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ABSTRACT 

r 
Supraopti c nuc l.eua (SON) neurose cretory neurons ",are 

exalllined in perfu.ed explant. of rat hypothalamus. 

Intracellular -injections of lucifer yellow revealed ovoid 

• omata, 1-3 un branched den dr ite. vith nUlllerous ap i ny 

procea.ea and a lin9le axon with no obvioua collaterala. 

SON neurons displayad both .pontaneoua and el.ectrlcally-

evoked hyperpo lariz 1ng, ch lor i de-dependent 1 nhibl tory 

poat-aynapt,ic potentiala that w~e reduced by bicuculline 

(1-100 \.lM) and prolonged by pentobarb1tal (100 \JM). In 60\ 

of neurona, low con centrat iona of y-aminobu tycic a cid (GABA 1 

10-100 UH) Ilnd lIlulf1mol (0.3-) UM) also induced a chloride- \. 

dependent conducta6ce (2-20 nS) and hyperpol.arization... At 

h1qher druq concentrations, a profound conductance increaae 

"" waa accolllpanied by a biphasic voltage response. The 

remaininq cella reaponded only to hiqh concentrations of 

GABA ",ith a modest conductance lncreaae and membrane 

depolarization. 

At the cellular level, noreplnephrine (10-200 \JI), 

actinq via a l-adrenoreceptorl, induced buratinq activity, 

membrane depo lariza tion an d increased f irinq. 

Norepinephrine also atilllulated the release ot vaaoprea8in 
<1 

and oxytocin into the perfusion medium. 
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RESUME 

./J 
Les neurones neurosécréteurs du noyau supraoptique 

(NSO) ont été ~tudiés in vitro en utilisant l'hypothalamus 

per fusé. L'injection intracellulaire de 'lùci fer yellow' 

a 'r é v é l é la pré sen c e d e cor p s cel lu lai r e s 0 v () ide f.) ct 0 n t les 

dendrites (1 à 3 par cellule) se divisent peu el dont 

l'axone est unique .,ans collatérale. 

Les neurQnes du NSO génerent des potentie Is pos t-

synaptiques inhibHeurs (p.p.s.i.) spontanés ou induits par 

stimulation électrique. Ces p.p.s.i. r0guiérent ln présence 

d'ions chlore, sont rl!duits par la bicuculline (1-100 Il'I) et 

prolongés par le pentobarbi tal (100 uM). L'acide 

gamma-aminrutyr ique (GAB/\) à fa i ble ("on centril t ion 

\lM) ainsi que le muscimol (0.3-3 lJM) induisent' une 

10-100 
~ 

condlJctance (2-20 nS) dépendante d'ions chlores et une 

hyperpolarisation chez 60% des cellules étudiées. Des 

concentrations plus élevées de ces substances donnent lieu -à 

une forte augmentation de la conductance membranaire 

accompa gnée de changements de vol t a ge bi phasiques. Les 

autres cellules ne répondent qu'à de fortes concentrations 

de GABA, démontrant une faible augmentat ion de conductance 

accompagné d'une dépolarisation melRbranaire. 

La no rad r é n a li ne (1 0 - 2 0 0 uM), agi s san t sur les 

récepteurs adr6nergiques de type' ni" induit une 

dépolarisation membranaire ainsi que des potentiels 

d'action. La n oradré na li ne provoque é ga 1 emen tune forte 

libération de vasopressine et d'oxytocine. 
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·What w.isdom can you find 

that }. 8 greater than 

kindness?" 

Jean-Jacques Rousseau 

( 1712-1778) 
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CHAP'!'BR 1 

INTRODUCT ZON 
i 

1.1 Pretace 

Neurophyaioloqists interested in the mammalian central 

nervous system are accustomed ta relyinq on data trom -model 

.ystems- tor an understanding ot the tundamental properties 

IJoverning the excitabi 1 ity ot neurons. Over ~e past 50 

ye~rs, the qiant axon (e.q. Hodgkin and Huxley, 1952a,b,c) 

and Il Y n a P s e (ICa t zan d K il e di, 1 9 6 7 a , b, 1 9 6 8) 0 t the s qui d , 

the neuromu8cular junction (Katz and Miledi, 1965), spinal 

mote>neurons (Eccles, 1961, Rall, 1959,1960) and variou8 

qiant qan9lion neurons ol molluske and crustaceans (see 

Kandel, 1976) have yielded in~ormation vital to conceptual 

and technoloqieal advance8 in neurobioloqy. Althouqh, 

tindinq8 trom these systems vere sometimes not qenerally 

applicable to the central nervous systems ot mammals, they 

did expedite the exploration ot other, less acces8ible 

systems. However, technical advances ot the past decade 

have 'ermitted access to the central nervous system tor more 

direct and detailed electrophysiological investigation. In 

particular, ~ vitro techniques have provided a means ta 

obtain 8table intraeellular reeordinq8 trom spinal neurons 

in culture (Barker and Ran.om, 1978), autonomie ganqlia 

eells in explants (Adams and Brown, 1975, MeAtee and 

\ 
), 
\ 

J 
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Yarovaky, 1979), and a variety of neuronal types in brain 

• lie.. ( H i Ilma n • t al., 1 9 6 3 1 Yamamoto and McIlwain, 1966). 

For more than 20 years, the maqnacellular neuro-

•• cretory neurons of the hypothalamic supraoptic nucleus 

(SON) and paraventrieular nucleus (PVN) have been the 

subject of intense electrophysioloqical investigation. Owinq 

ta their location deep in the brain and adjacent ta major 

blood vessels, most of the earlier data was derived from 

extracellular récording ~ vivo (see review by Poulain and 

Wakerley, 1982). Hovever, in vitro sliee and explant 

techniques, perfec~ed in the past five years (Brimble et 

al., 19781 Haller et al., 1978, Hatton et al., 19781 Bourque 

and Rena~d, 1983) have permitted.more detailed ana1ysis of 

the electrophysiological properties of these neurosecretory 

neurons by intracellular recording (cf. Mason, 19801 Andrew 

and Cudek, 1984a,bl Bourque and Renaud, 1985a,b). 

• SON and PVN magnocellu1ar neurosecretory neurons 

synthesize either of the hormones vasopressin or oxytocin 

which they secrete from axon terminals in the 

neurohypophysis. As neuroBecretory neurons, they occupy a 

middle qround betveen central nervous system neurons, whose 

proeesses'and secretions are rastricted to the brain, and 

endocrine cella vhich are located in mAny (if not all) parts 

of the body, and whose secretions often have actions 

throuqhout the body. They ean be con.idered as autonomie 

motoneurones whose neurotransmitter acts throuqh the 

. , 

/' 
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bloodstream rather than aeross a synaptie eleft. 

Alternatively, they can be considered as unusual endocrine 

cella that are loeated in the bra~nd have a morphology 

typieal of neurons. 

While these properties are true of Many neurosecretory 

cells, the compactly arranged and relatively homogeneous SON 

neurosecretory neurons (see Sectiop 1.2.1) are Most amenable 

to both bioehemieal and electrophysiological 

experimentation. As a result, vasopressin was the first 

peptide hormone whose amine acid sequence was elucidated 

(du Vigneaud, 1954) and much is known about the processes 

gove rning i ts biosynthes i s, intrace llu lar packagi ng, 

transport and, ultimately, secretion (Section 1.3). 

Electrophysiological studies ~ ~ have charaeterized the 

electrical activity patterns that are associated with 

autonomic reflexes governing the release of vasopressin and 

oxytoein (Sect ion 1.4. 1). Iqtracellular recordings obtained 

from SON neurons maintained ~ vitro have revealed many of 

the membrane properties responsible for their characteristic 

firing patterns (Sectlon 1.4.2). In vitro studies of the 

release of vasopressin from isolated neural lobes were 

seminal to th~ theory of stimulus-secretion eoupling 

(Section 1. 4. 3). The great value of the SON neurosecretory 

neurons as a model system for CNS neurons Is, therefore,~e 

comparative ease with which aIl levels of their cellular 

lunetlon can be studied. 



,. 
~ The Supraoptic Nucleus (SON) of the hypothalamus 

1. 2. 1 Organization of the rat SON. 

The supraoptic nue lei (SON) of the rat are well-defined 

elangated groupings of magnûcellular neurons located on the 

ventral surface of the brain along the lateral borders of 

the optic tract. The SQN la filled with an extensive 

network of capillarl.ea (Finley, 1939) frolll branches of t.he 

retrochiasmatie arteries, ~Ch penetrate the 

hypothalamus, and also supply several "ace ssary" nuclei 

o 

anterior and 

composed of neurosecretory npurons (Vandesand~& Dierlckx, 

1975; Sherlock et al., 1975; Sofroniew and Glaasman, 1981). 

In Nissl preparations, the SON appears as a dense 

aggregation of between 5,000-10,000 homogeneous l.ntensely 

st ai n e d ce 11 s ( Le ra n the t al., 1975). In the rat, a 

rostrocaudal progression in their morphology le revealed in 

serl.al 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 lS 

trlan1ular as SON neurons line the entire lateral edge of 

the optic tract. Cau da Il y, ,. he r e the op tic t r a c t p e ne t r a te s 

the temporal lobe, SON neurone form a narrow vertically 

oriented band of celle lin1ng its lateral border. An 

additional group of neurosecretory neurons located caudal 

and medial to the optie tract forms the retrochiasmatic 

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

'. 
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Po11owing injection jnto the neurohypophys!s, 

cetrograde1y transported horseradish peroxidase (HRP) 

ceaetion product is ev~dent in almost aIl SON neurons 

(Sherlock, 1975). similarly, most (greater than 85%) SON 

naurons are immunoreactive for vasopresSln or oxytocln ~nd 

their associated neurophysins (Vandesande and Dierickx, 

1975; Swaab et al., 1975 i and section 1.3). Only a sma1I 

number of non-neurosecretory neurons have been observed 

within the confines of the nucleus (Dyball and Kemp1ay, 

1980) • Leranth et al. (1975) estimate that intern~urona 

aecount for approximately 6-7% of neurons in the SON. 

At the electron microscope level, glia are seen" to be 

interposerl between the somatà and dendrltes of neuro-

secretory neurons, particul~rly in the "ventral glial 

lamina" (VGL). The VGL Iines the ventral surface of the SON 

and ia eomposed of glial cells surrounding the dendrites of 

SON neurons and axons afferent to the SON (Armstrong et al. 
, 

1981; McNeill and Sladek, 1980: Sofronicw and Glassman, 

1981). These g1ia show a great deal of plasticity related 

to the functional state (i.~. parturition, lactating, 

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

,) 

1. 2.2 SON neurosecretory neuron morphology and 

ultrastructure 

SON neuroseeretory neurons are apparently resistant to 

silver impregnation (LuQui and Fox, 1976), thus few studies 
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of their morphology have used the Golgi technique 

(Leontovich, 1969; LuQui and Fox, 1976, Felten and Cashner, 

1979, Armstrong et a!., 1982; Dyball and Kempll1Y, 1982). 

Immunocyt'ochemistry performed on thick sections of 

hypothalamus now provide Il more reliable means of stain~ng 

SON neurons and has contributed tremendously to our 

knowledge of their light microscopie morphology (Armstrong 

et al., 1982~ Sofroniew and Glassmann, 19811 Silverman et 

al., 1980). There are a comparatively large number 

of electron microscopie st:.udies (e·9. Rechardt, 1969; Ifft 

and McCarthy 1974; Tweedle et al., 1977, Armstrong et al., 

1982 ; Yulis et aL, 19B4) of SON neuronal ultrastructure 

and interrelations. 

The somata of rat SON neurons are round or elongated, 

with dimensions of approximately 15 x 20-30 pm (Dyball and 

Kemplay, 1982) and give rise to 1-3 ventral·ly directed 

dendrites (Armstrong et al., 1982; Dyball and Kemplay, 

1982). The Bomata contain a large, eccentrally located 

nucleus with one or more nucleoli (Rechardt, 1969). The 

cytoplasm is ty~cal of secretory cells in that it con tains 

mitochondria and stacks of rough endoplasmic reticulum, 

901g1 apparatus and dense-core ves1cles. 

The dendrites of SON neurons are irregular in diameter 
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«2 ~m) and taper gradually. They branch sparingly but 

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

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

.. 
which form synaptic contacts (lfft and McCarthYr 11374). 

Many dendr~tes of SON neurons ~ourse extensively ln the 

ven.tral 9lial lamina (Armstrong et al., 1992) whece they arc 

enveloped by glial processes (Perimutter et ~l" '984, 

Yulis et al., 1984). 

The axons of SON neurons are beaded in appearance due 

ta numerous rounded enlargmeats or varicosit1es (S0frcnlew 

a nd Glasmann~ 1981). They course dorsally from the nucleus 

and then into the basal hypothalamus ta form the supraoptico-

neurohypophysial tract (cf. Luqui and Fox, 1976). Axons of 

SON neurons proceed to the internaI zone of th~ med~an 
eminence and, infundibular stalk and terminate as large 

9ranule-filled dilatations (cf. picker in9, 1918) throughout 

the neu·rohypophysis (Vandesande and Dierickx, 1975; Alonso 

and Assenmacher, 1981). Although axon collaterals have been 

reported in the reglon dorsal ta the SON (Mason et al., 

1984) other studies suggest that they are infrequent 

(Sofroniew and Glasmann, 1991; Dyball and Kemplay, 1982; 

Armstrong et aL, 1982). 

-



( 

( 

\~., 

" 

B 

1. 2.3 Imœunohlstochemlcal localization of peptide hormones 

ln SON neuronS . \ 

Immunohistochemical staininq for vasopressin and 

oxytocln Pfovided t.he tirst direct proof that the SON 

containe Bep~ate populations of neurons that syntheslze the 

two peptides (Vande~ande and Dierickx, 1975, Swaab et al., 

19751 Sokol et al., 1976). In the rat, a spatial 
, 

segregation exist~ such that oxytocin neurons are more 

numerous in rostral and dorsal parts of the SON and 

vasopressin neurons are'more numeroUB caudally ~nd ventrally 

(Vandesande and Dierlckx, 1975, MeNeill and Sladek, 1982). 
) 

Several o~ber peptides have been observed hiatochemi-

cally in SON neur.oaecretory neurone. The opioid peptide 

dynorphin co-exista in vasopressin neurons (Watson et al., 

(Martin and 

~I 

1982a,bl Weber et al., 1982). Leu-enkephalin 

Voigt, 1981) and Cl-neo-end~rPhin (Ito et al., Millan 

et al., 1983) are i'ound in vasopressin termlnals ln the 

neurohypophysis aa 18 met-enkephalin in oxytocin terminaIs 

(Martin et al., 19831 Martin and Voiqt, 1981). 

Cortlcotropln-releasinq factor CCRF} (Sawchenko et al., 

1984) and cholecystokinin (Martin et al., 1983) are also 

found in some oxytocin neurons of the SON. The funetion of 

these peptides i8 ~till unknown but evidenee i8 accumlating 

that the opioid peptides may modulate the release of 

oxytocin and vasopressin (Blcknell et al., 19851 Clarke et 

al., 1979, Iversen et al., 1980). 

.. 
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Synapses and afferent fibers in the SON 

Quantitative electron microscopical studies by Leranth 

at al. (1975) revealed that each SON neuron receives 

approximately 600 synapses distributed on its soma, 

dendrites, dendrltic spines and axone 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 bet..,een neurosecretory cells account 

for a portion of the intranuclear s~napses (cf. Theodosia, 

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 thelfe -neurons 

would be required to form 6000 synapses if they alone are to 

account for aIl the synapses of intranuclear origine 

Therefore, a more reasonable proposal ~s that neurons 

located adjacent to the SON contribute a prominent portion 

of their afferent innervation. 

'(-Aminobutyric acid' (GABA) 1 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 etudies indicate that 

approximately 60\ of this GABA innervation i8 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 ls thought to 

originate in the region anterior ta the third ventrical 

(Meyer et al., 1980). The diagonal band of 'Broca and 

lateral septum both contain many GABA neurons (Nagai et al., 

1983 1 Pannula et aL, 1984) and are possible sources of 

this innervation. 

This hypothesiA is supported by lesion (Carithers et 

aL, 19801 Powell and Rorie, 19671 Zaborsky et,a1., 1975) 

and retrograde RRP traclng studies (Oldtield et aL, 1985; 

Tribollet et al., 1985) whlch suggest that the neurons in 

the diagonal band of Broca and the septum project to the SON 

or nearby structures. Bowever, these studies indicate that 

septal projections terminate dorsal to the SON and may 

contact interneurons which, ln turn, innervate SON neurons 

(Trlbollet et al., 1985). Nevertheless, these tibers also 

form synapses with dorsally direct.ed processes (possibly 

axons) of SON neurons (Oldfield et aL, 1985). 

Unfortunately, the identity of the transmltter contained in 

these terminaIs has not been ascertained. 

Norepinephrine: Early histofluorescence etudies showed 

that the SON contains one of the most dense catecholaminergic 
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innervations in the brain (Carlsson et aL, 1962) whlch 18 

primarily noradrenergic (Palkovits et aL, 1974) and 

originates in the AI cell group of the ventrolateral medulla 

(Sawchenko and Swanson, 1981). The nucleus of the tractus 

solitarlus and locus ceruleus contribute only a small number 

of noradrenerglc fibers to the SON (Sawchenko and Swanson, 

1982, Jones and Moore, 1977). The noradrenergic plexus is 

most dense ventrally and iB thus ln closest contact with 

vasopressln-containing SON neurons (MeNeill and Sladek, 

1980). Large numbers of axo-dendrltic noradrenergic 

contacts have been identifled in the ventral glial lamina 

underlying the SON although a lesser number ofaxosomatic 

contacts occur throughout the nucleus (Alonso and 

ASBenmacher, 1984; McNeill and Sladek, 1980). ThuB 1 the 

ventrally directed dendrites of SON neurons appear ta be 

critical ta the ce1l's contact with the noradrenergie 

Inne rvation (Sawchenko and Swanson 1 19821 Alona 0 and 

As sen ma che r 1 1 9 8 4 ) • 

Acetylcholine: Deafferentiatian of the SON has Little 

effeet on lts content of choline acetyltransferase, a 

specific marker for cholinergie neurons (Meyer and 

Browns tein, 1980). Thus, as with GABA, the cholinergie 

innervation of the SON appears ta originate 10cally. Mason 

et al. (1983) used immunocytochemical and histochemical 

techniques ta identify a diffuse group of cholinergie 
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neurons dorsolateral to the SON whose processes enter the 

nucleus and appear to be responsible for lts cholinergie 

innervation. 

Other Brain Regions: A number of other brain ragions 

contribute Afferents to the SON. Neurons of the subfornlcal 

organ which project heavily to the SON (Mlsells et aL, 

, 9791 Lin d et al., 1 980 1 Re n a u d et al., 1983 1 Tri bo Il ete t 

al., 1985) may contain angiotensin II (Lind et al., 1984). 

A projection tram the amygdala (Zaborsky et al., 1975) 
\ 

~ 

probably termlnates primarily dorsal ta the SON (Tribollet 

et al., 19851 Oldfield et al., 1985). Althouqh th!s input 

la reported ta be inhlbitory (see section 1.4.) the 

transmltter mediating thls effect ls unknoW'n at present. 
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1.3 Synthes!a, Processing, Transport and Secretion of 

Va.opreeain and Oxytoein 

Binee du Vigneaud (1956) dedueed the primary structure 

of the cyelic neuropeptide vasopressin, the neurohypophysial 

hormones have been a model system for ~he study of the 

8ynthesis, processing, transport and secretion of peptide 
, 

,hormones (see reviews by Bro."nstein 19801 Pickering, 19781 

Pickering et al., 1983). Vasopressin and oxytocin can be 

studied ."ith relative ease because large amounts of the 

hormones that are synthesized and secreted and the sites of 

synthesis, transport and secretion are physica11y separated. 

1.3.1 Syntheais and Processing ot Vasopressin and Oxytocin 

Sachs and co."orkers ."ere the tirat to suggest that 

vasopressln and the associated protein, neu~ophysin, are 

syntheslzed trom a hlgh molecular weight precursor (see 

Sachs et al., 1969). Ultlmate proo! of thls theory ."as 
~ 

obtained recently ."hen the sequence ot a comp11mentary DNA 

(eDNA) fpr measenger RNA coding for vasopreasin ."as 

determined (Land et al., 1982). The primary sequence ot 

·pre-provasopressin-neurophysin- ."as deduced trom the cDNA 

sequence and revealed that the precursor contains (in order 

trom N- to C-terminua) a signal peptide, vasopressin, 

neurophysln, and a glY4fproteln. Simi larly, Land et al. 

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

neurophysin and showed that lt ls homologous to pre-provaso-
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pres.in-neurophysin except for the absence of a glycoprotein 

from the C-terminus. 

The pre-prohormones are proce9sed to their respective 

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-vasopresain-neurophysin are 

composed of oxytocin and vasopres8in attached to their 

respective neurophysin by the tripeptide 

glycine-lysine-arginine (Land et al., 1982,1983). The 

paired basic amine 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). 

Pinally, a disulfide linkaqe forms between 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 Transport of Vasopressin and Oxytocin 

Information concerninq the sites of synthesis and 

processing of vaaopressin and oxytocin has been obtained in 

pulse-chase experlments. 35S-cysteine or 3~-methionine 

lnjected near the SON was rapldly lncorporated into proteins 

by neurosecretory cells. Followinq synthesis on ribosomes 

in the somata of SON neurons, the prohormo~es are packaged 

in granules and transported to the neurohypophysis (See 
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Brownateln et al., 1980). Radioactlvity associated wlth 

vasopressln la present in the neurohypophysis within 11, 

hours of injection in the SON (Sache et al. t 1969, Heap et 
h 

aL, 1974). This indicates that the grllnules are condueted 

over the 3 mm distance by faat axonal transport at a rate 

estimated to be greater than 200 mm/day (Brownstein et al., 

1980) • 

Radioactivity found in the neurohypophysis within 

several hours of injection of tritiated ami no acids into the 

SON ls mostly associated with large molecular weight 

proteins, prohahly the precursors of vasopressin and 

oxytocin (Brownstein et al. 1 1(80). Thes_e rapioa\tive 

protein species disappear over severai days until ~ost of th~ 
\ 

radioactlvity can he aSBociated wlth vaBopr~~in, ox~tocin 

and their neurophysins. Sinee autoradiographie st~s 

confirm that this radioactivity Is conflned to secretory 

granules (Kent and Uilliams, 1974) Brololnstein et al. (1980) 

concluded that the granules must contain, not only the 

hormones bound to their neurophysins, but also the enzymes 

and other factors necesBary for their processing. Thus, 

processing of the hormone precursors appears to occur durinq 

and following axonal transportation fram the SON to the 

neurohypophy sis. 

Heap et al. (1975) traced the progress of radiolahelled 

neurosecretory granules through the neurohypophysis using 

alltoradiography. Labelled neurosecretory granules were 
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obaerved in three sites z 1) axona, 2) small axonal 

dilatations, in which small qranules were present, termed 

"endinqs· and 3) larqer dilatations in which larqe qranules 

were preaent, termed "swellinqs" and resembled Herrinq 

bodies (lierrinq, 1908). Bas ed upon the time-course of 

their appearance at, and diaappearance rrom each site, Heap 

et al. (1975) concluded that qranules containing 

newly-synthesized material proceed from axons to "endinqs" 

and thereafter to ·swellinqs". The possible aiqnificance of 

theae data is discusaed below (Chapter 1.3.3) as it ,applies 

to a ecre tian ot new ly synthe a i ze d hormone. 

1.3.3 Secretion of vasopreasin and Oxytocin 

Experimenta with isolated neurohypophysis in vitro 

(Douqlas, 1963, ""Douglas and Poisner, 1964) were important to 

the tormulation of the theory ot stimulus-secretion coupling 

(see Douqlas, 196~. Accordinq to this theory, vasopressin 
) 

and oxytocin are - releaaed in response to calcium flux into 

nerve terminals provoked by membrane depolarization. 

Experimentally, depolarization vaa induced by electricai 

stimulation of the iaolated qlands or exposure to medium 

containinq an elevated concentration ot potassium. 

depolarization ia preaumed to be due to invasion of the 

neurohypophyaial terminaIs by action potentials qenerated in 

the soma ta of SON neurons. The correlation between 

electrical activity or neurosecretory neurons and secretion 



17 

of vasopressin and oxytocin supporta this hypothesis (see 

Poulain and Wakerley, 1982) and Section 1.4.4). 

Secretion ot neurophypophysial hormones i8 thought to 

occur by exocytosis (See review by Pickering, 1978). Thua, 

according to the scheme of Palade (1975), secretory granules 

tuse with the plasma membrane and diecharge their contents 

into the extracellular space where it eventually entera the 

portal circulation. Details ot the mechanism of exocytosis 

are lacking. For axample, the role ot calcium in this 

process, although critical, is still obscure. 

Several interesting observations have been made 

concerning the -pools" ot vasopressin available tor release. 

Experimenta performed both in vivo and ~ vitro showed that 

high levels of release ot vasopressin are not malntained or 

repeatable (Sachs et al., 1967/ Sachs and Haller, 1968/ 

Thorn, 19661 Ingram et al., 1982). The relaase of oxytocin 

may undergo a lesser degree of -fatigue- (Bicknell et al., 

1984) • Sachs and Haller (1968) proposed the existence of a 

readily -releasable pool- of vasopressin which comprises 

no more than 10-20\ ot the total content of the 

neurophypophysis. It might be separated trom ·unreleasable R 

vasopressin either: 1) morphologically in ditterent 

dilations, 2) extragranularly as opposed to intragranularly, 

or 3) within active as opposed ta inactive neurons. No 

evldence i8 available to support the latter possibility. 
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The second possibllity is unlikely in view of evidence 

8upportinq exocytotic releAse of vA8opressin~t!ee above). 
, 

An argument in support of the first hypothe8i~ can be 

formulated based upon etudies that show that 

newly-aynthesized vasopressin la preferentially released 

by neurohypophyses ~ vitro (Sachs and Haller, 19681 

Nordmann and Labouesse, 1981). Taken together, this 

physiological evidence and the morphological data of Heap et 

al. (1 975) 8 u 9 ge s t th a t ne W l y B Y n the s i z e d vas 0 pre s sin 

contained in granules ls brietly available tor release from 

terminaIs he tore beinq transported to swelllngs for storage. 

However, fallure ot the calcium signal, either throuqh 

reduction of its influx or Its intracellular effects, could 

a180 account for the fatigue of vasopressin release (See 

consideration in Section 1.4.4). 
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1.4 Electrophysiology of SON neurons 
--~ 

Kandel (1964) demonstrated that neut"osecretory neurons 

have electrical properties similar to other central nervous 

system neurons in his studies of the preoptic nucleus of 

teleost fish. Following confirmation of this findlng ln 

mammals (Yagl et aL, 19661 Ishlkawa et al., 1<)66) the 

electr~cal activity of mammalian n<:uroDccretory ncurons 

became a subject of intense investigation (see reviews by 

Poulain and Wakerley, 1982; Renaud et al., 1985). These 

studles have provided information which now allows 

identification of SON neurons according td their firing 

patterns, both spontnneous and stimulus or reflex-evoked 

(Section 1.4.1 and 1.4.3). Intracellular recordings provi.cie 

\ 

insight into the membrane properties of SON naurons 

responsible for generation of these characteristic firing 

patterns (Section 1.4.2) and their relevance to secretion of 

hormones (Section 1.4.4). 

1. 4. 1 Identification of SON neurosecretory neurons 

Antidromic activation: The axons 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 mammalien SON 

following electrieal stimulation of the neurohypophysis. 

This procedure has ainee been used routinely to identify SON 

neurosecretory neurons duriog electrical recordinga (eg_ 

r 
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Dyba11 and Koizumi, 19691 Yamashita et al., 1970; Pou.,lain et 

al., 1980: Armstrong and Sladek, 1982 T Bourque and Renaud, 

1983; Day and Renaud, 1984; Barker et al., 1971; Harris, 

1979; Koizumi and Yamashita, 1972; Wakerley et aL, 1975). 

Three criteria verify the ant.idromlc nature of the evoked 

action potential: 1) all-or-nothing, constant latency spike, 

which 2) follows high freqllency (lArger '""han 100 Hz) 

stimulation, and is 3) cancelled by 'eol11sion' with a 

spon taneous orthodromi c aet ion pote ntia 1 (See de ta11ed 

expl-bnation in poulain and Wakerley, 1982). ;.Jatencies fen 

somatic invasion of the antidromic spike are typically 8-20 

msec indicating that SON neuron axons have conduction 

velocities of approximately 0.5-1 rn/sec (Yagi et al., 19b!-; 

y a ma shi ':..1 et al., 1970 T Koizurni and Yamashita, 1972). 

Intracellular Injection of Marker Dye: During 1ntra-

cellular recordings from SON neurons in vitro in brain 

sliees or explants, anti dromic aet! vation 18 often 

impractica 1. Although in vitro recording systems ease 

visual positioning q,f micro-pipettes in the SON (Andrew et 

al., 1981, Bourque, 1984) confirmation of recording sites by 

intracellular injection of a Marker dye (cf. Thcnû?as and 

Wilson, 1966) ia essential. 

1981; Reaves et al., 1982; 

Severa 1 groups (Andrew et al., 

Yamashita et al., 1983; Bourque, 

1984) have accomplished this uslng the ttluorescent 

naphthalimide dye, lucifer yellow introdueed 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 braadly-def ined ca tagor les of sponta neous acU vi ty 

patterns (Poulain et al., 1977; Wakerley et al., l'ne): 

1) slow, irregular - characterized by law mean f.l.ring 

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

2) f<;tst, continuous - characterized by uninlJ rrupted 

fi r in 9 a t_ a me a n rat e 0 f 3 - 1 5 spi k e s / sec, and 

3) phasic - described ln the rat by wakerley and 

Lincoln (1971) and characterized by alternating 

10-90 sec periods of action potential firing (>5 

Hz) and qu lescence. 

