette
attached to a recording electrode. Bottom:
Photomicrograph showing 3-barrel pipette (tip diametaer 5
um) positioned approximagely 30 ym back from the tip of

the recording electrode.

\
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Figure 2-6 Block diagram of the experimental set-up used

fo extrcellular recording experiments. Modified from

Bourque (1984).

-
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Figure 2-7 Block diagram of the experimental set-up used
for intracellular recording experiments. Modified from

Bourque (1984).
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Figure 2-8 Equivalent circuilt of an inhibitory
synapse. The non-synaptic membrane is represented as an

ionic battery (Ep) for the resting membrane potential
(Vp) in series with the resting membrane resistance
(Rp) . The synaptic membrane is represented in parallel
with the non-synaptic membrane as an ilonic battery for
the IPSP (élpsp) in series with a resistance

(Ripgp)« The action of a transmitter during an

IPSP 18 equivalent to closing the switch.
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Figure 2-9 The schematic in the lower part of the
picture depicts the approximate dimensions of the rat
hypothalamic explant and pituitary fPIT). Orjentation is
indicated on the lower right. A recording micropipette
filled with Lucifer yellow is directed towards the
supraoptic nucleus (SON), along the lateral edge of the
optic‘chiasm (0C). Planes of horizontal and coronal
saections are indicated by interrupted lines. During
intracellular injection in a typical cell, the V;Itaqe
%uppen) and current (lower) traces at the top of the
figure indicate that hyperpolarizing current is injected
continuously (0.5 nA) and also intermittently (as an
additional 0.3 nA pulse). Note the presence of

occasional ‘'anode break' action potentials in the voltage

v

trace.
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Figure 2-10 . Cresyl violet stained coronal (a-b) and
- 22

horizontal (¢c) sections from hypo£halamic explants that
wvere fixed by immersion after 8 hrs. of intra-arterial
perfusion with artificial cerebrospinal fluid. Vertical
arrows indicate the changing profile of the SON from a
ros}ral position (a) along the lateral edge of the optic
chiasm (OC) to a more caudal position (b) along the
lateral border of the ptic tract (OT). In the horizontal
plane the SON 1s identified by oblique .arrowsheads placed
along its medial and lateral borders. The interrupted
lines identify the approximate plane of section of the °
res;ective coronal sections. Calibration bar 500 um.

Abbreviations: 3V, third ventricle; SCN, suprachiasmatic

nucleus; SON, supraoptic nucleus.
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Pigure 2-11 Reconstruction of Lucifer yellow=-filled SON

neurons. Top: Photographic reconstructions of neurons
were made by apposing segments of neuronal processas
fqund in adjacent histological sections. This‘example
shows low power photographa of the soma and dendrites of
a neuron in horizontal section. Bottom: Drawings were
made by tracing the negative image on a microfilm
‘projectcr. In this example, high power negatives of a
dendrite taken in different focal planes are combined to

illustrate dendritic spines.
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‘CHAPTER 3

SERIAL RECONSTRUCTION OF

, LUCIFER YELLOW-FILLED SON NEURONS

L4

3.1 Intraduction

Early studies on the light microscopic morbhology of

-SOR neurdgecretory neurong were hampered by the registance

[ -

of these neurons to Golgi stains (see Chggter 1),
Immunocytochemical approaches {awaab et;;i., 1975,
Vandegsande and Dierickx, 1975) have not only circumvented
this problem but also enabled the distinction between
neurons that/synthesize either vasopressin or oxytocin.
vaerthelesa, one of the drawbackd of successful Golgi and
inmunocytoéhemical experiments is the multiplicity of
neurong that are stained, making it is difficult to follow
the processes of a single neuron iq order to obtain
vhole-cell reconstructions. The latter is an important step
in the characterization of neuronal cytoarchitecture
relative to surrounding structures or afferent fibers.

When situations permit stable intracellular recordingsju
agguitable alternative is whole-cell reconstruction after

injection of a diffusable marker (Preston et al., 1980). 1In

the hypothalamus, in vitro intracellular recdordings and L

~ labelling of neurosecrstory neurons with the fluorescent

naphthalamide dye, lucifer yellow, has recently been



achieved in tissue slices (Andrew et al., 1981) and perfused
explants " (Bourque and R;naud, 1983). Both preparations
offer excellent stability and quality &®f recordingé.
However, in slice preparations, SON neurong are likely to
lose a part of their dendritic tree and/or axof. In ‘
contrast, entire SON cells are likely to remain intact in
perfused hypothalamic exﬁlants. This chapter reports on the
morpholagical features of SON meurons in g}pothalamic

explants as revealed by whole-celk reconstruction following

intracellular lucifer yellow injection.

Y

<

3.2 Results

Forty-nine injections were made in 27 explants,
yielding . 57 LY labelled cells; the sample included cells
; 1ocat1f throughout the rostrocaudal extent of the nucleus
and situated at various deptha within its dorsoventral
bou;daries. Fifteen were chosen for completie analysis,
including 4 in the horizontal plane (Figures 3-1, 3—3; and
11 in the coronal plane (Figure 3-2)., Criteria for
selection included their apparent completeness when
assenmbled from consecutive histological sections and fhe
presence of intense fluorescence in distal dendrites, an
indication that all parts of the cell weremlikely to have
) beon‘filled. On four occaasions, more than' one cell was

labelled by a single injection (see consideration in Section

3.3 and Pigure 3-10). Such neurons demonstrated traits .

iy
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‘

similar to those reported below but were excluded from
analysis owing to the difficulty of assigning a given %

~
process to a given soma. ,

s

d Somata: The somata of LY-filled SON cells were

occasionally round but most often (B0%) elongated with a

mean long axis of 25.4 um and a shorter diameter of 12.5 m

s

jfable 1). Spine-like protuberances arose from the soma of

50% of the cells; some of these processes achieved lengths

.

2

up to 15 um (Figure 3-4). \

Dendriteas: Each SON cell contained one to three primary
dendrites, readily recognized by thelir numerous spiny
processes (24.6 per 100 ym of dendrite). The 1a(ler 3mried
widely in length (up to 15 uym), gpickness and darection, and
ended in filamentous, gfub~like and grape cluster-like }
dilatations (Figure 3-5). Individual primary dendrites 4
ranged in lengéh b;tween 68 and 725 um,—tappring gradually
aﬂd branching sparingly (Table 3.1). The combined length of
all dendrites of an individual neuroniranged between 536 and
1456 uym with a mean of 880 um. In the rostrocaudal
direction, a%given cell's dendritic¢ tree extended from 22 to
56% of the extent of the nucleus. Most dendrites of SOn
cells remained entirely within the confines of the nucleus.
The majority (95%) eventually entered the glial lamina

immediately ventral to the nucleus (Figure 3-2). On rare
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H

occasions ‘dendrites were observed to coursé beyond the

nuclear boundary in the ventral §lial lamina, either
laterally towards the temporal lobe or medially along the

ventral surface of the optilc tract {Figure 3-2). No
7
dendrite was obgerved to extend beyond the dorsal border of
- ? . {
the nucleus. .

<&

- Axong: Axons were distinguishable by their smaller

diam;ter, paucity of spinouagprocesses, and beaded varicose
appearance due to la;ge rounded ;wallinga (Figure“3—ﬁa,b).
In 40% of cells the axon §fose directly from thé soma
(Pigures 3-4a, 3-7, 3-8): when this occurred, the initialt

r

50-100 um segment of the .axon usually resembled a dendrite

" by virtue of the presence of short apiny procesaes (Figurea‘

3~7, 3~8). In the remaining cells the axon appearsdqto

origipate from a proximal portion of a dendrite (Figures
A A

3-3, 3~4b); such axons possessed few or no spinous

processes and immmediately developed varicosities.

NN

Axons from all labelled cells initially coursed R

1

dorsally then caudally over the optic tract, after which
they turned sharply in the medial and ventral direction to

enter the mediobhasal hypothalamus. Axons were followed for

up to 2100 um. No axon collaterals of a similar magnitude
were observed. However, an occasional short spine-like

process (Figure 3-6c,d) could be visualized on many of the

I

.

axons as they coursed ip the lateral hypothalamic area

n

75//// -

.4
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dorsal to the SON. Two axons possessed clusters of

‘spine-like processes (Figure 3-6e,f) and one axon displayed

a bouton-like structure (Figure 3-6g).

» 3.3 Discussion

Fi -

Intracellular staining with horseradish peroxidase is

usually viewed as superior to LY in terms of stability of

* the labelled product. However, the disadvantage of fading

a
LY fluorescence in studies on SON neurons is balanced by the

relative ease with which impalements can be maintained

during dye injection with hypergolarizing current pulses.

In the present circumstances,® the\depofarizing current
pulsés required to eject horseradish peroxlidase and the need
to have somewhat large elect?bde tips to prevent bl&ckage
would clearly impede progress in the study of SQN cells in
view of their small size, high membrane resistance (Mason,

1983b; Renaud et al., 1985) and general resistance to stable

N

»

lmpalements.

Details visualized with LY injections include

L4
spine-like processes arisipg from somatic and dendritic .

.surfaces. At the ultrastructural level, 'many of these are,

> v

sites of synaptic contact (Ifft and McCarthy, 1974; Leranth

et al., 1975; see also Figure 3-9). The more prominent and

- 1

elongated structures protruding from somata (Figure 3-4) may

i

in fact be cilia which have been reported previously in tish

preoptic neurons (Palay, 1961; Scharrer, 1962; vVigh-

-
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Teichmann et al., 1976a,b), reptile (Vigh-Teichmann et al.,
. o
1976) and neonatal rat (Lafarga et al., 1980) SON and

paraventricular neurons (see also Figure 3-34). AB one

proceeds distally towards the endings of dendrites, an

[
it

abundance of different halr-like processes may be indicative ,
of their specialized function, perhaps to act as an anchor

for axons ‘en passagé' (cf. Ifft ahd MccCarthy, 1974), or as .
a nensing‘devLce, e.g. for plasma or extraczllular osmotic

presgure. In agreement with earlier data (Armstrong et al.,
L

1982; Dyball] and Kemplay, 1982) is the observation that one

.

or more of the daendrites of SON cells extend to and end

yithin the ventral g}}al lamina. It is8 also apparent from
whole cell recohatructions that the dendritic tree of An
cindividual SON neunron may extend over 40% of the nucleus.
Therefore, on a strictly morphologicidal basis, it would seem
reasonable to exercilge caution in asgcribing importance to,
rostrocawdal or dorpoventral distributions gf afferent
lfibers with respect to the position of immunoreactive .
vasopressin or oxytocin cell somata. More specifically, the
predominantly ventral catecholamine innervation of the SON
(écNeill and Sladek, 1980; Sawchenko and Swanson, 1982;
Swanson and Sawchenko, 1983) may not only contact the
predominantly ventrally located vasopressinergic neurons;
dendrites ¢©f the more dorsa}ly located oxytocinergic neurons

are aqually likely to extend into this region. However, in

this particular instance, recent electrophysiological data

Y
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(Day and Renaud, 1984) have in fact corroborated impressions

based on double labelling anatomical studies (McNeill and

3
e

: sl adek, <1980; Sawchenko and Swanson, 1982; Swanson and
" Sawchenko, 1983) that ndradrenergic afferents originating in

5
the. ventrolateral medulla selectively innervate

3

vasopressinergic SON neurons.
In comparisoh with the experience of other
investigators (Andrew et al., 1981; Mason, 1983) yho have

reported that dye couplingnbetween LY labelled

magndcellular neurons is'a common occurrence, our experience.

would indicate gquite the contrary. When we note that two

K " Tor more) neurons fluoresced after a single LY injection,

-

both cells ve r'S closely apposed, one was more intensely

q
lalelled than the other and fluorescent material could @
usually be seen in an apparent extracellular locat i'on
(Figure 3-10). It was our Impression that the injected cell

was either . injured and leaked the dye, or that a part of the

1
. E . 3 .

injection was delivered i1nto the extracellular space. Of

14

"

potential significance is the di¥ference between

hypothalamic slices and hypothalamic explants. 1In
4

hypothalamic slices, where dye couplang 1s most often Beén,

axotomy (or dendritie severance) 1is inewitable and may
contribute to an enharced capacity for dye coupling among

mammalian magnocellular neurosecretory’ cells, similar to

that reported between abdominal ganglion cells 1in the snail

. ) . .
. Helisoma (Murphy et al., 1983). The prevalence of LY dye

.
N 3
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E

» - . B
coupling betwsen naénoecllu;ar neurons in hypothalamic slice

¥
and osmotic pressure of the perfusion media (Cobbett and .
Hatton, 19'8'4). It would aéso be interesting to explore the
influence of steroid hormone levels and the reproductive
state, so that an underatandinq' of the significance of dyeé
coupling might become more obvious. Evidently this issue

deserves further study. .

3
¢

These ;lata confirm that the axons of SON cells course
dorsomedially as they leave the nucleus, pass over the optic
tract and descend ventrally (Alonso and Assenmacher, 1981;
Dyball -and Kemplay, 1982). Once the axon ha‘s exited from , '
g
the’nucleus,; distinctions between dendrites and axons beconme
obvious with the axons ”bearing frequent laotge varicosities ‘
and few splnous processes. Exceptions were the few large
spines noted 0;1 axons in -the region dorsal and medial to the
SON {(Figures 3-6, 3-7, 3-8), the only observations that
approximated the 'axon collateral_s' reported in a recent HRP
tracer study (Mason et al.? 1983) to arise from SONraxons 1{:’ ‘ '
this vicinity. At thfs time we cannot confirm t}'xe existence
of 'true\ axon collaterals in SON cells; however, our . T~
sample size is relatively small. It is also possible that
LY, which spreads by diffusion, does not enter axon

collaterals. <This would seem unlikely in view of thes s e

excellent filling of axons up to 2100 um from the soma (i.e.

1500 um beyond the antic“ipated_ location of collaterals) and
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the, ab}lity for LY to fill tiny spines and branches within
distal dendritic trees,(Figu?e 3-5). Theref;re, it woufd
geem that axon collaterals are not a pronminent féature of
the axons of the SON, and that alfernative explanations

(cf. Andrew and Dudek, 1984a; Bourque et al., 1985; Leng and

Dyball, 1983; Leng and Dyballa 1984) must be sought to

.

explain ‘recurrent -1nhibition’ "{Barker et al., 1971;

Preifuss and Kelly, 1972) in the aupraoptico—neu}ohyopophy-

sial pathwvay.

As noted previously (Dyball and Kemplay, 1982}, axons

3

of BSON neyrons mnay arise from elither the soma or a déndrite.

Based on our sample, alﬁost two thirds of‘SON‘axons appear
~

to ariée from a dendrite, sometimeg as far as 32 ,m from the
{

soma.. In the othexr instances where the axons appears to
arise directly from the cell soma, the presence of spinous

processes and lack of typical varicosities on the initial

"50~-100 um of the axon bears a striking resemblance to a

. 1 »
dendritidic profile and may, in fact, be dendratic in natare.,

:

-,

N
The initlal segment has not been described in ultra-

_structural studies of SON neurons, perhaps because it is

remotely located from the soma in all SON cells. It remalins

to be defined at the ultrastructural level whether the

initial part of the ﬁresumed axon in SON neurons such as

.

those in Figures 3-4a, 3-7 and 3-B is really ’'axonal' or
'dendraitic' in nature. These data will have a bearing on

our understanding of the generation of propagated action

“

potentials in SON neurons.-

\



81
TABLE 3-1
Summary of the morphological features of 15 LY
filled SON neurons. The column to the right refers to the
site of origin of the axon as dendritic (D), somatic (S)
or unknown (?); when dendritic in origin, numbexrs in
brackets refer to the digtance (in microns) from the soma

to the apparent site of origin of the axon.
. -



"~

"

Tall Soma Site ¥ of (Tengths) ¥ of (lengths) Total dendritic Spine density Axon otigin®
{un) Dendrites (um) branches (um) length (um) (4/100 um)

1 12 x 30 2 157 2 (266,90) 1092 37,5 0(12)
ne 2 (36,27)

? 10 x 28 2 “as 3 (38,2%,10) 1060 7.4 H
291 1 (251)

b) 11 x 18 3 160 0 17.7 D(32)
430 0 910
320 0 .

4 11 x 20 3 220 0 7.1 (M)
255 0 536
61 0

5 7x23 1 625 1 an 642 30.1 s

6 21 x 38 3 68 0 n.d., s
190 0 988
s 1 (21%)

7 16 x 25 2 328 2 (100, 28) 866 31.7 o(s)
Ar0 [+}

[} 12 x 22 2 175 0 230 36.1 S ?
655 . 0

9 15 x 20 2 (Y33 0 607 3.4 3
162 0

10 14 x 2§ 2 604 0 1399 18.0 » D(10)
725 1 (70)

1n 14 x 30 2 467 0 nu”n 17.8 ()
243 [ B! (267)

129 16x 3 ' 274 0 n) 17.8 ?
487 0

13 11 x 29 3 573 [} . 18,5 X(6)
iy 0 1436
503 1} 3

14 9 x 2% 2 430 0 9710 1.2 ?
[3.1:) 1]

3 1x 2 2 ns v 78 2.4 b8y
o0 0 ’

.
. , £3
o,
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Pigure 3-1 Reconstruction of 4 SON neurons in the

horizontal plane. The 80lid line depicts the lateral o

edge of the optic tract; the interrupted line represents

s
»

the lateral edge of the nucleus. Orientation: C, caudaly

«
r

R, rostral; L, lateral; M, medial. gote that preaumptiveﬂ
dendritic processes remain within the confines of%the
nucleus, whereas single unbranched axons arise from .
either the soma (cells 4 and S)QZr ; proximal dendritic

profile (cells, 1 and 7) and course caudomedially over the

optic tract. . .

2®
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Figure 3-2 Reconstructions of 5 SON nen.r,ons in the |
coronnl'planc. The shaded area depicts the cut end of

the optic tact. Most dendrites eventually course towards

the ventral surface.  The dendrites of cell 10 were rare

in that they extended laterally beyond the confines of

the SON (filled"star) whilp those of cell 11 course onto

the ventral surface of the opti; tract (open star). The ]

single nion follows a tortuous dorsomedial and caudal

-

trajectory. o7

-
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v
Pigure 3-3 More details of cell 1 (cf Figure 3-1) ate

illustrated in a photomontage (above) :Pd the compésite
reconstructed from negativés obtained at 320 X
magnification (below). Presumptive dendrites contain .

numerous apinous processes and eventually taper to a fine

termination within the “Rucleus, usually along the ventral

glial lamina (VGL). The axon is recognized by its

varicosities, extranuclear destination and lack of

collaterals.



A

Tt b e W

»

-
-
-




.

85 . .

Figure 3-4 Montages of the somata of two LY-filled
SON m;gnocellular neurons reconstructed from photographs
- -
taken in several focal planes of a single 40 um
histological section. The cell in (a), (Cell 8 in
Figure 3-5 has several somatic spinesq(arrowheads), the
origin of a ventrally directed dendrite (D) and a '
dorsally directed axon (A). In (b), (cell 1" in Figures
3-1 and 3~-3) note the particularly prominent somatlé
spine along with several smaller spines. Spines are o
present on two dendrites (D) originating at opposite
poles of this cell. The axon (A) originates from the
caudally~directed dendrite but was vislble for only a
short distance in this section. The apparept diameter of

the soma and dendrites are increased by the overexposure

of the original negative necessary to visualize the less

-intensely fluorescent spines. Scale bar = 15 um.

-
'
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¥igure 3-5 Bigh power photomontages illuitr'ate
features typicaﬁly anfociated with dendrites. “In (a), a
segikent of dendrite located 50 um from the soma (curved
arrow points towarAB the soma) reveals numerous club and
grape cluster-like (arrow) spinous processes proximal to
; branch point and filamentous (arrowhead) processes
beyond the branch point. Progesses contain numerous
cqnatrictiona and angular enlargements. In (b), the

distal ' segment of a dendrite located 300 um from the soma

displays a complex ‘array of spines. Scale bar = 15 ym.

-
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Figure 3-6 High power phot&montaggs reveal. details of
[
the axons of difgerent LY-filled SON neuronsa. In (a),

note the typical varicose appearance. The remaining
pictures demonstrate‘specializations aggocliated with that
portion of the axon located dorsomedial to the %éﬂ, as it
courses over the optic tract. {(b), a large varicosity
(arrowhead) situated 500 um from the soma. (c), a small
secondary axonal process (arrow]‘found 700 ym from the
soma. (d), ah unusually large secondary axonal process
{arrow) detected 200 um froévthe soma. (e, f), are;s of
spacialization (between arrows) in two'different axons
(approximately 400 um from soma) where spine-like
processes are visible. In (f) one varicosity yields 5

short secondary processes with bouton-like enAings1 .

&

another is surrounded by extremely fine processes that -

are poorly resolved in this focal plane. (g), a secondary

1

process (arrow) with a large bouton-like ending that

approaches but does not touch the parent varjicosity. ,

.

Scale bar = 15 um.
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Figure 3-7 Drawings, of a SON neuron/whose axon
originates on the soma. This cell possessed two
ventrally directed dendrites with the usual complement of
spines (see the inset labelled 'D'). The third, dorsally
directed process 13 clearly the axon as 3judged by its
trajectory. Nogs, however, that its initial 200 ym
segment (A1) has numerous spines gimilar to those

observed on dendrites. As the axon leaves the SON, it"
becomes thinner and devoid of spines (A2). In the reglon
dorsal to the optic tract, the axon displays a region of
Qany large thickenings and a few spines (A3). The axon
then becomes thinner and less varicose as it continuesg on
its trajectory into the basal hypothalamus.

Reconstruction from coronal sections; same cell as Figures
3-4a. Scale bar is_50 um for main a?a;ing, 10 ym for

>

insets.

-
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Figure 3-8 Drawings of a SON neuron ;gose axon
o;Iainates on the soma. This cell possessed a 31nqleQ
dendrite, directed ventrally and caudolaterally, with the
usual complement of spines (see inset labelled D). The
second process, directed dorsally and mediaily is clearly
the axon as judged by its trajectory. Note, however,
that its initial ?00 &m segment (A1) has numerous spines
similar to those observed on dendrites. As it leaves thg
SON, the axon has fewer spines but displays large

-

varicosities (A2). Reconstruction from coronal sections.

Scale bar is 50 uym for main drawing; 10 um for insets.

v
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‘?igura 3-9 Electron micrographs of spines and cilia

4
on SON neurons. (a-c) Spines (arrowheads) were commonly

obgsearved on de&dritic (D) oxr somatic (S) profiles.
Pre;ynaptic elements (stars) containing synaptic veaicle;
were located adjacent to spines. Synaptic
‘specializationa (membrane thickening) were often evident
‘oither on the spine or on the dendritic (D) or somatic
(S) membrane at its base. As.in (C), one or a pair of
spines sometdmes appearea to surround a presynaptip
element as if to secure it against a segment of dendritic
or somatic mem£rané where a synapse was %ormed. In (d) a
ciliuﬁ arises from the soma of an SON neuron (arrowhead)
and projects a considerable distance out,é?‘the plane of

section (arrow). Inset is a cilium cut in

cross—-section. Magnification: a,c and 4 (inset) 34,000x;

'

b and 4 18,000x. Courtesy of Joanne Rogers.

[
'-
-
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Figure 3-10 On four occasions, more than one cell ‘was

-

labelled by a lucifer yvellow injection. In (4), at
least 3 SON neurons and perhaps a glial cell were

labelled; in this coronal section, two axons follow the

narm;l course dorsal to the optic tract {(ot), Inset

shows somata pho&oqraphed with shgrter exposure. I? (b), .
at least 4 neurons were labellad f?ilowing ahie lucifer
yellow 1njec£ion. ‘In this horizontal section, several

dendrites and a blood vessel (étar) are visible. Scale

v
.

\

bar = 50 um.

x
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P CHAPTER 4
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»

CHARACTERISATION OF SPONTANEOUS AND EVOKED

POST-SYNAPTIC POTENTIALS (PSPs) IN SON NEURONS

4.1 Introduction

As recently as a decade ago it was stated that

neurosecretory nkurons had few afferent connections (cf.

A}
Crossg et al., 1975). With the advent of improved retrograde

and anterograde anatomical tracer technigues, it is now
eviden; that this 18 not the case. In fact, SéN meurons
receive affarents from several parts of the brailn including
the septum, anteroventral third ventricular area, diagonal
band of BrocQ, lateral hypothalamus, amygdala, subfornical

organ, and brainstem (Carithers et asl., 1980, 1981,1984;

Miselis et al., 1979; Powell and Rorle, 1967; Renaud et

Tal. 1983; Swanson and Sawchenko, 1983 ﬁribollet et al.,

1985; Zaborsky et al., 1975).

To date, electrical stimulation in a number of these
regions has been shown to alter the electrical activity of
‘SON neurons recorded in vivo (Cirino and Renaud, 198;3 Day
and Renaud, 1984; Ferreyr§ et al., 1983; Hamamura et al.,
1982; Sgro et al., 1984; Poulain et al., 1980). Furthermore,
several of these regions appear to participate in or

influence) neuroendocrine reflexes that govern the release of

vasopressin and oxytocin (Aulsebrook and Holland, 1969; N
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> .
Iovino et al., 1983; Lebrun et al., 1983; M&ngiapane et al.
£983; Sladek and .Johnson, 1983y Thornton et al., 1984;'
Woods %t al., 1969; Yamashita, 1977). For example,
synaptic inhibition appears tp be important in the control

of SON neuron action potential firing (Poulain et al., 1980;

and reflex oxytocin (Lebrun et al., 1983) and vasopressin

v

se;retion"AKnepel ct al., f§80). ) .

In keeping with the notion.that SON neurons do receive
afferent impulses is the observation from intracellular
recordings that SON neurons have both spontaneous and evoked
post-synaptic potentials (PSPs; Andrew and Dudek, 1983;_
l1984a,b; Bourque, 1984; Hatton et al., 1983; Koizumi and ,
Yamashita, 1972; Mason, 1983,1984). 1In the hypothalamic,
explant, inhibitory PSPs (IPSPs) are the predominant férm of-
sponta&eous synaptlc input and electrical s;imulazion
rogstromedial to the SON also evokes_a powerful compound IPSP

(Bourque, 1984). Therefore, it is important to undefstand

‘how individual PSPs alter the membrane propertaies of SON

neurons. This chapter describes the regsults of experiments -
performed to characterize the IPSPs in terms of the

magnitude and specificity of the underlying current, and the

P

transmitter responsible jfor their activation.:
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4.2 Results

S

4.2.1 Spontaneous IPSPs .

3

During intracellular recordings in SON neurons using
13

KAc~-filled micropipettés{ an abundance of spontaneous

°

hyperpolarizing potentials were observed (Figure 4-1A). The

frequency of these events varied between cellsi In cells in

.

"which they were most common, 3-10 spontaneous potentials
‘emight be observed over a period of 100-200 msec. Their

- A

sensitivity to tetrodotoxin and high concentrations of Mg*t+
14

attest to their synaptic nature. Their reduction and

| -
ultimate reversal consequent to membrane hyperpolarization,
AN

o

L3

and their ability to delay action potential firing (Bourque,
r

1984) 1is typical of inhibitory post-synaptic potentials

(IPSPs). These IPSPg exhibited durations of 30-50 mnsec,

rising to peak in 3-5 msec and then decaying exponentially
with a mean time constant for the decay ( Tgrpsp) .
of 20.2 msec. This was 1.8-fold greater than the membrane
* . A‘Q “

time constant for the decay of hyperpcoclarizing pulsga { ot

mean 13.8 mBec, n = 9 cells). Spontaneous IPSP amplitudes’

ranged between ‘1 and 20 mV. When IPSPs occurred in rapid

succession, summation resulted in greater voltage o,

deflections (Figures 4-3 and 4-5). .

’

4.2.2 Evoked IPSPs ’ .

Current‘pulaes (50-500 yA, 50 pysec) administered °

thfough a concentric bipolar dleqtrode placed on the ventral

M 2 -

;
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surface of the explant in the region of the diagonal band of

N

Broca (rostromedial to the SON) evoked a compound

hyperpélarizing PSP {n almost all SON neurons impaled with

XAc slectrodes (Figure 4-1B). This evoked IPSP occurred

;vith a latency of 4-12 msec (mean 6.8 ngec), rose to a peak

€
in 3-10 msec (mean 5.7 msec) and decayed exponentially over

‘\60-100 msec. The mean time constant of decay of the evoked
IPSP (Tarpgp) was 37.0 msec, 2.6-fold greater than

.Tm (15.1 mgsec) for the same cells (n = 16) (Figure 4-2).

Action potentials were absent during the evoked IPSP (Figure
4~18,C). In the maBority of cells, a period of increased

»
neuronal éxcitability followed the inhibitory perieod

(Figures 4-18,C).

-‘. : ) i N

4:2.3 Reversal Potential of the IPSPs
The voltage'dependence of the IPSPs was apparent during

intracellular current injection (Figure 4-3). ,Membrane

)

hyperpolarization to -70 to -75 mV, reduced the amplitudes
} /
of both the spontaneous and.the evoked IPSPs. Further

hygerpo}arization caused theAlpsps to become depolarizing
and of.in&reasing amplitude. The membrane potential at
which the IPSP Ampiituda wasg reduced‘to zero, lL.e. the
"reversal potential®" or "eguilibrium potential” . - .
{Eypgp) was -72.4 mV (range -62 to LEZ mV, n = 24)

in SON cells }ecorded with KAc electrodes. The reversal

potentials for both spontaneous and evoked IPSPs were

v »
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usually identica)l (see Figure 4-3) with the Bjypgp

always negative to the’ resting potential (mean -15.2 mv;

«

.

range 5-32 mV). .,
1

. 4.2.4 Evoked IPSP conductance measurements

The mean input resistance of 24 SON neurons recorded

with KAc electrodes was 264 * 25 MQ (SEM). During the

evoked IPSP, Ry, was reduced by between 23 and 83% (mean

.91 ¥Q). Thus mean resting input conductance (G, ) was

3.78 nS and mean input cond\;ctance at the peak of the IPSP
(GTOT) was 10.97 nS. Using equation 4 (Chapter 2.‘6),

the gvoked IPSP-induced épnductance, Gorpsp Wwas

estimated as 7.19 nS (range 0.79 to 22.03 nsS). Clearl¥,
considerable shunting of the membrane resistdnce occurred
during the evoked IPSP, even though the'\magnitudé of the

synaptically evoked conductance varied 20-fold between the

s

neurons in this study. WNo correlation between the quality
of impalement (resting potentaial, spike amplitude, input
resistance) and G,ypgp c¢ould be found. The amplit‘:ude\
of the makimal evoked IPSP conductance under control
conditions was constant for each cell (independent of

menbrane potential) whereas the amplitude of the IPSP .

voltage deflection was closely correlated to the membrane

-

potential (Figureg 4-3, 4—5n).
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4.2.5 Spontaneous IPSPs conductance measurements

Spontaneous IPSPs were smaller than evoked IPSPs (mean

~

’

spontaneous IPSP-induced conductance (Gypgp-.g) of

0.56 n8) and displayed a mu;h greater variation in their
amplitude at all membrane potentials (Figures 4-3,4-5),
Rccordingly, Ggypgp varied between 0.17 and 3 nS

(Figure 4-9B). Sincec spontaneous IPSP amplitude wag fairly

rd

constant betwgen cells, the ratio Gorpsp !

Ggrpsp Shovef tremendous variation between cells

~

2
{mean 13.1,/range 1.6 to 43.7).

i Q

!

4.2.6 Dependence of IPSP Reversal Potentlal on chl&rgde ion
o h .
gradient » .

KEl in recording micropipettes: Following impalement

of SON neurons with KCl-filled micropipettes, spontaneous
and evoked PSPs were initially hyperpolarizing at resting
membrane potential, but rapidly (within 1-5 minutés) became
depolarizing due to diffusion and/or iontophoresis of
chloride ions from the electrode tip into the neurgasThe °
voltage-dependence of IPSP amplitude under these conditions
differed considerably from that obse}qu with KAc-filled
nicropipettes. Membrane hyperpolarization iﬁcreased, and

depolarization decre the amplitude of both sponténeous

and evoked IPSPs

Because of actibn potential firing and rectifying

currents within the depolarized range, (cf. Bourgque, 1984
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and Figure 6-9) it was farely possible to reverse the’IPSFB
recorded with KCl electrodes. For this reason Eypgp
was egtimated under these conditions by extrapolation of the
plot of IPSP amplitude versus membrane potential. In 25‘
cells, the mean Eypgp was —43.2 mV (range -30 to -53 -
mV) with identical reversal potentials for spontaneous and
evoked 5PSPS- There was no significant dlffe;cnce in any
other properties of spontaneous or evoked IPSPs when
recorded with KCl electrodes as compared to KAc electrodes.
In particular, mean Garpgp in cells recorded with

KC1l electrodes was only slightly (not statistically

significant) higher than in cells with KAc electrodes (Table

~

4-1), and the distribution of Guorpgp was similar

o

(Figure 4-6). This small difference may be accounted for by
a contrfgution of voltage—dependent inward currenté
activated at the peak of depolarizing IPSPs recorded witg
KCl electrodes, where action potentials are often observed
(See Filgure 4—{0A, top trace).

*

Altevations in extracellular chloride concentration: * A

second approach to the examination of the chloride dependence
of the IPSP involved dlteration of the concentration of
chloride in the perfusion medium; i.e. the extracellular
fluida ([C1l7}, ). Perfusion with low chloride medium caused

a positive shift of Ejpgp (Figure 4-7) such that a

10~-fold change %n [C17), caused a 42 mV shift in
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Erpgp (Piquré 4-8A). This change was considerably

lass than the 61 mV/decade pgedicted by the Nernst ;ﬁuation.
Accompanying the shift of Ejpgp was a 50-90%
decrease in Gipgp (Figure 4-8b) such that
Grpsp was roughly proportional to [C17]g. As a
result, spontaneous IPSPgs were rarely observed in medium
containing less than 40 mM Cl1-.

An additional observation was that'the input
registance of SON neurons was increased (;lthough somewhat
inconsistently) up to ﬁO% during perfusion with low Cl°7

©

medium. This would imply the ,existence of a resting

ghloride conductance in SON neurons.

+ - "
4.2.7 1Influence of Bilcuculline Methiodide and

Strychnine Sulfate

.
o

Bicuculline methiodide is a potent aniagonist of the
actions of y-aminobutyric acid (GABA) in the central nervous

uyst?m (Enna and Gallagher, 1983). Perfusion of the SON with
bicuculline methiodide (BMI, 1-100 uM) reversibly reduced
the amplitude of both spontaneousvand evoked IPSPs (Figures
4-9, 4-10). The concentration of BMI which reduced

Grpsp to 50% af control (Iciﬂ) was approximately 1.5

uM for spontaneous IPSPs, and 2.2 uM for evoked IPSPs
(Figqure 4-11). At 100 uM BMI, spontaneous PSPs were
infreéuent and of small amplitude (1-3 mV) and the

Grpsp-g was reduced by 90-100%. However,

4 majority of cells now displayed a residual PSP, -
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whose voitage-dependence was mafkedly different from that of
the IPSP (Epgp = -20 to +20 mV), and was assoclated
with an input conductance change of 0.1-0.6 nS (Pigure
4-12). In certain of these cells, this residual fSP could
evoke action potentlals at short latency (Fiqure 4-13)
suggesting that in some SON neurons an excigatory PSP (EPSP)
concealed by the powerful evoked IPSP was unmasked by
treatment with BMI. It is important to note that in such
cells, Elpsp‘for spontaneous and evoked IPSPs
differed slightly (Figure 4-12}). BMI had no conslstent
effect on input resistance. Strychnine is & convulsant that
agtagonizes glycine and bABA binding to synaptic receptors
in the'central nervous system (DeFeudls et al., 1977) and
blocks synaptic transmission mediated by GABA (Chol et al.,
1981; Piggott et al., 1977; Scholfield, 1980,1982).
Strychn;ne sulfate (5~50 uM) reduced or abolished
;éontanedus and evoked aynaptic activity (data not shown).
Lower concentrations ( 0.5 pyM) were ineffective.

4.2.8 Influence of Penﬁonrbital on the IPSPs .
Barbiturate anaeéthetics prolong IPSPs (N;Foll et al.
1975) presumably due to their ability to facilitate the
actions, of GABA .(Barker and Ransom, 1978a) by increasing the
mean open time of GABA activated chloride channels (Mathers,
}nd Barker, 1980; Barkq; and McBurney, 1979). Addition of
pentobarbital (10~5 to 10~% M) to the paerfusion medium

.

L2

Ne
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reveruibiy prolonge& both spontaneous and evoked IPSPs
&@;ble 4-1). Both the period of reduction in excitability
(Figure 4-14) and the IPSP (Figure 4—15) that followed
diagonal band of Broca stimulation, were prolonged by
pentobarbital from 50-100 msec to:300-800 msec (Figure
4714). The time constant of decay of the IPSPs

(tipgp) was increased on average 5-fold. Thus, for

spontaneous IPSPs, Typgp = 20.2 msec under control h

rd

conditions and Typgp = 116.7 msec in the presence of

10-4% M pentobarbital. For evoked IPSPs, control

“Trpsp = 37 msec and in pentobarbiéal (10™4M)

- 1,

_Tipsp " 204.8 msac (5 cells, Table 4-1 and Figure

-

4-15). No effect of pentobarbital on Ejypgp or

Gipsp was detected.
? , .