Individual neurons sometimes exhibit more than one of thesc 

firing patterns during prolonged recording sessions, 

particularly during responses to some of the manipulations 

ta be described below. Nevertheless, the pattern of firing 

ia an indication of the hormone content of the neuron and 

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

Autonomie reflexes and the identification of 

vasopressin and oxytocin neurons: The release of oxytocin 

and vasapreAsin is governed by autonomie reflexes. Most 

notably, suckling leads to oxytocin release and milk 

... 



u 

22 

ejection (Lincoln and Wakerley, 1974, 1975) and vasopressin 

release is closely requlated by plasma osmolality and blood 

volume (Dunnetal., 1973). Since. vasopressin and oxytocin 
v:; 

'fi' {\ 
are contained in sepat'n'e neurons in the SON (Vandesande and 

Di • .,rickx, 19751 Swaab et al., 1975) it WolS anticipated that 

these populations of neurons would respond differently 
~ 

during autonomie r6f lexes. 

Lincoln and Waker1ey (1974,1975) showed that about hal! 

of SON neurons Eire a synchronous, hi gh frequeney burst of 

al: t i on pot e n t i a la 1 0 - 1 5 sec 0 n d s b a for e mil k e je ct i on • The 

spontaneous activity pattern of these neurons WolS usually 

"continuous" or "slow, irregular" prior to the burst: 

"phasic" neurons rare1y fired a burst prior to milk 

ejection. Therefore "phasic" neurons were deemed to be 

vasopressin-secretinq while continuously firing cells wera 

Vkely to be oxytocin-secretinq. 

This relationship was affirmed by experiments that 

tested the resp6'nses of "continuous" and "phasic" SON 

.' l 
neUrons to manipulations known 1::0 alter vasopressin 

secretion. Thus, hemorrhaqe increased the firinq of 

"phasi.c" SON neurons (Wakerley et al., 1975) while baro-

receptor acti vation (increased blood pressure) - abruptly 

ha1ted 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 

o osmolalit
l
)' were not restr1.cted to one cateqory of SON 
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neuron (Brimble and Dyball, 1977). 

Conclusive proof that -phaslc· SON neurons contain 

v/1sopressln could best be obtalned by couplinq lntracellulllr 

recording of phaslc activity followed by injection of 

lucifér yellow (see above) with lmmunocytochemlcal staining 

for vasoprsssin and oxytocin. Studies using this approach 

confirmed that Most phasic SON neurons are lmmunoreactive 

for v Il s 0 pre s sin but n 0 t 0 x y toc i n (Y a ma s h ..L t a e t aL, 1 9 8 J ) • 

However, 30\ of phaslc SON neurons were unstained in these 

studies, leaving an element of doubt concernlng the hormonal 

content of ·phasic" SON neurons. 

1.4.2 Intrlnsic electrlcal propertles of SON neurons 

Intracellular recordings from rat (Andrew and Dudek, 

1982,1983,1984,a,bl Mason, 1983al Bourque, 1994, Bourque and 

Renaud, 1985a,bJ Bourque et a1., 1985) and qulnea pig (Abe 

and Ogata, 1982, Abe et al., 1983) SON neurons in vitro have 

begun to provlde a "âescrlption of the intrinsic electrlcal 

propertles that underly their flring patterns. 

Propertles of the -Reatlng· Membrane: SON neurons 

mllin"tain resting membrane potentials of 50-70 mV (Andrew and 

Dudek, 1982r Bourque and Renaud, 1985, Mason, 1983a). In 

keepinq with thelr small size, input reslstance is high 

(100-400 Mn) and cell-time constants are long (8-20 msec). 

The voltage-current relatlonship ls llnear for 

hyperpolarizing pulses (Mason, 1983a) but depolarizinq 

, 
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pulses are subject to strong rectification (Bourq,ue, 1984). 

This rectification iB reduced by calcium channel blocke~B 

suc h as cob al t (B 0 u r que and Re na u d , 19 B 5 b) in d i ca tin 9 th a t 

it is due in part to the voltage-depandent activation or a 

calcium current. These passive electrical properties, .... hen 

considered with the simple dendritic morphology of SON 

neurons (Section 1.2), predict efficient conduction and 

8ummation of synaptic and non-synaptic voltage transients 

(see belo· ... ). 

Action Potentials: Overshooting action potentials in 

SON neurons attain amplitudes up to 100 mV wlth durations of 

1.0 - 3.5 msec (Mason, 1983al Bourque and Renaud, 1985a,bl 

Andrew and Dudek, 1984). Blockade of Na+ channels with 

• 
tetrodotoxin (TTX) raises the thre8~old for firing of a 

TTX-resistant spike (Andrew and Dudek, 1983; Bourque and 

Renaud, 1985) which i8 reversibly abolished when CaCl 2 is 

replaced by equimolar EGTA, Cd++, Co++ or Mn++. Thug, both 
(j 

Na+ and Ca++ currents contribute to action potentials in SON 

neurons. Both ions also contribute to compound action 
\ 

potentials recorded optically in neurohypophysial axon 

terminals (Salzberg et al., 1983). 

Prolongation of action potentials by tetraethylammonium 

(TEA) indicates that potassium currents contribute ta action 

patential repolarizatian in SON neurons (Bourque and Renaud, 

1984) • Enhanced Ca++ entry consequent ta blockade ot 

voltage and/or Ca++-dependent potassium currents likely 

" 
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accounts for the lncreaae in spike duration~ 

Action potentia1 duration a1so varies as a function of 

spontaneous firing frequency and ia maximal at 10-20 Hz 

(Bourque and Renaud, 1985b). Furthermore, dynami C \ 

broadening of action potentials occura at the onset of 

spontaneous phas ic bursts, spike duration ls increased a 

much as 100\. The changes in duration are b10cked by Ca++ 

channel blockers indicating they result from enhancement of 

the Ca++ component of the action potential, perhaps as a 

consequence of graduaI inactivation of the potassium 

currents that terminate the spike. Simi1arly* increased 

entry of calcium in neurohypophysial axon terminaIs during 

rapid or phasic firing might increase release of vasopressin 

and oxytocin (See section 1.5). 

Hyperpolarizing After-Potentials and antidromic 

inhibition: Action potentials in SON neurons are fo11owed 

by a hyperpolarizing after-potentiai (Andrew and Dudek, 

1984, Koizumi and Yamashita, 19721 Mason, 1983). A similar 

hyperpolarization fol Iowa high frequency trains of spikes 

induced by repetitive antidromic stimulation or 

in t r a ce Il u 1 arc u r r e nt i n j e c t i on ( An d r e w and Du de k , 1 984 ) • 

These potentials result prlmarily trom activation of a Ca++ 

dependent K+ current f0110wing influx of ca++ during action 

potentlals (Bourque et al., 1985) and function to limit 

action potential firing frequency. 

The existence of a recurrent inhibiting mechaniam has 
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bean interred trom the period ot reduced excitability 

that tollows antidromic acti.vation (Barker et aL, 1971b, 

Dr e i f us san d Ke Il y, 1 9 7 2 ) • The hyperpolarizinq atter-

potentlal that tolloW8 antldromlc spike& 1& of slml1ar 

duratlon (Kolzuml and Yamashita, 1972) but is not graded by 

stimulus intenslty and disappears below thrsshold tor 

ant1dromlc activation (Bourque and Renaud, 1983). These 

data indlcate that mOBt ot what has been termed as 

"post-antidromic lnhibltion" doea not result trom synaptic 

activation ot a recurrent collateral path .... ay, but rather 

.~ 
trom an intrinsic inhlbltory mechanls~: 1.e. a 

calcium-actlvated potassium conductance (Andre .... and Dudek, 

19841 Bourque et aL, 1985). 

Depolarizinq atter-potential and spontaneous phasic 

aetivity: Repetitive antidromiq (Dreifuss et aL, 1976) or 

orthodromie (Thompson, 1982) acti vation can induce premature 

onaet ot phasic bursts. Thls effect appears to be dependent 

upon periodic fluctuations in the excltability or refraet-

oriness of phasie SON neurons sinee the ettectiveness ot 

these stimuli 18 low 1mmed1ately follow1ng a spontaneous 

burat but lncreases progre8s1vely wi~h tlme. Intracellular 

recordinqs have shown that the perlodicity of phasic flrinq 

can be modltled by small adjustments of membrane potential 

with current injection (Andrew and Dudek, 1983, 1984a) and 

that spontaneous synaptic input to SON neurons 18 
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unpatterned (Andrew and Dudek, 1984a 1 Bourque, 1984). 

Th.refore, in aqreement with extracellular observations 

(Hatton, 1982) phasic firinq retlects an intrinsic property 

ot SON neurons (see Renaud et al., 1985). 

Andrew and Dudek (1983, 1984a) made several salient 

observations which provi~e an explanation for the ability ol 

SON neurons to qenerate repetitive burst firinq. Single 

action potentials, or briet current-evoked bursts, are 

tollowed by a late 2-5 mV depolarizing alter-potential that 

laats 1-2 msec and persista in the abaence ot syn.,ptic 

transmission. Theretore, when action potentials occur in 

succession (as at the beginning ot a phasic burst) their 

depolarizinq atter-potentials summate and may eventually 

reach thres ho Id. Repetitive riring ensues and is sustained 

by aummation ot depolarizing alter-potentials into a 

·plateau· potential (Andrew and Dudek, 1984a). According to 
& 

thes~ authora, termination ot the phaae cannot be explained 

by aynaptic inhibitory drive or active repolarization (egl 

by calcium-dependent potassium current). Characteristically, 

action potential lirinq slows and rails at the end ot a 

phase althouqh the plateau potential ia maintained. The 

ce 11 then hy perpolar izes and begins Il depolari z i ng dr ift 

that culminatea in a subsequent phase (Bourque, 1984). 

Large, calc1um~dependent plateau potentiala in cultured 

tetal hypothalam~c neurone r •• amble pha.ie burste in adult 

neurona in many rellpecta (Leqendre et al., 19821 Theodosia 
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et aL, 1983). Although the amplitude is far greater than 
? 

that observed in adult neurona, the voltage-dependence 

of plateau duration iB very Blmilar ta that of phasic burst 

duration (cf. Andrew and Dudek, 19848). Similar calcium-

dependent plateau patentials a~e observed in adult SON 

neurons ~hen potassium channels are blocked by intracellular 

inJection of cesium (Bourque et al., submitt~d). Howeve r, 

plateau durations are increased tremendously by replacing 

medium calcium with barium. Barium carriea Ca++ currents 

but daes not mimic the intracellular actions of c~]~.um auch 

as Ca++-dependent activation of K+ currents and 

Ca++-dependent inactivation of Ca++ currents (See Eckert and 
ôJ 

Chad, 1984). Thus plateau termination appears to ~epend ont 

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 Bize do not ", 

oecur in untreated adult SON neurone, the underlying 

current(s) may be responsible for the depolarizing 

after-potential and plateau potential. Accumulation of 

intracellular calcium during a phasic burBt may lead to the 

calcium-dependent inactivation of the plateau current and 

burst termination . 

• 
Synaptic and Non-Synaptic spontaneous potentials: 

Severai groups have reported the e~stence of spontaneous 

excitatory and inhibitory synaptic potentials in SON neurons 
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whlch are abollahed by tetrodotoxin or Ca++ channel blockera 

( And r e w and Du de k , 1 9 8 4 a , b 1 Bou r que, 1 984 , Mason, 1983). 

No detailed atudy 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 Dot appear to 

partlcipate in phasic burst generatlon (Andrew and Dudek, 

1984a). 

A second class ot br1tet, sub-threshold, depolarizlng 

potentials ha~~ been indentified in SON neurons (Bourque, 

1984). These -tast-depolarizing potentials- can be 

diatinguished trom post-aynaptic potentials by their 

insenaltlvlty to Ca++ 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-depolarlzing 

potentlala may arise trom the activation of small numbers of 

ca tion channe 1 •• The high input reaistance ot SON neurons 

may permit re.olution of the current (50 pS) tlowing through 

single or cluatera ot cation channels in a manner similar to 

that propoaed tor pituitary cells (See Vincent and Dufy, 

1982) • 

Oamoaenaitivity ot SON neuron.z SON neurons respond to 

an increa.e in plasma o.motic pre •• ure by increasing their 
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electrical activity (B-rimble and Oyball, 1977) and hormone 

output (Ounn et aL, 1973). Neurons in Many central 

(Iovino et al., 19831 Mangiapane et al., 19831 Sladek and 

Johnson, 1983/ Yamashita and !Cannan, 1976) and peripheral 

(Baertschi and Vallet, 1981) locations undoubtedly 

contribute to thie neuroendocrine reflex. However, recent 

electrophysiological experiments ~ vivo (Leng, 1980) and 

in vitro (Abe and Ogata, 1982, Bourque and Renaud, 1984/ 

Mason, 1980) suggest that SON neurons are endogenous1.y 

osmoaensitive. Synaptlc 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 etudied using intracellular recordings ~ 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 ot inactivation ot a 

potassium conductance (Abe and Ogata, 1982). The frequency 

ot apontaneous post-synaptic potentials also enhanced in 

hyper-osmotic solutions. Thus the output of SON neurons 

depends upon intrinsic and extrinsic factors responding to 

osmotic stimuli. 

1.4.3 Synaptic and ~ug Respon8es of SON neurons 

Electrophysioloqical atudies of the paat 20 yeara 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 etudies are available, portrays the role 

that various brain regions may play in neuroendoc~ 

control. 

J 
Al Noradrenergic inputl 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 madulla (Sawchenko and Swanson, 1981,1982) 

has long been a source of controversy. 

Secration of vasopressin, usually indicated by a change 

in diureeis, is generally enhanced by central administration 

of norepinephrine (Bhargava et al., 19721 Bridges et al., 

19761 lCuhn, 1974, Hilton and Paterson, 1974, Horris et al., 

19761 018son, 1969, Stutinaky, 1974, Urano and lCobayashi, 

19781 Vandeputte-Van Messon and Peeters, 1975, Willoughby et 

al., 1985) and diminished following destruction of central 

catecholamine pathways (Everitt et aL, 19831 Liqhtman et 

al., 1984, Hiller et al., 19791 Milton and Patterson, 

1973). Similarly, oxytocin release, as evldanced by milk 

ejection, is stimulated by central administration of 

norepinephrine or the a-adrenoreceptor agonist, 

phenylephrine (Clarke et al., 
"" 

1979) and reflex milk ejection 

is delayad by administration of a-antaqonista (Mooe 
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and Richard, 1975; Clarke et al., 1979i Tribollet et al., 

1978) • 

In contraat, iontophoretic application of norepi-

nephrine is reporte~ to inhibit firing of SON neurons 

(Arnauld et al., 19831 Barker et al., 19/11 Moss et al., 

1971, 1972) an effect apparently mediated by B-adreno-

receptors (Barker et al., FJ71). In hypothalami( olqdn 

cultures, vaaopressin release (Armstrong et al., 1982) and 

neurosecretory cell firing (Sakai et al., 1974) are 

inhibited by norepinephrine. Furthermore, reflex milk 

ejection ia depreased by B-adrenoreceptor activation (Maas 

and Richard, 19791 Tribollet et al., 1978). 

Despite this controversy, two recenl studies support a 

facllitatory role of noradrenerglc afferents in the releaee 

of vasopreasin: (a) 

cell group enhances 

First, electrical stlmulatio~ the A1 

the activity of SON and PVN vasopressLn 

ne u r 0 n s (D a yan d Re na u d , 1 984 a , b ) . (b) Second, pressure 

ejection of norep1nephrine at concentrations of 50-150 I~ 

excites SON neurons via a-adrenoreceptors whereas 

concentrations of norepinephrine in excess of 1 mM induce a 

B-adrenoreceptor- mediated inhibition (Day et al., 1985). 

These findings suggest that iontnphoretic application of 

norepinephrine (see above) resuits in exposure of the 

neurons to ~igh concentrations of the drug (cf. 

Armstrong-James and Fox, 1983). 

A contradictory report hy Blessing et al. (1982) that 
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le. ions encompassing the '1 cell group are tollowed by a 

brief rise in plasma vasopressin levels mQy have been 

misinterpreted as indicating that Al neurons reduce SON 

neuron activity. A recent report (8lessing and Willoughby, 

1985b) now suggests the contrary, i.e. that micro-injection 

of glutamate in the caudal ventrolateral medulla increases 

plasma vasopresstn, presumably by activating Al neurons 

which, in turn, activate SON vasopressin neurons. 

Furthermore, microinjections ot muscimol, a GABA agonist, 

in this same region, block the hemorrhage-induced increase 

in plasma vasopressin (Blessing and Willoughby, 1985a). 

These observations confirm the electrophysiologic impression 

(Day and Renaud, 1984a,bl that Al neurons are an important 

~xcitatory link in the central nervous system pathways that 

transmit cardiovascular information to hypothalamic 

vaaopressin neurons. 

The role of noradrenergic Afferents, particularly the 

Al cell group, in control of oxytocin neurons i8 le8s weIl 

established. Putative oxytocin-secreting neurons in the SON 

or PVN do not demonstrate an increase in excltability after 

electrical stimulation of the Al cell group (Day and Renaud, 
~ 

1984) and ale far les8 responsive (compared with putatlve 

vasopressin neurons) to pressure ejection ot norepinephrine 

(Day et al., 1985). However, evidence tor the participation 

of a-adrenergic receptora in the milk ejection reflex ls 

compelling (8ee above), rai.ing the possibillty that 
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oxytocin neurons of lactating rats are ~ responsive to 

norepinephrine and noradrenergic afferents than they are at 

other times in the reproductive cycle. Another possibility 

is that dopamine, which increRRes SON neuron firing (Mason, 

~ 
1983) and oxytocin release (Bridges et al., 1976/ Clarke et 

al., 1978) may be the catecholamine regulating oxytocin 

secretion. Dopamine antagonists ddmLnl~terpd intr~venous]y 

block suckling-induced oxytocin secretion and milk ejection 

(Clarke et al., 1979). 

L~mbic afferents: Anatomical studLes have revealed 

ft modest projection from the septum and amygdala to the 

region of the SON and PVN (Zaborsky et aL, 1975/ Oldfield 

et al., 1985; Tribollet et al., 1985). Alter"ltions in 

neurohypophysial hormone release caused by emotional or 

stressful stimuli (Mirsky et al., 1954/ Cross, 1955; 

Ta 1 eisnik and Deis, 1964; Ke i 1 and Se ver s, 1 977) are. li k el y 

mediated by these limbic regions_ 

Two groups have independenLly observed that elcctr1cal 

stimulation of the lateral se"ptum 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 

1 

neurons to amygdala stimulati~n 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 relasse o~ vasopressin and oxytocin (Aulsebrook 



35 

and Bolland, 1969). However, repetitive septal stimulation 

inhibits sucklinq-induced release of oxytocin (Lebrun et 

-al., 1983) and osmotically-induced increase in SON 

neurose cretory neuron fi rinq (Yamashi ta an d Kannan, 1976). 

Furthermore, septal lesions abollsh the reflex release of 

v480pressin in response to bilateral carotid occlusion 

(Harris et al. 1 1984) and induce chronic polydipsia and 

polyuria as~ociated with decreased vAeopressin secretion 

(Iovino et aL, 1983). 

The results indicate that limbic structures modulate 

neuroendocrine reflexes lnvolvinq the SON. No direct evidence 

is available concerninq the transmitter substances present 

in these Afferent systems. Bowever, the fact that a potent 

inhibitory influence of septal and amygdalar stimulation ls 

observed on SON neural excitability allows speculation that 

GABA ls the transmltter underlyinq these effects. This 

hypo~heois is 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 ia required to 

clarify the role o~ these limbic structures' and the nature 

of the transmitter ~ediating their influence. 

Subfornical Organ: Anatomical studies at both the 

llqht (Mise lie et al., 1979, Lind et al., 1982) and electron 

microscope level (Renaud et al., 1983) reveal that the SON 
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receives a direft innervation from the subtornical 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., 19781 Eng and Miselis, 1981, Knepel et al., 1982, 

Iovino and Steardo, 1984). Electrica l stimu lation of the 

.uhfornical ,or •• n produc •• a prolon •• d (up to 500 .... c) l_~---Î 
excitation of the majority of SON neurons of both classes ~ 

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

et al., 1984). Thus, al though cïi rect evidence is lackin g, 

it la proposed that stimulation of the subfornical organ 

will promote the release of both vasopressin and oxytocin. 

Several structures lôcated rostral to the third 

ventrlcle appear to part1clpate in autonomie responses 
1 

cons~qu~nt to cantr3l administration of angiotensi~ II 
J 

(Bro(ly and Johnson, 1980)~ However, the subfornical organ .... 
has angiotensin II-containing neurons whose fibers project 

to the PVN and SON (Lind et al., 1984). Also, angiotensln II 
" , 

redeptors have been localized in the SON (Mendelsohn et al., 

1984). In ligh~ of the abl1ity of angiotensin II to induce 

phasic flring in cultured hypothalamic neurons (Gahwiler and 

Dreifuss, 1980), it ls tempting to speculate that centrally 

administered an~ II stimulates va:opressin secretion 

via a direct action on neurosecretory neuron,s • 

.. 

/ 
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Choli~eF9ic control: The earliest studies of the 

control of vasopressin secretion suggest a stimulatory role 

for Acetylcholine (Abrahams and Pickford, 1956). Su ba equen t 

(studies are unanimous in their conclusion that central 

admLnietration of Acetylcholine stimulates secretion of 

vaaopreasin (Bhargava et al., 19721 Bridges et aL, 1976/ 

Kuhn, 19741 Milton and Paterson, 1973,1974, Stutinsky, 

1974, Vandeputte-Van Messom and Peete:ts, 1974) and oxytocin 

(Bridges et al., 1976). Similar responses are obaerved in 

vitro in hypothalamo-neurohypophysial explants (Bridges et 

al., 1976, Sladek and ICnigge, 1977, Sladek and Joynt, 

1979). Furthermore, aince the eleetrical activity of SON 

neurons ia enhaneed by acetycholine administered by 

iontophoresis in vi vo (Arnauld et al., 19831 Barker et al, 

1971, Moss et &1.,1971,1972) or bath application ~ vitro 

(Bioulac et aL, 1978/ Gahwiler and Dreifuss, 1980, Hatton 

\ 
et al_, 19831 Ogata and Matsuo, 1984, Sakai et al., 1974), 

there is little doubt that acetylcholine enhances SON 

neuronal functi 

Mason et al. (1983) recently identified a diffuse group 

of cholinergie neurons located in the lateral hypothalamus, 

dorsolateral to the SON, "hose processes appear to penetrate 

the SON. Excitatory post-synaptic potentials can be 

recorded in phasic SON neQi~s following electrical 
/, 

stimulation of this region in hypothalamic slices (Hatton et 

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

receptor antagonist, hexamethonium, but not the mU8carlnic 
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receptor antagonist, atropine. Theretore, these cholinergie 

neurons located dorsolateral to the SON may intluence 

v4sopressin secretion. 

1 • 4.4 Relevance of SON neuron tiring 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 re lease evoked by 

. 
repetitive electrical stimulation depolarizes axon 

terminals, mimicldng th,: flt,fect of action potentials 

propagated to the neurohypophysis from somata in the 

supraoptic and paraventricu lar 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 

(Dreifuss et al., 1971, Ishida, 1967) in a manner 

compatible w.ith 
~ 

Douglas' model (1966) ot -stimulus-secretion 

coup ling·. 

Subsequent etudies have shown that the afflciency of 

release ot vasopressin (Bicknell and Lang, 1981, Dutton and 

Dyball, 1979) and oxytocin (Bicknell et aL, 1982), on Il 

"per stimulus" basls, is #eatlY increased if electrical 

.timulotion i. administere. Ph •• iC.,)t r.ther th.n 

contlnuously, ..,ith pre-recorded phasic activity used to 

trlgger the electrical stimulation. The hlgh trequency of 

short interspike intervals durlng phasic flring is thought 

.-
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to tacl1ltate hormone release (Dutton and oyball, 1979). 

Bourque and Renaud's (1985b) observation of activity-

dependent changes ln action potential duration provide one 

exp lanat i on t or th ls phenomenon, assumi ng tha t the chan ge s 

cbserved in aomata ot SON neurons also occur in axon 

terminaIs in the neurohypophysis. Enhanced calcium entry 

du ring action potentials occuring at short intervlIIs can be 

expected ta increase hormone release. 

However, Bicknell and Leng (1981) argued that the 

silent period between phasic bursts mlght also contribute ta 

the ~ticiency ot this stimulation pattern, by relieving the 

tati~e ot hormone release associated with prolonged 

stimulation (See Section 1.3.3 and Ingram et aL, 1982). 

Recent experiments by Bourque et al. (submittedl suggest 

that plateau potentlals uaderlying phasic activity (ct. 

Andrew and Dudek, 1984b) in SON neurons result from a 

calcium-current that inactivates when calcium accumulates 

intrace llular ly. Conceivably, calcium entry that underlies 

the plateau potential and is critlcal ta stimulus-aecretion 

coupling ia impaired during prolonged electrical stimulation. 

This would result in a tali in hormone secretion. 
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1.5 Oriqinality, Objective. and Overview 

As our fami liarity with the SON neuron inereases, it 

becomes important to adopt a holistic approach to further 

inveatiqation. Thus, morpholoqical features ot SON neurone 

must be related to their membrane properties and afferent 

inputs. The membrane properties and the neuropharmaeology 

of SON neurons must be studied simultaneously since neither 

can be tully understood individually. Finally, firinq 

patterns qain signlfieance primarily when correlated with a 

'meaaurement of the output ot the neurons, ie 1 release of 

vNopressin and oxytoein. 

The resulta described ln thls thesie derive from 

expe r imen ta pert ormed uaing the pe r tused hypothalamie 

explant (ct. Bourque 6". Renaud, 1983). The findinqs are 

original and exeept for parts ot Chapters 3 and 6, have not 

appea red p reviously. In general terme, the objective of my 

studies waa to apply thls preparation to the atudy of MAny 

aspecta ot SON neuronal funetion. The projecte undertaken 

are described as follows. 

In CHAPTER 2, "Materials and Methods-, the preparation 

ot the pertused bypothalamie explant ie d~scribed. Detaqs 

of the modiflcations of the basic preparation( neeessary to 

perform each kind of experiment are given alonlJ, with the 

techniques used in analY8is ot the data. 

( 
) 

\ 

/ 
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In CBAPTER 3 ·Serial Reconstruction or Lucirer 

YeIIo~-FiI1ed SON Neuron.· details or the .tereotyped 

morpholoqy ot individua1 SON neurons are rev.aIed more 

completely than i. pos8ible ~ith Golgi or immunocytochemical 

techniques. 

In CHAPTER 4 ·Characterization ot Spontaneou8 and 

Evolted Poat-Synaptic Potential. (PSP.) in SON Neurona", 

evidence ia preaented that inhibitory PSPa (IPSPs) in SON 

neurons are mediated by a GABA-activated chloride 

conductance. CHAPTER 5 -The Erfecta of GABA on the Membrane 

Properties of SON neurons· la 4 aequel ta CHAPTER 4. The 

etfects or exogenoue GABA on the membrane properties of SON 

neurone are 8ho~n to resemble those ot the IPSPa. These 

tinding8 support the hypothesia that GABA mediatea 

apontaneoulS and evoked IPSP. in the SON (cf. Werman, 1969). 

CHAPTER 6 "a-Adrenerglc Activation or SON Neuron." 

de.crihe. a neuropharmacological study ot the function ot 

the ~e no~adrenergic innervation ot the SON. 

Norepinephrlne ia 8ho~n to excite SON neurons and induce a 

bur.tinq firinq pattern via activation ot a-adrenoreceptorB. 

The mechani.m of action of norepinephrine ia inveatigated 

and data i. pr.sented that support a recent report 

(Aghajanian 1985) that Ql-adrenoreceptora modulate the 

voltage-dependent, transient pota •• lùm current known a. 

\ 
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In CHAPTER 7 RNorephinephrlne-Induced Releaae ot 

Vasopreasin and Oxytocin trom the Bypothalamic Explant R, 

a neuroendocrinoloqical study reveals that norepinephrine 

acting on a
1
-adrenoreceptora stimulates vasopresain and 

oxytocin releaae trom the hypothalamic explant. 

In CHAPTBR 8 -Diacussion-, the resuita ot these and 

other recent studies are lncorporated in a model of the 

neural c1rcuitry mediatinq retlex secretion ot vaaopreasin 

and oxytocin. The model tocuses on the possible ~ole ot 

GABAerqic and noradrenerqlc atterents to the SON. 

.. 



CHAPTER 2 

MATER1ALS AND METHODS 

The experiments descrlbed in thi. theais vere all 

pertormed !.!!. vitro using pertuaed expIant. ot rat. 

hypot.halamus, prepared in a Mannar slmilar to that described 

previously (Bourque, 1984, Bourque and Renaud, 1983). 

2.1 Hypothalamic Explant Chamber 

Hypothalamic explants vere incubated ln a tvin­

ehambered cyIlndrical bath (Figure 2-1) whose outer chamber 

(Figure 2-1,no.6) contalned distilled water maintained at 

35°C thermostatically. The inner chamher (Figure 2-1A) 

consisted ot a perspex dise wit.h a central well tilled to 

within 1-2 mm ot the top with Sylgard elastomer (Corninq 

Ltd.), tharehy providing a shallow depression in which the 

explant eould he tixed (see beIow). 

PerfusIon media (contents descrlhed belovl vere stored 

at room temperature under a 95\ O 2' 5' CO 2 atmoaphere in 

reaervoira located approxlmately 1. 5 meters Aboye the bath. 

These vere gravity-ted through PE-120 polyethylene tubinq to 

a 8 eries ot 80 Ienoid-eont ro lled 3 -way va 1 ve. (Genera l Va Ives 

1nc.1 vhlch alioved selection ot control medium, or one to 

tour other media contalning test substances. The selected 

medium then tiowed through a 30-40 cm segment ot PZ tublnq 
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eontained within the outer bath whare it was heated ta 35 Oc. 

The PE tubing was led throuqh a hale in the top ot the outer 

ehamber and eonnected ta a pipette (Figure 2-18) whose tip 

diameter ot 100-200um permitted medium tlaw rates ot 0.6-1.5 

mL/min. This pipette waa titted to Il micromanipulator to 

allow positioning in the stump ot the internal carotid or 

ante$r cerebral artery. 

In arder ta avoid possible 1088 ot CO 2 by dit tU8ion 

tram medium while in transit t'rom reservoir to the bath, the 

PE-120 tubing carryinq the media t'rom the reservairs to the 

valves were surrounded by Tyqon tubing thraugh whieh a 95' 

0 2 1 5' CO 2 gaa mixture was passed. This glls was directed 

into the outer bath tar hum1dit ieation and then to the 

vicinity at the inner bath via hales drilled in the plate 

covering the outer bath sa as to provide a warm, humiditied, 

oxygenated environment tor the explant. JI. tibreoptic 

illuminator positioned immediately below the 1nner bath 

provided heat-tree transillum1nation ot the explant. 

2.2 Preparation tor Electrophysiology 

All experimenta ut11izad a pertused basal tarebrain 

explant trom male Spraque-Dawley rats (150-300 g, Canadian 

Breeding Farm Lahoratoriea). Following decapitation, bones 

torming the root ot 
1 

the akull were rapidly removed and the 

olt a c t 0 r y tub e r cl e 8 and 0 pt i cne t v. 8 we r e se ver e d • Th e 

brain was qently removed and attachad by ita doraal surtace 
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to the base ot an lnverted petri dleh uslnq cyanoacrylate 

glue. An explant ot the basal forebrain measuring 

approximately 10x10x3 mm and includln9 the hypothalamus, 

pituitary and parts or the temporal and frontal cortex, 

optlc nerve. and chia sm and mesencephalon (Figure 2-2) vaS 

cut carerully vith razor blades to preserve the entire 

vasculature ot the Circle ot Willi •. 

Following tranafer to the inner bath deBcribed above 

(Section 2.1) thie brain expIant va. tixed in place with 

fo~r inaect pins inserted into the Sylgard. A micro-

manipulator-mounted perfusion pipette with medium flowing 

vas then inaerted into the right internal carotid artery and 

the pipette tip advanced to the bifurcation of the ante ri or 

and middle cerebral arterieB. This caused the tissue to 

blanch rapicUy. C~tted blood vas removed from arteries and 

veina vith javeler's forceps and the optic nerves vere 

trimmed to the levei ot the optic chiasm, avoiding damage to 

Burrounding tissues. 

To facilitate entry ot recordinq electrodee in the SON 

(Chaptera 3-6) the arachnoidal and pial membranes as well as 

amall caliber arteriea and veine vere removed from the 

ventral surface of the nucleua. The level of the fIu1d 

covering the aree ot the Bupraoptic nucleus was leept to a 

minimum (-200 um) bY' careful positioninq ot ·wicles- of 

rilter paper or gauze to b~.ak the tluld .urtace ten.ion. 

ExpIant. were allowed 2-4 hours ot ·.quilibration- prior to 
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recordinq, durinq which time the tissue awelled some 10-15\ 

but remained stahle therearter. Explants were viable for at 

leaat 12 hours ail judged by the ability to obtain stable 

recording8 t rom SON neurons (see below). 

2.3 Preparation tor Hormone Release Studies 

A series or experiments was performed to evaluate 

control and drug-induced release of yasopressin and oxytocin 

rrom perfust'd explants (Chapter 5). Samples or effluent 

perruslon medium were collected ror radioimmunoaBsay ot 

vaBopreBsin and oxytocin (see section 2.9). 

The explant was prepared as described above but with 

several precautions and modirications (aee Figure 2-3). The 

usual pertusion medium was supplemented wlth bovine serum 

albumin (0.1~, to serve as a carrier protein) and phenol red 

(10 mg/l, a pH indic4tor). To minimize damage to the 

hypothalamo-neurohypophysial tracts during removal ot the 

brain from the skull, the diaphragma sella was torn using a 

hooked 24-gauge hypodermic needle to rree the pituitary trom 

the sella turcica. Damaged preparations were discarded. 

In these experiments, optimal pertusion ot the entire 
.., . 

explant was assured when both internal carotid arteries were 

c a n nul a te d (F 1 gu r e 2 - 3 ) . Blood clots vere removed trom 

blood veBsels and the optic nervea were cut as described 

above, but the membranes overlying the SON were not 

distur bed. AlBO, i'natead ot position1nq tilter paper wicks 
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ta requlate fluid level, the medium was allowed to collect 

and cover the explant to a depth of approximately 1 mm. 

Excess tluid was th en drawn oft via a suction pipette 

positioned caudal to the pituitary and powered by a 

peristaltic pump (see Figure 2-3). Finally, the para 

distalis of the pituitary (anterior pituitary) was removed 

u8ing the hooked hypodermic needle and fine scissors, 

leavinq the partes nervosa and intermedia (neurointermediate 

pituitary) intact 80 as to ease diffusion ot secretory 

producta of the neurohypophysis into the medium. Explants 

were incubated for 1 hour prior to collection of medium. 

During the 1-3 hour experiments, 1 or 2 minute 

f ra c t ion S 0 f e f f 1 u en t me di u m we r e coll e ct e d in 1 6 x 1 0 0 mm 

polystyrene test tubes. Samples were immediately trans-

ferred to lee, and later frozen (-20 0 C) and lyophilized for 

Bhipment. 

2.4 Perfusion Media and Drug Application 

The ·control- perfusion medlum consisted of a modified 

Yamamoto's solution (ct. Yamamoto and McIlwain, 1966) and 

contl1ined (in mM) NaCl (124), KCl (3), lŒ 2P0 i4 (1.25), 

MqC1 2 .2H ZO (1.30), CaCl
Z
.2H 20 (2.4), NaHC0

3 
(26), Glucose 

(10.0). The osmolality ot the medium was determined by 

freezing-point osmometry (Advanced instruments micro­

osmometer OSM) and adjusted when necessary, to 295 ± 2 mO.m 

usua11y by the addition of 10-50 ml of water. The medium 
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vas equilibrated with a 95' 0 2 1 5' CO 2 gas mixture as 

described above (aection 2.1). 

Modifications ot the ionic composition ot the medium 

were made by equimolar replacement of NaCl vith KCI or 

MgCl 2' 2B 20 ao as to obtaln media contalning 2-10 mM K+, or 

10-15 mm Mg++. Medium containing 10.4-78 mM Cl- was 

obtained by equioamolar replacement of NaCl with 

NaGlucuronate. Replacement of KCl with KH 2PO If an~ MgC1 2 

wi th MgSO 4' 

CaC l 2) • 
j 

lowered medium Cl- to 4.8 mM (contributed by 
il 

These media were stored in separllte reservoirs, 

equl1ibrated vith 95' 0 2 1 5\ CO 2 and selected using the 

remote-eontrolled solenoid valves (Figure 2-1). 

Pharmacologieal antag(lJ4'lsts (phenoxybenzamine, phentolamine, ", 
prazos in, yohimbi ne, hi cucu lline methiod! de and strychnine 

sulphate) and pentobarbitol were dissolved in 200-500 ml ot 

perfusion medium and administered by switching trom control 

to test medium as de8cr ibed above. Because ot lts poor 

solubility in aqueous solutions, prazosin was t irst 

dissolved in dimethylsult.oxide (DMSO) and then diluted to 

the desired concentration. In these experiment., an 

equivalent amount of DMSO (not exceeding 0.005'> was a'dded 

to all media. Due to the -dead space- of the tubing 

supplying the chamber, medium changes began after a delai' of 

1-2 minutes, dependinq upon the Ilow rate, but then 

proceeded rapidly over 30-60 seconds. 
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In order ta test the ef f ects of pharmacological agents 

(eapecially agonista) on steady-atate phenomena (membrane 

potential, firing rate, input reaistance) two methods of 

rapid and brief drug application were used. 1\ 30-gauge 

hypodermic needle was inscrLcCl into the perfuSl.on li'"1c ao 

shown in Figure 2-1 (ft1) and connected V1a PEla tubing to a 

s y r i n 9 e con ta i n i n 9 a con ce n t. rat e d 8 0 lut i () n 0 f ,\ r:u 9 dl. S sol v e ~ 

in control medium. Delivery of the drug was controlled by d 

syringe pump (Hamilton) l.n the range 12-240 \ll/ml.n. Using 

the me a B ure d fI ow r (l te, the <1 i lut ion (a n (1 th us 

concentration) of drug ":,,a8 calculated. In control 

experiments, administration of hyperosmotic or 

dye-containing solutions conf1.rmed 

dilution calculation. Following a 

the ac~uraclof the 

short delay which 

depended upon flow rate and pump speed (see Figure 2-3), the 

concentration of the substance rose ta its maximum within 

5-30 seconds and fell ta less than 10% within 30-60 seconds 

of terminatian of the adm1.nl.stration. In aIl figures, 

symbole (uBually bars) indicate the actual timing of drug 

administration. No correction was made for dead space 

delay. 

For extracellular recordings from SON neurons, it was 

also possible ta use pressure to eject small pulses of drug 

from pipette barrels attached to the recording electrode 

(Figure 2-5). Three pieces of fibre-filled glass t~bing 

(100 mm long, ou t er di amè>ter 1.5 mm, in ner di ameter 
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0.9 mm, W-P Instruments, Cati 1B150F) were attaçhed together 

using heat-ahrink tubing and dental cement or epoxy. The 

, 
tubes were heated" twisted and th en pul1ed on a Narashige 

v~rtical pipette puller yielding two triple-barrel 

mi c ropipe t tes. 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 attaC'heo to a 

recording electrode (5-20 MO) using eyanoaerylate glue and 

dental cement (see Figure 2-5). 

The barrels of the ejection pipette& Io'er"e then f!lled 

with medium containing drugs at known concentrations and 

C onnect:. e d via Tygon t ubin 9 to a pressu ra e j a ct ion system 

() ( pic 0 s p rit z e r, Ge n e raI Val v es In c ) . Pressures of 3-40 ps i 

.... ere uBed with 10 msee-tO Bec pulses, dependlng upon the 

concentration of drug used and the pate~cy of the ejection 

ba rrels • This method yielded results similar to those 

obtained with bath application but p~ovided less control 

~ 
ovex local drug concentrations. 

2.5 Ex€racellular Recording 

In certa,in experiments, extracellular rècordings 

were obtained using glass micropipettes (1.5 mm 00., with 

mlcrofllament) filled with 2 M NaCl (5-20 MO). Positioning 

.. 
of thé recording electrode was achieved with an LPC mi\cro-

manipu lator. SignaIs were amplified conventionally (WPI 

M-707 preamplifier and an operational amplifier, total 
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10,000x AC, bandwith 0.5-5 kHz), displayed on an oscillo-

scopa, st;'ored on magnetic tape (JVC ](0-020 casette deck), 

and led through a variable voltage gata to the interrupt bus 

of a POP 1 1 /23 +, co mp u Qe r for spi k e t rai n a n a l y sis (r a te -

meter, time interval histograms, post-stimulus histogramsl 

Figure 2-6). In addition, a concentric bipolar stimulating 

1( 
e 1 a ct r 0 de (d i a met e r O. 2 mm) vas pla ce don the pit u i t a r y 

stalk to allow identification of SON neurons by antidromic 

activation. The stimulating electrode vas connected to an 

isolated stimulating unit (Oigitimer 052) which was 

controlled by an external clock (Oigitimer 4030) to deliver 

~rrent pul.ses ( 50 \.IS e c, O. 1 - 1 mA). 
- ~ 

2.6 --. Intracellular Recording 

Intracellular recordings were obtained using glass 

micropipettes made by pulling 10 cm sections of capillary 

tubing (containing a microfilament, 00 - 1.2 mm, ID - 0.6 , 
mm , Fr e d rie k Ha e r) 0 n Il Br 0 v n and Fla min 9 (P - 7 7 A) P i pet t e 

puller. Micropipettes filled with either 3H-?otassium 

chloride (KCl) or 3M-Potassium acet"te (KAc) had tip 

resistances of 70-300 Mn. Electrodes vere connected via an 

Ag-AgCl electrode to the input stage of a Mentor N-950 

pre-amplifier using 5 kHz lov pass filtering (8ee Figure 
/ 

2-7). A separate Ag-Agel wire inaerted into the inner bath 

pro~ided the floating reference ground neceasary for the 

Mentor pre -amp l i fier. H1gh raslstance alectrodes must be 
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used ta obtain good quality impalements tram SON neurons. 

Theretore, capacitance compensation was applied at~tqe input 

ta Avoid Attenuation ot hlqh trequency components ot the 

voltage signal. Capacitance compensation waS adjusted prior 

ta impalement ot A cell by "squaring- the voltage response 

to A current pulse applied through the unbAlanced bridge 

circuit. The bridge circuit vas then balanced by 

eliminating the time-independent voltage detlection induced 

by A similar current pulse. The remaining capAcitive 

artitacts at the beginning and end ot such pulses had 
.. 

du rations ot <0.:2 ms ec. Br 1 dge ba la nce VAS moni tor~\ 

c los el y dur i n g r e cor di n g and adj us te d wh e n nec e s s f:~) 
was important because the accuracy of meAsurements ot 

This 

membrane potential and input resistance (section 2.7) are 

dependent upon preciâe 'balancing ot the bridge circuit. 

Current pulses were supplied by isolated stimulating units 

(Dlgitimer 052) controlled by a programmable clock 

(Digitimer 4030). Volt~ge and current signals tram the 

pre-amp as well as trigger pulses tram the clock were stored 

on magnetic tape (7.5 i.p ••• ) 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 um steps vith a plezoelectric 

micropositioner (Burleigh) and applying 2-10 nA depolarizing 

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

Overcompensatlon (-buzzing-) ot the capacitance compensation 
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of the preamp1ifier vas 1e8s effective. Impa1ements were 

improved by applying .05-.2 nA of hyperpolarizing 

(-holding-) current for the firet 1-2 minutes following 

penetration of a ce 11. In -vell impaled- neurons, this 

current could be ramoved within 3-4 minutes. Criteria for 

determining the qual1ty of impalement included (1) resting 

membrane potential of 50 mV or more, 2) overshooting action 

potentials of amplitude at least 70 mV, 3) input resistance 

qreater than 75 Mn, 4) strong inward rectification of the 

voltage response to depolarizinq "current pulses, and 5) 

spontaneous activity patterns that were similar to those 

noted in vivo. 

Data processing and anaJysis "las perl'ormed 'off-line' 

fol10vioq the experiments. Recorded signaIs vere p1ayed 

baCK on the Racal recorder and led to either a storag8 

oscilloscope (Tektronix RS103N), a digital oscilloscope 

(Data Precision, model Data 6000) or to a pen pIotter (Gould 

Instrûment 22008) as shovn in Figure 2-7. The storage 

oscilloscope "las 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 vere photographed vith 

a rack-mounted 35 mm camera (Pentax) using KodaK 

Technical-Pan film processed for maximum contrast. 

Analog signaIs fed into the digital oscilloscope vere 

digitized at 1-20 kHz depending upon the nature cJAt the 
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signal ta be analyzed. Digitized data vere either 

plotted directly (Hevlatt-Packard 7470A pIotter) or vare 

procasaad using the aystem programa of tha Data 6000 

(eapacially signal averagingl or programa 8upplied by the 

user. ln particular, aami-log plata of the decay of voltage 

transienta (current pulaes, IPSPs) vere obtained in this vay. 

Traca. of duration sec or more vere plottad on the 

Gould pen recorder from taped signala using playback epeeds 

of 1/8 or'''1/16 the recording apeed (frequency response DC-

1kHz at 1/16). 

2.7 Measurement of Input Resistance and Conductance 

Input reaistance (Rin) vas eatimated ba8ed upon the 

amplitude of the membrane voltage de! lection (àVm) ln 

reaponse ta intracellular injection of current pulsae (lJ.J.). 

Thual 

Ri n - 6Vm/ dl ( 1 ) 

Slmilarly, Rin can ba daterminad aa the slope of a plo~ 

of àVm a8 a !unctlon of t.:! whan a aeries ot current pulae8 

of varyinq amplitude ia appliad. Input conductance 

(Gin) ia dafined as the reclprocal of Rinl 

1/Rin ( 2 ) 

The accuracy of these measur.ments is critically depandant 

upon precisa adjuatment ot the bridge circuit (aection 2.6). 

Analyeia of the aynaptically-lnducad changes in input 
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resiat.nce (Min) and input conductance (GIPSP) 

can be performed vith consideration of the equivalent 

circuit tor a aynaptie conductance ln parallel with the 

r.atlng membrane conductance (Figure 2-8)(cf. Ginebor9, 

1983, Choi and P'iechbach, 1981). Total input conductance 

during an IPSP (GTOT) ia related ta r •• tlng membrane 

conductance (Gi~) and the aynaptlcally-actlvated 

conductance (GIPSP) by the equatiOfll 

( 3 ) 

Thi. relationahip can be rearranged tOI 

GlPSP - l/RTOT - 1/Rin (4 ) 

where Rin ie the resting input resietance and RTOT 

la the input reai.tance mea.ured at the peak of the IPSP. 

Thl. approach le .uitable for the determination of 

GIPSP for the ev~d IPSP (GelPSP). The 

membrane voltage responae ta 150-300 msee intracellular 

current pul ••• can be measured under -resting· conditions 

and at the peak of the evoked IPSP. Plots ot the voltAge-

current (V-l) relatlonshipa can be construeted as in Figures 

4-3 and 4-5, and Rin and RTOT determined a. the 

slop. of th. lin.ar portion of the V-I plot (generally 

betveen -70 and -120 mV). If short (i.8. 10 maec) current 

pulses are applied belora, during or atter the evoked IPSP 

(P'i9ure 4-4), both Rin and RTO T are underestlmated 

becau.e voltage respon.e doe. not equl11brate due to th. 

ralatively long membrane ti •• constant of SON neurone (""El-1 5 



Dlsec). As ft result, GeIPSP is overestiœated. 

However the , change from Rin to RTOT appears to 

be similar to that observed with the long pulse format 

(compare results of Figures 4-) and 4-4). 
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Alternatively, since the amplitude of an IPSP (voltage 

deflectlon, IN) la related to G 1PSP ' G 1PSP 

can he calculated as follows if membrane potentin] (V m), 

resting input conductance (Gin) and rpsp reversaI 

potentlal (E 1PSP ) are known. Thus: 

or 

IIPSP ~ Gm(Vm-VIPSP) (6) 

where I 1PSP la the aynaptlc current, VIPSP 

la the membrane potential of the peak of the IPSP Bnd Rm 

Bnd Gm are the resting reslstance and conductance, 

respectively of the non-synaptic membrane. Also: 

IIPSP~GIPSP(VIPSp-EIPSP) (7) 

so by combining equations (6) and (7): 

GIPSp"Gm(Vm-VIPSP/VIPSp-EIPSP (8) 

SON neurons appear to be adequately "space-clamped" durlng 

intracellular current injection (Bourque, 1984). 

Gin can be substituted for Cm ln equation 8 as ft 

Therefore, 

reasonable approximation Binee intracellular and 

extracellular re81s~lvity can be assumed to be low compared 

to the membrane realstance. 

Values of GeIPSP calculated using equation 8 
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!l'1re. to vith!n tS\ ot those obtained by the analysie ot 

equation 4. Thi. method ot analysis \ta8 better tor 

spontaneous IPSPe because considerable membrane potential 

tluctuations sometimes eccurred during the long periode ot 

current paSSAge (several seconds) necessary te observe 

enough of these randomly occurring eventa and because ot the 

considerable variation in .pontAneoue IPSP amplitude. 

Analysis ot the ettecta ot exogenously applied 

substances (GABA, Muscimol, No~epinephrlne) wa. also 

pertormed using equatlon 4. 

2.8 Lucifer Yello ... Injections and Reconstruction ot SON 

neurons 

Intracellular recordlngs were obtaine~ trom SON neurORS 

with glas8 micropipettes filled vith 4-6\ aqueous solution 

or the trilithlum salt of luciter yello" (Sigma). The 

electrodes "'ere constructed as described in section 2.6 

except that thin-walled capl11ary tubes (1.2 mm 00, 0.9 

mm ID, Frederick Haer) ..,ere used. TyplcAl tip resistances 

... ere between 200-400 Mn. Dye injection was achieved by 

iontophoresis vith 0.5-1.0 nA of constant and pulsed 

hyperpolAr!zing current,tor 5-10 minutes with occasional 

oscillation or the capacitAnce compensation to clear the 

electrode tlp (Figure 2-9). usually only one cell was 

injected in each SON (but see Figure 3-2). 

Within 1S minutes or injection, explanta were fixad by 
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immersion in cold 4\ formaldehyde in isotonie phosphate 

butfer (pH 7.4) where they remained for 1-3 days at 4 0 C. 

The tissue wa~ transterred ta 4\ formaldehyde plus 10\ 

sucrose for 2 hrs. prior to sectioning in arder to reduce 

artifact due to swelling, shrinking or freezing. Th e t i s s ue 

W4S then embedded in Tissue-tek, and frozen in 

2-methylbutane chilled to -80 0 C in liquid nitrogen. 

Horizontal or coronal 40 ~m sections were cut on a cryostat 

at -25 0 C. Sections ~ere mounted on gelatin-coated slides, 

dried, processed through phosphate buffer and gra~ed 

alcohols, cleared with methyl salicylate and coverslipped. 

Following photography of the labelled neurons (see below), 

sections were rehydrated through graded aleohols, and 

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 2• Cells were 

photographed at 64X or 320X magnification using Kodak Tri-X 

Pan (black and white) or VR1000 (calour) negative film. 

Slnce the depth of field of the objective lenses was usually 

Insufficient to simultaneously focus on aIL segments of a 

dendrite or an axon passing through a 40 lJIII histological 

section, exposures were made in different focal planes so as 

to achieve an accurately tocused record of aIL 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 micro~cope field an appropriate 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 accu rate determinatlon of Roma ann den~rlte 

dimensions. 

Cell reconstructions were made from prints by apposing 

portions of the labelled neuron found in adjacent 

histological sections (Figure 2-11). Where adjacent 

segments of a process were more sharply in focus at 

different exposures, or focal planes, appropriate part6 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 

nu~ber of histological sections through which it passed 

(Length of the hypotenuse of a right triangle): 

real length '" [measured length 2 + (II sections If. 40 1JIlI) 2) 1/2. 

Somata were examined for size, shape, location and the 

preBence of spines. Measurements wire made of the lengths 

of dendrites, the position of branches and number and 
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fr.quency ot .pine •• The axon, identitied on the basis ot 

it. orlgin (.oma or dendrite) and trajeetory was carefully 

examined tor the presence ot collaterala or spines. Spinou8 

proc ••••• on somata, dendrites and axons were ceunted by 

direct observation of the eell with a 100X oil immersion 

objective lens. No attempt was made to dist~nguish 

quantitatlvely between ~pinous preeesses ot various length 

and shape. 

2.9 Radioimmunoa •• ay ot Arqinine-Vssopressin (AVP) snd 

Oxytocin (OXY) " 1 

Va.opressin And oxytocin in the samplea ot effluent 

pertu.ion medium were measured by radioim~unoassay (RIA) by 

Dr. Michael F. Mazurek (Maa.achusetts General Ho.pitsl, 

Boston, Maall.). Antibodie. were raised in New Zealand 

white rabblts sgainst .ynthetic peptide. (Bachem) 

conjugated with thyroqlobulin. Synthetic peptides were used 

A S a tan da r dan d t 0 rio di na t e d (l 2 51) t ra c e r • The •• assay8 

•• re hiqhly •• nsitiv. (0.2 pq/tube) and were charActerized 

tor .p.citicity by hiqh pr •• eur. liquid chromatoqraphy 

(HPLC) And .erial dilution curve. (Fiqure 7-1). 

Cro •• -reaction ot AVP _i~ the OXY-RIA and ot OXY in the 

AVP-RIA waa le •• than 0.2\. Re.ulta were expre.aed as P9 ot 

AVP~ or OXY-lik. immunoactivlty relea.ed per minute (pg 

AVP-LI/min or OXY-LI/min). 
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Figure 2-1 Diagram of the perfusion appara:~~. The 

perfusion (inner) chamber consisted of a well drilled 

" into A thfck perspex disc (A). The bot tom of the chamber 

VAS tilled 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 

pipette (B). The entire perfusion system is schematized 

in (C): 1) infusion linesl 2) thermostatic temperature 

regulatorl 3) fiberoptic light source 4) micromanipulator 

and perfusion pipettel 5) perfusion chamberl 6) water 

jackett 7) pressurized 95\ ° 2/ 5\ CO 2 source; 8) ACF 

reservoirl 9) jacketed perfusion linel 10) pressurized 

outf low of the perfus ion line jackets 1 11) '3e lected ACF 

output perfusion linel 12) 8olenoid valve assembly; 13) 

waste drain. (From Bourque (1984), with permission. 
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Figure 2~2 Drawing ot the pertused hypothalamic 

explant. MCA, Middle cerebral arterY1 ACA, anterior 

cerebral ~rterY1 PCA, p08terior communicating artery~ 

ICA, internaI carotid artery 1 DSB, diagonal band ot 

Broca1 OC, optic chiasm1 ME, Median eminence1 Pi t, 

pituit~~y gland1 PP, perfusion pipette1 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 internaI 

èarotid arteries are cannulated and the anterior 
~ 

pituita~y is removed. Medium was removed by a suction 

pipette positianed caudal ta the neurointermediate lobe, 

PE100 polyethylene tubing and a peristaltic pump for 
9 

collection in polystyrene test tubes. Vasopressin and 

o~~tocin were determined by radiaimmunoassay. 
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Figure 2-4 Time-course of the appearance in, and 

disappearance from, the bath of a hyperosmotic solution 

(1000 mOBm/L)~administered using the infusion pump. 

Infusion rate was 55 ~l/min and pipette flow rate was 0.7 

ml/min. Pump was turned on for 5 sec (circle), 10 sec 

(triangle), or 20 Bec (square) and samples of medium in 

the path were drawn every 10 sec for measurement of the 

osmolarity by freezing point depression (Advanced 

Instruments Microosmometer 05101). MediuM osmolality 

reached thll maximum expected levei within 15-20 seconds. 

Shorter administrations of hyperosmotic solution produced 

Bubmaximal changes in osmolarity. 

\ 
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Figure 2-5 Multibarrel pipettes uaed tor pre8sure 

ejection ot druq8 durinq extracellular recordinq. Top: 

low power photo ahowinq the )-barrel ejection pipette 

attached ta a recordinq electrode. Bottoml 

Photomicroqraph .howinq 3-barrel pipette (t1p dtameter 5 

um) positioned approximately 30 um back trom the tip ot 

the recordlnq electrode. 
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P'iqure 2-6 Block diagram ot the experimental set-up used 

to extrcellular recording experiments. Modit ied trom 

Bourque (1984). 
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Figure 2-7 Block diagram ot the experimental set-up used 

tor intracellular recording experiments. 

Bourque (1984). 
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Figure 2-8 , Equivalent circuit ot an inhibitory 

68 

synapse. The non-synaptic membrane ia represented as an 

Ionie battery (Em) ror the resting membrane potential 

(Vm) ln series with the reatlng membrane reslstAnce 

The synaptic membrane la represented in parallel 

with the non-aynaptic membrane as an 10nic battery tor 

the IPSP (EIPSP) in .eries vith a reslstance 

(R1PSP )' The actlon ot a transmitter during an 

IPSP la equlvalent ta c108ing the awitch. 
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Figure 2-9 The schematic in the Iower part o~ the 

picture depicts the approximate dimensions of the rat 

hypothalamic expIant and pituitary -'(PIT). Orientation is 

indicated on the Iower right. A ra cordlng mi cr opipet te 

filled wlth Luci~er yeIIow is directed towards the 

supraoptlc nucleus (SON), along the lateral edge of the 

optlc chlasm (OC). Planes of horlzontal and coronal 

sections are indicated by interrupted 11nes. Durinq 

intraceilular injection in a typlcal cell, the voltage 

o(upper.) and current (lower) traces at the top o~ tbe 

f 1 qu r e lndi ca te t ha t hyperpo la rlz ing cur r ent ls i nj e ct ed 

continuously (0.5 nA) and also intermittently (as an 

additional 0.3 nA pulse). Note the presence of 

occasional 'Ilnode break' action potentials in the voltage 

t'race. 
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tiqure 2-10, Cresyl violet stained coronal (a-bl and 
~ ----

horizontal (c) sections from hypothalamic explants that 

were fixed by immersion after 8 hrs. of intra-arterial 

perfusion with artificial cerebrospinal fluide Vertical 

arrows indicate the changing prof ile of the SON from a 

rostral position (~) Along the lateral edge of the optic 

chiasm (OC) ta a more caudal position (b) Along the 

lateral border of the ptic tract (DT). In the horizontal 

pLane the SON ~s identified by oblique .arroW'sheads placed 

along its medial and laterai borders. The interrupted 

lines identify the approximate plane of section of the 
) 

f respective coronal sections. Calipr.ation bar 500 ume 

Abbreviations: 3V, third ventricle; SeN, suprachiasmatic 

nucleus; SON, supraoptic nucleus. 1 

) 
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Reconstruction ot Lucifer yellow-filled SON 

neurons. Top: Photographie reconstructions of neurons 

..,ere made by apposing segments of neuronal processes 

found in adjacent histological sections. This example 

shows la .... power: photographs of the soma and dendrites of 

a neuron .in horizontal section. Bottom: Drawings were 

made by tracing the negative image on a microfilm 

projector. In this example, high pow~r negatives of a 

dendrite taken in different focal planes are combined ta 

illustrate dendritic spines. 
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CHAPTER 3 

• SaRIAL RECONSTRUCTION OF 
• 

LUCIFBR YELLOW-FILLED SON NEURONS 

3.1 Introduction 

Early atudies on the light microscopie morphology of 

-soft neur/seeretory neurons were hampered by the resiatance 

of these n~uronB to Golgi stains (see C~a~ter 1). 
, , 
... .., ~ 

Immunoeytochemical approaches (s..waab et aL, 1975, 

Vandersande an'd Dieri ckx, 1975) ha va not only circumvented 
~ 

this problem but also enabled the distinction between 

neurons that'synthesize either vasopressin or oxytocin. 
Il 

~ Nevertheless, Dne of the drawbackd of successful Golgi and 

immunocytochemical experiments ia the multiplicity of 

neurone that are stained, making it ia difficult to follow 

the processes of a single neuron in order to obtain 

whole-cell reconstructions. The latter ia an important step 

in the characterization of neuronal eytoarchitecture 

relative to surrounding structures or Afferent libers • 

When si tuat ions pe rmi t stable i ntrllcellular recording8_". 

a auitable alternative is whole-cell reconstruction alter 

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

the hypothalamus, in vitro intracellular recôrdinqs and • 

labelling of neurosec~etory ne~rons wlth the fluorescent 

naph thalalllide dye, luei fer ye llow 1 has recently been 

" • 
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acb1eved in tissue IIlices (Andre .... et ara., 1981) and parfuaed 

explants - (Bourque- and Renaud, 1983). Both preparations 

of~er excellent stability and qua1ity ~eCOrdi~gs. 