>
4.3 Discussion

-

4.3.1 GABA mediated IPSPs in SON neurons .. .
These observations indicate that spontaneous and ;voked
IPSPA in SON neurons both result from activation~of a
chloride ion conductance which is blocked by bicucullin; and
prolénged by pentoﬁgrbital. Their sensitivity to
bicuculline methiodide is typical of putative y-aminobutyric
acia (GABA)~mediated synaRFic events (Alger and Nicoll,
1950,1982; Okamoto, 1984; Scholfield, 1980). For these and,

the additional reasons mentioned in the following paragraph

it ia proposed that the majority of IPSPs obhserved in SON

L4

-
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neurons is mediated by GABA. L ;

The aenéitivity of the IPSPS to strychnine may be held

»

as evidence of their mediation by glycine (Curtis et al.,
197;; Choi anda Fiachbachn 1981). Howeveé, three lines of
evidence argue aninst this conclusion. First, at the
\

concentrations used in this study (5-50 uM), strychnine 1is
not selective, and can ser;e as an effective antagonist of
GABA-mediated synaptic and exogenously induced inhibitiq&’
(Choi et al., 1981; Scholfield 1980,1982; Piggott et al.,

1977). Furthermore, strychnine can displace bhoth GABA and

glycine specifically bound to receptors at all levels of the

central nervous system (DeFeudis, 1977). Second,
pentobarbital is selective in its facilitation of the
actions of GABA; it does not alter the effects of gly¥cine
(Barker and Ransom, 1978b). Third, glycine is at least
“10-fold less potent than GABA in its effects on SON neurons
(Chapter 5) suégesting that SON-neurons contain few

recaptors for glycine.
v
Bicuculliné methiodide (1-100 pM) reduced or_abolished
IPSPs with an approximate ICS50 (dose at which Gypgp
is reduced by 50%) of 1.5 uyM for spontaneous, and 2.2 Lﬁ for
evoked IPSPs. In view of the greater conductance assocliated

with evoked ¥PSPs (and presumably, greater amount of GABA

released) this s8light difference is to be anticipated.

-

Bagsed on biochemical studies of GABA-receptor binding (see

review, Enna and Gallagher, 1983) the potency with which BMI
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blocks the IPSPs suggests that synaptic Ghné concengratioﬁa
are in‘}he range of 100 nM to 10 uM. ‘
4.3.2 Sources of GABAerglc projections. to the SON

GABA 1s synthesized from glutamate by the enzyme
glutamate” decarboxylase (GAD). Biochemical studies indicate
thé‘presence of moderate levels of GAD and GABA in the gON
(Tappaz et al., 1977). However, immunocyt;ggemical studies
reveal that GAD is contained onlty in terminalé in the SUN at ’
both the light (Perez de 1la Mo;a et &;., 1981; Tappaz et
al., 1982) and alectron microscope level (R. Buijs,
personal communication). Lesions placed rostral and medial
to the SON «wreduced the GAD content of the SON by 40\,
%ndicating that a significant proportion of the GABAergic
input to the SON originates in areas located rostral to the'
third ventricle (Meyer et al., 1980).

Immunocytochemical studies show that the diagonal band
of Broca and the lateral seétum both contain numerous GABA
neurons (Perez de la Mora et al., 1981 P\pula et al., 1984,
Nagai et al., 1983). Since these regions ;}e intact in the
hypothalamic explant, they would be likely sources of the
GABRergic input responsible for the evoked IPSP, and at
least a ;ortion of the spontaneous IPS5Ps in SON neurons.
This hypothesis is suﬁportad by observations made in vivo
that electrical stimulation of the diagonal band or lateral

.7

septunm inhibit7’SON neurons (Koizumi and Yamashita, 1972;

v



164
Poulain et al., 1980; Cirino and Renaud, 1985; Jhamandas
and Renaud, 1985). Futtharmpre,'neurona in this region\ can
be activated antidromically by electrical stimulation of the
SON (Poulain et al., 1381, Shbbcki, 1984). Experimants
using a variety of anatomical techniques indicated that
neurons from these qégions project to the SON and
surrounding regions (Carithers et al., 1980; Miselis et
al., 1979; Tribollet et al., 1985; Oldfield et al., 1985,
Powell and Rorie, 1967; Zaborsky et al., 1975).

Accorxrding to Zaborszky et al. (1975), SON neurons
receive the ﬁajority of thelr synaptic input from neurons
located within or nearby the nucleus. Sixty percent of the

GAD content of the SON remains after leslons which isoclate -

the SON from nearby structures (Meyer et al., 1980). Thus,

% {

GABA-~containing neurons located adjacent to the SON (Tappaz
et al., 1982) and in the lateral hypothalamns and substantia
inominata, dorsal to the SON (Nagail et al.,1983) may be the
source of much of the afferent GABRerqgic innervation.
Indeed, electrical stimulation dorsal to lhe SON in
hypothalamic slices can evoke IPSPs 1In certain SON neurons
{Andrew and Dudek, 1984). A dense projection of septal
neurons to this area {(0ldfield et ai., 1985; Tribollet et
al., 1985) raises the possibility that inhibition of SON
neurons evoked by stimulation of the septum may he mediated

disynaptically by GRABA neurons of the lateral hypothalamus.
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The amygdala is a third possible source of th;
GABAergic input to the SON. Electrical stimulation of the
amygdala, which contains numerous GABAergic neurons (Nagai
et al., 1983), jbhibita SON neurons (Hamamura et al., 1982,
Ferreyra et al., 1983). Axons of these neurons probably
follow the ventral amygdalofugal pathway to the SON
(Hamamura et al., 1982) and are not likely to contribyte to
the evoked IPSP following diagonal band of Broca

~

stimulation.
4.3.3 Synaptically activated conduc;ances
The. spontaneous synaptically activated conductancgs
(0.5~3 nS) are smaller than those observed in hippocampal
pyramidal cells (5-9 nS, Miles and Wong, 1984). However,
because of the low input conductance of SON neurons (3-10
nS), these IPSPs represent an important shunting of the
membrane resistance and attalin amplitudes of up to 10 mV.
Egstimates of the conductangga of GABA channels in other
neurons range between 14-20 pS (Gold and Martin, 1984, -

Barker et al., 1980; Segal and Barker, 1984). The present

data indicate that as few as 25-35% channels may be activated

at the peak of a unitary synaptic event in a SON neuron. B

1

Larger spontaneous IPSPs probably result from simultaneous
release of several guanta of transmitter causing activation
of an estiimated 100-200 channels. An alternative

explanation of the variability in amplitude of spontaneous

!

e
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IPSPs is that they reau;t from activation of synapses
located at different distances from the recording eleéctrode
(Rall, 1967). This 1s unlikely since spontaneous IPSPs of
all eizes have similar time courses (i.e. fast rigse times

and exponential decay at ~ 1.5 x 1g4).

4.,3.4 Time course of the IPSPs: Effects of Pentobarbital

- The rapid 3-5 msec rise of the IPSPs is indicative of

thelr electrotonlic proximity to the somatic recording site

1%
:

(Rall, 1967). It is notable that the decay of spontaneous
and evoked IPSPs resembled a single exponential whose time
constants exceeded that of the cell membrane by 1.4-fold and
2.3-fold, respectively. This i3 evidence that the current
underlying the IPSP persists briefly, possibly due to the

-

kinetics governing either the inactivation of the receptor-
channel complex, or the disposition of transmitter.
Pentobarbital delays current inactivation by increasing
the mean open time of GABA-activated chloride channels
(Barker and McBurney, 1979) resulting in a prolongation of
GABA-mediated asynaptic potentials (Niéoll agyal., 1975
Barker and McBurney, 1979; Alger and Nicoll, 1980;
Scholfield, 1978a). The 2-8 gold prolongation of
spontaneous and aevoked IPSPs in SON neurons by pentobarbital
(10-5 to 10°% M) is similar to that observed in cultured'

spinal cord neurons (Barker and McBurney, 1979) and in

hippocampal neurons (Alger and Nicoll, 1980).
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4.;.5 Bpecifiéiﬁy of the Gashergic innervation of SON ne;rons
According to Miies and Wong (1984) the ratio
Gerpsp ° GsiPsP in a cell can ba taken
as an esgimatr of the number of inhibitory afferent fibers
that project to that cell. In the preasent study, this value
widely varied from 1.6 to 43?7, indicating that certain SON
neurons recelve a greater density of inhibfkor& input than
others. Since the SON contalns primarily two populations of
neurons (ie: those that synthesize vasopressin or oxytocin),
it is tempting to speculate that onc¢ population of SON
neurons might receive this input specifically.
In vivo, spontaneous firing patterns and responses to ﬁ
2

physiologlcal stimuli such as suckling or changes in blood

3

pressure, provide a means of tentative identification of- SON
ée&l type (P;ulajn and Wakerly, 1982; Day and Ren?Pd, 1984).
This permits some degree of correlation of cell type (eqg:
vasopressin-secreting cells) with sensitivity to electrical
stimulation (c¢f. Day and Renaud, 1984; Cirino anad Renaud,
1985). It may now be posgsible to obtain direct confirmation
of this neural circultry in vitro by combining the
tethniques of identification of afferents during
intracellular recording, cell marking by injection o>f
lucifer yellow and subsequent immuncocytochemical staining sy

-

(cf. | Yamashita, et al., 1983).
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4.3.6 fhloride dependence oé the GABA~-activated conductance

-

According to the Nernst equation, the reversal

potential of an IPSP (Eppgp) can be considered an
apprgximation of the equ?]ibrium potential of the‘ionic
conductance which underlies the IPSP (assuming that there is
a single permeant ion species). The sensitivity of

Eypgp to manipulations which alter the 'ranxmémbrane

Cl~ gradient (intracellular Cl~ iontophoresis; removal of
extracellular Cl7) indicates that chloride is the pefmeant'
ion of the synaptically activated channel, Furthorwore,
reduced IPSP-~asscociated condgctance changes (Gypgp)

in solutio;s deficient_in €1~ 13 evidence that chloride is
the permeant ion (Takeuchi and Takeuchi, 1967},

Under these recording copditions, the Nernst equation
predicts ad internal free C1- conéentration of 6-10 M when
KAc electropdes arce used. This 1s less than would be

5 \ .
expected 1if C1” is passively distributed across the plasma

membrane according to its clectrical charge. Thas sugéests

the existence in SON neurons of a chloride pumping~mechanisﬁ

S

. (cf. Lux, 1970, 1971; Llinas et al., 1974; Meyer and Lux,

1974; Gallagher, 1983)‘or a mechanism for intracellular
seguestration and subsequent extrusion of C17 (Ascher et
al., 1976). Eypgp was altered by 40 mv for a’

10-fold change in [Cl"]o, 35% less than the 61 mV/decade
predicted by the Nernst equation. This can be explained by

the existence of a chloride extrusion mechanism and the high

- 4
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level of spontaneous synapticg activity in SON neurchs which

cause depletion of intracellular chloride when extracellular

chloride is removed (Meyer, 1976; Matthews and Wickelgren,

\l

1979; Motozikawa et al., 1969; Nawberry and Nicoll, 1985),

and prevent the reversal of the chloride gradient necessary

.o obtain the predicted shift of Eypgp. Indeed, 1t

Ekﬁld be anticipated that at eguilibrium (after perhaps 30
min to 1 hr in low Cl~ medium) there would be no shift in
Erpgp from its control V;Iues, but that

Gipgp would be decreased in proportion to fCl"]o

(Takeuchl and Takeuchli, 1967). In these experiments,

measurements of Eppgp and Gypgp were made

after 5-10 minutes in low Cl” medium.. Therefore, the

deviation of the rewversal potential data from Nernstian

-

spredictions and the variability 'of changes in Gipgp
#

with (Cl']o can be explained based on gradual depletion of

LS

intracellular chloride.

—

A contribution of another ionic species to Grpgp

(eg. K*) 1is unlikély in view of the 'almost complete
abolition of Grpgp in medium containin§-4.8 mM Cl”7.
However, some neurons demonstrated an evoked EPSPethut was
insensitive to [Cl']o and prob;bly mediated By another ion

(see below), thereby co&plicating meagsurements of

’

Grpsp: This event may account for the dev%ation of -~

some observations from the predictions of Takeuchi and

~o
- N

Takeuchi (1967).

»r
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‘4.3.7 Existence of an underlying EPSP

In many cells there was an evoked PSP that was

resistant to BMI (100 uM) ayd appeared to be excitatory.
This EPSP exhibite§>§Q}tag dependence that allowed
estimation of Egpgp in the range -20 to t20 mv and

Ggpgp ©f 0.1 ~ 0.6 ns. The contamination of theg

evoked IPSP with a second synaptic conductance has several
important implications in the interpretation of the IPSP —
data. Figure 4-12 illustrates an example of how -
Eerpgp can be underestimated relative to

EéIPSﬁI presumably due to contamination of the

evoked IPSP by the EPSP. Similarly, Gerpgp may be
overegtimated in solutions containing BMT due‘to the EPSP~
associated conductance. Finally, the EPSP may interfere
with estimates of Egrpgp and Ggrpgp in .
experiments with low chloride medium (see above).

While no studies have been done to charac;erise the
source of such‘EPSPs in detail, previous studies iﬂ XEXB
have indicated that SON neurons do receive an excitatory
input from areas rostral to the third ventricle (Koizumi and

u
Yamashita, 1972; Sgro et al., 1984; Cirino and Renaud,
1985) . Some of thesge afferents are proposed to participate B
in the release of_oxytocin and vasopressin {(Woods et al.,
1969; Aulsebrook and Holland, 1969; Sladek‘and Johnson,
1983). Preliminary data reported here (cf. Figure 4—13f ©R

indicate that the EPSP results from the activation of an
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ionic conductance (possibly Na* or catt) whose equilibrium

potential is positive to the membrane potential. Such a

conductance might be ‘activated by activation of glutamate or

acetylcholine receptors (Krnjevic, 1973) and deserves more

detailed consideration.
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tV Table 4-1 'Properties of IPSPs in SON neurons. Values are
- . meang % gtandard error of the mean, or when more
appropriate, means and range. : The number of
> cells 1is Indicated in the brackets.
Abbreviations are defined in the text except for
"ARj," which represents the IPSP-induced
reductions in input resistance.

~

Latency . 6.8 msec (range 4-12 msec, 45 cells)
Rise time 5.7 msec (range 3-10 msec, 45 cells)
Fall time 60-100 msec (45 cellsg)

) Control Pentobarbital (10~ M)
L 15.1%1.0 msec (16) 16. 120.6 (5)
Teypsp 37-0%2.8 msec (16) 204.8161.1 (5)
%e/rm 2.57+0.2 (16) ‘J 14.4+44.7 (5)
Tg/ T 1.56+0.1 (9) ) 8.51%3.3 (5) -
. .

KAcetate electrodes KCl electrodes

EeIpsp ~67.4%1.2 nV (24) .+ ~43.2%¥1.4 mv (21)
Egiprsp -72,421.1 mv (14) ~42.7¥1.2 mv (16)

. Ee - Eg ¥3.2 mv (13)¢% -0.2 mv (13)

., Gerpgp 7-18 (0.79-22.0) nS (23) B.82 (0.79-19.6) né (2])
Ggipsp 0-56 (0.17-3.0) nS (16) 0.78 (0.28-3.0) ns (17)
Ge / Gg 7.23 (1.6-43.7) (14) 13.88 (1.9-36.9) (17)
Rin 26420 MDD (24) 19414 MQ (21)
‘ARin -51%4 % (24) —544%5 % (21)

*For E, ~ Eg, values were: 0,0,0,%20,0,0,%9,%,0,0,%1,
+7, and.0. Note that cells in which this value # 0,
had bicuculline-resistant evoked PSPs.

- a

w—
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Fiqure 4-1 Intracellular recordings with a Khc-filled micro-

electrode reveal spontaneous and evoked IPSPs in a SON

’
'

]

neurone.

A) A serias of Qingle sweep; illustrates action potentials
interspersed with frquently occurring sﬁontaneous
hyperpdlarizing synaptic potentials.

B) 15 superimposed oscilloscope sweeps illustrate the
absence of action potentials during the IPSP evoked by
@lectrical stimulation of the diagonal band of Broc;

(arrow). o~

C) Peristimulus histogram constructed dyring »150 cycles of

the activity shown in (B) reveal that a reduction in

neuronal excitability during the IPSP iB followed by a .

pe%iod of enhanced excitability lasting approximately 100

msec. . .

/

*,\
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Figure 4-2 Caompiter plots of the exponential decay of ‘the

IPSP evoked by electrical gstimulation of the diagonal band
1 -
of Broca (arrow) after the saturation of a hyperpolarizing

~

pulse of intracellularly injected current (sed¢ inset;

average of 32 sweeps).

A) IPSP and pulse are superimposed to allow comparison of

o .

voltage decay. B) Semilogarithmic plots of the IPSP and

hyperpolarizing pu%se can be approximated by single

exponentials having time constants (arrow) of 31.6 msec *

+

]
(IPSP) and 11.3 msec (hyperpolarizing pulse) estimated as

.

the time required for the decay from Vy~Vgp to /e x
% .

“

(Vt-Va,) .

o —
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Figure 4-3 Voltage-dependence and monbr;noaconductance of
‘spontaneous and evoked IPSPs in a SON neuron recorded with a
KAc electrode.

A) IPSP is evoked (arrow) at the peak of voltage response
to injection of current pulses. The evoked IPSP is
hyperpolarizing at membrane potentials (Vm) in the range of
-50 to ~75 mV, and de%olarizing at Vm -~ -80 mV.

B) Spontanecus IRSP3 display a similar voltage~dependence
during constant injectlion of hyperpolarilzing current.

C) Current-voltage plot constructed from the data in (A).
Baseline voltage measurements (filled sqguares) made
imme?iataly before the IPSP are cofipared with measurements
made at the peak of the IPSP (open squares). Input (
registance (Ry), estimated as the slope of'the linear
portion of the plot ¢from -80 to =-120), was reduced by 71%
during ;he evoked IPGP. A corresponéing Lnérease in input
conductance (Gi) from 4.39 nS to 15.38 nS indicates a

N

membrane shunt of 10.99 nS associated with the evoked IPSP

(G ).
IPSP \

D) Plots of ampiitude of spontaneous ana evoked IPSPs vs.
Vm. Note that thg each have identical reversal potentials
(Expgp) of approin:Lely ‘ﬂﬁpgv. Note also t;an
while maximal evoked IPSP shows little variation at a given
Vm, the amplitude of spontaneous IPéPs is quite variable.
Accordingly, from this plot (Equation 6, Section
2.6) estimataﬁ evoked Gypgp = 11;23 nS while

/

apontaneous GIPSP ranges from 0.42 - 1.91 ns.

¢
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Figure 4-4 Change in input resistance as;ociated w:t/th the
Evoked IPSP. Short pulse experiment; same cell as Figure
4-3.

A) 1) At resting potential, diagonal band of Broca
stimulation (arrow) evokes a hyperpolarizing IPSP. 2) Steady
application of 9C pA of hyperpolarizing current adjusts Vm
to near Eypgp (-75 mV). 3 & 4) Voltage response to

10 msec current pulses applied before (a,b) during {(c) and
‘aftexr (d,e) the TPSP, Note the diminished amplitude of the
current-induced woltage deflection during the IPSP.

B) Current-voltage plot of data in Ajgg- Voltage
measurements were made immediately prioer to the capacitive
artifact that occurs at the end of each current pulse. Note
that the voltage response to these brief current pulses did
not saturate due to membrane capacitance (T; = 11.8 msec)

80 Ry is underestimated. Neverthe less, tha 74% decrease

in Ry during the IPSP determined in this way agrees

closely with the decrease measured in the same cell using
200 msec current pulses (Figure 4-3). ﬁ

C) Data from (B; plus two additional determinatigns having

current pulses delayed 3 and 6 msec, demonstrate the rapid"

decay of the conductance change underlyling the IPSP.

4
X,
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?1gure 4-5 Voltage-dependence and membrane ‘conductance of
lpontaneous‘and eyoked IPSPs in a SON neuron recorded with a
xci electrode.
Analysis is identical to that of Figure 4-3. Note the
strongly depolartzing evoked (A) and spontaneous (B) Iﬁspﬂy
t:;t increase in amplitude with hyperpolarization. Action
potentials are evoked at the peak of the evoked IPSPs.
c) Current-voltage plot reveals an 82% decrease in input
registance (Rjy) during the IPSP. Bageline input
conducéance (Gy+ 4.35 ns) rises to 23.81 nS at the peak of
the IPSP. The evoked Gypgp 18 estimated at 19.46 nS
although this value may be contaminated with a contribution
of voltage-dependent inward currents.
D) Plot of IPSP amplitude vs. membrane potential (Vm)
yieldg an extrapolateu IPSP reversal potential |

(E;pgp) of ~-44 mV. As in Figure 4-3, eavoked IPSP

amplitudes vary little at a given Vm, in comparigson with

N ’

spontaneous IPSP amplitudes. From this plot (Equation 6,

Section 2.6) estimated svoked Gypgp = 19.1 nS while
o
spontaneous Grpgp ranges between 0.25 and 3.26 nS. /

g

[

te
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. PAgure 4-6 Histogram of the distribution of conductance

associated with the evoked IPSP (Gipgp-g) in

cells recorded with potassium acaetate (KAc, closed bars) and

potunium’chloride (XCl, open bars) electrodes. There was

no significant difference between data obtain with KAc and

KCl electrodes; the data are superimposed.

1
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Figure 4-7 Effect on the evoked IPSP of altering the

concentration of chloride in the perfision medium.

A) Voltage-dependence of the diagonal band of Broca evaked
“IPvSP (arrow) in normal (134 mM C1™) medium where .the IPSP
reverses at approximately ~79 nv,

B) In low chloridemgdium (10.4 mM), the IPSP i.s
positive-going at all membrane potentials and evokes an
action potential at depolarized levels. .

C) Plot of; IPSP amplitude versus membrane potential. The
IPSP reverses at ~79 mV in normal medium {circle). 1In low
chliworide medium (triangle) an extrapolated reversal “
potgntial of ~30 mV is estimated. The reduced slop$ of the

line drawn through the data obtained in low chloride is
v "

indicative of the reduced IPSP conductance.
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Pigure 4-8 Effect of altering the conccntrit{én of chloride
in the perfuaion medium on the evoked IPSP reversal
potential (Eypgy and the associated conductance
(Grpgp)- [c1 ], is assumed to ;e equal to the
concentration of chloride in the perfusion medium.‘
A) Semi-log plot of evoked IPSP reversal potential
(Expgp) as a function of extracellular chloride
concentration fCl”]o. The line drawn through the data
(fitted by eye) has a slope of 42 mv/ten—fofd chagge in
[c1-1,. ’
B) Linear plgt of the IPSP:associated conductance
(G;PSP) as a functi%n of fCl‘]o. The 1line
¢cepresents the theoretical dependence of channel conductance
on}[Cl']o (see text). Each symbol represeﬁts a different
cell (n = 7). The atar in (B) represents data from all

cells in 134 mM [Cl“]o where Grpsp 1s normalized

to 100w,
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Figure 4-9 Sensitivity of spontaneous IPSPs to bicucu%line
methiodide (BMI).

A) Spontaneous IPSPs occurring in a SON neuron recorded
with a KCl electrode and held at a Vm of =95 mV. BMI (1;100
ﬁH) reduces .or abolishes the IPSPs. . ~

'B) Histogram of distribution of Gypgp for IPSPs

observed in control medium and BMI (1-100 uM).
\Gipgp was calculated as described in section 2.6.

BMI (1 M) redpces the amplitude of the IPSPs but does not
noticeably alter their frequency. Higher concentrations of
BMI (10-100 uM) reduce the amplitude of the IPS? voltage
deflections sufficiently that only infrequentiy can events
4
be clearly distinguished from background noise (same cell as

irigure 4-10).

o
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Figure 4-10 Sensitivity of evoked Ipspgté*nur

N/ -
A) Evoked IPSP in a SON neuron recorded with a KC1l

alectrode and held at a vm of =105 mV. BMI (1-100 uM)

n
reduces or abolishes the evoked IPSP. Note the action

potentials at the peak of the IPSP under control conditions.
B) :Plot of IPSP amlitude vérsus membrane potential (Vm).
BMI (10 uM) reduces IPSP considerably and causes a slight
positive shift of the Elpépo BMI (100 uM) virtually
abolishes Gyrpgp but leaves a small residual PSP ‘
whose'revershl potential (extrapolated) differs considerably
from Eyrpgp under control conditions. This

‘phenomenon is more pronounced in the cell iliuﬂtraged in

Figure 4-12. Same céll as Pigure 4-9.

- . .
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Figure 4-11 Dose;dependence of effects of BMI on a
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conductance induced during spontaneous and evokegd IPSPs.

Data from 12 cells. Spontaneous (closed triangles) IPSPs

appear to be slightly more sensitive to BMI
triangles) IPS@B; the concentrationa of BMI
reduce Gypgp ﬁy 50% (IC50) is approximately

for spontaneous IPSPs and 2.2 uM for evoked

than evoked (open

necaessary to

1.5 uM Vo
IPSPsg.
;
. ,
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Figure 4-12 Evidence for the existence of an evoked EPSP in

-

a SON neuron.

A) Under control conditions, the neuron has an evoked IPSP
which is hyperpolarizing’ap resting membrane potential and
reverses normally with hyporpolfrization-

B) In the presence of BMI (160 uM) the PSP 1s depolarizing,
evokes a splke at resting membrane potential, and is
slightly increased in amplitude by hyperpolarization,

€) Plot of PSP amplitude as a function of membrane
potential (Vm) under control conditions and in the presence e
of BMI. Eypgp-g {arrow) obtained in control

conditions was near -64 mV. The extrapolated Eppgp

(curved arrow) obtained in BMI was near 720 mV. Note th;t

the evoked Gypgp = 25.08 nS while the evoked

Gegpgp ™ 0.63 nS. Despite the relatively small

conductance increase associated with the EPSP, its praesence

undoubtedly caused an underestimation of the Erpgp

'for the evoked IPSP. Indeed, Ejpgp_g (arrow) of

spontaneous IPSPs in this cell was estimated to be -77 mv. ?

h ¥ .
Same cell as Figure 4-13.
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« 8

Figu;e 4-13 Evidence for the axistence of an evoked EPSP in

a SON neuron. ; )

A) 1) 10 superimposed oscilloscope sweeps showing IPSP R
evoked by diagoéonal hané of Broca Btimulation (arrow) during
apontaneoué actvity 1; control medium. 2) Peristimulus
histogram (PSH) collected during 40 cycles of the activity
shoyn in A1l. ’ - )
'B) 1) In the presénce of BMI (100 uM), DBB stimulation

evokes an EPSP which faithfully induces an action ﬂpéentiall

and prolonged period of increased excitability. 2) PSH of

activity in B1. Same cell as in Figure 4-12.

kY]
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Pigure 4-14 Pentobarbital prolongs the evoked IPSP.

A) 1) 10 superimposed oscillbscope sweeps showing IPSP
eavoked by diagonal band of Broca stimulation during -
spontaneous activity in control medium. 2) Peristimulus
histogram (PSH) collected during 40 cycles of activity shown
in A1, ) -

B) 1) In the presence of pentobarbital (100 yM), the IPSP
induced by the diagonal band of Broca stimulation is

markedly prolonged. 2) PSH of the activity injB1.
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righre 4-15 Pentobarbital ftolongs the pvoked IPSP.
Analysis similar éo that in F}gurec4-2. \/

- . \ s s
A) Averaged record of 16 cycles with membrane potential

"held near -95 mV (KAc electrode) and IPSP evoked  at 0.5 Hz

under control conditions or in the presence of pentobarbital
#(PB, 10~% M).

B) Semilogarithmic plot of the data 4in k. Trpgp 1is

increased 2.1-fold by pentobarbital.

”
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CHAPTER 5

.

THE EFFECTS OF GABA ON THE MEMBRANE PROPERTIES

OF SON NEURONS

5.1 Introduction

SON neurons receive a powerful and active inhibitory
input that appears to be meéiated by the amino acid
Y-aminobutyric acid (GABA) (see Chapter 4). Werman (1966)
has outlined criteria which should be satisfied in order to
identify the transmitter at a given synapse. In the case of
GABAergic transmission In the SON, éeveral have already been
satisfied as morphological and biochemical studies that
GABA, and the enzymes responsible for its synthesis and
degradation, are present in the SON (Tappaz et al., 1977;
Meyer et al., 1980; Perez de la Mora et al., 1981; Nagai et
al., 1983). Two important criteria have yet to be
satisfied: 1) Exogenous application pf the putative
transmitter must mimic the actions’of the endogenous
transmitter and 2} both of these effects must demonstrate
sensitivity to a specific antagqonist.

Iontophoretic studies on SON neurons in vivo-have
confirmed that GABA prompts a reduction in thelir
excltability (Arnauld et al., 1983; Bipulac)et al., 1978;

Mosgs et al., 1972). There have also been reports involving

the intracellularly recorded responses of SON neurons to

-
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GABA (Abe and Ogata, 19813, Ogata-at al., 1984) but none have
described its actions in any detail. In order to confirm
that GABA is the transmitter mediating most of the IPSPs
observed in SON neurons, exogenous GABA must be shown to
have effects similar to synaptic events on their membrane
properties. This chapter reports observations on the

actions of GABA and analogous compounds on SON neurong.

5.2 Results

5.2.1 Effects of GABA, Muscimol and Glycine ,

GABA (10 pyM~-1 mM) was afplied in the perflusion edium‘
for periods of 3-30 gseconds. Its effects on actidn
potential firing, membrane potential and Jﬁput resistance
were observed in 23 SON neurons in 15 explants. GABA
( S0um) conaistently inhibited spontanecus firing, but
induced either a hyperpolarization (Fig. 5.1A) or a
depolarization (Fig. 5. 1B) in different cells. This response
was resistant toc synaptic blockade using tetrodotoxin (10— 6
M, Figure 5-1B) or 15 mM Mg**, f{ndicating that GABA action
is postsynaptic. Muscimol, a potent GABA-A receptor
agonist, also induced similar effects but at a much lower
range of concentrations (0.3-30uM). The regponses to
muscimol were 2-~3 times longer than the responses to GABA
(Fig. 5.1a). Glycine (1-10 mM) also mimicked the effects of
GABA, but at concentrations at least 10-fold greater than

those of GABA (Figure 5-1C).
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5.2.2 GABA-induced conductance

GABA and muscimol induced ‘dose-related decreases of
input resistance (Rinl Figures 5-2, 5-3). Cells varied
considerably in their sensitivity to GABA: cells which
responded to 10-100 yM GABA usually underwent a 90-100%
decreasa in Ry, in response to high doses of GABA
(100uM; Figure 5-2); cealls sgnsitive to 0.1-7 mM GABA
reduced Ry, by a maximum of 50-80% of control values

(Figure 5-3). These changes in Rj, corresponded to

GABA~induced conductances (AG) of 10-50 ng (mean 42 nS; see

analysis in Chapter 2.7). Despite their differing
sensitivities to GABA, all cells had sigmoidal dose-response
relationships (4G vs. log [GABA]; Figure 5-4A) and the
cxitical slope of the log~log plot ofs the dose--xresponse
relationship was 1.7 (Figure 5-4B). A similar variablity of
the response to muscimol was obgserved (Fiqure 5~5) but the
dose-reaponse relationships (A G vs. log (muscimol]) were
sigmoidal and the critical slope of the log-log plot was 1.6

(Figure 5-4}).

5.2.3 Effects of Bilcuculline Methiodide

Bicuculline can be viewed as a gspecific inhibitor of
the effects of GABA in mammalian brain (Curtis et al.,
1971b). The dose-~response relationships for the conductance

induced by GABA ani muscimol were shifted to the right by
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bicuculline methiodide (BMI, 100 M, Figure 5~3)., This
effect of bicuculline methiodide was even more ;;ronounced on
muscimol responses. Maximal responses to GABA and muscimol
could still be obtained in the presence of bicuculline
methiodide, but higher concentrations were required (Figure
5-3). Thin indicates that the inhibition by BMI 1s

competitive in nature.

5.2.4 Membrane Voltage Responses and Reversal Fotentials
Membrane voltage responsgses to GABA and muscimol took
two forms duxring intracellular recordings wwith KAc
electrodes. In approximately 65% (9/14) of SON neuronsg
studied, lower concentrations of GABA (10-40 lli‘i) or muscimo}
(0.1-1 uM) ind;xced moderate decreases of Ry, (30-60%”, &G
= 1-10 nS) and a hyperpolarization of 2-10 ‘mV (Figurea 5-~2,
5-5 and 5-6). Higher concentrations induced 80-100%
decreases of Ry, (AG = 20-100 nS) and biphasic voltage
responses character1zed by an initial hyperpolarization of
2-10 mV followed by a depolarization of similar amplitude.
In the remaining 35% (4/15) of neurons, GABA appeared to be
without effect at the lower concentrations but induced a
depolarization at higher concentrations (Figures 5-3, §-5

!

and 5-~7).

Intracellular current injection revealed a voltage

dependence of the hyperpolarizing GABA responses similar to

2

that of the spontaneous and evoked [PSPs. The reversal

.'v‘

L
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potential of the hyperpolarizing GABA response -
(EGaBAa) was approximately egqual to Erpgp (1%

S mV; Figure 5-~6). The reversal potential of the
depolarizing GABA response ranged between =33 mV and -55 mV

(mean -42 nmV; Figures 5-6, 5-7).

5.2.5 Chloride-Dependence of the GABA Response

Similar GABA~induced conductance changes were observed
in flve recbrdings using KCl electrodes. Iiow;aver, the -
voltage dependence of the membrane response was altered such
that the Egpga wWas now =-40,0 %t 4.3 mV (range =29 to
-55 mVy Filgure 5-8). EgaBa ¥Yas in close agreement
with the Eypgp (%4 mV). In three neurons recorded
with KAc electrodes, Egpgp exhibited a dependence
upon the concentration of chloride lons in the perfusion
medium [Cl"]o which was similar to that of Erpgp
(Figure 5-8). Reduction of [Cl-], from 134 mM to 10.4 mM
induced a positive shift of Egap; by 40-50 mv
(Figure 5-9). In contrast with the IPSP-assoclated
conductance change (Gypgp), no dependence of
Ggapa On [Cl"]o was observed.

»y

5.3 Discussion

5.3.1 Identity of Action and Pharmacological Sengitivity
The principal objective of the experiments described in

this chapter was to test the hypothesis that GABA may
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mediate at least ;ne form of synaptic inhibition, i.e.
postsynaptic inhibition, in the SON. For this hypothesis to
be true, exogenously appliéd GABA and synaptically-evoked
IPSPs phould hoth ellictit similar effects on the membrane
properties of SON neurons and both should demongtrate
similar sensitivity to a2 specific antagonist {(<f. Werman
1966 ). ‘In fact, GABA's actirons proved to be ;ery similar to
those of the IPSPH. Thus GABA: 1) inhibited action
potential firing, 2) increased membrane conductance and 3).
induced a hyperpolarization in mpat neurons which reverged
neax Eypgp and was sensitive to the transmembrane
chloride gradient. Therefore, similar to the IPSPs récorded
in SON ncurons, the ffects af GABA appear to result from
the activation of a chloride ionic conductance.

An explanation for the insensitivity of the
GABA-induced conductance to changes in the Ecl“]u can only
be speculation at this time. As demonstrated by Takeuchi
and Takeuchi (1967), the reduction in GABA-ainduced
conductance under thepe circumstances depends upon depletion
of intracellular chloride. This, in turn, depends uéon the
membrane's chloride conductivity, and would therefore be
hastened by spontanenus chloride-mediated 1IPSPs, or repeated
testing with GABA (cf. Meyer, 1976; Matthews and Wickelgren,
1979 ; Motozikawa et al., 1969; Newberry and Nicoll, 1985).
The three SON neurons, whose reasponges to GABA in low

chloxride medium are reported here, displayed few gpontancous

¢
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IPSPs (see Figure 5-9) and were tested within 10 minutes of
changing the perfusion medium from normal to low chloride.
Because the intracellular concentration of chloride may bhe
maintained under these conditions, and an outward flux of
chloride ions 1s required to produce a membrane
depolarization, no change in the QQBA—induced conductance
would be anticipated.

The ability of bicuculline methiodide to antagonize the
effects of GABA, as it doe- the IPSPa, 1s further evidence
for GABA mediation of the IP5Ps, and suggeastg that the
chloride ionophore is linked to GABA-A typé receptors (See
review, Enna and Gallagher, 1983). Biochemical atudies
suggest that the inhibition by bicuculline methiodide af
GABA binding to GABA-A receptors is competitive in nature
{Enna, 1977; Mohler and Okada, 1977). Several
electrophysiological studies (Simmonds, 1980; Bowery and
Brown, 1974; Homma and Rovainen, 1978; Pickles, 1979)
indicate that inhibition of GABA actions by bicuculline
resembles competitive inhibition because, in the presence of
bicuculline methiodide, higher doses of GABA can still evéke
maximal responges. This 18 manifested in the garallel shift
of the dose-responsses curve for GABA induced by bicuculline
methiodide in SON neuruns (Figure 5-3). Thus, the actions
of exogencus GABA are conaistent with the hypothesis that
GABA i1s the endogenous neurotransmitter mediating the IPSPg.

Glycine weakly mimicked the effects of GABA on SOUW
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neurons. The relative potency of GABA and glycine vas
. .
similar to that observed in cerebral cortex although
opposite to that observed in spinal cord motoneurons (see
Krnjevic et al., 1977). In a given brain region, these
differences may be attributed to higher density or affinity
of receptors for ecach of these amino acids, or to higher
conductance of the corresponding ifionophore. T%us, by ore orxr
a combination of these factors, GABA appea}s to predominate
ovexr glycine in the SON. Although 8B8trychnine antagonized
the IPSPgs (Chapterxr 4), glycine is not viewed as an important
inhibitory neurotransmitter in the SON. The ability of

strychnine to reduce responses to GABA (cf. Scholfielad,

1982), has not yct been confirmed, but would add support to

this contention. .

5.3.2 Effects of Muscimol

Muscimol, a powerful GABA-A agoﬁist, was 20 times more
potent than GABA in inducing a chloride conductance in t;e
SON. This potency ratio is similar to that observed in the
olfactory cortex (Pickles, 1979; Scholfield, 1982; Simmonds,
1980 ; Brown and Galvan, 1979) and is further evidence that
tne effects of GABA on SON cellsuare mediated by GABA-A
receptorg (Enna aqd Gallagher, 1983). Biochemical studies
indicate a smaller, 3 to 8~-fold difference in the affinities

of GABA and muscimol for the GABA-A receptor (Snodgrass,

1978 ; Williams and Risley, 1979; Beaumont et al., 1978;
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{ Mohler and Okada, 1977). Although the reason for this
dlscrepancy has not yet been determined, Brown and Galvan
{1979) have speculated that GABA is less accessible to the

[

-~ receptor binding site because of glial uptake (cf. Iverasen

and Kelly, 1975). Muscimol and bicuculline are poor
'substrates for the_,Na-dependent GABA binding site thought to
mediate GABA uptake (Johnston et al., 1978). This explains
‘not only the greater potency of muscimol, but the longer
duration of responses compared to GABA: (Fig’ure 5-2). The

- greater sensitivity of muscimol to antagonism by bicuculline

methiodide (Figure 5-3B,C; see also Scholfield, 1982;
Simmonds, 1980) can also be explained on this basis. GABA,
at higher concentrationa (vs. muscimol) necessary to induce
a glven conductance change, competes more effectively with
biquculline methiodide for GABA-A binding sites.