Ho .... ever, in slice preparations, SON neuro1 are likely to 

lo.e a part of their dendritic tree and/or axof'l. In 

contrast, entire SON cella are like ly to ramain intact in • ' 
, 

perfused hypothalamic explants. This chapter reports on the 
~ 

morphologieal features of SON ~urons in hypothalamic 

explants' as revealed by whole-cell! reconstruction. followinq 

Intraeellular lucifer yallo .... injection. 

3.2 

Forty-nine injections vere made in 27 explante, 

yie 1ding . 57 LY 1abelled ce lls, the sample Included cella 

.ft 10cAte~ throughout the rostrocaudal extent of the nucleus 

and lIituated at varlous depths w.1thin ita dorsoventral 

boundaries. Fifteen .... ere ehosen for comple~)e analysis, 

Including 4 in the horizontal plane (Figures 3-1, 3-3) and 

11 in the coronal plane (Figure 3-2). Criteria for 

.eleetion ineluded their 'apparent completeness "hen 

a •• embled from consecutive histologieal sections and the 

pre.ence of intense fluorescence in distal dendrites, an 

l'ndication that aIL parts of the cell were "'likely to have 

be en f il1 e d • On four occasions, more than'one cell was 

labelled by a single injection (see consideration in Section 

3 • 3 and po i gu r e 3 - 1 0 ) • Such neurone demonstrated traits 

\ 
\ 

.. 



.. 

• 

• 

74 

similar to tho'Se reported below but were excluded from 

analysie owin9 to the difficulty of I1ssLgn1n9" a given 

process to Il gi ven soma. 

Somata: The somata of LY-filled SON ~ells were 

occasionally round but rnost often (80%) elongated with a 

roean long axis of 25.4 um and il shorter r1iameter oiS 12.~ J,ml 

, 
1). Spinè-+ike protuberances arase 'from the soma of 

the cells i sorne of these processes achieved lengths 

up to 15 lJm (Figure 3-4). 

Dendrites: Each SON cell contained one to three Î>rimary 

" dendrites, readi 1y recognized by their nurnerous spiny 

processes (24.6 per 100 lJm of dendrite). The latlter ~r ie d 

wlde ly in lengt h (up to 15 lJm), 

\ 

thickness 
',,-

and dl,rection, and 

ended in filamentous, ~Iub-like anh grape 

1 
clus ter-1ike 

~ilatations (Figure 3-5). lndividual prirnary dendrites '\ 
ranged in len~th between 68 and 725 lJm, _tap,ering gradually 

and branching sparingly (Table 3.1). The combined length of 

aIl dendrites of an individual neuron ranged between 536 and 

1456 lJm with a mean of BBO lJm. In the rostrocaudal 

direction, awiven cell's dendritiè tree extended from 22 to 

56% of the extent of the nucleus. Most dendr i t.CB of SOit 

j cells remained entiré'ly within the confines of the nucleus. 

The majority (95%') eventually entered the glial lamina 

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

• 

.. 

., ~ 

,. 
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occa810n. "dendrite. vere obaerved to courlle beyo1\d 
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the /0 

nuclear boundary in ,the' ventral I}lial lamina, either 

laterally towards the temporal lobe or medially along the 

ventral surface of the optic tract (Figure 3 -2). No 
.~ 

II.. dendri te was observed to extend beyond the dorsal border ot 

6 
the nuc l.aus. 

~ 
~ 

~ 
; 

- Axons: Axons vere disti~quillhable by their amalle r 
~ 

diameter, paucity of spinous processes, and bellded varicoI'J8 
~ 

appearance due to large rounded 8we111n911 (Figure' 3-6"A r b). 

In 40% of cells the axon arose dil;ectly ~rom t~é soma 

(Figures 3-4a, 3-7,3-8): when this occur:r:ed, the initi.al 

50-100 um segment of the ,axon usua11y resemb1ed a dendrite 

by vlrtue of the pres,anoe of short spiny proeesses (Fiqures 

3-7, 3-8). In the remaining cells the axon appeared ... to 

oriqinate tr9m Il proximal portion of a dendrite (Figures 

3-3, 3-4b); !Juch axons pos'sèssed few or no, spi nous 

proeesses and immmediately developed varicosities. 

Axons from al1 labelled cella initially coursed 

dorsally then caudally over t~e optic tract, after which 

they turned sQarp1y in the medial and ventral direction ~o 

enter the mediobasal .hypothalamus. Axons vere fo~lov~d for 

up to 2100 llm. No axon collaterals of a similar magnitude 

vere observed. However, an occasional short spine-llke 

prOC~SB (Figure 3-6e,d) could be visualized on many of the 

axons AS they coursed le the lateral hypothalamic area 

'. 
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dox:sal ta the SON. Two axons pos~esaed clu~tera of 

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

a bouton-like structure (Figure 3 -69) • 

Discussion 

Intra~ellular staining with hors,eradish peroxidasc ls 

usually vicwed as superior to LY in terMO of stability ?f 

, the labelled product. Howeve r, th e disad vanta go of fading 

" 
LY fluorescence in studies on SON neuron~ ia balanced by the 

relative case with which impaloments can be maintained 

during dye injection with hyper~2larizing current pul~eB • 
• 

In.the present circumstances,'" the' depoiarizing clIrrent: 
, ... 

/ 
1 

, 
pulses required to eject horseradlsh peroxidasc and the need 

/ to have somewh'at ,large elect?ode tips to prevent blockage 

would clearly i~pede progreas in the study of SQ~ cells in 

view of their small size, high membrane, resistance (Mason, 
" 

1983b, Renaud et: al. , 1 9 B 5.) and general resistance to stible 

impalements. 
. , 

Details visualized with LY injections include 

spine-like processes arisirg from somatic and dendritic 

... surfaces. At th~ ultrastructural level, 'many of these are 

sites" of synaptic contact (lfft and McCarthy, 1974; Leranth 

et al., 197 5; se e al s 0 Fi gu r e ,3 - 9) . The more prominent and 

elongated structures protrudi?g from somata (Figure 3-4) may 

in fact be cilla which have been repurted previously in tish 

preo.ptic neurons (Palay, 1961 i Scharrer, 1962; Vigh-

, 

-' 

.. 
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'l'eiehllann et al~, 1976a,b), reJ?tile (V1.qh-Telchmann ~t al., 

1976) and neonatal rat C:-<!l_farga et al., 1980) SON and 

paraventricular neurons (see a1so Figure 3-9d). As one 

proee.de distally. towards the endings of dendrites, an 

abundance of ditferent hair-1ike processes may ~e indicative f 
of their specia1ized function, perhaps to act as an anchor 

~ 

for axons 'en pass4ge' (cf. Ifft a,hd McCa'rthy, 1974), or as 

a .en8ing device, e. g. for plasma or extracellular oamotic 

pre8l.1,ure. , In agreement with ear1ier dàta (Armstrong et al., 

1982 J Dyba 1) and Kemp Iay, 1992} i!3 the 0 bserva tian that one 

~ or, more of the dendrites of SON cella extend to and end .. 

within tbe vent.rai gr al. lamina. It is alao apparent trom 

whole cell reconstructions that the dendritic tree of Jn 

,'lndividual SON neuron may extend over 40% of the nucleus. 

Therelore, on a strictly morpho10gie!1 basis, it would seem 

rea.onable to exercise caution in ascriblng importance to 

. ~ 

r08troca~da1 or dorsoventra1 distributions of Afferent 
~-r- libers with respect to the poeition of immunoreactive 

vasopressin or oxytocin cell Bomata. More apecifically, the 
• 

predominant1y ventral catecholamine innervation of the SON 

(MeNeil1 and Sladek, 19801 Sawchenko and Swanson, 1982; 

Swanson and Sawchenko, 1963) may not only contact the 

predominantly ventra11y located vasopressinergic ne~ron8J 

dend.rites of the more dorBa.~ly located oxytocinergic neurons 

are equally likely to extend into this region. However, i~ 

éhis particular instance, recent electrophysiol?gical data 

.,; 

-

, . 
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(Day and Renaud, 1984) have in fa ct corroborated impressions 

based on double labelllng anatomical studies (MeNeill and 

Sl adek, <19801 Sawehenko and Swanson, 1982; SwanBon and 

Sawchenko, 19.03) that noradrenergie afferents ,originating in 

;' . 
the. ventrolateral medulla select~vely innervate 

vasoprcs s inerg i c SON neurons. 

In comparl.son with the pxp(!rl.ence of other 

investi ga tors (Andrew et al., 1981; Mason, 1983) who have 
f 

1 
reported that dye coupling

o 
between LY labelled 

magnbcellular neurons 16·a common occurrence, our experience, 

WOU 1 d in d i ca t e qui t eth e con t r il r y • Wh e n \ol e no te t ~ a t t W 0 

~ . (or more) neurone fluoresced af/ter il single LY injection, 

" both cells wer~ closely apposed, one was more intensely 

q 

la!Jelled than the other and fluorescent material could 

usua11y be seen in an apparent extracellular locati'on 

(F igure 3-10). It WilS our impression that the inJected cell 

wa,~ elther,in]ured and leilked the dl'e, or that a part 0/ the 
" , 

injection whs delivercd ~nto the exLracellular space. Of 

\ 
potential significance i8 the di'ffere!,\ce between 

hypothalamic slices and hypothala'1l\ic explants. 
) 

; 

In 

hypothalamic slices, where dye coupll.ng Ig most often seen, 

axotom'y (or de ndri 1:i cr seve rance) la inevi ta bIc and may 

contributf"! to an enharlced capacity for dye coupling among 

mammalian magnoce11ular neuro,secretory' c.e11s, similar ta 

that reported bctween abdomin<tl ganglion cells ln the snail 

Helisoma (llurphy et al., 1983). 

• 

• The prevalence of LY dye 

r 

) 
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couplinq betw •• n lIagnoeellu~ar neurone in hypothalalllic' sliee 
l '", -. 

'pr'-parat~on'II 1. 1nfluenced by'the' animal '8 hydration Btate 

and ollmotie presllure of the perfusion media (Cobbett and 

. ( 
Hatton, 198'4). It would also be Interesting to explore the 

influence of steroid hormone levels and the reproduc,tiye 

IItate, Ba that an understanding of the, sigl')lficance of dyè 

coupllng might become llIore obviou8. Evide"ntly this issue 

de.erves further atudy. 

Th~se data conf irm that the axons of SON cells course 

dorsomedlally as they 1eave the nucleus, pas 8 over the optlc 

tract ar:td descend ventrally (Alonso and A1Jsenmacher, 1981; 

Dyball -and Kemplay, 198.2). Once the axon has exited from 
"", 

the' nucleus, distin!=tiona betlo'een dendrites and axons become 

obvioua with the axons bearing frequent large varicosities 
o • 

and few spinous processes. Exceptions \fiere the few large 

.pines noted on axons in "the raglon dorsal and medial to the 

SON (Figures 3-6, 3-7, 3-8), the only observations that 

approximated the 'axon collaterals' reported in a recent HRP 

cr 
tracer study (Mason et al., 1983) ta a..rise f rom SON ~axon8 in' 

thia viclnity. At tll)S time we cannot confirm the existence' 

of 'true\ axon collaterals in SON cellsI however, our 

sample Bize ls relativêly sm",ll. It la' alao possible that 

LY, which spreads by diffusion, doee not enter axon 

collaterals., ~'Thia .... ould seem unlikely in vie.., of thet1 

excellent t'illin,q of axons up to .2100 um trom the soma (i • .e. 

1500' um beyond the anticipated location ot cOllateralt) and 

/ 
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, the, ability for LY to fÜl tiny spine\ and branche,s withi.n 

distal dendritic trees, (Figu;e 3-5).' Therefore, it, would 

Qeem that axon collaterals are not a 'protrlinent feature of 

the axons of the SON, and that alternative explanations 

(çf. Andrew and Dudek, 1984a; Dour'que et aL, 1985~ Leng and 

Dyball, 1983; Lang ano Dyball" 1984) mu~t be sought ta 

exp lai n • r ecu r t' c n t -] n h i b 1 t: i 0 n ' ".c{ E il r k e r e t al., 1 <) 7 1 ; 

Dreifuss and Kelly, 197iJ) in the Bupraoptico-neu'rohyopophy-

sial pathway. 

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

of SON ne~rans may arise from either the Borna or a dendrite. 

Based on our sample, almost two thirds of. SON' axons appear 

~) 
to arise from il dendrite, sometimes as fùr ilS 32 ,tm f rom the 

( 

somaoo 111, the other instances where the axons appears to 

arise directly from the cell Borna, the presence of spinoue 

processes and lack of typ-ical yaricosities on the initial 

50-100 llm of the axon bears û striking rC5crnblance to a 

dendrit'ic profile and may-, in f.~ct, be ù(;ndr~tic ~n natùre •• 

--" 
The initial segment han not been ooscribed in ultra-

structural I?tudies of SON neurons, perhaps because it la 

rernotely located from the Borna in all SON cells. It remains 

te be defined at the ultrûstructural level whether the 

initial part of the presurned axan in SON neurons such as 

those in Figures 3-4ù, 3-7 and 3-8 is really 'axonal' or 

'dendr~tic' in nature. These data wl.ll have il bearing on 

our understanding of the generation of propagated action 

potentials in SON neurons., 

- f 

2' 
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TABLE 3-1 

Summary of the morpholoqical feat~res of 15 LY 

filled SON neurons. Th~ column to the riqht retera to the 

site of origin of the axon as dendritic (0), somatic (S) 

or unknown (?)1 when dendritic in origin, numbers in 

brackets refer to the distance (in microns) from the soma 

to the apparent site of origin of the axon • 
• 

, .-... 

1 
j 

J. 

1 

.. .. 
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Piqure 3 -1 Reconstruction of 4 SON neurons ln the 

horizontal plane. The- 80l1d line depicts the lateral o 

edge of the optic tract1 the interrupted line r~pre8eQt8 

the lateral edge of the nucleus. Orientation: C, caud~lJ 

R, rostra11 L, lateral, M, medial. 
1 

Note that preaumptive 

dendritic procesBes remain within the confines of~the 

nucleus, whereas single unbranched axons arise from 
~'~ 

either the soma (cells 4 and 6) or a proximal dendritic 

protile (cells.1 and 7) 'and course caudomedlally over the 

optic tract. ( 
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l'iere 3 -2 Reconatrqct1ons of 5 SON neurpns in the l ' 

coronal plan •• The shaded are. depict. the. eut end o-f 

th~ opt1c tact. Most de~dri~es eventually course towards 

~ l ' , the ventra Burface. The dendrites of ~ell 10 were rare 

in that
4 

they extended laterally beyond the confines of 

the SON (filledWst.r) whiL~ those of cell 11 course onto 

the ventral surface of the optic tract (open star). The 

.1nqle ~xon follows a tortuous dorsomedial and caudal 

trajec:tory. 
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" 
riqure 3-3 More detail. of cell 1 (cf riqure 3-1) ~. 

11luatrated in a photomontage (above) ard the com~~e 
reconstructed trom negativea obta1ned a~ 320 X 

aaqnification (below). Presumptive dendrites contain, 

numeroua spinoue processes and eventually taper to a tine 

termination within the ~ucleus, usu111ly along the ventral 

911a1 lamll)l1 (VGL). The axon la recognized by its 

varicosities, extranuclel1r destination and lack of 

collaterals. 
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Figure 3-4 Montages of the somat,a of tvo LY-tilled 

SON maqnocellular neurons reconstructed from photographs 
~ 

.taken in several focal planes of a single 40 um 

histological section. The cell in ( a ), (Ce Il 8 in 
~ 

Figure 3-7 has several somatic spines (arrowheads), the 

origin of a ven~rally directed dendrite (0) and a 

dorsally directed axan (A). In (b), (cell 1'in Figures 

3-1 and 3-3) note the particularly prominent somatlc 

spins along with several smaller spines. Spines are o 

present on two dendrites (0) originating at opposite 

POlêS of this cell. The axon (A) originates from the 

caudally-directed dendrit~ but was visible for only a 

short distance in this section. The apparept diameter' of 

the soma and dendrites are increased by the overexposure 

ot the originaI negative necessary to visualize the 1888 

,intensely fluorescent .pines. Scale bar - lS um. 
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FigUre 3-5 B1gh power photomontages 111~trate 

features tYlHca1.1y as~ociated with dendrites. - -In (a), a 

.~9=ent ot dendrite located 50 ~m trom the soma (curved 

arro~ points towards the soma) reveals numerous club and 

grape cluster-like (arrow) spinous processes proximal to 

a branch point and tilamentous (arrowhead) procasses 

beyond the branch point. Proaesses contain numerous 

c~n8trlction8 and angular enlargements. In (b), the 

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

displays a complex 'array of spines. Scale bar - 15 ume 
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Figure 3-6 H1gb power photomonta9~. r~v.al.details of 

the axone,ot ditterent LY-filled SON neurons. 
IJ 

In (a) 1 

note the typical varicose appearance. The remai,nin g 

pictures demonstrate specializAtions Associated with that 

portion of the axon located dorsomedial to the SON, as it 

cours 6S over the optic tract. (b), ~ a large var iéoa i ty 

(arrowhead) situated 500 um from the soma. (c), a sl!Ial,l 

secondary axonal process (arrow) found 700 \.lm from the 

soma. (d), Ail unusually large secondary axonal process ' 

(arro~) detected 200~m from the Soma. (e,f), areas ot 

specialization (between arrows) in two'different axons 

C,approximate ly 400 \lm from soma) where spine-like 

procas ses are visible. In (f) .one varicosity yields 5 

short secondar'y procasses with bouton-like eI}dings 1 

another ia surrounded by e~tr~mely fine processes that 

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

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

approaches but doas not: touch the parent varj.cosity •• 

Scale bar - 15 ~m. 
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Fiqure 3-7 Drawings ... of & 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 p roces B i9 c lea rly the a xon as judge d by its 

tra·j ectory. Note, however, that its initial 200 um • "'1 

segment (A 1) has numerous spines s imilar ta those 

observed on dendrites. As the axon leaves the SON, it 

becomes thinner and devoid of spines (A2). In the re g10n 

dorsal to the optic tract, the axon displays a ragion of 

many large thickenings and a few spines (A3). The axon 

then becomes thinner and less varicose as it continues on 

its trajectory into the basal hypothalamus. 

Reconstrustion from coronal sactioni; same cell as Fi~ures 

3-4&. Scale bar is 50 um for main ~awing, 10 um for 

inaets. 
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ligure 3-8 Drawinqs of, a SON neuron "hose axon 

o;~inates on the 80ma. This cell possessed a 81n9le 

dendrite, d1rected ventrally and caudolaterillly, w1th the 

u8ua~ complement of sp1nes (see inset labelled 0). The 

second process, directed dorsally and medially is clearly 

the axon as judged by its trajectory. Note, however, 
, 

that its initial 100 um segment (A 1) has numerous spines 

similar to those observed on dendrites. As it leaves the 
p 

SON, the axon has fewer apines but displays large 

vari cosi ti es (A 2) • Re construction from corona 1 sections. 

Scale bar is 50 lJm for main drawing; 10 \.lm for insets • 
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"'Plgure 3-9 Electron micrographs ot spines and çilia 
Il 

on SON neurons. (a-e) Spin.s (arrowheads) were commonly 

observed on dendritlc (D) or somatic (S) profiles. 

Pr •• ynaptic elements (stars) containing synaptic vesicl •• 

vere located adjacent to spines. Synaptic 

~p.eializations (membrane thlckenlng) were often evident 

either on the apine or on the dendritic (0) or aomatie 

(S) membrane at its base. Ast, in (C), one or a pair of 

.pines .80JDetJ.mes appeared to Burround a presynapti,e 

element /1S if to ~ecure it against Il segment ot dendritic 

- \ 
or somatic membrane where a synapse vaa tormed. In (d) a 

cilium arises trom the soma ot an SON neuron (arrowhead) 

and projects a considerable distance out P'" the plane of 

/ 
section (arrow). Inset ia a eilium eut in 

cross-section. Magnification: a,e and d (inset) 34,OOOx, 

b ,and d 18,'000x. Courtesy ot Joanne Rogera. 
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Figure 3-10 On four oc:casiona, Sltore than one cell 'was , 

labelled by a lucifer yello,", injection. In (a,)' at 

least 3 SON neurons and perhaps Il glial cell were 

labelled, in this coronal section, two ,axons follow the 

normal course dorsal to the optic tract (ot). Inset 

ç 

shows somata photographed w.ith shorter exposure. In (b), 
\ 

at l.east 4 neurons were labelled following ihis lucifer 
r 

yellow injection. ln this horizon tal se ction, seve raI 

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

bar - 50 lJm. 
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.. CBAPTER 4 

CHARACTERISATION OF SPONTANEOUS AND EVOKED 

POST-SYNAPTIC POTENTIJ\LS (PSPs) IN SON NEURONS 

4.1 Introduction 

As recently as a decade ago it WIlS stated thàt 

neurosecretory n~urons had few Afferent connections (cf. 

Cross et al., 1975). With the advent of improved retro9rade 

and antaro gt'ade ana tomical t racer techniques. i t is now 

evldent that this la not the case. In fact, SON Illeurons 

teceive afferents from severai parts of the brain including 

~he septum, anteroventral third vcntricular area, diagonal 

band of Broc~, Lateral hypothalamus, amygdala, subfornical 

organ, and bralnstem (Carithera et ,1., 1980,1981,1984, 

Mi sel i set aL, 1979 1 Powell and Rorie, 1967; Renaud et 

al. 19831 Swanson and Sawchenko, 1983 1 Tri bo Il ete t al., 

19851 Zaborsky et al., 1975) • 

Ta date, electrical stimulation in a number of these 

re910n8 has been shown ta alter the e1ectrical activity ot 

'SON neurons reèorded ..!;! ~ (Cirino and Rènaud, 19851 Day 

and Renaud, 1984/ Ferreyra et al. 1 19831 Hamamura et al.; 

19821 5gro et al., 19841 Poula.l,n et al., 1980). Furthermore, 

aeveral of these ragions appear to part.icipate in or 

innuenj neuro.ndocr!ne retler •• that govern th. rel .... of 

vas opress i n and oxytocin (Au lsebropk and Ho11and, 1969, 

• 
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Iovino et aL, 19831 Lebrun et al., 1983; Mangiapane et al. 

1983; Sladek and ,Johnson, 1983, Thornton et al., 1984; 

Woods e't aL, 1969, 
~ 

Yamashita, 1977). For examp1e, 

. 
synaptic inhibition appears to be important in j'he cQntrol 

of SON neuron action potential firing (Poulain ct al., 1980i . 
and reflex oxytocin (Lebrun et al. 1983) and vasopresain 

secretion ',(Knepcl el al., 1')80). 

In keeping with the notion.t:hat SON ncurons do receive 

afferent impulaes ia the obqervation from intracellular 

recordings that SON neurons have both spontancous and evoked 

pos t-synaptic potentia ls (PS Pa; Andrew and Dudek, 1983; 

1,984a,bl Bourquc, 1984; flatton et al., 1983: Koi7umi and 

Yamashita, 1972; MaDon,1983,1984). In thc'hypothaJainie. 

expIant, inhibitory PSPa (IPSPs) are.. the predominant form of-
, 

spontancaus aynaptic input and el~ctricai stimulation 

rostromedial ta the SON aiso evakes_a powerful compound IPSP 

(Bourque, 1984). Therefore, it 1s important ta understand 

'how 1ndividual PSPrJ alter the mombrane prop(>rt~es of SON 

lleurons. This chapter doser ibos the r:eEjultn of experiments -

performed to eharacterizc the IPSPs in terms of the 

magn i tude and speel f ici ty of the underly i n9 current, And the 

transmltter responsible Acti va tion ... 

.. 
,\ 

", 

\ 



, . 

J 

,. 

4.2 Resulta .' 
4. '2. 1 Spontaneoua IPSPs 
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During intracellular recordlnqs in SON neurons usinq 

KAc-f illed mi crop ipette-s ~ an abundance of spontaneolls 

hyperp91arizing potentia1s were observed (Figure 4-1A). The 

frequency of these avants varied between cella. In ce I1s in 

which they were most common, 3-10 spontaneous potentials 

'-miqht be observed over a period of 100-200 msec. Their 
, 

sensitivity to tetrodotoxin and high concentrations of Mq++ 
1 

attest to their s~naptic nature. Their re~uetion and 
i ~ 

ultimate reversaI consequent to membrane rry~erpolarization, 
" 

and their ability to delay action potentlal firing (Bourque, 
, 

1984) la typical of inhibitory post-synaptie potentials 

(IPSPs). These IPSPs 'exh'ibited durations of 30-50 msec, 

1 

rising ta peak in 3-5 msee and then decaying exponentia11y 

wlth a mean time constant for .the décay (TsIPSP) 

of 20.2 msec. This was 1.6-fold greater th an the membrane 
_L~ 

time constant for the decay of hyperpO'larizing pu19~s (Tm1 

maan 13.8 mf:lec, n - 9 cells). Spon taneous IPSP ampl~ t udès' 

ranqed between'1 and 20 mV. When IPSPs occurred in rapid 

succession, 8limma-tion resulted in greater v()lta.g~. 

detlections ("Figures 4-3 and 4-5). 

4.2.2 Evoked IPSPa 

Current· pulses (50-500 lJ~, 50 \.Isee) adm!ni.ste'red 

through a coneenLric bipolar ~lectrode placed on the ventra.l 

, -
<, 
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.urface of the expIant l,n the reqlon ot the diagonal band of 

Broca (rostromedial to the SON) evoked a compound 

hyperpôlari:ting PSP in almost aIl SON neurons impaled with 

XAe electrodes (Figure 4-1B). This evoked IPSP oceurred 

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

in 3-10 rosee (mean- 5.7 msee) and deeayed exponentially 9ver 

~O-100 IIlsec. The mean time constant of decay of the evoked 

IPSP (t'eIPSP) was 37.0 msee, 2. 6-fold greater than 

Tm (15.1 IIlsec) for the sarne cells (n ". 16) (Figure 4-2). 

Action potentials were absent during ,the evoked IPSP (Figure 

u 

4-1B,C). In the majority of cells, a period of inereased 

• neuronal èxcitability followed the inhibitory period 

( Pi gu r e s 4 - 1 B , C) • 

" 

ReversaI Potential of the IPSPs 

The voltage dependence of the IPSPs vas apparent durinq 

Intracëllular cu rrent in jecti on {Figure, 4- 3). ftembrane 

hyperpolarization to -70 to -75 mV, redueed the amplitudes 
1 

ot both the spontaneous and, the evoked IPSPs. Further 
, 

. hyperpolari zation caused the IPSPs to become ç1epolarizing 

artd of increasing amplitude. The membrane potential at 

wh1ch the IPSP amplitude W4'l reduced to zero, i.e. the 

ç. "reversaI potential" or "equilibrium potential" 

~ (EIPSP) was -72.4 mV (range -62 te -92 mV, n - 24) 

in SON cella recorded with KAc electrodes. 'l'he reversal 

pot~nt1als for both spontaneous And evoked IPSPs ware 

.. 

" 
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usua11y identic~ (see Figure 4-3) with the BIPSP 
, 

always negative to the resting potential (meaJ1 -15.2 mV; 

range 5 -32 mV). 

4.2.4 Evoked IPSP conductance measurements 

The mean input resistance of 24 SON neurons recorded 

with KAc 'electrodes was 264 -1; 2') Mil (SEM). During the 

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

91 Mn). Thus mean reoting,input conductance (G1n ) was 
, 

3.78 nS and menn input conductance dt the peak of tlie IPSP 

(G TOT ) was 10.97 nS. Using equation 4 

the ~voked IPSP-induced dpnductance, 

(Chapter 2.6), .. 
GeIPSP was 

est i mat û d as 7. 19 n S (r ange O. 79 to 2 2. 0'3 n S ) • c learl~ , 

considerable shunting of the membrane t"esistance occurred 

during the evok<!d IPSP, aven though the .magnitude of the 

synaptically evoked conductance varied 20-fold between the 

neurons in this study. No correlation between the quality 

of impalement (resting potentl.al, spike amplibude, input 

reslstance) and Ge IPSP could be found. The ampli tude 

of' the maKimal evokeœ IPSP conductance under control 

candi tians wa s con 5 tant for ca ch cell (independen t of 

membrane potential) whereas the amplitude of the IPSP \. 

voltage deflection was closely corre:Lated to the membrane 

potenti.,al (Figures 4-3, 4-5) • , 

.. 
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4.2.5 Spo~taneous IPSPS'l conductance measurementa 

Spontaneous IPSPs were amal1er than evoked IPSPs (mean 

spontaneous IPSP-induced conductance (GIPSP-S) of 

0.56 nS) and displayed a much greater variation in their 

amplitude at aIl membrane potcnt1als (Figures 4-3,4-5). 

Accordingly, GSIPS~-'varied betloteen 0.17 and 3 nS 

(F i gure 4 - 913 ) • Since spontaneous IPSP amplitude was fairly 

constant beïw en cells, the ratio GeIPSP 1 

Gs:tPSP showe tremendous variation between cells 

';) 

(mean 13.1, range 1.6 to 43.7). 

) 
4.2.6 Dependence of IPSP Reversal. Potential on chlori,de ion 

~ ) 
,ÇJradient 

Ktl in recording micropipettes: FOllo,,!ing impalement 

of SON neuronn with KCl-filled micropipettes, spontaneous 

and evoked PSPs were initially hyperpolarizing il.t resting 

membrane potcntial, but rapidly (w1thin 1-5 minutes) became 

d~polarizin9 due to diffusion and/or iontophoresir; of 

chloride ions from the el<?ctrode tip into the neur~he 

vol tage-dependen ce of IPSP amp litude unde r these condi tio'ns 

dif f ered considerably from t hat obse'rvçd w ith KAç-f i lled 

" micropipettes. Membrane hyperpolarization i~crea8ed, and 

depo lariza tion ampli tude of both spontaneous 

and evoked IPSPs 

Because of n potential firing and rectifying 

currents within the depolarized range, (cf. Bourgue, 1984 

, , 

• « 
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and Figure 6-9) it was rarely possible to reverse tne IPSPs 

recorded with KCl electrodes. For this reason E1PSP 

was eatimated under these conditions by extrapolation of the 

plot of IPSP amplitude versun membrane potentinl. ln 2~ 
cella, the mean EIPSP l'las -43.2 mV (range -30 to -53 

mV) with identlcal reversaI potentials for ~pon~aneoua and 

evoked TPSPo. 
",-(."J 

Thore was no siqnificant dlfference in any 

other properties of spontaneous or evoked IPSPs when 

recorded with KCl electrodes as compared to KAc e,lectrod«;;s. 