’ This discrepancy in potency ratio could also be tt;e
result of differing abilities of GARBA and muscimol to
activate the receptor-ionophore complex following recaptor
binding. Mathers and Barker (1981) suggested that muscimol
activates a channel having a mean open time twice that of
the channe; a\ctivated by GABA. Pertinent to this discussion
is the observatjon that the slope of the log-log plots of
l1igand-induced currents as a function of ligand
conceptratlon is approximately 1.7 for both GABA and
muscimol (Figure 5-4B). This value is similar to that

obgerved in several other systems (Barker and Ransom, 1978;

13
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Akaike et al., 1985; Chol and Fischbach, 1981; Krnjevic et
al., 1977) "and has been held as evidence that two molecules
(of either GABA or muscimol), combine with the receptor to
activate the chloride ionophore. This similarity of the ’
slopes for GABA and muscimol argues that differences 1in
ionophore activation kinetics do not result from di’fferencéé
in the stoichiometry of the receptor binding -+ activation
seguence for the two agents. A more likely explanation is
that the higher affinity of muscimol for the GABA bind‘uing
site results from slower dissociation of the muscimol-
receptor complex. This decreased rate of dissoclation might

result in slower channel inactivation kinetics.

5.3.3 Biphasic and Depolarizing Responses to GABA
Perhaps the most perplexing aspect of the results of
these experiments 1s the dichotomy in the data concerning .
the reversal potential of the membrane voltage response to .
GABA (EgaBa)- Approximately 60% of SON neurons
responded to low udoaes of GABA (10-100 uM) and Egppa
was very similar to the Erypgp. In the remaining ) \’
neurons, Egpgp Was 10-36 mv more positive than the
Erpgps Ssimilar to the Egapa or
Erpsp observed in SON neurons recorded with KC1

electrodes. These cells only responded to concentrations of

GABA greater than 100 uM. No other membrane property could

<

a

\//

e
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be found that demonstrated a strong correlation with
Egapa+ In particular, there was no correlation
between the gtrength of the evoked IPSP in a given neuron,
and its responsiveness tc; GABA.
Biphasic xesponses g;é GABA have been reported in other

v

CNS neurons (Barker and Ransom, 1978a; Alger and Nicoll,
1982, Anderxgen et al., 1980) and several explanations of,
 the phenomenon have been offered. Barker ynd Ransom

(1978a), whose data are similar to those gresented here,

o

suggested that high doses of GABA cause sufficient Cl~ to
enter the neuron, resulting in a reversal of the
electrochemical chloride gradient. It is difficult to
imagine how this could happen, however, since the flow of
Cl- ions should stop when Ecj. reaches the membrane
potential. However, chloride flux into neurons, and pérhlaps
glia, might concomittantly lower extracellular chloride and

reverse the membrane chloride gradient.

,
Barker and Ranscom (1978a) also performed topograp?\iéal -

s
L

studies of GABA responses and showed that depolarizing’
responses could be regularly evoked In dendrites. This ,

!
iu.qgests that the electrochemical chloric}e ion gradient

o

across the dendritic membrane may be reversed, when c’ompar’éd

wirh the somatic membrane. Alger and Nicoll (1982) made

gimilar observations in pyramidal cells in hippocampal

K]

slices, and proposed that hyperpolarizing regponses to 'GABA

result from activation of somatic, synaptic receptors, while
n "1*‘ !

[}

.
a °

o
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depolarizing responses result from the activation of
dendritic, extrasynaptic receptors. This hypothesis would
explain the present data guite well. Unfortunately,
;!'etailed information concerning the organization of"
GABAergic input(s) to the SON, and the 1oca‘tion of GABA
receptor\a on SON neurons are not currently available.

- A third explanation, proposed by Krnjevic et al.
(1977), is that prolonged exposure to high concentrations of
GABA activates Nat-Jependent GABA uptake. Thig transport
may be electrogenic and cause a pokitive shift in membrane

potential due to synport of Na‘t and GABA (which is neutral

at pH7). If such a mechanism operates in the SON, it must

also be activated by muaéimoi, since this agent also évokes
biphasic resp‘ons;s (Figure 5-2). A}?, nipecotic acid, a
GABA-;uptake inhibitor, might be exprected to reduce the
depolariz}ng re:pones to GABA while prolonging its actioné
on post-synaptic receptors.

Th; simple and uniform morphology, the frequent
spontaneous IPSPs and the ability to reliably evoke an IPSP
should make SON rcurons an ideal model systam in which to
perform detailed studies of GABA-mediated neurotransmission

3

in the manmaiian central nervous systen.

PO

8§/
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Figure 5-1 ‘Responses of tl.xree SON neurons to GABA, muscimol
and glycine. _Substances were administered during the
interval i'nd.ica.'ted by the horizontal bars; pulses of

T . ]
hygerpolgrizin‘g current were administered every 1~2 seconds .
to monitor the cell's input resistance. In all figures
(except Figure 5-1B,) the full amplitude of .action
potentials is not shown. A) KAC electrod;z 1) GABA inhib.its.
action potential firing while infucing a membrane
hyperpolarizatiqn and decreased input resistan;:e. 2) ’ ] _ﬂ
Muscimol has similar effects which last 2-3 ~foid longe;‘. X;) . °
KAc electrode 1) In another cell, GABA s'uppreAsaed action
potential firing bu\t:. induced a Lmembrane depolarization. 2)

Both responses persisted in the presence of tetrodotoxin

(TTX, 10-6M); TTX-insensitive Qa'”-dependent action potential

Y .

firing was inhibited by GABA. C) KC1l electrode. Glycine
also induced a reduction in input resistance and membrane

depolarization, but only with a 10-fold higher
concentration.
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’ M .
rigufe: 8=-2 Chart recording- of the responses of a SON
A . .
neuron which was sensitive to low doses ‘5! GABA and_
4 . . .
muscimol. The brasting membrane potential was =58 to .60 mV

-

throughout; constant-current pulses (70 pA) were

administered at 0.5 Hz to monitor input resistance (200-240
ns{ at rest). GABA (A) or nuslclmola(a) waé administered: .
during the\poati_ot'! indicated by the .b;r at the gottom of each
gseries of records at the concentration indicated to the left

of each record. Low dosgs' of beoth uubstqndés induced
S ” .: . e A -t . "
moderate decreases in” input resistance ac@mpanied by a

} ) . >
hyperpolarization. Higher doses shunted the menbrdne

resistance and induced a biphasic response where an early

o hirperpolarizati‘o‘n wvas followed by a late depolarization.

-
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Pigure 5-3 Antagonism by bicuculline methiodide (BMI, 100

‘uM) of the E\ftec'tréf GABA (A) anad muacimol_ (B). Chart

\

' recordings al\‘\in Elgﬁr:ol 5-2; RMP = -62 to -§4 nV t};roughbutt
100 pA'conlta\ntt current pul;eg indicate that Te ting 1r'1put

* resistance vas 2q40-270 MQ. Note that for this particular
nqt.;ron, five to ten~fold higher doses of GABA and muscimpl
were n'eeded‘to induce.‘ increases, in input conductance
,eq.u‘ivalegt to thosé displayed in the cell in Figire 5-2.
The membrane v91tage response vas prlmar}ly depol’arj:zinq.

 Maximal doses of GABA and muscimol increased input

conductance by approximately 15 nS. BMI increased the dose

! A

of GABA or muscimol necessary to obtain this maximal
- . .

N response. This is illustrated in C) where 4G is plotted as

3

: a function of the concertration of GABA (triangles) or

-

wg:cimol (diamon'ds) under sither control conditions (filled

syhbols) or 11{ the presence of BMI (empty symbols), The

parallel dilplacnnent of the dose-resgonse curvo 1‘05 GABA by

BHI indicates that BHI acts as a competi e antagonilt.

o
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I .
Figure 5-4!! Do.o-rdl?onu. relationships for the increase-in

1nput“ conductance (M) by GABA (tz‘ia.ngle-),.‘xnd nuscimol

(diamonds) in SON ne\\:\ronu. * Por individua%l SON neurons, .
¢ ‘ .

conductance changes at each concentration of GABA or
[ ) . ‘

nuuciugl, were expressed as a percentage of maximal

GABA~induced response in that cell. Data .for all celly in

this study were then pooled according, to the concentration
Each point represents the mean of data

-A) Semi-log plot reveals

of ‘GABA' or myscimol.
Y

obtainad £from 2-8 SON neurons.

signoidal dou renponuo relationship, ‘Muacimol vas

' 'approximately ‘20-fold more potent thar? GABA alt?mouqh maximal

conccntrations of each drug induced identical ¢onductance\

changes. B) Log-log plg‘}m data in A) have critical
slopes of 1.7 (GABA) and 1.6 (myscimol )». _See text for

N o »
discussion. ; S
=" t. 4

-
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Figure 5~5 Diftou\ncaos in the potency of GABA and~musp1nol N

on SON neurons whose responses vere bip;_aasic (Pigure 5-1;),

or uoﬁophqulc (dcp\olatizing) (P'igulre 5-;). The conductance

data from. Figure 5-4 were divided into two qro;ps based upon

the membrane voltage ‘response of the‘%aurons. A) Semi~log

plot'linilax: to PFigure 5-4A except that the actual induced

conductance (AG) is plotted. °‘GABA ‘(triangljes) and muscimol
\

(diano‘pd-) induced condugtance changes ten~fold more -
t

‘potently in c:lla that responded biphasically (filled
.,ynboll)gthan in those that only depolarized (empty
synbolsi. 'B’) Semi-log plot of the mex;brane voltage
ra‘ponus (AVn),og these neurons. ' Positive valuas .,Lndicate°
) depolariéationz n‘aqativé values indicate hyperpolarization.
Note that neurons that respvnd biphasically are
hypcrpolarizod bg doses of GABA and muacimol S-10 fola 1owéi
than doses that induce a depolarization. Al;o note that in

one SON neuron thgt wvas only depolarized by GABA, high doses,

of mnacimol induced a hiphaaic responsge.
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Flgure 5-6 Voltage-dependepee of the hyperpolarization and
[ . " © N

biphasic responses to GABA and the evoked IPSP in a SON .
néurow{'recorded with a XAc electrgde™ GABA was administered
during the period indicated by the bar at- 50 uyM (A) or 500

yM (B) in order to evoke hyper%olarizi_ng or biphasic

- ws

responses. The membrane potential (indicated to the left of

/ N .
each record) was adjusted by steady intracellular current

e

injection and the sign and amplitude of the membrane .

\ -

voltage responses  (AVm) vwere observed. Similarly in C) the .

= 9

sign’ and amplit‘ude of the 1PSP evoked by electrical
stimulation ﬂ(meow) of the diagopal band of Broca (Chapter

4) wasg m‘ltore;i as the merbrane potential was adjusted by
intracellular injection of current p‘ulses. ‘DY Avm was

- %

. \ - - .
rlotted 38 a fm;xction of membrane potential (vm). The
hyperpotarizing responses to GABA showed a ™ .

-

s : [ -
voltage~dependence very similar to that of the evoked IPSP.

\

Both tespo_nées reversed near -81 mV. The reversal potential

of the depolarizing re_spénse to GABN was estimated by .

£
extrapolation to be ~49 mv,,

- "

-
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Figure 5-7 Voltage-~dependence of (A) the depolarizing
response to GABA and (VB) the evoked IPSP in a SON neuraon
recorded with a KAc electrode. Same analysis as in Figure
$S-6. Note in (C) .that the reversal potentials of the GABA
and IPSP-induced v;olta‘ge changes differ by approximately 36

nVe.
Y
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- .
Q »

"Figure 5-8° Voltage-dependence of the depolarizing response

to GABA (A) and the IPSP (B) in a SON neuron recorded with a

KCl electrode. Same analysis as in Figure 5-6. Note in C)

[}

that the reversal potentials of GABA and IPSP-induced o,

[

voltage responses arebsimilar. 0

N N

~ s - a
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Figure 5-9 Dependence of the rovcrlal'pothntial of the,

A

GABA-induced voltage responses (Egppp) npdn the

.oxerﬁqdlular concentration of chloride ions.
Aanalx@4l as in Figure 5-6. Responseés to GABA

in medium contpining the normal concentration of chloride

&© -

(134 mM, A) or in medium containing 10.4 mM Cl~ in which

NaCl was replaced by Na Glucuronate (B).

<)

PN

Similar

EGaBa

i val-shiftud from =63 mV to approximately =10 mV by the

reduction of extracellular Ccl™. _

i

were observed
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. ’ a-ADRENERGIC ACTIVATION OF SON NEURONS
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K3

6~-1 Intxoduction

\ .
The 8Q# contains an extremely dense plexﬁs‘éi

catecholaminergic fY¥bers (Carlsson et al., 19&2) which

arises_ for the most part from notepihephrihe-copﬁhiniﬂg
somata located in the A1 cell group of the ventrolateral
medulla (Swanson et al., 1981). NThe numerous studies . .

designed to evaluate the influence (fe: facilitatory or

inhibitory) of norepinephrine on éhe release of

.neurohypophysial hormones have yielded contradictory results

and have failed to provide a definitive conclusion (see.

-

Cnapter 1). 1In particular, while earlier

elactrophysiological studies indicate that norepinephrine

" depresses the firing frequency of SON neurXons in vivo

{Barker et &1$; 1971; Moss et al., 1971, 1972? Arnauld\et
alf,-1983);'recent reports aréue to the contrary (Day and
Renaud, 1984; Wakerley et al., 1983). sincé,more precise
control of druq‘concqntrations during neuropharmacological

tests can be achieved in vitro, the experiments reportead

below used perfused explants of hypothalamus to examine the

°

effects of norepinephrine ana analogous compounds on ‘the

»

excitability and membrane properties of SON‘peuronq.
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6.2 Results . 5 ) '

. 64241 Ad:.nezéic‘!ffectu onufiring Prcquency And:ﬁatterﬁ
The drug lensitivity of 171 SON neurons (141 recorded

extracellularly, 30 1ntrace11u1arly) in 80 preparationa ﬁaa

-
~

examined. The spontaneous activity patterns of these cells

-

varied wiiely from gquiescent (<1 Hz) to irregular, .
$ !

contlinuous or phasic activity. The most cohsistent response
. . é . :

to horepiﬂephrine (10~200 uM) was an increase in
excitability obsexrved from 85% of both'quiescent and

-

spontaneously active cells. This tot;l includes 13 cells
that'could‘be activated antidromically from the pituitary
stalk and 7 cells maintained in synaptic isolation in medium
containing 15 mM Mgt+t. Reprod&cible responses to repeated
pi;ssufe npplicagiong from an adjacent micropipette (Figure
6=-1A) indicated'no apparent‘tachyphylaxis. h
When added E;—EKB perfusion medium, norepinephrine.
prompted an initial 1ncrease in discha:ge frequency that
’perlistea for as long.aa neveral minutes (Figure 6~1B-D).
- '-"Anohg uil;nt cella, thia could be tol}owed by the appe;ranca
of pha:ﬁc firing (riqure 6-1B). Cells that dischafgaé
s continuously when initially ancounterod were seen to show a
‘trunuition fglloving norepinephrine application to patterned
firing whic& consisted eithcr of a series of brief bursts of
3~ 15 action potentiala (Figure 6-2B), or phaqic buzsting
(rigqre 6-1D). Low dones of NE (10 M) could induce thi-

patterhing without much effect on ovarall firing treqhancy'

%
P
hid \
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(Pigure 6-2). Higher doses (30-100 M) induced a similar
° P o>

bursting pattern of firing, but also increased the overall

firing frequency (Figure 6=1B,C).
v . »

. -

6.24,2 Effects of Adrenergic Agonists and'aktagohists

The &) -adrenergic agonists met£cxamiﬁe'and pheﬁyl- )
ephgina (10-200.un) mimicked the effects of ﬂorepinepnrine
Kfiguri 6~1B,2,3 & A)ﬂ. Neither clonidine (10-300 1“,‘testéd ?
on 9 ceils)m repgrted to aét on az-regeptoyb, nor iqopr;~'
terenol (10-300 M, tasted’on 9 cells, Figure 6-3B,C), a

B-adrenoreceéptqQr agonist, demonstrated any obvious effect on

*
» »

the firinqh pattgrn of SON\neuton'p. ‘

‘ The effect of norepinehrine could be campletely hlocked‘
.. by the nbnfselectiig ;ra&renergic gnfagonist phenoxybenz-
~amine (1-10 uM, 10 cells, rlgure‘G;BA) or the selactive
'hl-ahtégonist p¥azosiﬁ (10 nM-14M; }igure 6-3B, 6-4C). The

effects of these t;o agents were ;xtremely-long-livedxaad
reversal of the bﬂpckade was obtained only on two occasions. s

A similar antaéonism of the norepinephrine-~induced response

could be obtained with tge predominantly aj,-antagonist

- yohimbine i3 cells), but this r;quired concentrations in \

excess of 10 uM (Figure 6-3C).

. » - e - .

6.2.3 Adrenergic Effe&ts on Membrane Propertlies i

Norepinephrine, phe:z}ffhrine and methoxamine could all o "
.¥Induce membrane depolarizdtion associated with the increase “

» 1

e
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-~

" in frequency of ﬂction potential firing (Figure €-4). No

consiatenthchanqe in input resistance was detected (Figure

4

6-4A). The depolarization lnduced by norepinephrine vas
réduged or abolished by”pragosin (16—1006 nM; Figqure 6-4C).
?he 5~10" mV depola;izationa at‘resting membrane pote?tials
k—SO-to ~65 mV) were reduced b}=§embréne hype¥polarizatidh
to -96 to -100 mv (Figure 6-5). Further hyper}olgriéation
never reversed the depolarization. It fs,important to note
that this voltage-depenéencé}of tﬁe response to. ‘
norepinephrine and agonists could not. be démonstrated as

reliably as. that of_the IPSP (Chapter 4) or the response to

GABA (Chapter 5). Nevefthéless, in two neurons the

Y L]

A norepinephfine—indqged depolarization was qééuced(by

~

iqcreasinégthe extracqlldlar Xt concentration (Figure 6-6).

A -
s - .
. L]
o '
. ‘ - e -
\ . O
s .

6.2.4 Adrenergic Effects bn Action Potentiqlsw
Previous studies have indicated that norepinephrine
shortens action potentials by ¥educing inward ca®t currents

(Williams and North, 1984; Dunlap and Fischbach, 1981;

) . . : ’ .
ﬁQalvgq and Adams, 1982; Horn and McAfee,r 1980). This effect

y

-t

of noreéinephrine—1s'probab1y mediated by aj,-adrenoreceptors

since it 1s mimicked by clonidine (Williams and North,

2

1984). . i ) o , '
SON neurons display_calcium-dependent action potentials

'

in the presence of{ﬁ%tnoddtoxﬁn (Bourque "and Renaud, 1984).

5
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a6
1

In two experiments, norbpineph?ine had no effect on the
amphituhe or guratipn of these calci&h&dgpendent action
‘potentials (data-not shown). This indicates that the
qplcium-currents'underlying action potentials afe not
modulated byvnorepinephrine; In contrast, action potential

duration was inpreased 5-50%—concomittant with the increased

.

f&equency of short interspike intervals (Figure 6-7C; cf g

Bourque and Renaud, 1984) during bursting induced by

norepinephrine or an agonist. The neuron illustrated in
Figure 6-7 yesponded to methoxamine (30 uM) with a modest

increase in ‘firing frequency and action potential duration.

Higher doses of nérepinephrine or agonists produceqagr%ater

changes in both parameters. )
Ls
6.2.5 Adreégrgic Effects on "After~Potentiala E
§ingle action potentials or currxent- evoked bursts

in SON neurons are fallowed by a hyperpolarizing after-

potential (Andrew and Dudek, 1984a) that results from the

activation of- voltage~- and calcium- dependent potassium.
currents (Bourgue et al., 1985). The amplitude of these
hyperpolarizing potentials was unaffected by noxrdpinephrine

and al-agonists (Figure 6~-7, 6-8; 5 cells). However,‘al-

-

agonists increased the rate of decaw, of the hyperpolarizing
@es (ie. the gradual

after~-potential following sing

e T e
ﬂepolariz(&f“n: Figur;“3‘1nl‘r sulting in shorfer interspike

~t . e
intervals (Figure 6‘732) . BN
et ' - "
) . ‘ Y ) ~
. . s
} n ’ | . /l\_'l‘ y .
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A preliminary experiment indicated that the

£

depolarizing after-potential that follows ourrent-evoked

) ° t -~

bursts of action potentials (Andrew and Dudek, 1984;

Bqﬁrque, 1984) 'i{s also altered in the presence of norepi-.

L4

nephrine. As illustrated In Figure 6-8, norepinephrine

increased the depbdlarizing after~potentials 2-fold,

independent of its effects on membrane potential.

//

1 ) ~

)

6.3 .Discussion

643.1 .0 ~Adrendreceptor-mediated Excitation of SON Neurons

Tieae‘observqtions'indicate~that nBrepinephrlhe has a
P s

predominantly facilitatoryq;of@ to enhance the excitability

and promote; bursting activity in SON neurosecretory ;neurons,

]

~ mediated through an-ul-adrenorecebtor mechanism. .This is

? 14

consistent with recently reported in vitro observations in

’

. .
rat hypothalamic sliceés . (Wakewly et-al., 1983). Such

actionsg are also %hppor;ed by vd;ious in xiig studiés
demPnstrpging a releaae'b: vasbpressin by }ntr&nuglear
(Milton,pnd Patersong 1974) or inéraventricular (B;iqges et
al., 19767 Kuhn, 1974) nogépineghrine'1njections, and the
blockade of norepinephriné-induced vasopressin release by
a-adrenoreceptor antagonists (Bridges and "Thorn, 1970) or
c;ntrhl catecholamine depletion (Miller et al., 1979).

However, other observations suggest a predominantly

B S
inhibditaory- role for ,norepinephrine not only on SON neuronal

B

excitaBilitﬁ (Arnauld et al., 1983; Barker et al., 1971;

-

. 4
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ey
Sakal et al., 1974), but also on the release of vasopressin

(Armstrong.et al., 1983; Ximura et al., 1981).

K3

These seemingly contradictory findings .may be

explained by the presence of functionally different

e

adrenergic receptors on SON neurons, with inhibitory actions
mediated by B-adrenoreceptors (SaKai ét al., 1974;- Barker
et al., 1971). Iontophoreticallj administered

norepinephrine, unless carefully controlled, can produce

2

iﬁgpnstant and excessively hi§h local drug concentrations

that may mask any excitatory actions obtained with lower

.

concentrations (Armgstrong-James and Fox, 1983). Day et al.
(1985) recently showed that pressure ejscﬁiaﬁ”of low »
concenératibns of norepinephrine 1(50+150 M) in vivo excite’

LY

SON peurons via a-adrenoreceptors while high concentrations
* ' o

‘(greater than 1 me\}nhibit¢via B—adrenoréceptors.

%

»

Further support for the present data derives from -

1

recent in vivo ‘studies in the rat in which electrical
stimulation in the A1 cell group of the venérolaterfi//
medulla, the site of origin of most,K SON noradr@ﬁeféic

.- ! -~
afferents @Sawchenko and Swanson, 1981),jwas shown to . «
?

enhance the activity of SON neurosecretory cells (Day and

Reﬁaud, 1984). Mof@over. in keeping with the anatomical

observation that the noradrenergié inpuc\ is centered
predominantly around vasopressin-containing neurons (McNeill

. i . -~
and Sladek, 1980;" Swanson -et al., 1981), this excitation

] -

selectively invb‘kes %he putative vasopressinergic

Y L]

v - ‘
)
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neurosecretory cells (Day and Renaud, 1984). Similarly,

pnessuré ejection of qorep‘nephriné in vivﬁzwas more
-~ ’
ﬁ%tently excitatory on putatively identified vasopresinergic

neurons (pPay et al., 1985). The high percentage of SON:

®

neurong. that demonstrate activation following norepinephrine
i3 ? o

applications in the present seriestof experiments may

reflect our bias for recordings obtained from:the
posteroventral parts of the SON, a site rich in vasopressin-
containing somata (Swaab ei al., 1975a,b; Vandesande and
Dierickx., 1975). A definitive ansver concerning the
selectivity of the norépinephrine a;t;oﬁ on vasopreqsihgrgid

neuronsreiectrdphysidlogically would require additiona}l

©

, N ~
intracellular electrophysiological recordings (Yamashita et

experiments using a combination of'immunocyﬁochemistry and

al., 1983). However, the experiments described in Chapter 7

exanine the purported selectivity of norepinephrine by

measuring its effectq‘énpsecretipn of vaeopreéé{n and
. N

«oxktocin.

The location of the @, ,-recéptor mediating the responses

of SON neurons to norgpinephriné reﬂa%ns unknown.1 Expgri-

'

ments with high magnesium indicate that receptors for these

norepinephrine are present on SON Henronslu
: E : ‘ ] o
themselves (ie: post-synaptic) but do not ryle out possible

_actions of

effects on local intérneurons which might, in turn, synapse

~

with“sonineuronq% -

oo 4
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hypothesis is supported by the observation that the
-~
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6.3.2 Mechanism of bcti'on
2 . ‘ ¢
The strategy employed in Chapters 4 and 5 to determine

»

the mechanism“\mderlying the IPSP and actions of GABA in SON

1

neurons {(and also" the hyperpolarizing after-potentials in

-

Bourque et al., 1985) was less successful when applied to
the mechanism of actién bf,noi‘epir;ephrine. Norepinephring

KHad no detectable effecét ‘on input.resistance. The

norepinephrine~induced depolarization could be r;duced by
membrane hyperpolarization, but was never reversed.
Furthermore, this voltage~dependence could not be
demonstrated as reliably as that of the IPSPs, GABA -

xegsponses or' the hyperpolarizing afterpotential; perhaps as

a consequence of peor voltage control of the active membrane.

al-harenoreceptora may, be located on distal dendrites or -
¥ 3 . Y :
dendritic spines of S%E‘ neurons since the noradrenergic

FIL I

- : a4
input” projects to the ventral part of .the SON, an area
which is rich in -dendrites of neurosecretory neurons

(McNeill and, Sladek, 1980; Swanson et al., 1981).

s

Another p)ysail:}le explanation lies with the nature of
LY

the a -receptor mechanism itself. The amplii;ude of the "

Pl

a,-induced depolarization 1s voltage-dependent in the range

2

~50 to =90 mV, but not at_more hyperpolarizing voltages.:*

-

This suggeéts that it results, at least in part, from the

inactivation q’f d'”voltage-dependent K* conductance. This

o

~pm{ude of the NE-induced depolarization in SON neurons is

- -
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reduced when the concentration of K*.in the perfusion medium

4 .

is raised (Figure 6-6; see also Vander Maelen and
: 4

Aghajanian, 1980). J ,

N
4

A recent report (Aghajani.an, ’1985) sug}gests that
al-medl';ted depoiari‘zations in serxrotonergic rap’hé neurons -
result from the inactivation of a transient K% current known
as the "A"-current (Ip). Originally described in q
invertebrate neurons (Connor and Stevens, 1971al), Ia i\s

now known to exist in a number of mammaliar'l neurons a.s vell
(see review b'y.nogawski, 1985). Under voltage clamp, Ip

is Arapidly activated by vol;:age steps fr::nn holding
pot,,entialé negative to -70 mV, to potentiag.av of -60 to -40
mv. It x?anitests itself as an outward current that

o

inactivates within 10~50 ms.” Inactivation is removed by a

u 1 8

return to a membrane potential negative to ~70 mV. Iz can

-

\?}g.o/be demonstrated by similar experiments under

<

3

current-clangp cogditions (Galvan and Saedlmeir, 1984; Dgliin
and Getting, 1984). The existence of Ip in SON.neurons i*s' R
revealed by such experiments (Figure 6-9). IA‘ is é¢vident

as the "notch" on the rising phase of 1ark'ge depolarizing
pulses from memhrana,.pot‘g‘ntifls neig'at:‘lv‘e to =70 mV (Figure
6-9B). Ip inactivates a';A resting potential, but
inactivation is removed 1n, a time~ ar;d voltage~dependent

manner by hyperpolarizing pulses (Figure 6-9C,D):

1

Connor and Stevens (19'71)°pred1cced that. I, functions

primarily in the late part of the interspike interval to .

B N .
5
. .
3 - .
. *
. s

¢
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modulate action potential firing frequency. The
hyperpolarizing after-potential which follows action

potentials reaches sufficiently negative volta%es to remove

b

I, inactivation. During decay of the hyperpolarizing ,

after—potential, I switches on and slows the

depolarization: This mechanism appears to be operative in

modulating the firing of Fhe neuron illuﬂtrate'd in Figure‘-
+ .

6-9A. Activation of I, by the voltdge step in Figure 6-—9B

delays action potential firing. However, this experimental
14

-

parédigm appears to produce wider swings in the degree of

" activation and inactivation of I, resulting in a

3

repeti:tive burst £iring pattern.- This observation may
provide an important clue conce;:'qing the mechanism of
norepinephrine-induced burgting in SON neurons.

The voltage-dependence of I, would gxplaix; the
inability to reverse the membrane voltage responge to

o

norepinephrine. At membrane potentials negative to =80 mvV,

Iy is switch’ed'off and therefore does not carry inward v

2

norepinephrine at membrane potentials of greater, than -80 mV

.15 evidence that i1t also activates an ‘inwvard current (i.e.

Na"'e ca*t oxr C17) or alters the activity of an electrogenic .

pump. .
An ¢ ,-adrenoreceptor-mediated reduction of Ip in SON

neurons would explain the increased raté of decay of the

hyperpolarizing after-potential (Figure 6-7D) as well as the
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-~

increase in the amplitude of the depolarizing

after-potential (Figure 6-8). Summation of the depolarizing

N
after-potential is responsihlp' for the generatM of burasts

.

of ;action potentials in SON neurons (Andrew and Dudek,

tnass '

1984). Potentiation of the depolarizing after-potential by
norepenephrine would induce rapid firing as observed in

these experiments. Under appropriate circumstances (as in-

Figure 6—-9B) activation and inactivation of Ip migh‘i:

.

regult in a burst firing pattern. .In a manner similar to

that proposed for NE, thyrotropin—releasing hormone (TRH)

-

induces burst f£iring in neurons of the nuciéus tractus

solitarius by potentiating the de;olarizing action potential

(Dekin and Getting, 1984). Future studies of the mechanisam

of action of norepinephrine on SON neurons will focus on a“’

possible modulation of I,. ,

-
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Figére 6~1 Ratemater records of the response of 4
4
different SON neurons to norepinephrine (NE) or

°

[N

thethoxamine (MOXY). 1In (A), repeated application of NE

© )

(100 uM) by pressure ejection (at arrows) from an
adjacent micropipette (diameter 10 um; prels;re 30 pai}
induces a burst of_nction potgntiala that is. not
m#micked by ejection of perf&aion mediﬁm (MED) from
’anokher pipette channel. For txaces (B-D), drugs weré
Qpplied direc£1y to the peéfuaioﬁ modium'kduring
horizontal solid lines). 1In B, a previously silent

neuron displays a brfof burst of enhanéed activity, ¢

followed by ahbri'periods of phasic firing in response to~

MOXY, In C, a continuously active neuro:/i}!playl

enhanced firing follow&d by return to baseline control

4activ1ty following NE application. 1In D, an initial NE

application induces enhanced firing followed by a silent’

X

interval and the emergence of a clear phasic activity

} ; ;
pattern; a second NE application appeard'tcnf;itiata "
phasic burst, vith somewhat higher initial firing rate,

+ ' ¢ ~ s
that is prolonged and is again followed by a period of

-
-
-
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.« +right of each histogram)..
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Figure 6-2 On the left, samples of cqn‘timicus action
po,teixtial recoxds plotted on a chart recorder illustrate

{X), control activity and ¢B), patterns of activity

obtained imodiately ‘aftsr a 60 8 application of
LV ) "y ./ N
norepinephrine (NE), methoxamine (MOXY) and isopreterenol .

"(I80) (10 uM). Note that bursting ict_ivity Appears only

‘ in response to NE and MOXY. ‘In (C), time 1ntor7a1‘

histogran{s generated duging t'hek'preceeding control period ey

(separating each drug application) and the period ' .

w
4

immediately 'toi‘lowing each drug administration display a s
shift to -the left following NE and MOXY (but not after
I80) applications, without ‘a corresponding change in

overall firing. frequency (valuas diapl_ayéd in the. ui:per
. - \

\
o
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Figure 6-3 Ratemeter racords from 3 différent SON.

'nqur‘ons display the blockirng action o'f' a-adrensergic
antago{niits. All drugs were added directly to the,,
perfusion medium. In (A), phenoxyb/anzamine :Ln'ducea' a

reversible blockade at 2 M. (B,C) illustrate that
DN . L -

.

-

similar blockad;\ 1‘.5 induced by prazosin, an al-antaogcniat

" and yohimbine, an d,~antagonist. Note, ljxc'wever.. that

prazosin is 1000-fold more poi:ent than yohimbi_ne'ane' that

4

v o~

. its affects are irreversible during the period. of
recording., .
%

"
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Figure 6~4-, Chart recordings of the résponses to

narcpinebhrine {NE) and phenylephrine (PHE) of SON -
Fad

neurons recorded intracellularly. A) The upper records

are voltage‘responsesy to two separate applications of NE
(100 un)‘ depicted by the horizontal bar. .In the upper °
t.:race,, recorded at resting membr;n,e potential, NE :lnd;:ced
a depc;larizatioh and action potenﬁi_;l firing. The lower
trace v:I.Il.].ust:r-ates t:he roggonsa to NE after & small amount
of ste;dy c\;rrent was applied to hyperpolarize the/cell
to -65 mv. Consgant;.ggr\fent 'puls:es, applied to fonitor
input rbesistarice;' indicate that NE had no apparent

influence on input resistance. B) Similar depolariza-~

. tions obtained with PHE (50uM) on another SON neuron.

C) Prazosin (50 nM) blocked 5113 effects of NE (100 uM).
Recovery of the NE regsponge was obtalned after 90 minutes

of washout. . . " - ' . ! -

- . ,‘v <

VN
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Figure 6-5 VOl'tage-depeﬂdence' of the response to ,

norepAnAphz:inp of an 50N neuron recorded Jntrqcellularly. t
On the left, charrt racordings illustrate the

depolarization induced by a brief pulse of norepinephjine

’ (NE; 100 uM). Membrane potential was._adjusted by ‘ .

3

applying the steady hyperpolarizing current indicated to

the left of each record. On the right, NE-induced
l -~
* depolarizations are plotted as a function of menmbrane

-

potential’. Depolarizations are ex’br&gsed as peak

amplitude (mV; closed circles) or as the integrated

amp\{itude (mv.8ec; open circ‘iea)-.\

<



b

-

—o~— (9988 -AW) NOILVZIHVIOd3a

& 8 o o o o
2 =4 ® ® & o
(] T Y Y Y { (")
g 1
2 b . -
‘' ' z .l O LJ ‘%lm\
. / -
. ) 8 . m
X Joz
O, @ -.Im
- / o)
a
I . low
o Z
O
1ol
¢ @ .
-} - . o e -Om
B =
1
L] i A\ o
i 1 1 i L o
. (-] o] - o .“u ,
—e—(AW) NOILVZIHY10d3a
4 * S
. E
- R oy
£
£
i -
g ?
R
w
-z
4 .\ 4
& - ,
W.\a o o [=] o o o
g o © = & 0 D
[+ 1 ] Lt b - - >~
S 1 1 | [
- C.



) K . 166
Figqure 6-6 Dependence of the norepinephrine

{NE)-induced depolarization on the extracellular

potassium concentration. A) Ch;rt recordfngs of the
';esponses to NE (200 uM) of an SON ‘neuron maintain;dhin :
2.8. mM X*. The membrane potential was adjust;é‘ai -

q

indicated to the left of each record by intracellular

- )

injection of hyperpolarizing current. Note that the
NE-induced depolarization in this cell is less strikingly

z

voltage-dependent than in the neuron illustrated in

Piguie 6-5. B) Perfusion with medium containing 7.8 mM

Kkt reduces the NE-induced depolarization at all membrane
. .

potentials. C) Plot_of the NE-induded depolarization as

peak amplitude {mV; open aymbols) or integrated amplitude

(nV.sec; closed syfbols) observed in 2.8 mM X* (circles)

or 7.8 mM K% (triangles). The lines were drawn £hrough

the points by eye. ’ .
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Figure 6-7 Bursting firingdp&ttern induced by

methoxamine (MOXY) in a continuously firing SON newron.