In particular, meun GeIPSP in cells recorded with 

KCI electrodes l'las only slightly (not statistically 

significant) higher than in cells with KAc electrodes (Table 

4 - 1 ), and ~t h e dis tri but Ion 0 f Gel P S P wa s sim i la r 

(Figure 4-6). This small difference may be accounted for by 

1 
a contribution of voltage-dependent inward currents 

activated at the peak of depolarizing )PSPs recorded with 

KCl electrodes, where action potentials are often observed 

(See Figure 4-10A, top trace). 

Alte~ationB in extracellular chloride concentration: . A 

second apptoa~h to the examination of the chloride dependence 

of the IPSP invoived 4)teration of the concentration of 

chloride in the perfusion medium; i. e. the extra cellular 

Perfusion with low chlor~de medium caused 

a p,ositive shift of E1PSP (Figure 4-7) au ch that a 

10-Cold change in 
J 

[Cl-lo caused a 42 mV shift in 
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BIPSP (Figure 4-8A). This ,change was con8iderably 

1e88 th an the 61 mV/decade predicted by the Nernst equation. 
~ 

Accompanying the shift of EIPSP was a 50-90\ 

decrease in GIPSP (Figure 4-Bb) &uch that 

,GIPSP was roughly proportlonal to [Cl-Jo' AS a 

result, spontaneous IPSPs were rarely observed in medium 

containing le5s than 40 mM Cl-. 

An additional observation was that'the input 

resistance of SON neurons was increased (although somewhat 

inconsistently) u~ ta 50% during perfusion with low CI-. , . 
medium. This would imply the0 existence o~ a resting 

ch10ride conductance in SON neurons. 

Il 

4.2.7 Influence of Bicuculline Methiodide and 

Strychnine Sulfate 

Bicuculline methiodide la a potent antagonist of the 

actions of y-amlnobutyric acld (GABA) in the central nervous 

system (Enna and Gallagher, 1983). Perfusion of the SON with 
• 

bicuculline methiodide (BMI, 1-100 !lM) reversibly reduced 

the am~lltude of both spontaneous.and evoked IPSPs (Figures 

4-9, 4-10). The concentration of BMI which reduced 

GIPSP to 50% ~ control (IC~o) was approximately 1.5 
• 

UM for spontaneou8 IPSPs, and 2.2 uM for evokéd IPSPs 

(Figure 4-11). At 100 ~M BMI, apontaneoua PSPs were 

i,frequent and of small amplitude (1-3 mV) and the 

GIPSP-E was reduced by 90-100 \. However, 

a majority of cella now diaplayed & residual PSP, 17 

'1. ,. 
» s 
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vh08e voltage-dependence was markedly different trom that,ot 

the l P S P ( Ers P - - 2 0 t 0 + 2 0 m V ), li. n d wa sas s· 0 C 1 a te d 

~ith an input conductance change of 0.1-0.6 nS (Figure 

4-12). In certain of these cells, this reaidual PSP could 

evoke ~ction potentials at short latency (Figure 4-13) 

sU9gesting that in some SON neurons an excitatory PSP (EPSP) 

concealed by the power~ul evoked IPSP was unmasked by 

treatment with BMI. It i8 important to note that in such 

èells, EIPSP for spontaneous and evoked IPSPs 

differed slightly (Figure, 4-12). BMI had no consistent 

effect on input resistance. Strychnine i5 à convulsant that 

antagonizes glycine and GABA binding to synaptic receptors 

in the central nerVOUB system (DeFeudls et al., 1977) and 

blocks synaptic transmission mediated by GABA (Choi et al., 

19817 Piggott et aL, 1977, Scholfleld, 1980,1982). 

Strychnine sulfate (5-50 \lM) reduced or abolished 

apontaneous an~ e voked synapti c Ilcti vi ty (data not shown) •. 

Lower concentrations ( 0.5 \.lM) were ineffective. 

4.,2.8 Influence ot Pentobarbital on the IPSPa . \ 

Barbiturate anaesthetics prolong IPSPs (Ni coll et al. 

1975) preaumably due to their ability to facilitate the 

actions, of GABA ,(~àrker and Ransom, 1978a) by increasinq the 

lIIean open time of GABl!. activated chlorlde channels (Mathers .. 

and Barker, 1980; Barke.r and McBurney, 1979). Addition ol 

pentobarbital (10- 5 to, 1~-4 M) to the perfusion medium 

. , 
.1 

~. 
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reversibly prolonged both spontaneoua and evoked IPSPs 

~~ble 4-1). Both the perlod of reduction in excitability 

(Figure 4-14) and the IPSP (Figure 4-15) that t'ollowed 

dia99na1 band of Broca stimulation, were prolonged by 

pentobarbital fram 50-100 msec to' 300-800 msec (Figure 

4- 14 ) • The time constant of decay of the IPSPs 

(TIPSP) was increased on average 5-fo~d. Thua, for 

.pontaneouB IPSPs, TIPSP - 20.2 msec under cont~ol , 

conditions and TIPSP - 116.7 maec in the presence of 

10- 4 M pentobarbital. For evoked IPSPs, control 

'TIPSP - 37 msec and in pentobarbital (10- ItM) : 

TIPSP • 204.8 maec (5 cells, Table 4-1 and Figure 

No effect of pentoharbital on EIPSP or 

GIPSP was detected. 
Î' 

;) 

4.3 Discusslon 

4.3.1 GABA mediated IPSPs in SON naurons 

These observations indicate th~t apontaneoua and evoked 

IPSPs in SON neurone both result trom activation of a 

chloride ion conductance which la blocked by bicuculline and 

prolonged by pe ntana,rhi ta 1. Their sensitivity to 

bicuculline methiodide ie typical ~f putative y-aminohutyric 

acid (GABA) -mediated syndf\tic avents (Alger and Nicoll, 

1980,1982; Okamoto, 1984; Scholfield, 1980). For these and 

the additional reasons'mentioned in the tollowinq paragrapn 

it i8 proposed that the majority of IPSPs abaerved in SON 

• . -

• 
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neurone 1. medlated by GABA. , 
The sen~lt1vlty of the IPSP~ to strychnine may be held 

q., a. ev1dence of their med1ation by 91,yc1ne (Curtls e,t al. 1 

1971 , Choi and Fischbach, 1981). However, three l1nes of 

evidence argue ~gainst this conclusion. Firet, at the 

concentrations used in thia atudy (5-50 IlM), strychnine ls 

not selective, and can serve as an effective antagonlst of 

GADA-mediated synaptic and exogenously induced inhibiti~, 

(Choi et al., 1981, . Scholfield 1980,1982; Piggott et al., 

1977). Furthermore, strychnine can displace both GABA and 

glycine specifically bound t9 receptors at aIl levela of the 

central nervous system (DeFeudis, 1977). Second, 

pentobarbital is selective in its facilitation of the 

actions of GABA1 it does not alter the effects of gl1cine 

(Barker and Ransom, 1978b). Third, glycine ia at least 

"O-fold less patent than GABA in its effects on SON neurons 
, 

(Chapter 5) suggesting that SON neurons contain few 

receptors for glycine. 

Bicuculline methiodide (1~100 uM) reduced or abolished 

IPSPs with an approximate ICSO (dose at which GIPSP 

i. reduced by 50~) of 1.5 !lM for spontaneouB, and 2.2 lM tor 

evoked IPSPs. In view of the greater conductance associated 

with evoked IPSPg (and preaumably, greater amount of GABA 

released) this alight difference ls to be anticipa~ed. 

Based on biochemical studies of GABA-receptor ~inding (8ee 
1 

1 

review, Enna and Gallagher, 1983) the potency with vhich DMI 

• 
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blocks the IPSP8 8u9gesta that ,.ynapti~ GAB~ concentrations 

are in the range of 100 nM to 10 ~. ,: 

4.3.2 Sources' of GABAergic projections, to the SON 

GABA ia synthesixed from glutamate by the enzym~ 

glutamate 6 decarboxylasè (GAD). Biochemical etudies indicate 

the presence of moderate levels of GAD and GABA in thu SON 

\, 
('l'appaz et aL, 1977). Uowever, immunocyto0l;emical studies 

raveal that GAD la contained only in termina li in the SUN at 

both the light (Perez de la Mora et a~., 1981, Tappaz et 

al., 1982) and ~lectron microscope level (R. Buija, 

personal communication). Lesions placed rostral and medial 

to the SON ~educed the GAD content of the SON by 40\, 

~ndlcatin9 that a signiflcant proportion of the GABAergic 

input to the SON oriqinates in areas located rostral'to the 

third ventricle (Meyer et al., 1980). 

Immunocytochemical etudies show thAt the diagonAl band 

~ 

of Broc~ and the lateral septum bath cohtain numerou8,GABA 

neurons (Perez; de la Mora et al., 1981 J P"'.Jlula et al., 1984, 
'-

Nagal et al., 1983). \ Since theae reqions are intact in the 

hypothalamic expIant, they would be likely sources of the 

GABAergic input responeible for the evoked IPSP, and at 

• least a portion of the spontaneous IPSPs in SON neurone. 

This hypothesis i8 supported by observations made ~ ~ 

that electrical stimulation ot the diagonal band or lateral 

neurone (Kolzumi and Yamashita, 19721 

J 



.. 

l 

~- ----
• 

104 

Poulain et .1., 19801 Cirino and Re~aud, 1985, Jhllmanda8 

and Renau.d, 1985). 
. \ 

Furthermore, neurone in this region can 

be activated antidromically by electrical stimulation of the 

SON (Poulain et al., 1981, 
~ .. 

Shib\:ki, 1984). Exper~mente 

uS1ng a variety ot anatomieal techniques indicated that 
, 

neurone from these ~egion8 project to the SON anJ 

8urrounding regions (Carithers et al., 1980, Misel'ls et 

al., 1979, Tribollet et al., 1985, Oldfield et al., 19851 

Powell and Rorie, 1967; Zaborsky et al., 1975). 

According ta zaborsz.ky et al. (1975), SON neurons 

receive the majority of their aynaptic input trom neurons 

located within or nearby lhe nucleus. Sixt Y percent of the 

GAO content of the SON remalns after laalons which is'olate ' 

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

GABA-containing neurons located adjacent ~o tho ROH (Tappaz 

et al.. 1982) and in tho lateral hypothalamus and substantla 

inominata, dorsal to the SON (Nagai et 1'11.,1983) ml'ly be the 

.ource of much of the Afferent GABAergic innervation. 

l 

Indeed, electrical stimulation dorsal to the SON in 

hypothalamic sliees can evoke IPSPs in certain SON neuron. 

(Andrew and Dudek, 1984). A dense projection of aeptal 

neurens to thiB are/) {Oldfield et al., 198~; ':'ribollet et 

al., 1985) rais es the possibl.lity thll.t inhibition of SON 

neurons evoked by stimulation ot the septum may he mediated 

disynaptically by GABA neurons of the lateral hypothalamus. 
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The amygdala i. a third possible source of the 

GABAerg1c input to the SON. Electrical stimulation of the 

amygda la, which con tains' numerous GABAe rgic -neurons (Na9ai 

'et al., 1993), thibitB SON neurona (Hamamura et al., 1982, 

,rerreyra et al., 1983). Axons of theae nElurons probably 

tollow the ventral amygdalofugai pathway to the SON 

(Hamamura et al., 1982) and are not likely to contrib'lte to 

the evoked }PSP following diagonal band of Broca 

stimulatiOn. 

Synaptically actlvated conductances 

The spontaneous synaptically activated conductances 

(0.5-3 nS) are amailer than thoae 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 IPSFs repreoent an important shunting of the 

membrane resistance and attain amplitu~cs of up to 10 mV. 

Eatimates of the conductances of GA BA channels in other 

neurona range between 14-20 pS (Gold and Martin, 1984/ 

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

data' indicate that as fel.t as 25-35 channels may be activated 

at the p .. k of a unitary synaptic event in a SON neuron. 

Larger spontaneOUB IPSPa probably reault from sim~ltaneou8 

release of severai quanta of transmitter causing activation 

ot an estimated 100-200 channels. An alternative 

explanation of the variability in amplitude of spontaneous 

.r 

1 

," 
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IPSP. 18 that they reauit trom activation of aynaple. 

located at ditferent ~istance8 from the recording electrode 

( Ra Il , 1 96 7 ) • This ls unlikely ~ince spontaneous IPSPa of 

aIl aizes have slml1ar time courses (l.e. fast rlse times 

and exponential decay at ~ 1.5 x Tm). 
' . 

.: 
4.3.4 Time course of the IPSPs: Effecta of,Pentobarbltal 

,.. The rapid )-5 msec riae of the IPSPs ia indicative o't 

thelr electrotonic proximlty to the somatie recording aite 

( Ra Il , 1 96 7 ) • It la notable that the decay ot spontaneous 

and evoked IPSPs resembled a aingle exponential whoae time 

" constants exceeded that of the cell membrane by 1.4-fold and 

2.3-told, respectively. This ia evidence xhat the current 

underlying the IPSP persista briefly, pOBsibly due to the 

kineties governing either the inactivation of the receptor-

channel eomplex, or the disposition of tranamltter. 

Pentobarbital delays current inactivation by increaslng 

• the mean open time of GARA-activa-ted chloride qhannela 

(Barker and McBurney, 1979) resulting in a prolongation of 

GABA-mediated aynaptic potentials (NicQ11 et al., 1975, 

Barker and McBurney, 1979, Alger and Nicol1, 1980, 

Scholtield, 1978a). The 2-8 to~d prolongation of } 

.pontaneous and evoked IPSPs in SON neurons by pentobarbital 

(10- 5 to 10- 4 M) lB 8i~ilar to that observed in cultured 

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

-hippocampal neurons (Alger and Nicoll, 1980). 

p 
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4.3.5 'Specificity of the GABAergic innervation of SON neurone 

According to Miles and Wong (1984) the ratio 

GeIPSP : GsIPSP in a cell Cqn be taken 

as an ostimah' of the numbpr' of inhibitory af'ferent fibers . 
v' 

that projcet to that cella ln Lhe present study, this value 

~1 
widely varied from 1.6 to 43.7, indicating th:'lt cprtain SON 

neurons receivp li grpatcr J'~n!iity nf lnhib(tor'y input t,han 

others. Sinee the SO~ contains primarily two populations of . ' 

neurons lio: those that synthesize vasopressin or oxytocin), 

it is tempting to speculatp that on~ popUlation of SON 

neurons might receive this input apecifically. 

In vivo, spontnneouB firing patterns and responses to 
/' 

physiologlcal stimuli Huch as suckling or changes ir blood 
"1 

pressure, provide a means of tentative identification of-SON 

ce~l type (Poulain and Wakerly, 19821 Day ilnd Renaud, 1984). 
" 

This ~ermits Bomo cleyrae of corrul~tion of cell type (eg: 

va'sopressin-secreting cells) with sensitivity to electrical 

stimulation (cf. Day and Rcn;\ud, 1984; Clrino and Henaud, 

1985). It may now be possible to obtain direct confirmation 

of this neural circuitry in vitro hy combining the 

teèhniques of identification of afferents during 

intracellular reeording, coll mark,ing. by injection :>f 

lucife.r yellow and subsequent immunocytochomical stainlng_"""" 

(cf. _Yamashita. et al., 1983). 

.' 

\ 
". 
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4.3.6 ~lorlde dependence of the GABA-activated conductance 
,'" 

According to the Nernst equation, the reversaI 

potential of an IPSP (E 1PSP ? can be considered an 

apprtximation of th~ equilibrium polential of the Ionie 

conductance which undprlieo the IPSP (asqumJng that there i~ 

a single permpant ion spccics). 'l'he n,-nr>itivity of 

E 1PSP t.o manl.pulationr; wh.lch <lIter the.' 'ran:;f,\pf11brane 

Cl- gradient (lntracellular Cl- iontophorcnisl ~emoval of 

extracollular Cl-) indicates thllt chloride i5 t'he per'meant 

ion of t.he synap,t ically ilctivated channf'l. Furth('rmore, 

reduced IPSP-associated cond~ctancc changes (G 1PSP ) 

in solutions deficient.in Cl- i9 evldencc that chloride ls 

the permeant ion (Takeuchi and 'l'akeuchi, 19()7). 

Under the se recording conditions, the Nernst equation 

predicts art internaI free cl- concentration of 6-10 I~ when 

KAc electr-.pdes are usee!. 
... '-:J 

This io leos Lhan would be 
1 

expected if Cl- la passively distributed acrOSB the plasma 

4 membrane accord.lng ta i~s clectrical chdrgo. Th~s Guggests 

the existence in SON neurons of a chloride pumping, mechanisrt: 

(cf. Lux, 1970,19711 Llinao et a1., 1974; Meyer a nd Lux, 

19741 Gallagher, 1983) or a mechanism for intracellular 

sequestration and oubsequent extrusion of Cl- (A5cher et 

al., 1976). E1PSP was altereo by 40 mV for a 

10-fold change in rel-l or 35'& leB8 thlln the 61 mV/decade 

predictod by the Nernst equation. This can be explained by 

the existence of a chlorid~ extrusion mechanism and the high 

1 .. 

- , 

t . 
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lèvel ot spontaneous synapti~ activity in SON neurons which 

cause d&pletion of intracellular chloride when extra cellular 

chlorlde i8 removed (Meyer, 19761 Matthews and Wickelgren, 

1979, Motozikawa et al., 1969, Newberry and Nicoll, 1985), 

and prevent the reversal of the chioride gradient necessary 

_ to obt.ain the predicted shift of EIPSP' Indeed, it 

~ld bé anticipated that at equilibrium (after perhaps 30 

~in to l hr in low Cl- medium) there would be no shift in 

EIPS~ trom its control values, but t~at 

GIPSP wou+d be decreased in proportion to rCI-lo 

(Takeuchi and Takeuchi, 1967). In these experiment., 

measurements of EIPSP and GIPSP were made 

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

dev!ation of the rev-ersal potential data from Nernstia% 

·predictions and the variability lof changes ln GIPSP 
~ 

with rCI-l o can be explained based on graduaI deplet!on of 

~ Intracellular chloride. -
A contribution of another ionie spec~es to GIPSP 

(eg_ K+) ia unlikely in view of the 'almost complete 

abolition of GIPSP in medium containing -4.8 mM Cl-. 

However, some neurons demonstrated an evoked EPSP that was 

insensitive te rCl-lo and probably mediated by another ion 

(see below),' thereby co~pllcating measurements of 

GIPSP' This event May account for the deviation of 

some observations tram t~e predictions of Takeuchi and 
~ 

Takeuchi (1967). 

1 

" 
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~.3.7 Existence of an underlying EPSP 

In many cells there was an evoked PSP that W4S 

reslstant to SMI (lOD ~M) afd appeared 

exh lbi t ed~J ta g( dependence 

to be excitatory. 

This f:PSP that allowed 

estimation of EEPSP in the range -20 to +20 mV and 

GEPSP of 0.1 - 0.6 nS. The contamination of the~ 

evoked IPSP with a second synaptic conductance has severa] 

important implications in the interpretation of the !PSP 

data. Figure 4-12 illuotrates an example of how 

EeIPSP can be underestimated relative ta 

E~IPS~' presumably due to contamination of the 

evokcd IPSP by the EPSP. Similarly, GeIPSP may be 

overestimatcd in solutions containing DMJ due ta the EPSP-

associated conductance. Finally, the EPSP may Interfere 

with e~tim~~es of EeIPSP and GeIPSP in 

experiments with low chloride medium (see above). 

While no studies have been donc to characterise the 

source of such EPSPs in dctail, previous studies in vivo 

have indicated that SON neurons do receiv~ an excitatory 

input from areas rostral to the third ventricle (Koizumi and 
" 

Ya mas hi ta 1 ·1 972; S g r 0 et al., 1984 ; Cirino a~d Renaud, 

1985). Sorne of these afferents are proposed to participate 

in the release of oxytocin and vasopressin (Woods et al., 

1969; Aulsebrook and Bolland, 1969; Sladek and Johnson, 

1983). Preliminary data reported here (cf. Figure 4-13) 

Lndicate that the EPSP results from the activation of an 

.... 

- .. 
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l ionic conductance (po8sibly Na+ or Ca++) whose equilibrium .. -

potential i8 positive to the membrane potential. Such a 

conductance might be'activaeed by activation of. glutamate or 

li 
acetylcholine receptors (Krnjevic, 1973) and deserves more 

detailed consideration. 

r . # 
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~Table 4-1 

" 
Làtency 
Rise tlme 
Fall time 

Tm 

'teIPSP 
Pite/ Tm 
TsIPS 
Ts/Tm 

EeIPSP 
EsIPSP 
Ee - Es 

112~ 

'Properties of IPSPs in SON neurons. Values are 
means ± standard error of the mean, or when more­
appropriate, meane and range. ' The number of 
cells ia indicated in the brackets. 
Abbreviations are defined in the text except for 
" lIRin" which represents the IPSP-induced 
reductions in input resistance. 

6.8 msec (range 4-'12 Insee, 45 cells) 
5.7 msec (range 3-10 msec, 45 cella) 
6 0 - 1 Ù 0 ms e c (4 5' cel l s ) 

Control Pen tobarbi tal (lO- ltH) 

15.11:1.0 msec ( 16) 16. 1 ±O. 6 (5) 

37. 0 ±2. 8 msec ( 16) 204. 8 ::!:G1 • 1 ( 5 ) 
2. 57 ±D. 2 ( 16) ,.J 14. 4 ±4. 7 ( 5 ) 
20.2±1.9 IIlBeC (9 ) 116. 7 ::!:44. 9 (5) 
1.56±D.l (9) a. 5 ±3. 3 ( 5 ) 

KAceta te elect rodes KCl e lectJ;odes 

- 67.4 ± 1. 2 mV (24) - 4 3 • 2 ± 1 • 4 mV (2 1 ) 
-72.4 ± 1. 1 mV (14) - 4 2. 7 ± 1 • 2 mV (1 6 ) 

+3. 2 mV (13) ~ - 0.2 mv (13) 

GeIPSP 
GsIPSP 
Ge / Ga 

7.18 (0.79-22.0) nS (23) 
0.56 (0.17-3.0) nS (16) 

7.23 (1.6-43.7) (14) 

B • 82 (O. 79 -1 9. 6) "'" (2).) 
0.78 (0.28-3.0) nS (17) 

13.8B (1.9-36.9) (17) 

2 6 4 ± 2 0 1'1 n (2 4 ) 194±14 Mn (21) 
-51±4 % (24) -54 ±5 % (21 ) 

*For Ee - Es' values wer~: 0,0,0,+20,0,0,+9,+4,0,0,+1, 
+1, and, O. Note that cella in which this value * 0, 
had bicuculline-resistant evoked PSPs. 
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Piqure 4-1 J:ntracellular recordinqs vith a lCAc-rillod micrp-

electrode rave al spontaneous and evoked tPSPe in a SON 

neuron. 

A) A series of single 8weeps illustratell 'action potentiala 

1nterspersed vi th l' rquent ly occurring spon tarieous 

hyperpdlarizing synaptic potentials. 

B) 15 superimposed oscilloscope sWeeps illustr~te the 

~bsence of ac'tion potentials during the IPSP evoked by 

• electrical stimulation of the diagonal band of Broca 

(arrow). 

C) Peristimulus histogram constructed dqring ,150 cycl~ of 

the Activity shawn in (B) reveal that a reduction in 

neuronal axci tabi li ty dur inq the IPSP is fo l1.owed by a 

pe riod of enhanced excita hi l1ty lasting approxima ~e ly 100 

aaec. 
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Fiqure 4-2 Computer plots of the exponenti'al decay of 'the 

IPSP evoked by electrical stimul~tion of the diagonal band 

of Broca (arrow) after the saturation of a hyperpolarizing 

pulse of intracellularly injccted current (seé inseti 

Average of 32 sweeps). 

A) IPSP and pulse are superimposed lo allow comparison of 

voltage dc:cily. Il) [;<,milogarith~ic, plots of t_hc IPSP ann. 

hyperpolarizing pulse can be approximated by single 
t 

exponentials having time constants (arrow) of 31.6 msec • 
, - . .. • (IPSP) and 11. 3 msec (hyperpolarizing pulse) eatimated ilS 

the time requi red for the decay f rom Vt -VO) to Ye x 
~ 
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1'1g~r. 4-3 Voltage-c:\epèndence and me.bra'ne "conductance 9f 

'.pontaneoU8 and evoked IPSPs ln a SON neuron recorded ",ith Il 

lCAc electrode. 

A) IPSP i6 evoked (arrow) at the peak of voltAge response 

to injection of current pulses. The evoked IPSP la 

hyperpolarizing at membrane potentials (Vm) in the range of 

-50 to ,-75 mV 1 

1(. 
and depolarizing at Vm -80 mV. 

B) Spontaneous IBSPs dfsplay a similar voltage-depenllience 

during constant injeotion of hyperpolari:tlng current. 

C) Current-voltage plot conatructed trom the data ln (A). 

Baseline voltage measurements (filled squares) made 

lmmediately befere the IPSP are cotÎlpared wlth meaaurement8 
( 

made at the peak of the IPSP (open squares). Input 

resistance (Ri)' estimated as the slope of the linear 

portion of the plot (l'from -80 to -120), .... 11& reduced by 71' 

during the evoked IP6P. 
, , 

A corresponding increase in input 

conductance (Gi) trom 4.39 nS to 15.3"8 nS indicates' a 

membrane shunt of 10.99 nS assoclated with the evoked IPSP 

\ 

D) Plots of amplitude of spontaneo1l-& and evoked IPSPs vs. 

'\ 

( 

Note that the~ each have identica l reversaI potentlals 

(EIPSP) of approx:m\teIY --r1' ~mV. Note alao that 

Vm. 

",hile maximal evoked IPSP sho .... s little variation at a qivel\ 

Vm, the amplitude of spontaneous IPSPs is quite variable. 

Accordingly, from thia plot (Equation 6, Section 

2. 6) e8timat~d evoked G1PSP • 11.23 nS while 
( 

apontaneous GIPSP ranges from 0.42 - 1. 91 nS. 

J 

) 
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Ivoked IPS P. 

4-3. 
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Chanqe in input re.iatance aeaociatec! vith the 

Short pulse experiment, same cell as Figure 

A) 1) At resting potential, diagonal band of Broca 

stimulation (arro"') evokes Il hyperpolarizing IPSP. 2) Steady 

application of 90 pA of hyperpolarizing current Ildjul'Its Vm 

to near EIPSP (-75 mV). 3 (;, 4) Voltage respollae ta 

10 msec current. pulses appljed bef'ore (a,b) during {cl and 

"alter (d, e) t;he r psp. Note the diminished amplitude ot the 

current-induced voltage deflection dllring the IPSP. 

B) eurrent.-voltage plot of data in .A3&4< Va l tllge" 

lIleal!luremen~g wcre made immediately plior to the capacitive 

artifact that OGGura I1t t.he end of each current; pulse. Note 

that the V'oltl\ge reaponse t.,o theae brief current pul'aes did 

not satllrate due to membrane capacitance (TljI .. 11.8 msec) 

80 Ri io underest.imated. Neverthcleso, tht)"74% decrease 

ln Ri duri:'1g the IPSP determined in this way agrees 

closely with the decreaoo measured in the !lame cell uaing 

20.0 mS6C current pulses (Figure 4-3). 

C) Data trom (8) plus two additional determinations havinq 

current pulses delayed 3 and 6 msec, demonatrate the rapid 

decay ot the con'ductance change underlyllng the IPSP. 
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Figure 4-5 Volt&qa-dependence and membrane 'conductance ot 

8pontAneoua and eyoked IPSP. in a SON neuron recorded with cl 

Kel electrode. 

A n a 1 y 8 i 8 i s ide n tic aIt 0 th a t 0 t 1" i gu r e 4 - 3 • Note the 

8trongly depo1ar ± z lng evoked CA) and .pon taneOU8 (B) IPSP." , 
tha t increase in ampli tude w i th hyperpo la rizat 10n. Action 

potentiale are evoked at the peak of the evoked IPSPs. 

C) Current-voltaqe plot reveale an 82% decrease in input 

re.istance .(Ri) during the IPSP. Basel i ne inpu t 

conductance (Gi 1 4.35 nS) rises to 23.81 nS at' the peak ot 

the IPSP. The evoked GIPSP 18 estimated at 19.46 nS 

al though th i8 va lue may be contaml nated w i th a contri bution 

of voltage-dependent inward currents • 

. 
0) ,Plot of Ip·SP amplitude vs. membrane potential (Vm) 

yields an extrapolateu IPSP reveraal potential ' 

(E 1PSP ) ot -44 mV. A,g in Figure 4-3, evoked IPSP 

amp l i tu des vary Il tt le 4t Il gl ven Vm, in compari~on vl th 

apontaneous IPSP amplitudes. From this plot (Equation 6, 

Section 2.6) estimated evoked G1PSP • 19.1 nS while 

"'" 
.pontaneous G1PSp rang •• between 0.25 and 3.26 nS. / 

.. 
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• Figure 4-6 Bistogralll of the distributi.on or conductance 
: 

associated wlth the evoke'd IPSP (GIP'SP-E) in 

cella recorded with potassium acetate (KAc, closed bar~) and t 

potasai um chloride (lCC1, open ba ra) e lectrodea. There ",as 

no a1gnilicant d1fterance betwaen data obtain with XAc and 

Kcl elect,rodes 1 the data are superimpofJed .. 
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Figure 4-7 Effect on the evoked :IPSP of altering the 

concentration of chlor i.de in thê perfua ion mEldi um. 

A) Voltage-dependence of the diagonal band 0,," Broca eVQ,ked 

IPSP (arrow) in normal (134 mM CI-) medium where ,the IPSP 

reverses at approximately -79 mV. 

B) :In low chloride"~e,dium (10.4 mM), the IPSP ia 

positive-going at aIl m~mbrane potcntials dnd evokes an 

action potential at depolari z ed le vels. 