»

Ai Ratemeter record of the response to MOXY (30 uM) -
reveals a slight increase in mean firing rate. B) Slow
sweep oscilloscope traces show that the iteady firing
pattern ;Q the control period (B,) is converted to‘a
‘bursting !1rinq~éatte%n in Eke presence of MOXY (B,). In
C) and D), digitaf averages o¥ 64 action potentials were

obtained during control activity and MOXY-induced -

+ - % v . n . . N
bursting., In C), action potential durdtion was increased

slightly by MOXY as a function of_the increased {feguency

v

of short interspike intervals during bursting (Digitized

»

< .
at 20 kHez). In D), although there was little change in
b

the amplitude of the hyperpolarizing after-potential

(HAP), the rate of decay of the HAP was increased during

MOXY~induced burst1n§. Irregularities on thae riqhtlend
of the traces in D) represent action potentials that“ﬁave-

been reduced in amplitude by the*qvctaginq bgocesg

(digitizéd at 2 kHz). . ' B

N

~e
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origgre.ﬁ-e Effects of norepinephrine SNE) on the
depolarizing after-potential (DAP) ana aftqr~. ' *
hyperpolarization (AHP) in SON neyrons. Top trace {(Vp).
is awéhart fecordmot membrane potential which wa; hild
near -60mV by applying 60 pA of hyperpolarizing cyrront
(Trace 2,I). Dépolarizibg pulses (95 pA) applied -very'
10 snc&ndu (at breaks in Trace I) induced 9-11 action
potentials and’vere followed by ;n AHP and DAP. DAP
amplitude (Trace 3 exgressed as‘peak imV) or area of
depolarization‘(mé.éZc)] was constant under control
?onditiona. HAP amplitude (Trace 4 expresséd as peak of
hyperpolarifation (mV)) varied slightly according to the
number of ‘action potentials induced Sy the depolarizing
.puls;. Following a griot pulse of NE (1;0 u&; "
arrthea?), the membr;ne potential was maintained at -60
mV prior to each dopoiarizinq pulaeaby ihékeasing the
ntoady'hyperpolasizing'cu:rent to 75 pA_(TracelI). Thus,
1ndepenhent of a change .in nembranq'potonéial, NE
i;c;easod‘the(ampiituquof the DAP without altefing the
AHQ.. The pulses indicated by stars ‘in Trace Qh’até T
rexﬁqued‘at the battoﬁ to illu}trgte the chaggc- in p&? .
;mplitudoc A

r
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Pigure 6~9 Evidence of the qxiﬂtbnce*of a trhnaienf
potassium current (Ip) -in current-clamped SON neurons.
A) At normal resting membrane potentfnls (-50 to =65 mV)

iﬁjoction of curreant pulses induces membrane voltage .

responses which display monotonié, exponential saturation

-

kiﬁotlcu (open .arrows). Debolafizinq pulses induce
steady action potontial firing at a rate .that is
p;oporthnal to the 1ntanaity of the pulse. B) Menbrane
potentia} is idjusted to -92 mvhby injection of steady'

hyperpolarizing gutrent. .Small dopolarizinq ¢current

‘e

pulses 1nduce~ucmbrane voltage responses to levals

L

negative to -75 mV which diaplay monotonic, exponential

gaturation kineticl. Membrane voltage deflections to -70

to =50 mV in @.-ponsa to la'tger current pulses ﬁisplay a

prograaqiﬁely more prominent "notch" (closed arrow)

reflecting activatiou of Ip. Action potential firing

'1. delayed and assumes a butating pattern. C) Voltage-

dependent removal of inactivation of Ipn- Inacti¥%ation
is removed by 200 msec pulses to voltages negative to -70

mV -and is near maximal at ~-90 mV. D4 Time-dependent
t‘moval of inactivation of Ipn. Inactivation is rapidly

L

removed by éuluas to =100 mV lasting more than 20- msec

‘

and' is maximdl by 100 msec. In C) and D) numbers
indicate the first action potential that follows each
pullef‘ Action pbtontial firing is delayed by activation

'Of ‘I;- o v

L]



1:“

o e, ST EERINGY L s

~
N
o
s
.
.
[N
f
s
1
v
»
»
v
s

-

B
- ~
.
! .
- N
- .
v
»
* -
1
* p
B N
v
S,
»
v




®

_ to be most efficient for the release of vasopressin and

SHAPTER 7

NOREPINEPHRINE~IRDUCED RELEASE OF VASOPRESSIN AND

OXYTOCIN FROM THE HYPOTHALAMIC EXPLANT

»

- -

7.1 Introduction .

Tﬂ; olectrophysiologicaf data pre;entad in Chapter 6
indicate that norepinephrine onhance; soﬁwhedronal .
excitabilitys Moreover, norepinephrin; also induces a ‘
burhtrné pat?efn of action pqtentiai firing that is tep%fted

4

oxytocin from the isclated neu;ohypoéhysis (Bicknell and

- Leng, 1981; Dutton and Dyball, 1979). In combination with

v

.avidence obtained in !izg~to indicate that electrical
Biimulation of ondogenoui norepinephrine-pathways |
facilitates the firing of SON vauoPteasihargic neurons (Day
‘;nd Renaud, 1984; Day et al., 1984) as does exogenously
applied norepinsphrine (Day'pt al., 1985), thése data imply

that NE is likely to increase rather than reducé (cf.

Armstrong et al., 1982) the release of these hormones fromf

*

perfiqed hypothalamic explants.
.in order to ;xaninq this jissue, modified hygpthalaiic
explants were prepared as describod in section 2.3, Saéplea
of effluent portuqion n‘hium were collected at 1 or 2 minute
intervals and va:oprenlin aqd oxytocin were Qeasured‘by

radioimmunocassay. Vasopressin-like immunoreactivity
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(AVP~LI) and' oxytocin-like imﬁpno;eactivity (OXY=-LI)
contained in these experimental samplea‘was identical to th;
- )
:lynthetic peptides in competition experiments and high
:pr035ure 11qu+d chromatographic (HPLC) analysis (;igure

7.1). Norepinephrine and a-adrenoreceptor agpnistu and

antagonists were added to the perfusion medium at regular

>
[N

intervals in brdar‘to evaluatae their influence on the .’

. .

release of vasopressin and oxytocin. . .

7.2 Results

7.2.1 Basal Release of Vasopressin and Oxytocin
. Immediately following: preparation of the explant: both

vasopressin and oxytocin were observed to be released at

'I

rates ,of “10-58 pg/min that declined gradually over tHe “

initial 30-50 min. At that point, basal levels, of

vasopressin released were below the limit of detection of < -

% . .
the assay (¥ 2pg/min) while basal levels of oxytocin

' ‘.relcased varied from undetectable levels (F 1 pg/min) to 3

[

pg/min. . .

v

:7.2.2 ‘Influencs ofBNotepinephrine 6;ﬂv;;opresnin and

Oxytocin Release

L

Notupin.piriqw (10=5-1034) induced a dose-related’

increase in the release of both vasopressin an&onytoéin

A v

¥ '
(Figures 7-2,7-3). Vasopressin relqase reached 45 : 13

\Jpg/min (mean £ SEM) following the addition of 10~ M

]
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norepinephrine and 100-150 pg/min after .adding =3 x 10~ ™M

&

norepinephrine to the perfusion medium (Figure 7-3):
N \

¢ -
Norepinephrine also induced the release of oxytocin up to

6.7 % 2.5 pg/min using 10~ 5y Aorepinephrine and 15-20‘pg/min

at concentrations «~ 3 x 10~5 M. fThus nq;epinephring:
stimulated vasopressin and‘oxktbcin release with Bimilar ~

potencies although 3-20 fold (mean: 5.7-£f0l1d) greater.

v

‘amounts‘of vasopressin were released.- Responses- to

norepinephrine dirfered quant;tatively;,hut.not,ﬁ

&ualitatively among 1ndiv1dua1fexéerimentsw in each

-

instance the response was prompt and fgpidly reversibleﬁa
During prolonged administration of norepinephrine,

0 -
vasopressin rglease peaked rapidly and then dropped to.

a plateau level which was maintained uniil Fﬂe\

ks

norepinephri#i was removed (Figure 7+4). Undar_thesé

tonditions oxytocin release was mgintained near its peak‘

) ot A

level for the duration of the noreplnephrine administration.
- . ~

Similarly, repeated administration of ‘'norepinephrine evoked .

v

vasopressin release in pré@réssively diminisying quantities,
ygile oxytocin release w;s maintained for’up to 4 trials ~
(Figure 7-5). ‘ - -

'Two lines of evidence argqgue thet an intact.
neurohypophysial pathway (i.e. pituitary stalk and
~pour6hypophysis) were required in order that vas?pressin and |

oxytocin be released. °'First, in three experiments in which

;hg hypophyleal stalk was damaged, no release of either
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" hormone in response’ to norepinephriﬂe bﬁﬁ/ibtdined. . Becaend,
the addition of thetrodoto:‘cin\‘('r'rx,‘ 10~ 6My which blocks %
sodium channels and tpe propagationLof axonal action
pétehtiala, prevented the release of vasopressin and

oxytocin induced by norepinephrine (Figufd 7-6) in two

- ex;griments. . - -

[
>

7.2.3 .Effects of Adrenorecéptoruééonistq and Antagonists

Phenylephrine, an a,-agonist, stimulated vasopressin

» and ;xytécin rele;se to 40.7 % 19.6 pg/min ‘and 25.1 % 22.3

pg/min respectively at 104 M (3 experiments, Figures 7~3
and 7-7). The response to norepinephrine (1.7 x 10'§ M) was

‘reduced or abélished in the presence of the a;antagonists

phentol&dine (1.3 x 10-5 M; Figure 7-8) and phenoxybenzamfne
L .
(10-5 M; Figure 7-9) and by the selective a,-antagonist

prazosin (10f3-1975 M; Figure 7-10), 'In the experimenp

I\

shown in Figure 7-1h, prazosin (10~ /M) induced a-partially

re§ersible, 70% inhibftion of ‘the vasopressih release
)

*

stimulated by norepinephrine (10f5M). -In two separate.
experiments, when~ 10~ SM norepinephrine and 5?_:10‘&4 px-;azosi‘n

were tested, 80-100% reductions of visopressin release were

,'observed. Complete reveggaf of the antagonism following

their removal was observed in only 1 'of 7 experiments with

these agehta gF1gure 7-10).
High concentrations of isoproterenol (3 x 10=% to 10~ 3

M); a f~-agonist, also.stimulated: the release of vasopressin

3

Ao

Pr
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in two experiments (data not shown). A possible role of

B-adrenoreceptors in the modulation of neurohypophysial

hormones was noé}{grestt;atqd further.

e

7.3 Discussion g

(¢

7.3.1 a-Adrenergic Stimulation of Vagopressin and Oxytocin
Release . ’

. These observations confirm that norepinephxine can
. o
stimulate the release of vasopressin and oxytocin at

’

nconqentrations identical to those that increase SON
electrical activity under simila£ conditions. Furthermore,
the partieipation of al-ddrenoreceptorﬁ is indic;ted by the
ability of phenglephr&he to mimic the ac;ions of

) nofepinephriqe and theé sensitivity of nérepinephgine effects,

-

to phentolamine, phenoxybénzagine and prazosin.,

These results lend further weight to the hypo%hesis

(Day and Renaud, 1984) that thé role of the. noradrenerglc !
affe;ants to SON an& pa;aventriqular~nu91eus is to ‘
facilitate the release.of the neuroh}ééphysial hormones. As
such, {ha%e rasults directly contradict thenobservations‘of

Armstrong et al., (1982) who reported that norepinephrine

@ > L.

depresses both basal and acetylcholiae—itimulated releass of

'vasobfesein from hypothalado-neurohypophyaial organ cultures.
‘ [

-

This discrepancy may be due to the fact that their K

experiments were performed in a static hypothalamic explant

system maintained for more than 24 hours. Since this
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supressant action was reported to be mediated by

a~adrenoreceptors (Armstrong et al., 1982) it is possible
that the cellular responses ‘controlled by- these, receptors
differs between acutely perfused and statically_cultured

hypothalamic expl;nts.

However, Armstrong and coworkers (1982) did observe a
small (statistically:insignifiqant) increase ih releasgse in
response to norep}ngphri;e‘(10‘sn) when ;edium"osmolalit;
was raised from 295 to 315 mOsm/L,. While higher doses of
nofépineph;ine were not testéd, it 1is poas@blg that these
different responses obta;ned in theltwo prep;rations '
resulted from differencgs in a subtle intet;ctton between
medium osmolality and horepinephrine. In vivo, vasopressin
secretlion is stimulated wﬁen plasma osmolality exceeds 500

€

mOsm/L and depressed when it falls below 290 mOsm/L (Dunn et

al., 1973). 'If norepinephrine acts as a modulator, it might

be expected to potentiate the actions of osmétic stimuli and

-

further stimulate or depress the release of vasopressin. If

this hypothesis is true, the ﬁxitching point for the osmotic
- PR . I3 .

stimuli would appear to have shifted to a level near 305

mOosm/L following several days In culture.

N L3

-
7.3.2 Role of the B-Adrenoreceptor . g

o - - L
A role for fB-adrenoreceptors is suggested by the

[

ability of high  doses of iaoprbteren&l bitartrate (0.3-1mM)

to stimulate vasopressin release. "However, in vivo

«

»
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alectrophysioiégical (Barker at al.; 1971; ‘Day et /al., 1985)
% ‘ <
and intracerebral injection studies (Moos and Richard, 1979;

BHargava et al., 1972; Tribollet et al., 1978) have
indicated that activation of f-~adrenoreceptors prompts a
-’rtednction in 'LSON neuron activlty; It is ,posalble' that low
basal release of vasopressin from the perfuaed }:ypothalamic
gxplant’obacures an inhibitory effect of lower doses of

o

isoproterenol. Stimulation of release at much higher doses

- may be osmoticafly\me/diated since 1 mM idoproterenol
—

bi‘tartratF
Ve

mately 2 mosm/L (unpublished observations). Evidently, this —~

*

raises the o(smolality oﬂ the medium by approxi-

matter merits further study.

a

7.3.3 Does Norepinephrine Stimulate Vagopressin Release
S0 + )

Selectively? = .
Norepinephrin‘e consisttently induced the release of 3-20
tolld (mean 5.7-~fold) more va‘aopresun than oth‘ocin. Neural
lobe thracte contain similar amounts of vasopress‘in and

oxytocin‘(apprqximately 1 wg/gland, Bridges et al., 1976 and
.o W o . .

unpubliashed observations) so it is unlikely that the =
] B '

observed differences in reXease ars due solely to

aifferences in availability of the horsones. Electrical

¥

stimulatdon of isolited neural lobes evokes release of

va{:pkeuun and oxytocin. in variable ratios that range from
. < N -

19:1 to 1:7 (mean 1.6:1, 16 observations from Bicknell et

al., 1982, 1984,; Bicknell and Leng, 1982) indicating that ¢

¢
/ Lt . )
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this stimulus is relatively non-—specific. Thus, th'e

npparently selective stimulation of, vasopressinv release by

-«
* v e

norepinephrine corroborates 'electrophysiological observ-.

ations _:_l_p_ vivo that tentatively identified vasopressin-

1

secreting neurons are more sensitive than ‘oxy‘tocin neurons
to ‘elect;riqall stimula‘tioni o°f “éhe endp‘genous noradrenergic
input from the Af cel} group, or alternatively., application,
of exogenous norepfnephrine (Day and Renaud, 1984; Day et

al., 1985). However, all the experiments'c{ted above were

performed using male rats. since noﬁ'epinephrine is reported

to regulate the reflex release of oxytocin during suckling "

o~ A
T ¢

(Tribollet als, 1978; Moos. and Richara, 1979) 1t would be

a

a = -

interesting to investiéate the effects of norepinephrine on
‘ ¢ -

the release of oiytocinb from’'explants obtained from female

(primarily lactating) rats. .

* ’

Although large amounts of vasopressin weré released in

-

responge to norepinééhr;ne‘, the response was aubject tp': b

"f;htigue" as, v'ésbptessin re‘;eaae declinee prc‘giesai\ﬁeiy ih
the course of sustained, (Figure 7-4) ,ox repetitivo (Pigure

7 S) stimulation with norepinephrine. Smaller qmounts ¥4

oxytocin wera release‘d by norepinephrine, but \thin level .of .

3

4
@t

oxytocin appeared to be "continuously maintained (FPi gures
, - . ! .
7_-“4,7-5). E.Sj.milar fatigue of electiically—atimulated

release - £xo solated ﬁeurobypOphyses (Sachs ana Haller,

19‘681 Th‘orn\, 19664 Inqgram et al., 1982; Bicknell et al.,
N .

1984) may result 'from.Jde.pletioh of i;reagﬁly releasaable

Lo
- +
<

-

>3
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pool?” of vasopressin (cf. Sachs et al., 1969; Thorn, 1966) .

This "pool"™ may represent nevly synthesized hormone which is

1

in physical proximity with' the membrane (see Chapter 1.% ana -
7] ’

Picko‘tinq, 1978). Alternatively, this pool may be more
apparent than/rgal, and result from limitations on the
movement of Catt across the plasma membrane (Thorn et al.,

1975) Nordman;:, 1976) such as the c'alciun-dep'andent plateau
N
poténtial- {Legendre et al-, 1982 Theodonis et .al., 1983y
Bourquo et al., in’ pross). . Opiofd peptides released from
the neural lobes during elec;trlchl stimulation are reported
to reduca axytocin release (Bigknell and- Lang, 1982;
Bicknell et al., 1985).' This form of presynaptic inhibition
.
may maintain a steady level of oxytocin roleace by prevent-

inq the hormong depletion or calciun current inactivation

that caunes the fat:iqua of vaaopressin release. - -

» N v - -
[ v [

: V . ~

".7.3.4 Bite of Action of Norepinephrine S i

’ c‘l’a\ssical-qoﬁéopgs of nourocecrntory'*n‘a'uronal function
. - )

hold& that the release of vasopressin and oxytocin cccurs

oixly ‘1& tho, poltcrioi pituitary while osmotic and*"iynaptic

" rogulation ‘of” reloau occurs prinarily at the level of the

. lanata and dendritu in the magnocellular nuclei (Scharrerp

1(976)., 'I‘ha cxperimntc of Gregg and sladek (1984) support
this thaory by -hqwing tha't:, in gultured hypothalamic 1

explants, o:not.ic u:imuli act at the level of the

~
*

hypothalanm- ta control .the rate of vuopreuin release from

- -

2 [ -
.
s, &,

&
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. ) , .

the pituitary, - )

~

bur observations also support this view in that when
ﬁ?opngatioﬁ of nxoﬂQl action potentials was blocked, either
by damage t; the pituitary stalk or by tatrﬁadtoxin (Pigure
;-é), the response to norgpino;hrine and phﬁpylephriﬁe wag

blocked. This'arghe- that norepinephrine acts a# the level
. ]

of the dendrites or aomat{ of SON and paraiontricular
» ‘ ,

nucleus neurons to generate action potentials which are

. N K - .
propagated along their axons to signal release of vaso-

v

pressin and oxytocin from axon terminals in the postarior
4

pituitary. This doe} not rule cut the possibility of

e'prosyqaptic"moaulation of release in the neural lobe since

°

the oﬁioid antagonist naloxone’increaaga (Bicknell & Leng,

19827 “Bicknell et al., 1985) and GABA |decreades (Dyball &

&
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Figure 7-5“VQr1£icaéion of the lpecificiey of .the .
va-opresaiﬂ (AVP)(qadiolmmuno;slay. EEEL Parallel
-dilution curves for displacement o(Q1251-AVP Qg

‘standard AVP (closed circle). and perfusate (open~circie)
indicate’ that perfyu&te contains genuine AVP. Bottom:
Reverse phase HPLC confirms that AVP-LI (AVP-like
immunoactivity) in perfusate’ coelutes with synthetic AVP

. .. ‘
and is well separated from oxytocin (0XY) and wvasotocin

(AV®). Gradient was 13-29% acetonitrile (CH,CN) in 0.1%

trifluorcacetic acid (TFA). Analogous results were

obtained for the 0XY radioimmunoassay. f

T

o5
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.

i'iguro 7=2 Btfcqtl of norepinephrine (NE, 107 6, 10-5,

\

. “ el
- 10-% M) on the release of Jasopressin-like

immunoreasctivity (AVP-LI) and oxytocin-like

. immunoreactivity (OXY-LI). Fractions of effluent medium

were 6ollectqé at 1 minuts intervals, and NE was applied

during the pdrioa-'indicatqd by the bars. Note the

. different scales representing release of AVP-LI and

OXY~LI ;hich, iﬁ,thil particular expcriment,'aro in a

’

.ratio of approximately 20:1 (at peak responses to Nso).

Points -omitted from tho. drawing (i.e. from 2-24 mins)

represent hormone release below the limit of detection of

t:lioh radioimmunocassay (¥ 2 pg/min in AVP-RIA and ¥ 1

pg/min in OXY=RIA). )

@2
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4 1

Figure 7-3° ' Doserresponse relationship for the release of

vahopressin-like immunoreactivity (AVP~LI) .and

oxytocin-like immunoreactivity (0XY-LI) id response to
norepinephrine (NE, 1077 to 103 M) and phenylephrine
(PHE, 1078 to 103 M). . The concentration of NE that ,

caused a half-maximal release of AVP-LI and OXY-LI (EDS0)

wasgs approximately 20 uM. Note that approximately

»— .
5.7-fold more AVP-LI than OXY-LI was released. PHE -
appears to be less potépt than NE but insufficient data

was available for estimation of the EDPY0. Data represent

' ’
%7 responses in 24 preparations. Each point represents

.

the mean & SEM of 3 to 15 deté?%ﬂnations.

I
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Figure 7-4 Effects of prolénged administration of NE (3

A

x 10=5 M) on-releass of AVP-LI and OXY-LI. In thid

ompcilmbnt ( and those illustrated in Figures 7-4 and

-

7-9), collectiocn of effluent medium was begun immediately

s

after preparation of explant. ’Initial}y, the first seven

fractions (2 minute) vere collegted at 8 minute
intervals. Collection was than continued every 2 minutes

2.
>

‘for the remainder of the experiment. * Administration of

NE for 30 minuteées induced release of AVP~LI which rose
<

rapidly to peak, but dropped steadily durind the final 20
minutes of the pulse and was rapidly revérsible wheén the

NE was removed. OXY-LI also rose to a peak vhich was

°

sustained in the presence of NE, and.reversed when NE was

removed. - A secohd brief application provoked a prompt

~

4 .
but diminished release of both: hormones.,

- cw
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Ef fects of repeated administration of NE on
“ &>
NE (6 x 10-5 M) was

P4 gure 7-5

ralease of AVP-Ll and 0XY-LI,
applied for 3 minutes at 30 minute intervals. Responses

+6 each administration were similar although the release

. of AVP-LI declined steadily with each test. The decline

in the release of OXY-LI was not Aas pronbuncad.

"
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* Figure 7-6 Effect of tetrodotoxin (TTX, 10~6 M) on the
response to repeated doses of NE (6 x 10-5 M). TTX

abolished tha release of both AVP-LI and OXY-LI in .

response to NE. Pull@?everaal of .the effects of TTX was

~

e

never obsgerved during'the experimental period.
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. 14
Rigure 7-7 Effects of phenylephrine (PHE, 10=-5, 10-%,

o

10~ 3 M) on the release of the AVP-LI and OXY-LI. PHE

stimulated the release of the hormones less affectively

than NE.
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Pigﬁra 7-8 Effects of phentolamine (éhﬁu, 10-5 M) on the
r;lpédbe to NE (6 x io's M). Phentolamine -blocked the

NE-induced rci;alo of’AYP-L; with recovery obssrved aft;r
ipprox;gnqgly 50 minutes of washout. 1In this partibular |

experiment, only small increases 1n_oxytocin levels cho

detected initially.



.
» -
]
-
-
.
v 1
- ’
« U
~
v

e

e cen b Sy Tt S X T Dt ™ o T

-

T (unuyBd)

B

o o

© < )

— o P1-AXO
—e—P1-dAY

-




L S . 188
¥

¢

Figure 7-9 Effect of phenoxybensamine (PHOXY, 10~5 M) on

" . the response to NE (6 x 10~5 M), * PHOXY couﬁlotoly

'

abolished the release of AVP-LI in response.to NE and

‘‘markedly reduced the release of OXY~-LI. Little rseversal

r

of the blockade was observed.
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Figure 7-10 Kffect ‘of prazosin (ﬁnnz, 10~7 M) on the

@

abolished ého Nz-in@uc.a release of pxr-LI.

of

‘rciéon-ohﬁo NE (6 x 1075 M). Prasosin reduced the

release of AVP-LI in response to NE and completely
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CHAPTER 8

. .
GENERAL DISCUSSION

8.1 Conclusions - o )

Three major conclusions. can be drawn from the work

¢

presented in this thesis.
i

First, SON neurona are norphologically simple ana wcll

1

‘suited to the tunction of synaptic intagration.' This ' ' ) .

-

'conclusion derives from a consideration of their :

$

. nodiatad by Y-aminohutyric acid (GABA). A large part of

morphological and electrlcal propertfis (Chaptar 3). Their

V&

unbranched dendrites, high input resintance and long
membrane timae~constant are ideal for faithful conduction of.
agnaptic siqnala to the soma. Moreover, their numerous N

dendritic spines provide a morphological substrate for ' o

- »

complex synaptic modulation and integration. ] - ‘ l

The second and third conclusions ragard the function of © ..
potentially important af!grafi systems to SON neurosecretory

neurons. The data presentad in Chnpteta 4 and S indicate

chat SON neuronn rncoivo a tonically active inhibitory input

thi- input appears to originate rostral to the third

S

ventricle. PFinally, data prhiantcd in Chapters 6 and 7 | -

¢ |
argue that the function of the dense® noradrensrgic
innervation of the SON is to séinulato the electrical

activity of SON n&urohs and the r‘leasc of vaqopreséln and’



B R T %

.oxyéZcin from the neurohyppphynil. .

This Discussion considers the possibility that these
two afferent systenms participitq in the reflex cqﬁtrql of f

Telease of vasppreasin and oxytocin.

.
o - . . B R

8.2 Reflex control of vasopressin release \

Secretion of ﬁgaopreqsin is closaly gegnlatad by plasma
osmolality, CO, c&ntané, blood pressure and 1n€th§ascular
volume /(Dunn et al., 1973; Harris, 1979; Share, 1962; Share
and Levy, 1962).‘ An ihcr;ase in plasma osmolality enhances

~the electrical actévity of Souynourons {Cross and Green,
1959; Brimble and Dyball, 1977) and increase; vasopressin
D l;cretiod‘(bunn et al.,01973: Share, 2962). - An osmotic .
itimﬁluu mayiact directly upon SON neurons (Bourque and-
Renaud, 1984; i;ng; 1950) but may also influence neurons in
other sites in the‘hrainL(SIadek and ‘Johnson, 1983; Iovino
et al., 1983) ana {n t?e p?;iphery ‘(Baertschi and Vallet,
i981). Activation of carotid b&dx'ch;noreceptors by CO \

infusion® also stimulates SON neuronal discharge (Yanash;ta)

N ~

[977;:Hnrril, {979) and increases vasopréasin releass
‘(Harril et al., ]975}. These all ;arv; to augnent‘gpe
firi;g of SON neurons#.  Alternatively &ON_n;urogal a;tiw;ty
and qaloére;ain secretion demonstrate an inverse '
relationuhib viﬁh blood prenlu;aLGhich is modiate§. in part, o
by carotid body and left atrial baroroceptors'zuarria at
ale., 1975: ’ua:rlu, 1379Lg Kannan and Yagi, 1978; Share ;né

Levy, 1962; ‘ '
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ngcrley et al., 1975; q;mashita, 1977). Thus, a reduction
of blooa voiume increases SON neuronal activityh(Wakerley at
al., !973) and plasma vaaopre;sin levels (Dunn et al.,
'1973) while activation of atrial atreeéb'receptors inhibits

SON neuronal discharge (Koizumi and Yamishita, 1978).

*‘ 2 N
7 Participation of A1 noradrenergic neurons in reflex

release of vasog;quinx The central pathways mediating
reflex release of vasopressin are now unde; investigation
(sae~reylewa by Reis et al., 1984, Sawchenko and Swanson,
i982)." P{imary visceral inputs to the central nervous
system entering §1a the vagal and glossopharyngeal nerves
terminate. in tgq/nucleus tractus solitarius (NTS; Donoghue
et al.,“1?84: ‘Koizumi and'?gmashita, 1978). An important
s;éond link in the refléx chain may be mediated by NT8
ﬂlneur;na that contain excitatory (substance P or glutamgta)
or inhibitory (GABA{ neurotransmitterar;nd project to
noradr;ne:gic (At and AS; and adrenergic (C1) cell groups 1n.
tﬁ; medulla and pons (Reis et ‘al., 1984)
It 1§vpropqsed th;£ noradranhrgic\neurons of the A1
cell,q?oup‘iopated in the ventrolateral medulla form a third

link in.the reflex. Neurons in the ventrolateral medulla

" ?

respond to cardiovascular stimqli {Caverson et al., 1984).
hctivation of neurons in the ventrolateral médulla by local
applicutipn«of'qlutématd (Blessing and Willoughby, 19§5b) or

focal electrical stimulatlon (Mills and Wang, 1964a)
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o
N

gtimulates vasopressin release. The latter effect is
w.mw-‘" 2

-t

\blocke; by intracerebroventricular injection of a-adreno-
;ecepgpr antagonists (Mills and Wang, 1964b) indicating the
participation of noradrenergic neurona. Lesions of the A1
éell group biockrthe chemorecaptor-induced‘activation of SON -
neurons .(Banks anad Ha;ris, 1984) and lnterrupq;on'of A1

o
~ \

efterentsltedude the haemorrhagé-inﬂuced increase in plasma
vagopressin (iightman et als, 1984). Similarly, inhibition
of neurons in the ventrolateral medulla by local application
of glycine, GABA, or muscimol, blocks the in¢reased release
‘of vasopressin that follows carotid occlusion (Feldbeiq and
Rocha e Silva, 1981) or haemorrhage (Blessing and
Willoughby, 1985a)s. Furthermore, tonic inhibition of

neurons in the ventrolateral medulla aépears to maintain

circulating vasopressin at its normally low level since

)

<

ﬂpplication of antagonists of glycine and GABA to the
ventral surface of the medulla stimulates vasopressin
release XFeldberg and Rocha e Silva, 1978).

g

' This substantial body of evidence suggests that

. vasopressin release following chemoreceptor activation

v

and/or baroreceptor unloading results from excitation and/or
disinhibition of neurons An the ventrolateral medulla. A
direct effett 3{ At neuron; on SON neurons is supported not
only by the observations of Mills and Wang (1964Db, sae

above) but also by theaoqoiuervations ({Chapters 6 and 7) and

,d%heuanatomical, electrophysiological and ondocrinolo%icay

N
"

r ’
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'studiei qés'cribed in Chapter 1.4.3. This does r‘not"rﬁ‘le out
ST . o .
the participation of other neur’onal systems and neuro-

: M LS H
transmitter’s. For exanjsle, Banks and Harrd.a (1984) and

- Bisset and Chowdxey (1984) héave suggestad that a o‘holinergic

) '\5_1,9641:)._) _ s ‘:'

inpnt to the SON may forn a final link in the baroreceptor

. .

v reflex, in support of an 6&:110: theory by Millb and Wang o

1 N :z,a‘

[N

]
e a
M i . '

3 ‘. t

. -

‘ -

o : ‘ - ‘ K ] - L
* . BReflex j,‘nliibitﬁfon of'vakopres’sin'secretfon: Removal of

g ton:Lc oxcitation (cf. Wakarley and Ndble. '1983) might
- conttibute to the depreasion of SON neuronal a.ctivity and

-

'vaaopressin\secretion that resulta trom baroreceptor

. actlvation. However, the consiaiently rapi.gl baroreceptor

a2l - B
responses of SON neutons (xamashita, 1977+ Xannan and Yagi,

s

1'978; ﬂ;rris-, '1979; Kaizumi'and ~Yamash1ta', 1978; Day and
Renaud, 1984)\m:l.ght reaéonably be ﬁxpectqd to rem‘xlt from

actlve thibition. ,Furthermote, the 1ncrease in rat pl&sma

vasopreasin due to dehydration is blocked= by streasful
Q -
atimull (Mirsky et; al., 19541 xiil and Severs,o 1976).

Intracerebroventrlcula; }I.;‘:.V.) injection of’ GABA or

A
9

nuscimol —l‘owe;rs’. and bicuculline raises, “Blépd pressure and

heart rate (Bhargava ete’aL.“L 196\4: .W'illifoy:d et al’.‘,’: \1880');
o Jta . . ¢ 0

IsCe V., in‘jection of G@Bh-transqminawe :th.tbitors reduces

) ¢

vasopressin releaae in xeaponse to hypovolaemra (Rnepel,

1980). Injpction ‘of the glutamcte decarboxylase inhibitor,

- v

E'SLmer;captopraopi\ot_iic acid,; incteases the hypovolaem@a- . .

-
e
'

P
A
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induced rise :m plasma vgloprenu Ne a

Banks and Harria (1984) su gest that the inhibitory
reaponae of SON neurons to baroreceptor activation in

gediate_d via no;adrenergic A6 neurons of -t.n'e,ﬁ locus ceruleus.

?

Neurons of the locus ceruleus and sub~ceruleus region alter

their activity ln ies‘ponse to changes in arterial and at:.-.-ial' .
,px"eéauvra (Ward et al., 1980) and destruction of

noradrenergic neurons in this area by .injection of the

: selective neurotoxin, 6-hydroxydopan{in;, abolishes the
inhibition :'-bf- son neurons provoked by dc’tzivaation of
.baroreceptors. ‘\:Ho;ever, it is unlikely that A6 neurons act

directly on SON neurons since: Mi) the bulk of evidence
indicates that ‘norepinéph::lne exites SON peuroﬁsaan‘d‘

stimulates vasopressin release (see chapters 1, 6 and 7),

~ 3

".."'and 2) locus ceruleus contributes only a small portion of

the noradrénetgic innervation of the SON (Sawchenko and .

«Swanson, 1982). - . ‘.

3

,+The data \p:esent'ed in chapter 4 demonstrate that SON

neurons réceive a powerful inhibitory in;;ut from GABA-
containing neurons. Evidence from these ea&pﬂqerinant‘n,‘ when
dgnsidered’a’long with the literature on the subject (sege_
ch’aptoxj 4.3)‘;.1nd1cate that GABA-containing neurons lc;cateﬁ
f“;djaceht to the SON -in the lateral hypothalamus,” in the

dd,agonal'band of Broca and pedial septun or in the amygdala

-
P

might contribute to this innervation. Electrical ‘

v stimulation of these regions inhibits SON neurons ichap;e’r

1 ’ . ° ‘ (‘ \
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4; Poulain et ll.,“ 1980y Cirino and Renaud, 1985; Andrew
.and Dudek, 1984; Hanamura et al., 1982; Ferreyra et al.,
1983). Furthermore, trains of eléctricygl stimuli delivered
to tl\:.e diagonal band of B;oca can proﬁduce a transient,‘ or
indeed prolonged, inhibition of \SON neurons that resemblas
the hhror’ecept;r-ovoked inhibition. In add;.tion, ropetitlve*_ )
septal ntix&ul;tion blocks the osmotically-induced increase
in SON neuronal aqtilv ‘g‘ (Yamashita and Kannan, 1976).
Anatomical studies’ ndicai:e that all thqﬁae regions recefve a
substantial noradre’norigic innervation from the locus

caruleus (Jones and Moore, 1977) and *the parabrachial

nucleus (8aper and Loewy, 1980).

o I propose, therefore, that the inhibition of SON

neurons following baro"reg:eptor activation may result from
ractivation of a GABA-mediated affereni: system. As proposed
by Bbjnks and Hhrri\l (19—8-4), locus cc:eruleus neurons would
.form an important link betw‘a‘en'cardiovascular recepto:;'
afferents and the forebrain GABA system that influences SON
activity. Figure 8-1 111ultrat?s tile features of this -

hypothesis. ' o . » "\

8.3 Reflex control of Oxytocin release,

a

In lactating female mammals, suckling initiates a

.

neuroendocrine reflex thatﬂ results in oxytocin release from "
the neurohypophysis and milk ejection. Approximately 10

seconds before milk- ejection, oxytocin-secreting neurons of
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the SON fire a high-f&,quoqcy burst of atc’t:l.on potentials
that causes the sudden release c;t horm;;u (see review by
Pounlain and Wakerley, 1982). Reflex milk ejection can also
be elicited by vaginal stimulation or distension, or bf
stimulation of the proximal stump of the cut vagus nerxve
(Moos and Richard, 1975). Littlaj is known about the central
structures and pathway; that mediat;e (or modulate) riflex
o;cytocin release although many areas of the ﬁriig and

several neurotransmitters have been implicated (Poulain‘&nd

Wakerley, 1982).

Influence of norepinephrin\o on oxytocin release: One
fruitful approach to studying reflex control of o;cyt:ocln
release has been to determine the effects on milk ejection
of central administration of drug's. -Relevant to the
1nvc31?:1gatibn undertaken in this thesis, injection of
a-adrencreceptor antagonists blocks reflex milk sjection
{Moos and Richard, 1975; Tribollet et al’., 1978; .Clarke et
al., 1979). Stimulation of oxytocin release by ‘
norgpinephrine in vitro (chapter 7) may, therefore, be
physiologically relevant. The ldentity of noradrenergic -
neurons capable of mediating this reflex in vivo iemain in
doubt. The partici;;ation of A1 naufona .j.s unlikeély in view
of their apparently selective innervation of vasopressin
neurons (McNeill and.Sladek, 1980; Day ‘and Renaud, 1984}

It is worth noting that injection studies also indicate

Py ! /\
B
v "

:
S~

S
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that cholinerxrgic and dopaminergic receptors mediate

stimulatory offect. (Moos and Richarxd, 1975, 1979; . Clarke

‘et al., 1979) while f-adrenoreceptors may mediate inhibitory

influences (Moos and»RLchard, 1979; Tribollet et al., 1978).

It is possible that norepinephrine also acts on interneurons’
T

which, in turn, project to the SON.

[

Influences of GABA on oxytocin release: The ability of

stressful stimuli to interfere with milk ejection (Cross,

1955; Taleisnik and Deis, 1964) is an indication that

cortical inhibitory systems modulate the reflex pathway.

Lebrun et al. (1983) have show;?that reflex milk ejection is
delayed or abolished by electrical stimulation of the
septum; & procedure known to inhibit SON neurons (Poulain et

ales, 1980;-Cirino and Renaud, 1985). The data presented in

chapter 4 indicate that the influences\of certain forebrain

‘ projections to the SON may be mediated by GABA. Further

investigations of the control of oxytocin releae may uncover

an important inhibitory component mediated by GABA.
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Fiqure 8-1 Block diagram outlining hyp;thotical bnthwayl
nodiating reflex control of vasopressin (AVP) secretion.
Abbreviations: DBB, diagonal band of Broca; SON;
supraoptic nucleus’ GABA,‘Y-aminobutyfic acid; NE,
norcpincphrinol PP, poct:tior pigq}tary; A6, '

noradrenserxgic ce}l group of locus ceruleus; At,
p)

noradrenergic cell group of caudal ventrolateral medulla;

NT8, nucleus of the tractus solitarius, IX,

glossopharyngeal nerve; X, vagus nerve; +,~e¥citatory

synapsej ~, inhibitory synapsea; i, unknown oonhoction.
/

“
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