C) Plot of lPSP amplitude versus membrane potential. The 

IPSP re"erses at -79 mV ln normal medium (cirele). In low 

chloride medium (triangle) an cxtrapolated reversaI 

potential of -30 mV la estimated. The reduced slop~ of the 

1ine drawn throu gh the data obtai n ed j n low ch loride ia 

indicative of ~he reduced IPSP conductance. 
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riqure 4-8 B~fect of altering the concentr~~ ot chloride 

in the perfusion medium on the evoked IPSP reversal 

potential (EIPS~' and the associated conductance 
4 

(GIPSP) • rCI-l o ia assumed ta be equal to the 

concentration of chloride in the perfusion medium. 

A) Semi-log plot of evoked risp reversai potential 

(BIPSP) as a function of extracellular chloride 

concentra tian r Cl -1 o. The line drawn through the data 

(fitted by eye) h~8 a slope of 42 mV/ten-fold change in 

B) Linear plot of the IPSP-aS8ociated conductance 
" ( 

(GIPSP) as a function of fel-la. The lin8 

«epresents the theoretical dependence of channel conductance 

Eaen symbol represen.ts a differ,nt 

cell (n - 7). The star in (8) repreaents data trom ail 

/ cella ln 134 mM r cl-lo where GIPSP ,is ,normalized 

to 100\. 
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Pigure 4-9 Seneitlvity of apontaneou. IPSP. to bicuculline 

lIlethiodide (BHI) • 

A) Spontaneoue IPSPa occurrinq in a SON neuron recorded 

vith a KÇl electrode and held at a VIII of -95 mV. DMI (1-100 

uM) re,duces, or abolishes the IPSPs.' 

'B) Hietogram of distribution or GIPSP for IPSP. 

obaerved in control medium and BMI (1-100 uM). 

\GIPftp ..,ao calculated as deocribed in section 2.6. 

SMI (1 llM) reduces the amplitude of the IPSPs but doea not 

noticeably alter their rrequency. Hlgher concentrations of 

SMI (10-100 ~M) reduce the amplitude of the IPSP voltage 

deflections sufficiently that only Infrequently can eventa 

be cl.arly distinguished trom background'noiae (same cell a. 

F 1 gu r e 4 -1 0 ) • 
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Figure 4-10 Senaiti vi ty or evoked IPSP( tê; BMI 

o -, 
Ai Evoked IPSP in a SON neUron recorded with 4 KCl 

electrode And held at a Vm of ,-105 mV. BHI (1-100 lJM) 

"-
reduces or abolishas the ~voked IPSP. Note the action 

potentlals at the peak of the IPSP under control conditions. 

B) Plot of IPSP amlltude versus membrane potential (Vm). 

BMI (10 ~M) reduces IPSP con8ider~bly And ca~ses A slight 

positive shift ot the Erpsp. BMI (100 UM) virtually 

abolishes GIPSP but le4ves a small residual PSP cona~.rabl; , whose 'revers'al potential (extrapolated) differs 

trom EIPSP under control conditions. This 

~ 

phenomenon is more pronouRced in ~he cell illuBtra~ed in 

Figure 4-12. Same céll 4S Figure 4-9. 
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Fi9ure 4-11 Dose~dependence of effects of BMI on a '/' 

conductance induced durinq spontaneous and evoked I~SPs. 

Data ,from 12 cells. SpontaneouB (closed tr ia'ngles) I~SP8 .. 
appear ta be slightly.more sensitive to DMl than evoked (open 

) 

triangles) lPSPSI the concentrations of DMl necessary to 

reduce GIPSP ~y 50% (IC50) la approximately 1.5 VM .. 
for spontaneous IPSPs ~nd 2.2 VM for ùvoked lPSPs. 
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Figure 4-12 Evidence for the exiatence of aQ evoked EPSP in . 

a SON neuron. 

A) Under control conditions, the neuron has an evoked IPSP 

which ia hyperpolarizinq'a~ resting membrane patential and 

reverses normally wlth hyperpolarization. 

B) In the presence of BMI (lOO ~M) the PSP la depalarlzinq, 

evokes a splke at restlng membrane potentlal, and 19 

sllghtly increased in amplitude by hyperpolarizatian, 

C) Plot of PSP amplitude as a function of membrane 

potent!al (Vm) under control conditions And in the presence 

of BMI. ErpSP-E (arrow) obtained in control 

co~dltiona was near -64 mV. The extrapolated EEPSP 

(curved arrow) obtained in BM~ was near +20 mV. Note that 

the evoked Gipsp - 25.08 nS while the evoked 

GgPSp - 0.63 nS. Desplte the relatively small 

conductance increase associated with the EPSP, its presence 

undoubtedly caused an underestima~lon of the EIPSP 

'for the evoked IPSP. Indeed, EIPSP-S {arrow} ot 

spontaneous IPSPs in this cell was e8ti~~ted to be -77 aV. 
~r 

Same cel1 as Figure 4-13. 
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Evidence tor the existence of an ~voked EPSP in 

• SON neurone 

A) 1) 10 8uperimposed oscilloscope aweeps showing IPSP 

evoked by diagonal band ot Broca stimulation (arrow) during 

spon~aneou8 actvity in control medium. 2) Peristimulus 

histogram (PSH) co Ile cted dur 1ng 40 cyoles "-.f the acti vi ty 

shoVn in A 1. 

8) 1) In the presence of BMI (100 llM), DSB stimulation 

evokes an EPSP which faithfully induces an action ~tential 

and prolonged period of increAsed excitability. 2) PSH of 

activity in 81. Same cell as' in Figure 4-12. 
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Pentobarbital prolongs the evoked IPSP. 

A) 1) 10 superimposed oscilloscope sweeps showing IPSP 

evoked by diagonal band of Broca stimulation during 

spontaneoua activity in control medium. 2) Peristimulus 

hi.togram (PSH)~oollected during 40 oycles of activlty shown 

in Al. 

B) 1) In the presence of pentobarbital (100 ~), the IPSP 

induced by the diagonal band of ~roca stimulation is 

markedly prolonged. 2) PSU of the activity inlBl • 
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Figure 4-15 Pentobarbi~al lil-olonqs th4\! Ctvoked' IPSP. 

( Analys.i. eim1lar to that ln Figure 4-2. 
C ,- \ 

A) 
\ 

Averaqed record ot 16 cycles -with membrane potential 

held near -95 mV (KAc electrode) and IPSP evoked, at o. 5 H~ 

under control conditions or in the presence of pentobarbital 

,.' ~'" J "" 'i 

. , ~\ ( PB 1 1 O'~ 4 H) • 

'B) Semlloqarlthmlc plat of the tlata in A. TIPSP 18 

.indreased 2. 1-fold by pentobarbital. 
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CBAPTER 5 

J 
THE EPFECTS OF GABA ON THE MEMBRANE PROPERTIES 

OF SON NEURONS 

5.1 Introduction 

SON neurop.a rece 1 ve A - powertul and active inhi hi tory 

input that appears to he mediated by tl,e amino acid 

"'(-aminobutyric acid (GABA) (see Chapter '4). Werman (1966) 

has outlined criteria whieh should he satisfied in order to 

identify the transmitter at a given synapse. In the case of 

GABAergic transmission ln the SON, severai have already been 

sat1sfied as morphologieai and bioehemical studies that 

GABA, and the enzymes responsible for its synthesis and 

degradation, are present in the SON ('rappaz 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 

satlsfled: 1) Exogenous application pf the ,putative 

transmitter must mimic the actions of the endogenous 

transmit ter and 2) both of these effects must demonstrate 

aenaltivity to a specifie antagonist. 

Iontophoretic studies on SON neUrons !!:. ~ 'have 

confirmed that GABA prompts a reductlon in their 

excitability (Arnauld et al., 19831 Bioulac et aL, . ' 
19761 

Mo s set al., 1 972) • There have aiso been reports involvlnq 
• -. 

the intracellul.arly recorded reaponsea of SON neurons to 
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GABA (Abe and Oqata, 19831 Ogata et al., 1984) but none have 

de.cr ibed i ta act ions in any datai 1. In arder to confirm 

that GABA la the transmitter medlating Most of the IPSPa 

observed in SON neurons, oxogonouo 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 neuron~. 

5.2 Results 

Effects of GABA, Muscimo~ and Glycine __ J 
GABA (10 vM-l mM) was applied in the perft:i~edium 

periods of 3 -30 seconds. Ite effects on action for 

potential firing, 
Il' 

membrane potential and input resistance 

were observed in 23 SON neurons in 15 explants. GABA 

( SOum) conaistently inhibited apontaneoua firing, but 

induced either a hyperpo1arization (Fig. S.lA) or a 

depolarization (Fig. 5. lB) in different cells. This reapons8 

was resistant ta aynaptic b10ckade ueing tetrodotoxin (10- 6 

H, Figure 5-1B) or 15 mM Mg++, indicating that GABA action 

i8 postsynaptic. Muscimol, a potent GABA-A receptor 

agoniat, a1so induced simi1ar effects but at a much lower 

range of concentrations (0.3-30IJH). The respon see to 

muscimol were 2-3 times longer than the responses ta GABA 

(Fig. 5. lA). Glycine (1-10 mM) also mlmicked the affects of 

GABA, but at concentrations at least 10-fald greater th an 

thaae of GABA (Figure S-1C). 



\ 

5.2.2 GABA-induced conductance 

GABA and m~.cimol induced 'dose-related decreases of 

input resistanee (Rin l Figures 5-2. 5-3). Celle varied 

conlliderably in their aOllsitivity to GABA: cells which 

re.ponded ta 10-100 UM GAEA u8ually undf.lrwent a 90-100\ 

decreaS6 in Rin in rasponse to high doses of GAEA 

• ( 100 \.lM 1 Fi gu r e 5 - 2 ) 1 cella sensitive to 0.1-1 mM GABA 

reduced Rin by a m4Kimum of 50-80'& of control values 

(Figure 5-3). These ,changes in Rin eorrosponded to 

GABA-induced conductances (t:.G) of 10-50 n~ (mcan 42 nS1 see 

analysis in Chapter 2.7). Despite their differing 

sensitivitiea ta GAllA. aIL cella had aigmoidal dose-response 

relationahipa (llG vs. log rGABA1, Figure 5-4A) and the 

critical slope of the log-log plot of., the doae"reoponse 

relationship was 1. 7 (Figure 5-4B). A similar variablity ot 

the response to mUBcimol IoTas observed (Figure 5-5) but the 

doso-ra'sponDe relatlonships (.~ G vs. log rmus cimol 1) were 

~._/ slgmoidal and the critical B lope of the log-log plot was 1.6 

(Figure 5-4). 

5.2.3 Effects of Bicuculline Methiodide 

Bicuculline can be viewed as a specifie inhibitor of 

the effects oi GABA in mamma lian brain (Curtis et al. 1 

1971b). The dose-response relationships for the conductance . . 
induced by GAEA an1 mUBclmol were shifted to the right by 

( 
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bi.cuculline methiodide (BMI, 100 J.lM, Fiqure 5-3). This 

e~ fect of bicuculline math iodide was even more pronounced on 

mUBcimol reoponoeo. Maximal responocs to GARA and muocimol 

could still be obtnineil ln the proncncf' of hlcllclllline 

methiodide, but highor concent.rationo wcre rC(lUll-cd (l"igure 

5 - 3). Thin inclicateu that th(' inhibition by HMI lr. 

5. 2.4 Mombran<.' Voltage Responsca and Reveroal l'otentials 

Mcmbrilnc voltage reüponscr; to GAllA and mUHclmol took 

two forma during intracellular recordinga ;:ith KAc 

e lectrodes. In npproximntcly 65~ (9/14) of SON nonrona 

atudicd, Iowcr conccntra';ionll of GAllll (10-'_0 pM) or mUBcimol 

(0.1-1 ul1) induced moderato decreuaen of Hin (30-60%, «; 

"" 1-10 nS) ilnd a hY'perpolarizil.t~io'n of 2-10 imV (Figures 5-2, 

5-5 and :'-6). Higher conccntrd t ionlJ indllGed Uo-·) U 0% 

decreasen of Rin (6G" 20-100 nS) ilnd biphüsic voltage 

responSCH characler1-l:ed by iln J..nllial hypûrpoldrlzation ot 

2-10 mV followcd by il depolilrization of oimilar amplitude. 

,In the remaining 35"l1 (4/15) of neuroos, GADA appeared to be 

without effect dt the lowcr concentrations but induced a 

depolarization at h2gher concentrations (Figuros 5-3, ~'~5 

and 5-7). , 
1 
! 

Intraccllular current injection revealc<l il voltage) 
1 

dependence of the hyperpol,1rizing GAl1A rcüponaes simi}.n- la 

~hat of the spontaneo,ufJ and cvoked I1>8[>0. The reversal 

.l 
h, 



pot entia l ot the hype rpolar.i.z ing GABA respons El 

(EGABA) was approximately equal to EIPSP (~ 

S. mV, Figure 5-6). The reversal potential ot the 

132 

depolarizing GABA reoponsc ranged between -33 mV Ilnd -55 mV 

(mean -42 mV, Fi gu r e 8 5 - 6, 5 - 7 ) • 

5.2.5 Chloride-Dependence of the GABA Reaponse 

Si mi lar GABA-i n duced condu ctance change s were obae rved 

in five recbrdinga using Kcl electrodes. However, the 

vol.tage dependenco of the membrane reaponae waa 41tered Bueh 

tha t the EGABA was now -40. 0 ± 4. 3 mV (range -29 to 

- 55 mV 1 Figure 5-8). 

with the E 1PSP (±4 mV). 

E G AB 1\ wa sin c 1013 e II gr e e me n t 

In three neurona recorded 

with KAc electrodes, EGAB1\ exhibited a dependence 

upon the concentration of chloride ions in the porfusion 

medium rel-l o which was similar to that of EIPSP 

(Figure 5-8). Reduction of rel-le from 134 mM to 10e4 mM 

induced a positive ahift of EGABh by 40-50 mV 

(Figure 5-9). In contrast with the IPSP-asBociated 

conductance chango (GIPSP)' no dependence of 

GGAB1\ on rel-lo waa obacrved. 

5.3 Discussion 

5.3.1 Identity of Action and Pharmacological Sensitivity 

The principal objective of the experiments descL'ibed in 

this chapter ",as to test the hypotheais that GABA may 
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mediate at 1east one forrn of synaptic inhibition, i.e. 

postsynaptic inhibition, in the SON. For this hypothcsio to 

be truc, cxogenouoly appliecl GJ\B1\ and oynaptically-cvoked 

IPSPs ohon.1(J both t'licit. filtnl 1,11- cff'eclfl on the mombrane 

propertioG o( SON nouron" an d bolh ohould domonalrate 

aimilar een<,itivlty ta il fJpè<..:ific dntagoniot (':f. We rman 

1966). In LI(;\' 1 Gl\lJA 'ù act_lOI)!; p,over] t 1) b(' very ';j milar to 

thooe of tho IPSPo. Thun GABA: 1) inh i bi Lod detion 

potential firing, 2) incrl~a!Jed membrane epnc1uclance and 3)", 

induvod i.l hYP(~I:polilrlz(lLi()n ln m(,flt nourons which rc-v('roed 

near l';IPSP and WilO sensitive to the tranomombranc 

chloride grlldient. Thcreforc, oimilar to the IPSPs récorded 

in SON neurooû, thé ',([ccl!. of GAB1\. appear to rer;nlt from 

the activation of a chloride ionie conductance. 

1\.n oxplanation for t}~c in!.lenaltivity of the 

G1\B1\-inducod conrlucLance to changea in U.e fCI-lu "ùn only 

be apcculation nt thia time. hs dernonstrùted by TaKouchi 

and Takeuchi (196]), the redu<:tlOIl in G1\.BA-lnc1ucecl 

cvnductanco uuder thelle circumstances dcpen<lo upon depletion 

of intracellular chlorido. This, in turn, depondo upon the 

membrane'& chlorldo conduclivity, and "I()uld thercfore be 

haGtDncd by opontanooUB chIOt" l do-meiiiated IPSPs, or repeated 

toatlng with Gl\OA (cf. Meyer, 1976; MatthewR and Wickelgren, 

1979; l1otozikawil et al. 1 1969; Newberry and Nicoll, 1985). 

The three SON neuronn, whoue renporHJC'[J to GABA j n 10W' 

chlorjde medium <lro rcporteù }H're, ilisplilyC(j [ew fJpOllCanpous 
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IPSP. (8ee Pigure 5-9) and vera te.ted with1n 10 lIr'.inutes ot 

changing the perfusion med.ium from normal to 10\11 ch loride. 

Because the intracellular concentration of chlorlde may he 

maintalned under these conditions, and an outward f lux of 

chloride iona i6 required to produce Il membrane 

depolarization, no chango in the GABA-induced conductance 

would be anticipated. 

The abillty of bicuculllne methiodide to antagonlze the 

atfects of GABA, aa it dof" the IPSPs, la further evidence 

for GABA mediation of tho IPSPs, and suggesta that the 

chlorlde ionophore ia linked to GABA-1\ 'typé receptors (See 

raview, Enna and Gallagher, 1983). BiachelRical etudies 

suggest ~hat the inhibition by bicuculllne methiodide o,f 

GABA binding to GABA.-A receptors la competitive in nature 

(Enna, 1977, Mohler and Okada, 1(77). Severa l 

electrophyslo1ogical studies (Simmonds, 1980, Bowery and 

Brown, 1974; Homma and Rovainen, 1978, Picleles, 1979) 

indicate that inhibition of GABA actions by bicucuillne 

resembles competitive inhibitlon because, in the presence of 

bicuculline methlodide, higher doses of GABA can still evoke 

maximal reaponsea. This la manifested in the parallel shi1't 

of the dotle-response curve for GABA induced by bicuculline 

methiodido in SON neuruns (Figure 5-3). Thua, the actions 

of exogenous GABA are consistent with the hypothesis that 

GABA lB the endogenous neurotransmitter mediating the IPSPs. 

Glycine weakly mimiclced the effecta of GABA on SON 
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neurons. The relative potency of GABA and glycine was , 
eimilar to that obacrvcd in cerebral cortex although 

opposite to that observed in spinal cord rnotoneurons (see 

Kr n j ev i cet al., 1977 ) • In a given brain region, these 

differences may be attributcd to highor denaity or affinity 

of receptors for each of lhese amino ilcidG, or to ,ldgher, 

conductance of the correupon<linq lonophore. Thug, by ore or 

a combinat ion of thcse factor!'.>, GA BA appenrs to predominate 

Over glycine in the SON. Although stryc,hninc nntagonized 

the IPSPs (Chllpter 4), glycine iG not viewed as an important 

inhi bi tory nourot ransmi ttor in the SON. 'l'ho ability of 

strychnine to reduce responses ta GABl! (cf. SchaH ie:Ld, 

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

this contention. 

5.3.2 Effects of Huscimol 

MUBcimol, a powcrful GABA-A agonist, WAS 20 times more 
o 

potent than GAliA in induclng a chloride conductance in the 

SON • This potcncy ratio lB similar to that observed in the 
.1 

olfactory cortex (Pickles, 1979; Scholfield, 1982, Simmonds, 

1980; Brown and Galvan, 1979) and i5 further evidence that 

the effects of GABA on SON cells are mediated by GABA.-A . 
receptoro (Enna an,d Gallagher, 1983). Biochemical studies 

indicate a smaller, 3 to 8-fold differencQ in the affinities 

of GABA and mUGcimol for the GAllA-A receptor (SnodgrJ.ss, 

1970; Williams and Risley, 1979; Beaumont et al., 1978; 
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Mohler and OkAda, 1977). A1 though the reason tor this 

,di8crepancy has not yet been determined, Brown and Galvan 

(1979) have speculated that GABA is less accessible to the 

'J". receptor binding site because of glial uptake (cf. Iversen 

and Kelly, 1975). Muecimol and bicuculline are poor 

substrates for the"Na-dependent GABA binding site thought to 

mediate GABA uptake (Johnston et aL, 1979). This exp~ai ns 

,not only the greater poteney of muacimol, but the longer 

duration of responaes compared to GABA-, (Figure 5-2). The > 
greater sensitivity of, muscimol to antagonism by bicuculline 

methiodide (Figure 5-3B,Cl Bee also Seholfield, 19821 

Simmonds, 1980) can also be explained on this basis. GABA, 

At higher concentrations (vs. mUBcimol) necessary to induee 

1 
A given conductance change, competes more effectively with 

bicuculline methiodide for GABA-A binding sites. 

This discrepaney in potency ratio could alllo be the 

result of differing abUi ties of GABA and muscimol to 

Activate the receptor-ionophore complex following receptor 

binding. Mathers and Barker (1981) suggested that mUBc.1mol 

activates Il channel having a mean open time twice that of 

the channel activated by GABA. Pertinent to this djscussion 

.1. the observat~on that the alope of the log-log plots of 

ligand-induced current6 as Il funetion of ligand 

concentration is approximately 1.7 for bath GABA and 

muscimol (Figure 5-4B). This value iB similar to that 

observed in several other systems (Barker and Ransom, 1978, 
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Akai.ke et al., 19851 Choi and Fischbach, 19811 Krnjevic e.t 

al., 1977) and has been held AS evidence that two molecules 

(of either GABA or muscimol), combine with the receptor to 

1 acti.vate the chloride ionophore. This 6 i mUa r i ty of the 

slopes for GABA and muscimol al"gues that differences ln 

ionophore activation Jcinetics do not result from differences 

in ,the stoichiometry of the receptor binding -+ activation 

" 
sequence for the two agents. A more likely e~planation is 

,-
that the higher affinity of mU8cimoi for the GA BA binding 

site results from slower dissociation of the muscimol-

receptor complex. This decreased rate of dissociation might 

result in slower channel inactivation kinetics. 

5.3.3 Biphasic and Depolarizing Responses ta GABA 

Perhaps the Most perplexing aspect of the results of 

these experiments is the dichotomy in the data concerning 

the reversaI potential of the membrane voltage respona,e to 

GABA (EGABA)' A,Ppr ox imate 1 y 60% of SON neur ons 

responded to 10 .... doses of GABA (1 0-100 ~M) and EGABA 

"'as very similar ta the E1PSP ' In the remaining 

neurons, EGABA was 10-36 mV more positive than the 

Erpsp, similar to the EGABA or 

c_) Er ps p obs e rved in SON neuron s recorded .... i th KCl 

electrodes. Th e se ce Ils on ly responded ta concentra tions of 

GABA greater than 100 lJM. No other membrane property could 

-

• 
~---~-------_-.._-
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be tound that demon.trated a stronq correlatïon with 

In p,articular, there was no correlation 
.~ .. 

betwee,n the ·~trength of the evoked IPSP in a glven neuron, 

and its responsiveness to GABA. 

Biphasic responscs ta GABA have been reported in other 

CNS neurons (Barker and Ransom, 1978a7 Alger and Nicoll, 

19821 Ander~en et al., 1980) and several explanations 9f, 

the phenomenon have been offered. Barker \nd Ransom 

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

suqqested that high doses of GABA cause sufficient Cl- to 

enter the neuron, res ulting in a reversa l of the 

electrochemical chloride gradient. It Is difficult to 

imagine how thi s cou 1 d happen, however, s in ce the f low of 

C1- ions should stop wheil ECl- reaches the, membrane 

potentia 1. Howe ver, chlor ide flux into neurons, and pèrhaps 

glia., might concomittantly l.ower extracellular chloride and 

reverse the membrane chloride gradient. 

""" Barker and Ransom (197 8a) a 1s 0 pe rf ormed topographièa l. 

studies of GABA responses and showed that depolarizing' 

responses could be regularly evoked in rlendrites. This 
t 

é.u.qgests tha t th e e le ctroch e mica 1 ch l~r i 4e ion gradi. ent 

. , , 

acroes the den-dritic membrane may be reversed, when c'ompared 

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

similar observations in pyramidal cells in hippocampal 

sl!ces, and proposed that hyperpol.arizing reaponses to 'GlI.BA 

resu 1t f rom Act! vation of somatic, synaptic re ceptors, while 

'*r 

.. 

• 
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depolarizinq responses r ... ult ~rom the activation of 

dendri tic, e xtrasynapt,ic receptors. TJlis hypothesis would 

explain the preunt data quite well. Unfortunately, 

detailed information concerninq the orqanization of' 

GABAerqic input(a) to the SON, and the location ot GABA 

receptors on SON neurons are not currently available. 

A thlrd explanatlon, proposed by lCrnjevic et al. 

(1977), ia that prolonged exposure to high concentrations ~f 

GASA activates Na+-..1ependent GABA uptake. This transport 

.ay be electroqenic and cause a positive sh1ft in membrane 

.... ' , 
pot;ential due to synport ot 'Na+ and GABA (which is neutral 

", 

at pB7). If such a mechanism operates in the SON, it must 

a1so be acti vated by IIlU8ciIllOi., since this agent a1so ~vokes 

biphasic re8p..pnS88 (Figure 5-2). ~l/' nipècotic acid, a 

GASA-uptake inhibitor, lIliqht be expected to reduce the 
pl 

depolarlz~nq respones to GA'BA while prolonqinq its action8 

on post-synaptic receptora. 

'l'he simple ane! unitorm lIlorpholoqy, the trequent 

apontaneous I:PSPa and the ability to reliably evoke an I:PSP 

ahoule! malee SON neurone an idea 1 .odel system ln which to 

perfora detailett studies ot GABA-.ediated neu:t"otranslIllssion 

in the malllmalian central nervous system. 

' .. 
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Fi qure 5-1 'Responses of three SON neurons to GABA, mU8cirool 

and glycine. , Substances vere administered during the 

interval fndica,ted by the horizontal J:»arsl pulses of 

hYI!erpol~rizin'g current ",ere administered every 1-2 seconds 

to moni tor the cell' s input res istance. In all figures 

Cexcept Figure 5-1B 2) the full amplitude of ,action 

potentials 19 not show-no A) KAc eleetrode 1) GABA inhibi ts 

action potential firing ",hile in"aucing a membrane 

hyperpolarizati~n an~ decreued i,nput resistance. ~) 

~, 

Muscimol has similar effects' which last 2-3 ·fold longer. 
~, 

B) 

KAc electrode 1) In another cell, CABA suppreseed action 

potential firinq but lnduced Il membrane depolarization. 2) 
L 

Both responses persisted in the ~rE!sence of tetrodoto~in 

(TTX, . 10- 6M); TTX-i..nsensitive ça++-de~endent action potential 

firinq was ;.inhibited by GABA. C) XCI electrode. Glycine 

also induced a reduction in input ..,resistance and membrane 

depolarizat~on, but only vith a 1Q-fold hiqher 

concentration. 
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Piqure, 5-2 Chart rec:ordlnq. of the re.ponse. of a SON 
~ . t 

neuron vhich vas sen.itive to lov dose_ of GABA and. 
-t' 

lIu.cimol. The IJe.tinq membral\e potential was -58 to .-~o mV 

tbroughoutl ~onstant-current p~lae. (70 pA) ~ere ~ 

admini.stered at 0.5 Hz to monitor input resll1tanC'e C 200-240 

MO at relit). GABA (A) or lIlusciJllol, (D) val adminiltered' 

during the period indicated by the bar at the bottolll of each 
~ . -

serlee of record;. At the concentration lndlcated to the left 

of àach record.. Lov doses of both eub_tanc'ell induced 
l ': . .'. ..' ~ .. 

moderate decreasee in" input resistance aC.JIlpanled by a 

hyperpolailzation. 
• > 

Bigher dosea shunted the lIlembr~ne 

re_ietance and induced a b'iphaslc: reeponse where an early 

hyperpolarlzati'o,n waa folloved by a late depol.arhation. 
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PL,ure 5-3 

')lM) of th. 

t 
J 

/ 
Antagonlam by. blcudullirie lIlethlRdide (BMI, 

• Il 

\ ' 
Ufectl" of GABA (A) and muscimo! (B). 
\ ~ . 

Chaft 

1'00 

'\ . - . 
al' ln f,19ute , S1..2.' RMP - -62 to -~v thrOU:houtJ 

.100 pA 'con.t~nt current pul.e. indicate. tha~.' :8\in9 input 

, ra.l"tance va. 240-270 Mn. No.ta that for thla particular 

n.uron, live ta t.n-fold hLgher do ... of GABA and lIlu.cll1,o'l 

v.ré nè.ded to induce' incr.ases, ln input conductance 

j eq,u':lvalent to thos~ di.played ln the cell in l'iCJ&r. 5-2. 

..... , , 

, 
1'-

. ... " 

The membrane voltlqe re.pon •• vas prll1lArily depolari.%lnq. . " 

Maxi.lIlal. do.es ot G~!lA and lIlu8cilllol inereas.ci' i.nput 

conductance by approlt.1l1lately \S nS. BMI: 1ncreas~d the do •• 
1 • 

l , 

of GABA or lIlu8c1mol necellary to obt.in ~hil IIlAximal 

re.polls,. Thi. i~ il1u8trate,d in C) where IJG .1. plotted a. 

.~ Il fanetion of th. concerltrat.10n of GABA (triangles) or 

m~8C.111l01 (di.lIlon"d. }"under 81 ther' control conditions (fille: 

IY).bolt) or i~ the pr •• en~8 of BMI Celllpty Iym.bole J. 'rhe 
. . 

para11el 41,.pl.ce.ent of th. do.e-r •• on •• c~rv. fo) GABA by 
l 

BMI .1nc!icat •• thAt DMI acta a. .. e antagon1.1:. 

" :// 
-i, .. 

.. 

1 

'0 ... 

" 

) 

• 
c 

" 

) 



'. 

• 

• 

\ " 

AG~BA 
CONTROL BMI (100 JJM) 

1500~_", 

3000~_~ -
10 

40 
(n8) 

-
, , . 

,. , 

B-MuseIMOL 
CalM) 
0.38 

1.T 

, CONTROL 

1'>. 

BMI,(100·~). 

_8.3~ 

3s:8~--
J20 mV' 

30 sec 

87.5 

90 ..... 

"1"'.t : 

GABA 
_ MtlalOinoI 

\ ' 

BMI 
Control (100 JJM) 

• 4 

• V 

0.1 1 "10' 100 1000 '10000 .' 
WM] 

." 

)0' 

, . 
/ , 

1 

," 

. / 

.', 

• 0 

.. 

. . ~ . 

Ir' 
1 1 ~ '10 .. 

, . 

~ • l' 

• " 

" , 

'. 

l ' • 



• 

1 

" 

, " 

143 
/' 

riqure .5-41) Do •• -re'lfon.e. re1aUon.hip. for th. incr.a .. oi.n 

input conduct~nc.' (~) by GABA (tri~nq1e.) and mUlc..111l01 
, . Il 

(dia_onde) in SON n.~ron •• ' Por individual SON neurons, 

f ' 
conductance change. at each concentration of GAIA or 

1 

Ilu.oia?l, "ère .xpr •••• d a. a p.rcentaqe of .axima1 

GABA-lnduced re.ponse in that cell. Data .for a11 celll' in 

this stud" vere th'? ,Pooled accordin9j ta the, concentratio~ 

/. .. 
• 

of 'GASA or mqscdmol,.~ Bach point represen1:S the mean of data ~ 
" 

obtained f rom 2 -8 SON neurone. 'A) Semi-log p-1ot reveals 

sig_oida1 dos~-re.p~n.e, re1ationsbip'. Musci.ol wa. 

approximately '20..ofold more patent thaIf GABA a,11ou9 b m~Xilllal 

conc6nt:rat10118. of each drug 1ndu'c:ed .,identical. ~onductanc~ u 

change.; B) Log-log 

.lope. of 1. 7 (GAIA) , 

di.cu.slon. 
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D~~fera\nd ... in the potaney of GABA and' lIlu8cimol 

on SON neuron. vho •• re.perns •• ..,ere bip~a.lc (1!"igur. 5-2), . ' . ~ , 
or .onoph •• ic (dep01ariz1ng) (Figu,ra 5-3). Tbe conductance 

data froll. Pigur. 5-4 vere divlded into two qroups based upon 
~. "1 1 \ 

. ~ '" . the lIle.brane vol taqe re.ponse of the Ifeurons. 

plot .• i.il..~ ta !'lqure 5-4A except that:. the actual tnduced 

conductance (AG) is plotted. 'l-GABA '(trla.nglfes) an4 lIlu.cimol. 
- \ 

(di.IIlO~d.) indueed' conductance chan9'~s ten-lolc! more' 

pot.ntly i.n cells that re.sponded biphasically (filled 
<.. 

.• Ylllboh) than in tho.e that only depolarized (empty 
. 

B) 8e .. 1-109 plot of the lIle.brane voltaqe 

re.pODUs (AVili), of these 

depol.arizat1,onl neqat1vé 

naurons.' Positive values "indicate' 

val/.. l~~ic~te hyperpolarization_ 

Note th.~ neu'rons that respond bipha.lcally are 

hyperpolarJ.zad by ~oses ol GABA and lIluscJ.mo1:oS -10 f014 lower 

than doses that induce a depol.arlzation. Also n9te that ln 

one SON n8uron th.t vas only depolarized by GABA, h1qh doses 

of 1Il11scimol indueed a biphasic 'te.pons,. 
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FiC)ure, 5-6 Voltage-Cle..penb •• e of the hyperpolarization and . . • ~ 

bipha.sic responses to GABA. and, the evoked - IPSP in a SOlit 

'neuroj'recorded wi"th a KAc el ectrodè">. GABA was administered 
~ 

dur!ng the period indicated by the bar at· 50 pM (A) or 500 

IlM (B) in order to evoke hyper1rola'rizi.ng or biphasic 
, 

reaponsea. The membrane potential (ind!cated to the 1eft of 
J 

aAch record) was 'adjusted by steady. !ntracellul~ar c~rrent \ 

injection and bhe sign and amplitude of the membrane 

voltage re~ponges' (AVm) were ob~erved. Similarly in C) the 

sign.' and amplit'ude of th,e IpsP evoked by' electr lca1 

. 
" 

. 
stimulation ·(~ow) of the dia.gopal band of Broca (Chapter 

4) was m",tored as ~he melli'brane potential wa,s adjusted by 

intracellu~a,r il1jectiori' of current pulses. of b.vm wae 

.' 'Cr .. 

plotted ~s a function of membrane potential (Vm). The 
<1' 

& .. 
hyperpo!arizing responses to GABA showed a 

D 

vol tage'-dependence very sim! lar to that of the evoked IPSP • 

. Both resp~n~es re..]ersed near -81 mV. The reversal potential .. 
of' the depola.rizinq re"ponse to GAB1\, was estima. ted by . 

~ 

extrapolation to be -49 mV., 
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Figure 5-7 Voltage-dependence of (A) the depolarislng 

res#onae to GABA And (D) the evoked IPSP in a SON neuron 

recorded with a KAc el~ctrode. Same analya!s as in Figure 

5-6. Note in (C)· tnat the reversal potent!ala of the GABA 

and IPSP-induced voltage changea d!ffer by approximately 36 
l ' 

mV. 
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F1qure 5-8' Voltage-dependence ot the d'epolarizinq re.pon.e 

to GABA CA) and the IPSP (B) 1n a SON neuron recorded vith a 

KCl electrode. Saae analy.i. a. in Figure 5-6. Note in C) 

that the reversal potentials of GABA and IPSP-induced 
o 

voltaqe reaponse. ar.~aiailar • 
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Dependenee ot the rever •• l'potential of the. 

ext'ra".ptlllll1:tar concentration of chlori"'. ion.. Silllilar 

analy~. aa in Piqure 5-6. Respon ••• to GABA vere ob.erved 

in mediua con~inln9 th. normal conc.ntratlo~ of chloride 
<:: • 

(134 mM, A) or in lIledlulll contal'ni,n9 10.4 aM Cl- ln vhlch 

NaCl vas replaced by Na Glucuronate (D). C) EGABA 

• vas shitted trom -§3 aV to approxlmately -10 mV by the 

reduetion of extracellu~ar Cl-. 
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." CHAPTER, 6 

1 
a-ADRBNERGIC ACTIVATION OF SON NEU~ONS 

6-1 Introduction 

The Sq,tè. contains an extreme1.y dense pl~x~S-'Ôf 

catecho1amine~qic tfbers (Carlsson et al., 1962) which 

arises ~or the m08t part from norepinephri~e-co~taining 

.~mata located in the A1 cell group of the ventro1ateral 

medulla (Swanson et al., 1981). The numerous studies , ... 
deslgned to evaluate the influence (1er facilitatory or 

~ 
inhibitory) of norepinephrineon the release of 

.neurohypophysial hormones have yielded contradictory results 

and have ta~led to provide a definitlve conclusion (see, 

cnapter 1). In particular, while earlier 

electrophysioloqica1 studies indicate that norepinephrine 

"depresseà the firinq frequency of SON neutons in vivo 

-
(Barker et a.l.'1, 1971, Moss et al., 1971,1972, Arnauld et ... 
al.,' 1983), recent reports arque to the contrary (Day and 

, 
Renaud, 1984, Wakerley et al., 1983). Sincè more precise 

control of drug'conc~ntrations during neuropharmacologica1 

", tests can be achieved !.!!. vitro, the experiments reported 

below used perfused explantsof hypothalamus to examine the 

. 
: .. 

effects of noi~pinephrinè and ~na1ogous compounds on ·the 

excitability and membrane properties of ~ON neurons. 
/ . 

'.-
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6.2 -
~ ~ ~ 

~4~.n.r~1e'Eff.et. o~.tiring Fr.quen~y 4~d .att~rn 

The 4ru9' aena1t1vlty of 171 SON neurons (141 'recorded 
, -. 

:'1 
.xtracellula~ly, 30 1ntracellularly) in 80 preparations ~as 

• xamined. The"spontaneou8 6ct1vlty pattern8 of the.e cella 

varied widely from quiescent «1 Rz) to irregular, 
• 

~ , . 
continuou8 or phaaic ac~iv1ty. The mojt cohaistent respon.e 

~ 

to "norepin'ephrine (10-200 pM) vas an 1ncrease in' 

ekcit4bi11ty obaerved trom 85' of both quieacent and 

sPQntaneously active ce.lls. This total includea 13 cells 

that could be acttvated antidromleally from the pituitary 

stalk and 7 cells maintained in aynaptic ipolation in medium 
, 

containing 15 mM Mg++. Reproducible responaes to repeated 

pressure applications trom an adjacent micropipette (Figure 

6-1A) indicated no apparen~tachyphylaxis. 

----- -. .I!P Wh.n added to the' perfusion medium, norepinephrine-
, . 

prompted an 'initial increlase ln cÙacharge trequency that 

persiste'd for a8 iong a8 several mlnutès (F .... igur., 6-1B-D) • 

Among .il~nt ~el~s, t~i8 could be folloved by th. appearance 
i " , . 

: ~t- .phaslc:' fi:ting· (Figure 6-1B). Cella that ,c!1scharged. 
• ./ - ., .,.r 

•• _. c.~~t·l';u~'uâlY -"'h~n lnlt1.ally encounterad vere aee-n ~o ahow a 
• 

·tran.ition-~ollowinq norepinep~rine application to patterned 

firing whiC~ C~~si.ted elther of a 8~rie8 of brief burets o~ 
3-15 action potentlala (Figure 6-2B)~ or phasic burst~ng 

(Fi~re 6-1D). Low do.e. of NE (10 pM) could induce th!s ... . . 
~ 

patternlng wlthout mueh effect on ov.rall ~lring freqùency 

. . 

.. ..... 

, " 
j 

, .. 

.' . 
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(,igure 6-2). Sigher do.es (30-100 ~) induced a similar .. . 
bui.ting pattern ot tiring, but a1so ~ncreased the overall 

tiri~g trequency (Fi,ure 6-1B,C) • 

• 
. , 

6.2~2 Eftecta of Adrenerglc Agonista and ~ntagonist. 

The a l-adrenergl,c agonists methoxamine' and phenyl­

ephrlne (10-200 uM) milllick.d the ettects ot ·norepinephrine 

'(pt 19ur'- 6-1B, 2,3 & 4)., Nel tber clonidine .( 1'q,-3 00 }Il, testéd 

on 9 cellB)~ reported to act on a2-recepto~s, nor i~oprp-
.' 

terenol (10-300 UM, tested on 9 c~lls, Figure 6-2B,C)~ a 

S-adrenor~céptqr agonist, demonstrated any obvious ettect' on 

the tirin\ patt~rn of SON neuronjl. 

The ettect of norepinebrine could be completely blocked 

"by ,the non,:",selectiv.e a:-adrenergic ~n'taqonist pbenoxybenz­

.amine "-10 ).lM, 10 cells, J!'1:qure '6-lA) or -the selective 
, 

• CI l-antsgoniat praz-osin' (10 nM-1J!MJ Figure 6-.3B, 6-4C). 'l'he . ' -et'tects of these two agents were extremely long.-l~ved '-&fld 

reversaI ot the biockade was obtained only on two occasions. 

A simllar antagonism ot the norepinephrine-induc,ed reaponse 

could be obtained with the predomlnantlY a 2-antaqonist . . 

.' 

yohi'lIlbine (3 cells), but thi. required concentrations in \ 

excess ot 10 UM (J!'~gure 6-3C). 

~.2.3 Adrenerglc Effects on Membrane Properties 

Noreplnephri~e, PhenY~hrine and methoxa.ine 

~duce lIl~m~rane depolari~tion associated with the 

. -

--

-
could all 

increase 

' . 
" 

" 

J . , 
J' 

i . 
1 

1 

,! , 
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in frequency of aftion, po:~ntial firiftg (Figure 6-4). No' 

consistent'change in input resistance' vas detected (F:9U~ 
() 0 ... 

6-4A). The'depolariiation induced by no~epinephrine vas 

r~duced or abolished by4prafosin (1G-1000 nM, Figur& 6-4C). 
~ 

The 5-10"mV depolar1zations at resting membrane potentlals 
1 ( ,~ ~ 

(-50 'to -6'5 IIlV) were r~duced by' membrane hypeX'polarization 

to -90 to -100 mV (Figure 6-.5). Further hypeX'polarization 

... never reversed the depolarization. 
, 

Zt la ,importent to note 

) " that this voltage-dependenJ::e\ of the- response to 

. ' 

, 
," 

norepinephrine and ' agonists cO,ulp not, be demonstrated as 

r~liablY as:that of the IPSP (ChapteF ~) or the re~nse to 

GABA (Chapter 5). Neverthèless, in two neurons the 
, 1 
~ - , ~ 

norepinephrine-lnduced depolarization WAs reduced by 
~ • • l ~ 

. , 

i~creasln(,r the extrac~llular K+, concentration ('Figure 6-6). 

. --. , --
. 

6.2.4 ,Adren~rglc Effécts pn Action Potentia1s.-
, 

Prev~ous studi~B have indlcated that norepinephrine 

shortens action potentials by 'ieducing inwa.rd Caio+ currents 

(Williams and' North, 19841,' Dunlap and Flsehbach, 19B 1, 

~alvan a~d Adams, 
~ > ~ • 

, . , 

1982, Horn and McAfee" 1980). "This effect 
, ,-' )' 

of nore~inephrine ls'probahly mediated by a2-a~renoreceptors' 

sinee it ~~ mimieked ~y clontdine (Williams,an~ North, 

1984) • ". 
SON neurons displa_y. calcium-d'ependent action potentials 

in the presence , 
l, 

of fetx:odotox-in 

! ' ' 
I, 

" 

(Bo~rque-and Renaud, 1,984) • 

, ., , ~ .. 

, 1 
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:In two experiments, norepinephri'ne had no effect on the 

amp~itu2:re or 'duration of these calci; ependent act'ion 
;\ 0 l~ 

'potentials (data -not shown). This indicates. that the 

c,alcium-currents 'underlying action potentials are not 

modulated by'norepinephrine. In contra~t, aotion pote~tial 

duration was in,creased 5-50\ o.oncomittant with the Incre,ased . 
1 • 

frequency of short interspike intervals (Figure 6-7CJ cf~ 

Bourque 'and Renaud, 1984~ durinq bursting induced by 

norepinephrine or an agonist. The neuron illustrated in . 

Figure 6-7 .esponded to methoxamine (30 ~) with a modest 

lncrease in'firing frequency and action potential duration. 

Higher doses of norepinephrine or agonists produced~gr~at~r 

changes in both parameters. 

r 

6.2.5 
.. Adrenergic Effects o~ ~After~Potentlals" 

Single action potentials or current-e.vokEfd b'ursts 

in SON neurons are followed by a hyperpolarizing after~ 

p~tential (Andrew and Dudek, 1984a) that'results from the 

activation of, voltage- and calcium- dependent potassium, 

currents (Bourque et al., 1985) " The amplitude of these 

hyperpolarizing potentials was unaffected by nor~pinephr!ne 

and, al-~goniBtB (Figure 6-7, 6-8: 5 cells). However, «1-

aqonists increased the rate of dec~of the hype~polarizin9 

after-potential followin~ sinq~ ~es (ie. the gr~al 

'depo·lari~ât:.roIi·;-~~~t r~sulting in short:é;' ~nterspike 
., --.!.....-......- _____ ~" ~---.---r-.. / " 

intervah (Fi9ure, 6-:7B 2)' 
.. ~ 

.n 

... " 

... 

• 

J * 
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A preliminary experiment indicated that the 

depolarizing a·fter-potential that follows ov.rrent-evoke~ 
, 

bursts o~ action potentials (Andrew and Oude~, 1984, 

Bqurque, 1984) ;i~ also al~ere'd in the presence o,f norepi­

nephrin"e. ,As i1lu8trate~ in Figur.e 6-8", norepinephr~ne 

increased the de~larizing after-potentials 2-fold, 
. ' , ~ 

independent ot its etfects on membr«ne po~entia~. 

/ 

6.3 qOiscussion -
6.3.1 ~!-Adrenbr~cepto~-mediated E~citation of SON Neurons 

These'observ~~ions'indicate that norepinephr1ne h4s a 
9 '. 

predominant-l~ faeiUtatory ,ror. to enhanee the" ~xcitabi'l1ty 
• • J'''' 

a~~ promote. bursting ac~ivity in SON neurosecretory Ineurons, 
l , 

media~ed through an· a !-adrenorecep.tor mechanism •. This ls" 
, , 

consistent with recently reported in vitr"o observat'ions in . -" , 
b 

rat hypo't;halamic sUcés· (Wake.p1y et-·al., 1983). . . ... .. ... 
Such 

'8ctiO'nS! are als'o .:s'upported by varioua !!!. vi'vo s1:udiés 

demonstr~t~ng a relea;e ~f vasopressin by intrinuçlear 
~ ~ . , 

(Milton and Paterson, 1974) or intraventricular (B~idges et 
. 

al,., 1976, ~uhn" 1974) nox:,ëpine,5.)hrine 'injections, and the 

blockade of norepinephrtne-induced vasopressin release by 

a-adrenoreceptor ant,gonists (Bridges an4'Thorn, 1970).or 

centràl catecholam1,n. deplétion (Miller et al., 1979). 

~owever, other observations auggest a predominantly 
'!o 

inhibitory· role for.norepinephrine not on1y on SON neuronal 

exc1talHlit.Y (Arnauld et al., 19o531, Barker et al., 1971, . . -~ -"-.. 

.. 

./ 
,/ 

/ \ 

, 

, 

< • 
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Sakai et al., 1974), but also on the release of vasopressin 

(Armstrong, et al., 19B3", Ximura et al., 1981). 
, 

These seem1'nqly contradictory findinqs. mal' be 

exp1ained bl' the p~esence of functionally differe~t 

adrenerqic receptors on SON neur~ns, ~ith inhibitory ~ctions 

mediated bl' ~-adrenoreceptors (Saltai et al., 1974 T~ Bark er 

et al., 1971). Ion~ophoretically administared 

norepinephrine, unless carefully controlled, can produce . 
in'!:-pnstant and exc~ssiv~ly hi~h local dru,9 conbel'\~rat;'ons 

that mal' m~sk any excita tory actions obtained with lower 

concentrations (Armstr'ong-James and .Fox, 1983). Day et al. 

(1985) recently showed that pressure e~ion-of low 

concentrat~~ns of norepinephrine {SO-t150 pM) .!.!!. ~ excite­

SON ~eurons via a-adrenoreceptors while 81gh concentrations 
o '. 

'(..qreat'er than 1 mM) _ i,nhiblt- via B-a..drenoreceptol:s • 
• 

Further support for the ,present data derives from 
" ~ - ~ ,\ 

',recent in vivo 'studies in the rat in which electrical 

stimu~ation i~ the Al cell group of,the vent,rolatera~ 

. " . , 
medulla, the site of origin of most, SON noradrenerqic 

afferents ~Sawchenko and swanso'n, 1981), .Iwas sh~n ta 
~'. 

enhance the activity of SON neurosecretQry c;ells (D-ay and 

Renaud, 1984). Mor~over, in keeping with the anatomical 

observation that the noradrener,9iê inpu~ lS' centered 

p,redominantly àround vasopréssin-contain~ng neurons (McNei11 
. i ' .... 

and ~ladek" 1980;' Swanson ,et al., 1981), this excitatio'n 

selectivell' 

.. 

• 

~ 

i'nv'oAtes ~he putative vasoprèssinerqic 
r 

li 

.. 

• 
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neurosecretory cells (Day and Renaud, 1984). Slmilarly, 
, , 

pr,esBure ej?ction ,of llorep~nephrine ~ vivo. ,was more 

"',', 
pôtently excitatory on putatively identi~ied vasopresinergic 

neurons (pay et 81.~ 1985). The hiqh percentage of SON, 

neurons,that demonstra~e act~vation following 'norepinephrine 
.",.. 

applications in the present serieséof experiments may 

reflect our bias foi recordinqs obtalned from'the . . 
posteroventral parts of the SON, a site rich in vasopress'in-

., 
ëontain~ng somata (Swaab et B+o, 1975a,b, Vandesande and 

Oier-ic1fx., ,1975). A definitive answ~r concerning the, 
, . 

selectivity of the norepinephrine ~ction on vasopressinerg~a 
, . .. , 

neuron$(e1ectrôphysiologically wouia require additional 
'" .... ~ ... 

experimenta usinq a combination of-immunocy~ochemistry a~d " -
intrac;:e'llular eLectrophys!ological recordings ('~ama~hita et 

.J al., 1983). However, the experimenta described in Chap'~er 7 

examine the purported selectivity of no~epinephrine by 
" 

measuring its effect~' c:m "ssacre,ti,on of vasopress1n and 
" 

oxytocin. 

The location of the al-~ecèptor mediating ~he r~sponses 
... 

of SON neu~ons to no~~p~nePhri4~ rema~ns u~k~owno\ Èxperi­

ments with high magnesium indicate that receptors for ,these 

actions of norepinephrine are present on SON ~eurons <~ 
l " 

themselv~s (ie: post-synaptic) but do not rule out possible 
~ 

effects ~n local interneurons whlch might, in turn, synaps • 
• 

with SONI neurons'. 

, . 
" 

• 
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4 _ ~ 

'l'he strategy employcd in Chapters .. and 5 to deterllline 

the mechanism\ underlying the XPSP and actions of GABA i)"1 SO~ 
, 

néurons (and al$()" the hy.perpolaJ!'izinq after-potentials in 

Bourque et al., 1985) was less successful when applied to 

the mechanism of actiCln -Of" norepirrephrine. Norepinephrin~ 

rad no detectable effec~ "Dn input. resistance. The 

norepinephrine-induced depolarization could be reduced bl' 

membrane hyperpolarization, but was never reversed. 

Furthermore, this vOltaqe-dependenoe could not be 

demonstrated as reliably as that of the IPSPs, GAB.A 

responses or~ the hyperpolarizing aft'erpotentia17 perhap~ as 

a consequence of peor voltage control of the active membrane. 

uJ"Adrenoreceptors may
p 

be located On distal dendrites or-
, ~, 

dendritic spines 01: SON neurons since the noradrenergic 
~ .i."'~ ," .,. 

input" projects to the ventral .part ofth-e SON, an area 

which is rich in --den_dritefil of neurosecretory neurone 

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

--' At:l0ther 7ssib~e explanat;ion lies with the, nature of 

the a l-receptor mechanlsm itself. ,The amplitude of the .. 
, , 

a l-indpced depolari,zation la voltage-dependant in the range 

~ u • 

-50 t-q -90 mV, but not at,1Ilore hyperpolarizing vol.tages .... 
.. . .. ~ 

This suggests that it results, "at least in part, from the 
, , 

inactivation q'f à :"voltaqe-dependent X+ conductance. Thi s 

hypothes.is is supported hy tire observation that the 
.-... 
"#J."~~de of the 'ltE-in<luced depolarizati'OJ) in SON neurons is 

. " , 

• 

.. 
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,reduced when the concentrat.ion o~ IC+.1n the perfusion medium 

i. \a1led (Figure 6-6" see .A180 Vander Maelen and 
~ 

Aghajanian, 1980). 

A racent report (Aqhaj anian, 1985) luggasta that 

" a l-medlated depolari'zat1ona 1n aerotonerg1c rap·b& neurons 

reault rrom tha 1nactitat10n of a transient 1C+ .currant' known 

a. the -Aw-c::urrent P::A). Origirially descr1bed in 

invert.brat~ neurona (Connor and stevens, 1971a), lA is 

now known to exist 1n a number Q~ mammalian neurons as well 

(s'ea raview by Roqawski, 1985). Under voltage clamp, lA 

i. rapidly activated by voltage steps from holding 

1,)0tQential. negative to -70 mV, to potentia\Ls of -60 to -40 

mV. It manitesta 1f.s elf as an outward currElnt that .. . 
inacUvataa within 10-50 mS. Inactivation 1. remove:d by a 

return to a membrane potential negat1va to ,-70 mV. :tA' aan 

~be démon~trate'd by similar axperimants under 

current-clal!!p co~d1tiona (Galn,n "'nd Sedlmeir, 19841 Dakin 

and Geteing, 1~84). The existence of :tA in SON. neurons i .. 

revealed by su,ch experiments (U gure 6-9). lA ia f'vident 

as the Wnotah- on the rising phase of large d.polarizi~n9 • 

p.ulses ~rom membrane...potentials nagaUve to '-70 mV (Piqura r:-... , . 
6-9B.). :tA inacti vatas at, raating' pota,nt1a~, but 

inactivatior'i 1s removed 1n a time- and voltaga-dependent 
1 

manner by hyperpolar;'z"ing pulsee (Figure 6-9C, D). 
u , ' 

• Il 
Connor and Stevens (1971) pradicted that. lA functiona 

• J ~ -

primarily in the lata part of ,tha interspike interval to 

: 

, , 
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The modulate act,.J.on poten~ial firinq frequéncy. 

hyperpolarizing af~er-potentiàl. which follows action 

1.59 

-1 potentialSt reaches sufficiently neqativ~ volta~es to remOVè 

, , , . ' 

lA inactivation. During decay of the hyperpolarizing 

after-potential, I.A switches on and slows the 

depolarization. This mechanism appears to be operative ln 

modulating the firing of ~he neuron illu-strated in Figure, 
~ 

6-9A. Activation of lA by the voltage step in Fiqure 6-9B 
1 

delaya action potential firinq. However, this experimental , 
parad1.gm appe8:t's to produce wlder swings 171 the degree of 

activation and inactivation of lAI result1ng in a 

repetitive burst firing pattern.' This ,observation may 

provide an import~nt clue concerl\ing the mechanism of 

norepinephrine-induced bursting in SON neurons. 

,'l'he voltage'-dependence of lA would ~Kplain the 

inabi1ity to reverse the membrane vpltage responlJe to 

norepinephrine. At membrane potentiala negative to -80 mV, 

. 
I A ia switch'ed off and therefo're does not carry inward 

current. The residual depolarizatioJl indllced by J 

norepinephrine at membrane potent1als of qreater, then -80 mV 

ia evidence that it also actlvates an 'inward current (i. e • 

. Na+ t Ca++ or Cl-' or alters the activity of an elect'rogén1c 

p~lIIp. 

) 
An ~ l-adrenoreceptor-mediated reducti,on of IA J.n SON 

neurons would explain the 1ncre,ased rate of decay of the 

hyperpolarizing after-:potentia1 (Figure 6-7D) as weIl as the 

, ." 

" .. 

.. 

. " 

.. 
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'60' 

inerease ~n the amplitude of .the depolarizing 

atter-potentia1 {Figure 6-8'. S,umma'tio" 01' the depolarizinq 
, ,,' " 

after-potentia1 i8 re.ponsible' for th,e generat~ ot bursta 
" 

ol -action potentiala in SON neurons ,(Andrew and Dudek', 

1984). Potënt.iation ol the depolarizinq atter-p~tential' by . 

norepenephrine vould induce rapid firinq aa 'ohserved in 

theàe experimenta. Under appropriate circulIlstances (as. in' 

--
,Pi qur"e 6-9B) activation and inactivation ot lA might 

re,ult in a burst rtrlng pattern •. In a m6.nner simllar to 

that propoaed t or NI;, thyrotropin-releaaln!1 hormone (TRIO 

inducea burst t lring ln neurons' o~ the nucleua tractus 
1 _ 

" 

~ , . 
solltAorJ.us by potentlating the depolarlzJ.ng' action potential 

(Dekin al'ld Gettinq,. 1984). Future studies ot the mechanism 

ot action of nore-pinephrine on SON neurons will tocus on a" , . 
po •• ible modulation of IAo 

.. 

-. 
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.. 
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Figure 6-1 Rate.eter recorda ot the response ot 4 

() 

ditferen~ SON neurons to nOrepinephrine (NB) or 

~ethoxamine (MOXY). In (A), repeated application of NB 
o 

(100 pM) by pressure ejec:tion (at arrov.) from a~ . ' ~ 

adjac:ent m~c:ropipette (diameter 10 pm, pressure 30 psi) 

induc:es 4 bur.t o~ action potentiala that is. not 

m4mic:ked by ejection of perfusion medium (MID) ~rom 

. 
another pipetté 'ahannel. For t~acea (B.-D), druq& v_ré 

, . 
applied directly to the perfusion medium" (durinq 

horizontal aolid lines). In B, a previously silent 
- i- • ~ 

neuron displaya a brief burst of enhanaed activity, 

followea by ehort"periods ot phasic: tirinq in r •• ponse to 

MOXY. In C, 4 continu~UalY ac:tive neuron ~lay. 

enhanc:ed firinq folloved by return to ba~ine c:ontrol 

aativity follo~inq NB application. In D, an initial NE 

application induèe. enhânaed firinq f~llowed by a silent' 

interval and the emefqenc:e ot a cl.ar phaaic aativity 

}, -" 
pàttern, a seaond NB application appears" ter.initiata a 

phasic: bur.t,. vith .omewhat hiqher initial flrinq rate, , 
• tha~ ia prolonqed and i& a9ain ~011èn,e4 Dy a period ot 

r.d~a~ exaitabllity • .. 
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l'iqure 6-2 On the 1ett:" sa .. ples of colttinuou. action 

po~eDtial recor'd. pl,otted O-n ~ chart recorder illustrate 

tA), control activity and iB), pat~ern8 of activ+~y 

obJ;.~1.n.d l.DUlled1.ately -after a 60 8 application of 
,./ 1 

, D'orepinephrine (NI),. lIlethoxa1lline (MOXY) and isopreterenol 

. (ISO') ('10 1J.Ml. Note tbat '~ur.ting ,ac:.t.ivity tPpe~r8 only 
" 

in re8ponse te ifE and MOXY. 'In (C), time interval 
, . 

hi.tograms generated du~in9 the~ preeeeding con~rol period 

( .. eparat1.ng each drug: appl:icatlon) and the period 

illl1llediatel.y'fol'l-owing each drug administration' dl1p1ay a 

8hi:f~ to ,the left' fo~lo"ing NI and MOXY (but not lifter . 
ISO) application8, w1.thout a corre.ponding éhanqe, in . , ' 

overall f iring, trequency (values dhplayèd ln the, upper , 
" •• r1.g~t of e.ch hl.toqz:aJII)., 
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l';t.g;ure 6-3 Ratemeter ·recorda froll 3 .A.iff6rent SON. 

'n~ur,on8 ènaplay_ the blockinq Âctidn of a-adrenerqic 

ant.agoniiita. AlI druqs were .dded directiy to the, \ 
1 

perfusion medium. In (Al, phenoxybeuamine illducea a 
--

revera!ble blockade et 2 lIM. (B, C). illu.~n,te· that 
>li \. 

- \ 
à\mi lu blocka~~ fa indua~d by prasoain, an Cl ,1-ante.qoniat: 

and yohimbine, an Q2-antagoniat. Note, however, that . , 

prasoain la 1000-foid mou potent than yohimbine 'and that 
- Q 

Ita ~ffecta are irreveraible durinq the period- of 

rec .. ordinqo 
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.Pigure 6-4-

À , 

phart r.éordin~s ot the,r •• ponse. ta 

nG-repinephrine (NE) and phe.nylephrine ('PBE) ot SON 

~164' 

neurons r«?corded intracellularly. A), The. 'upper recorda . ~ . 
are voltage responses to two sèparate applications o~ NE 

(100 lJK) depicted by the horizontal bar. ~'In the upper " 
. 

trace" reco~ded at restinq membrane potenti-al, NE induced 
, , 0 • 

a depolarization and action potential firirig. The lover 

trace illustrates t,he relJ~onse to NE after il small amount 

of steady current waa applied to hyperpolari~e tEcel.l 

J to -65 mv. Constant;. SllX~ent ~uls.es, ~ppl.ied to onitor 

input reeietance; indicate that NE - had no apparent. 
~ . 

D 

influence on input reaietanc~. B) Similar depol.ar1z~.... J 

tions obtained wi th PRE (50 uM) on another SON neuron. 

C) .,praZOftin (50 ri~) blocked ~he etfeots of NE (100 pM). 

ReC'Overy of the NE reapon.e vas obtalned after 90 minutes 

of wa_bout,. 
.J, .. 
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Fi. qure 6 -5 . -Voltage-dependence of the response to 

n,orep4.nephrlnta of an SON neuron recorded .1ntr~cel1ularly. 

On the 1eft, char~ r~cord1.nC]8 11l.uatrate the 

depolar1.za~lon induced by a brle~ pulse of norepinePh:r1ne 

(NBI 100 pM). Membrane potentia 1 was ~ adjusted by 

applying the steady hyperpolariz i.ng current 1ndlcated to 

the 1eft" of eacn record. On the, r1cJht, N!-1.nduced 

• dep~larlzations are p10tted as a funct1.on of melllbrane 

" 

potent!al.'. Depolar1.zations are expr~sed as' peak 

amplitude (mV, closed c!rcles) or as the inteqrated 

amp~ltude (mV. secl 

. . 

cl, 
open c 1. t'cle s ) •. 
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Piqure 6-6 Dependen,ce of the nor9pinephrine 

(NB)-induced depolarization on the extracellular 

p'o~a~sium concentration. A) Chart recordlnqs or the 

responaes ta NB (200 }lM) of an SON 'neuron maintained in 

2.8,mM K+. 'l'he membrane ,Potential waa adjuated as· 

indicated ta the 1eft or each record" by intracellular-
.",-

injection of hyper~olarizinq current. Note that the 

• NB-induced depolarization in this ceU is les, striJtinqly 
__ ' r. 

voltaqa-depandant than in the neuron illuatrated in 

" 
'igure 6-5. B) Perf'u,sion ",i th medium contatninq 7.8 mM 

~+ reduces the NE-induced depolarization at all membrane 

potentials. C) Pl~r the NE-indu~ed depolarization as 

peak amplitude (mVl open,symb9ls) or inteqrated ampl~tude 

(mV:secl C1088d sy&bols) observed in 2.8 mM K+ (clrc~e.) 

or 7.8 mK K+ (triangl4!s). 'rhe U.ne. ",ere dra1ln f.hrough 

the points - by eye. 
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" Figure 6-7 Burating firlng pAttern induced by 

lIlethoxallline (MOXY) in a continuously tiring SON ne\J,ron. 

A) Ra teilleter record of the resRonse to MOXY (30 lJM) . , 

reveals a alight ~Qcrease in lIle~n' firlng rate. B) Slow 

aweep oscilloscope traces show that the steady firlng 

pattern in the control period (B!) ia con~erted to~a ~ 

~ur.ting fi ring pattetn in the presence of MOXY (B 2). In 
>-.. 

c~ and 0), digital averages of 64. action pot~~ials were 

obtained during cont~ol activity and MOXY-induced ' 
• , J .. '-

burating. In Cl, action potential durât~o~ wa~ increasad 

.11ghtly by MOXY as 'a function ol the increas'd ~aguency 

of short 1nterspike inte~vala d~ring bursting (Digitized 

at 20 kHz). In 0), alt~ough thera was littl. chan~e in 

the amplitude o~ the hyperpolariz1n~ after-~otential 

(SAP), the rate o~ decay of the HAP was increased dUfing 
. 

MOXY-inducad bursting. Irregularitiea on t~e r1ght. end 
, 

of the traces in 'D) repre.ent action potentiala that' have· 
' .. 

been reduced i,n alllpl1t\lde by the';' ~v.raginq p~oce.a" 

(digitizèd at 2 kHz). 
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Flgure .6-8 Bff.ote of noreplnephrine (NE) on the 

depolarizing after-po~éntial (DAP) and aft~r- , 
hyperpolarization (ARP) in SON ne~ron~. Top traoe (V.), 

,. 
i8 ~~hart ~.oord~f membrane potential whio' vas b~ld 

near -60.V by applylng 60 pA of hyperpolariz!ng ourrent 

Depolarizing puls.s (95 pA) applied every 

10 aeconds (at bre.ka in Traoe IJ i.nduced 9-11 aotlon 
l~l>~t 

potentiala anef"were f0110wed by an ARP and DAP. DAP 

amplitude (Trace ~, expreaaed .a peak (mV) or ar&a of 

depola~izatlon(mv.'ec) ) was c6natant under control 

conditions. HAP amplitude (Trace 4, express~d ae peak of 

hyperpolari~ation (mV») varied eUcjhtly accordlng to t,he 

number ot'action potentlala induoed by the depolarizing 

pulse. Followin'g a briet pul.e of NB (100 llMi 

arrowhead), thé membrane potent!al waa maintained at -60 

mV prlo~ to each depoiarizing pul.e! br ihoreasing the 
1 

.teady' hyperpo'laiizing' current to 75 pA. (Trace 1). Thua, 

lndependent ot a chanp ,ln lIembran_ potentlal, ~E 

lncrea.ed ~he ,allplitud._ of the OAP witltout alt'ering tile, 

AHP •. The p~l.ea indicated by stara 'ln'Traoe V. ar~ 

expanded at the b9t1:om to illuatrate the cha,Dge. in DAP 

amplitude.' 
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".. 

p.liure 6-9 Evidence of, ~,h .. exiatence" of a tranaiant 

pota.sium current (lA) ,in current-clamped'SON neurons. 
\ ' 

A) At normal re.tin'] m.~br·a~e potent!.l. (-'50 ta -65 mV) 

injection of current pulse. induo.a membrane voltaqe 
. 

re.ponaea which di.play mortotonio, exponential saturation 

kinetics (open ,a~rowa). D~'po-la;izinq pùlsea indue._ 

ateady action potential firinq'at a r~te,that 1s 

proporti~nal'to the intenaity of the pùlse. S) Membrane 

potential ia adjusted ta -92 aV by injection of staady 

hyp.rpolarizin9 çurrent. ,Small depolarizinq çurrent . " ,-
pul.ea induoe .e~brane volta.,. r •• pon ••• to levels .. 
neqative to -75 mV,which dl~play monotonie, .xponential 

s~turation k'net~c~. ~.mbran. vol~age deflection. to -70 , , 

to -50 aV in r •• ponse ta la~ger carrent pulae. ~isplay a 

pro9re •• i~ely ~ore prominent -notch- (01,08ed arrow) 

refl,eotinq ~ctivatlonof l,.. Actlon potential firin., 

i. delayed and a •• u ••• a buratin., p.t~.rn. C) Volta.,e-
, 

dependent remo~al of inaotivation of lA. Inacti\atlon 

1. reaov.d by 200 maec pulae. ~o voltaq •• neqative to -70 
; . 

aV 'and i. n.ar maxl •• 1 at -90 aV. D1 Tia.-depe.ndent 

removal of ina~tlvation of lA- lnao~ivation ia rapidly 

r.moved by pul.e. ta -100 aV lasting more than 20·maeo 

In C) and D) number. 

indlcate th~ firet action potential that follows each 

pul.e. \ Action potential firlng 1. 4.lay.d by aot'ivatlon 
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ClIAP'tBR 7 , 

NbRBPINBPRRINE-IADUCBD RILBASB or VASOPRBSSI . 
OXJTOCIN FROM 'tHE HYPO'tBALAMIC BXPLAN't 

7.1 Introduction 

• 
The electrophy.iological data prelented in Chapter 6 

indicate that norepinephrine enhance. SON neuronal 

excitabiLtty, Moreover, norapinephrine a180 induce~ a 
) 

bur8ti~g pattern of action p~tentia1 tiring tbat il reported 
• 

to be m08t efficient for the releas. ot va8opre8sin and 

oxytocin from the ilolated ~eurobypophyai. (Bickneil and 

. Leng, 1981, Dutton and Dybal1, 1979). I~ combination vith 
, • B 

.~vidence obtain.d in vivo-to indicate that electrical --
.~imulation of en40genoua norepinephrina'pathway. 

facilitat'e. the firing of SON vasopre •• inaJ:gic neuron8 (,Day 

and Renaud, 1984, Day et al., 1984) al doe. exogenou81y 

applled nor.pin~phrine (Day ~t al.,' 1985), the.e data Imply 

that NB ia likely to increase ra~h.r than reducé (ct. 

Armstrong et al., 1982) the relaa.e ot, the.e ',hormone8 from: 

p.rfc~ed hypothalamic explant •• 
. 

ln order to examin~ thi~ ~ •• ue, modified hypothalamic ,. 
- exp~ant. we,re prepared a8 de.cribed in .action 2.3. sample. 

of effluent perfu.ion m~dium ~ere collacted at 1 or 2 minute 
. . 

inte~val. and va.opre •• in and oxytocin vare mealured'by 

radioimmunoa •• ay. Va.opre.8in-like immunoreactivity 

..: 

.. " 
" 

F, 

, .' 
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(AVP-LI) and' oxytoein-like imm",nor,eactivity (OXY-X,I) 

contained ~n the •• experimental samples was identieal to the 

.ynthetie peptides in competition experimenta and high 

.prassure liquid chromatographie (HPLC) analys1s (Figure 
1 

1~1). Norepinephr1ne and a-adrenore~.ptor a~on~ata and 

antagonista vere added to the perfu8ion medium at regular 

intervals in brder.to evaluate their influence on th6·' 

releaae of ~a80pressin and oxytocin. . . 

7.2 Re.ults .-
7.2.1 'asal'Releaae of Vasoprea8in and O~tocin 

• 

$ 
Immediately fol~oving, prepara'1Ifion of the explant, both 

va80pre.sin and oxytocin vere observed to be relea'aa at 
" 

rate. ~of °10-58 pq/min that declined qradually over t'Jie " 

initial 30-50 min. At that point, baaal leve18"of 
" 

vasapressin released were' be1.ow the liait Of de'teetlon of .. . 

~ 
t.he aS8ay (+ 2p~/min) ~hile basal'levela of oxytoein 

.. rele.sed varied trom und.tectahle levela (+ 1 pq/min) to 3 

pq/min. 

'7.2.2 'Influence of Norepinephr1.ne o~'.va~opresSin .nd 

Oxytocin Releas. 

Norep:Lnephril!.· ~ 1 b- 5-10- 3Iil) induced a d08e-relat.d 

inerease :Ln. the release of both va80preaain and 0.xyt06in 
,'!t 

- ..... 

(!'i9ure8 7-2,7-3). Va.opre8lin ral, ••• rea<:hed 45 .:1: 13 

'-., 1I:/m1n (m.a~ ,:1: SIH) fol1:owin9 th •• ddit-ion of 10- 5tl .. 
\ 

., 

" 

\ ' 

, 0 
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nor.pinephrine and 100-150 pq/min afte't" ,addiilq .. 3 x 1 0- ~ 

norepinephrine to the i!erfusion 0 medium (Flgure 7-3). 
.. <),. 

Norepinephrine 80180 induced the release of oxytocin up to 

6.7 ± 2.5 pq/min usinq 10-~ norepinephrine and 15-20 pg/min 

at concentrations .. 3 ~ 10- 5 M. Thus norepinephrine' ... ~ , 
. ' 

stimulated vasopressin and, oxytôcin release wi.th similar 'cl 

potencies althouqh 3-Z0 f~ld lmean: S.1-f6ld) greater, 

,amounts of vasopressin were released., Responses--· to 

norepinephrine dit~ered quant~tatively;. but'not.~ . , . 
qualitative1y amonq individual.expe~iments~ in each 

instance the reaponse was prompt and r'~pid1y reversible .... 

Durinq prolonged ad~inistration of norepi~eph~ine, 

o - • 
vaeopressin release peaked rapidly and then dropped to, 

) '. . . 
a plateau level which was maintained unt~l ~ 

norePinephri!\ was removed (Figure 7'''4)., Under. thése 

tonditions oxytocin release was maintained near its peak .. 

." 

" 

level for the'duration of the norepinephrine ~dministra~ion. 
, .... 

Simila,rlY'1 répeated tIldministration of' norepinephrlne evoked ' 
. 

va80pressin release in proqre8sively diminishinq quantities, 

"hile oxytocin release was maint·a.1ned for up ta 4 trials 

( !'.1qure 7-5) • .. 
Two 1ines of e'V'idence arque that an intact, 

\ 

n.urohypophysial,pat~way (i.e. pituitary, stalk and 

. ~eurohypophy.i,,) were require~ ln order ,th'at vasopres81n and 

oxytocin be. released., '!'irat, in th:tee experiment. in whlch 

)th~ h.ypophyseal eta1t wa. ,dama'ge4, no release of either 

- '. 

\ 

, . 

' . .. 

,. 



, 

" 

173 

hormone in .response~ ta norepinephrine ~b~àined. S,ecQnd, 

the. addition of tetrodotoxin '(T'l'X; 10- 6M r which blocks \. 

sodium channels and the propagation,of axonal action . -
potentials, prevented the rele~se of vasopressin and 

oxytocln induced by norep~nephrine (F19Ui~ 7-6) in two 

ex~~me~ts. . . 
7.2.3 .Effects of Adren~recèpto~,~gonis~~ and An~a90nists 

. 
Phenyieph~ine, an aJ-a90~~st, stlmulated vasopres~in 

" 
.. ~. Q 

and oxytoc~n release ta 4~. 7 ± 19',6 pg/min 'and 25.1 ± 22.3 

pg/~in res~ec~ively at 10- 4 M (3 experiments, Figur~s 7-3 

and 7-7). The response to norepinephrine (1.7 x 10-,5 M) was 

'reduced' or abollsbed in the presence of the a-ant~gonists 

phentol~mine (1.3 x 10- 5 M; Figure 7~8) and phenoxybenzamfne 
,,) 1 

(10- SM; Figure 7-9) a~d by the selective a!-antagon~st 
, ~ 

prazosin 
~ 

(10-8_1~~6 MI Figure 7-10). 'In the experiment 
,- . 

l' 

shown in Fi gure 1-1 '0" ,prazosin (10'-: lM) induced a....partially 
, . 

reversible, 7i), inlU-bl'tion of· the vasopressih release 

stimulated by norepinephrlne ('10,- SM). . In two separa te , ... 
experiments, wnen' tO.- SM' norepinephrinè and- 5x1 0- EM p~azosi'n 

,.. .. 1; 

, were tested, 80-100% reductions of vâsopressin release'were 
, 

"observed.. Complete reversal of the ,antagonism following . .. 
.. 
th~!r removal was observed in only 1 'of 7. eKp~riments with 

these age~t.s. -{Figure 7-10). 
f 

Hi.qh con~entrations "f isoprote_renol '( 3 x ; 0- It to 10· 3 

M), a a~~90nist! also.stim~lated' the release of vasopressin 

.. 1 
.. 

, ( 
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in t,wo experiments (data not shown). A possible role of 

l-adrenoreceptors in the modulation of neurohypophysial 

borao ••• ' va. Dot~a.ttlat'd turther. 

7.3 Discussion 

'. 

7.3.1 a-Adrenergi<: Stimulation of Vasopress.in and Oxytocin 

Release 

These observations confIrm that norepineph~ine can .. ' . 
stimulate the release of vasopressin and oxytocin at 

conç~ntrations identical to those that increase SON 

ele~~rical activity under similar conditions. Furthermore, 

the participation of CI l-adrenorecep.tors ia indieated by the 

ability of phen~lephr~ne to mimic the actions of 
, 

no~epinephri~e and th~ sensltivity of n6repinephSine effeet~ ... 
to phentolamine, phenoxybenza~lne and prazosin. 

These results lend further welght to the hy?othesis 

(Day and Renaud, 1984) that the role of theo noradrenergic 

Afferents to SON and paraventricular'nu~leus is to 

facilitate the rele.se of the neurohypophysial hormones. As 

auch, these results directly eontradict the observations of 

Armstrong et al., (1982) who reported that nore~inephrlne 
.. .!" -

depresaes both ,basal and acetyleholine-atimulated release of 
, 

'vasopres8in from hypothalamo-neurohypophyaial organ ~ultures~ 
. '. 

This diserepancy may be due to the fact that\their 

experiments Vere performed in a static hypothalamic expIant 

system maintained for more than 24 hour.. Sinee th!s 

"-
" . 
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aupreaaant action was rep?rted to be mediated by 

a-adrenoreceptors (Armstron~ et al., 1982) it ia possible 
• 1 

that the cellular responses ~ontrolled b~ these.receptors 

differs between aeutely perfused and statically.cultured 

hypothalamic explants. 

Bowever, Armstrong and eoworkers (1982) did observe a 

small (atatistically lnsignifi~ant) increase lh release in 

response to norep,in,ephrine (10- SM) wh en medium' osmolality 

wa~-:4Iai'sed from 295 to 315 mOsm/L... While higher doses of 

norepinephFlne were not teste d, it ls poss;ble that these 

different responses obtained in the- two preparations , 
/ , 

resalted frpm differenees in a subtle interactton between 

medium osmolality ~nd noreplnephrlne. In vivo, vasopressin 

secretion i8 stimulated when plasma osmolality exceeds 300 

mOsm/L and depressed when ~t falls below Z90.mOsm/L (Dunn ~t 

al., 1973). ~f norepinephrlne acts as a modulator, it mlght 

he expected to potentiate the actions Of osmotie stimuli and 

further stimulate ,or depress the release of vasopressine If 
. 

this hypothesis is tru$, the switching point f4r the osmotie 
~ 

stimuli would appe4r to have shlfted to a levei nea~ 30S' 

mOsm/L fo11owirfg several days in culture • 

.. 
7.3.2 Role of the a-Adrenoreceptor 

'. "". 
A ~ole for B-adrenoreceptors is· sugqested by ~he 

. ).,,, .. 
a.bil!ty of high' doses of lsoproterenol bitartrate (·0.3-1mM) 

to stimulate vasopressin release. ~owever, in vivo ---

" --
o· 
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electrophyaioloqical (Barker et al. f 1971 J 'Day et al., 19851 
1 ~. r 

and Intracerebral injection studies (Moos and Richard, 1979, 

BHarqava et al., 1972, 'l'ri.bol~et et al. 1 1978) he.ve 

-, indicated that activation of a-adrenoreceptors prompts a 
" 
~eduction in ~ON neuron aetivity. It is ,possible tbat low 

" J, 

basal rel~ase of vasopressin ~roDl tbe perfueed bypothalamic 

~xplant obscures an inbibitory effect of lower doses o~ 

i.soproterenol. Stimulation of releAse At muc:b hiqher doses 

may be osmoticaÙY,,-~~ated sinee 1 mM Uoproterenol " 

bi'tartra"C raiaes the oSlllolality op the lIIedium by approxi .. V ' _ 
mate~y 2 I!lOslIl/L (unpublished o.bservat1;ons). !vidently, this ~ 

matter merite further study. 

• 7.3.3 Ooes Norepinepbrine Stimulate Va.opressln Release 
" \ 

Noreplnephrlne consistentl)' induoed tbe release of 3-~O 

lold (lIleàn 5 .. 7-fold) 1II0re 'V48opressln than oxYtocin. Heur.l 

iobe extraets conta in similar amounts ~f vaaopressln and 

oxytoc1n' (apprq,x1mately 1 /1J9/91an4, Bridges et al., 1976 an4 

unpubliahed o"aerv~tlons) so it il unllkel; that 'the ': 
\ , 

observed diflerences ln reIlease are due solely to 
. . . 

dUfereneee in availabili.1:1 of t.he hormones. Ilectr1cal 

• 
stlmulatoion o~ i.solàted neural lobe. eva'kes releas. o~ 

va'~.sJ.n and oxytocin. in variable ratio. tbat range fram 
'-, , 

19r1 t'è 1e7 C •• an 1.6:'.1, 16 ob.ervation, trolll Bicknell et!' 

al., 1982, 1984" Bickn.~ll and Lang, 1.2) indicating that' f. 

/ 

'. 

(' 

r. ,,! 

'. 
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• , 

this stimulua ia relatively non-specifiee Thua,' t,he 
, 

apparently selective stimulation of, vasopressin· release', ,by 

norepinephrine corrobora,tes' electrÇ>phy;s iOlog1cal observ-· 

'atians !E. .!!Y2. that tentatively 1dentified vasopreBsln-

. \' 

secretinq neurons 'are ,more sensi ti ve th'an oxytocin neurons 

) to electriçÙ stimulB;tion ~f othe end~genous noradr,energlc 

input from the A1 cell group, or alternative.ly, ap'pl.ication, 

of e?Cogenous norepi~ephrine (Day And Renaud', 19è41 Day et 

al., 1985). However, all the experiments' c.ited above were , . 
perfo'rmed uS.!Eg male rats. "Binee nO,re-pinephrlne rs reported 

to regulate the reflex ~eleaàe ,of oxytocln durlng suckli'~g 
7'-' ....... _,....... p 

(Tribo.llet alr, ,1978,. M008. and Richard, 1979) li; ,would 'be 

\ 

Interes'ting to invest1.gate the effects of noreplnephrine on 
• 

the releas"e of o~ytoein" f:om'exp'lants obtained, f-rolll teDtal.e 

(primarily laotatinq) r~tl3. 

o 

Although large alllounts of vasopressin. weré releaséd in 
. 

response to norepine-phrinè, the responB8 was subject' t~': ' : 
"flltigue" as. ~sopresdn re{l-~ase devc~lnes prO"g~essi~iy in 

~ ~ ~ 

the course of susta'ineCl, (F igure, 7-4) ,or repetitive, (~i9urlt 
, ~ " 

7-5) stll1lulatlon· with ,J1orepin-ep"rine. 
• û • _", ~ 

Smaller ~~o~nts r~ 

" , 

'. ' 
oxytocin were rèlease'd by norepinephrine, but ,th!,' ,level ·ol ' 

oxytoci~ appeared to be wcc:»ntinuously lIlAi,ntained (Fi gures 
l , 

" 

.• '7.-~,7-5). ~-, s1alUar fatigue 'of electri~eAlly-stlmu~ated 

release 0 fro sÇ)14ted rièurobypophYS8S (Sachs' And Haller, . ' 

• 

19681 'l'b~rn', 019'661 :tnqrarn et al., 19821 Bieknell et al •• 
~ 

1984) m"y result fro",de,pl.etioh of a "roa~'il)' releaseab.l~ 
~ 't', .. 

" .. ' 
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pool.,":' of' va.opr ••• in (ç:,f. Sachl et al., 1969" Thor~., 1966). 
~: .. 

'l'hi. ·poo:L· .ay repre •• nt n.vly synthe_Iized bormon'e vhich i8 

in phyaica:L proximity vith! the, me.brane (see Chapter 1.l and ': .. 
Picke~rinq, 1978). Alternatively, thb po01 .ay be more 

apparent thanrr.al, and re.u:Lt trolll liaitations on the 

.ov •• ent of Ca++ aeros. the -pluma melllb"ane (Thorn et ai .. , 
. 

1975, Hord~ann,. 1976) lIueh as the calcium-dependent plateau . -
pot.ntiale (Legendre et al., 1982, 'l'heodoais et, al"" 1983, 

. , 

Bourque et al., in -pre •• ). _~ OpioJ:-d peptide. re lea.ed trom 
, . 

the neura-l lobes durinq electriea1. .timdlation are reporte~ 

to reduee oxytoçin ral.ea.e (B~<;1tnel~ and, Leng, ~9821 
, -

Bicknëll et al., 1985). 'l'hi. tO,rlB of pre.ynaptic inhibition 
c: 

.ay .aintain a ateady level of oxytoein rele •• e by prev,nt-
,. 

'inq the hormone depletion or calcium current ,inactivation 
, " 

. , 

that ,àau.e. th .. fatigue of va.opre.llin r·ele.le. 
" 

7."3'.4 'Site ot Action of Norêpinephrtne .... 
. ~ . \-, 

• ... 1 .. • l.. ',!. ~ 

C1~.lIieal c;oneep~1I of neuro.ecretory ~euron.l funeUon 
. ", \, ' 

hole!; that the r.1. .... e of v •• opresll~n and' oxytocin occurs 1 

- , 

only ln. tJle. po.terior pituitary while ollmotic and :.ynapUe 
" 

. -
". - .o.at.a and 'dendritei in the lIlagnocel1u1ar nuclei, (Scharrer, 

" • t 

f .. 
1.976). 'the experi.ent. 'of Greg9 an~ Sla~ek (1984) support 

1 _ , 

tbi. th_ory by ah';nr1nq tha'i, in çu1.tured hypothalalDic 
• • 0 ~ _ ' 

, 1 

, , 
explàntl, o •• oiie stimuli aet at the level o't the 

"" 
hypothalalllua ta. control ;t~. rate of vuopre .. ln r.le~ae trolll 

j.-•• 

, " 

... 

\- '. 
" 

... H 

" 

." 

, .' 

\ ~-

t ' 

., 

\ 
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Our ob.ervation. also support thi. view in that w~.n 
. 

propagatioii or axonal action potén-tialB was blocked, eit)lar 
1:\ • ' ... 

by da.utge to the pitut,t;1lrr .taU or by tetro~otoxin (Pigure 

7-6), the re.pon.e ta nor~pinep_rine and phenylephrine ~a. , ' 

blocked. This 'arg~ .. that norepinephrine acta a~ the level 
. , 

of the dendrite. or .0lData o~ SON al,ld paraventricular , 
nucleua neurone to generate action poten~ial. whi.ch are 

.' ~ ~ , 

propagated alonq their axons to signal release of vaBO· 

pre •• in and oxytocin trom axon terminals in the posterior 

pituitary. '.rhia does not rule out the possibility ot 

·pre.ynaptic· moaulation of reaea.e ln th~ rteural lobe .ince 

the opioid antaqonist naloxone' increases (Bic,knell " Leng, 
# .. n 

1982, ", Bick-neU et al. l " 

$haw, 1979) the elec:trlcally-induced xytocin 
, 

trom isolat.d,neural· lob ••• 

• 

" 

, \ 

: '~ 
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va.opre •• 1n (AVP), ~ad10i~mQnoa •• ay. ~ Parallel 

·dilution œurve. tGr d1.plaèe~.nt of 125Z-AVP b~ 
4i 

, 
.tandard AVP (clo •• d circle), and perlusate (open circle) 

ind1cat~that perfu.ate containe qenuine AVP. BottODlI , 

R.v~r.e pha.e RPLC confirms that AVP-LI CAyP-like 

immunoactivity) ~n pertusate' co~lute. vith synthetic AVP 
'-. 

and i. weIl .epar~ted from oxytocin (OXY) and va8oto~in 

{AV'!"). Gradierit was 1 3-29' ~cet;onitrile (C'R 3CN) in 0'. a 

~tr1flQoroacetlc acid (T7A). 

~btain.d for the OXY radioimmuno~.say • 
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. 
l'i;\1r. '7-2 Ithet. of norepin.pbrine (NI t .. 10- 6, 10· 5, 

'10·" ,,-,. on ,th. rele ... · o~9v •• opr, •• 11l.iike 

immunor.ea.otivity (AV'-LI) and oxytocin-11k" .-

. 'ilUlunor.'a.otivity (OXY-LI). Fraction. of .rtluent mediu. 
" . 

vere collectêld at 1 lIlinute int.rva'l., and N. va. appli.d 
• 

dUrinq the periode 'incUcated by th. bau. Note the 
" ' 

di~f.r.nt acal •• repre •• nting r.16a •• of AVP-LI and 
-<' j , , 

OXY-LI which, in, thi. p.rticular exp.riment, are in a 
, . , 

,rat.i~ ot approxillat.ly '20,1 (at peàk r •• pon ... to NB'). 

Points "OlIlitted trom the drawinq U... frolll 2-24 min.) 

repre •• nt horlllone relea •• below the liait or d.t'ect1on of 

the, radioilllaunoa ... y (:1: 2 pg/min in AVP-R'I~ anJ! l= .1 

pq/min in OXY-RIA). 
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Figura 7-3 - DOSe,.reapons.e relatiohship for the relealiJe of 

va~opressin-like immunoreactivity (AVP-LI) ~nd 

oxytocin-lilce immunoreactivity (OXY-LI) id response to 

norepinephrine (~E, ,10- 1 to 10- 3 M) and phenylephrine . 
',. (PHE, 10- 6 .to 10- 3 M) •. 'l'he concentration of NE that 

1 
f-, 
j-

r 

. -, 
'1 ,. 

'.ri causei! a half-màximal release of AyP-LI an4 OXY-LI (EDSO) 

1 

.. 
was appro~imately 20 plol. Note that approximately 

lJI'-
S.7-fold more AVP-L~ tban OXY-LI -was raleased. ~HR 

appeaJ:'s to be 1e8s pote,\tt than NE but insuffioient data 

va. ava:nable
l 

for e.t1~ation of th. E~O. Oa .. repr ... nt • 

.7 responS8S in 24 preparations. Each point rapresants 

Îj: • 
thé me~n ,± SEM of 3 to 15 determinations. 
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pigur. 7-4 .ftact. of prolôn9~d ad.~Riatrat1on of ,HB (3 

" 
x ,10';' 5 K) on -relea •• of AVP-I,.X and OXY-LI. In thill 

,. .. ~ 

e.parJ.ment ( and th"o.a lJ.lu.trated J.n F1911r .. 7-4 and 

7-9), collection of .ff laant lIlediu,m va. be9un 1mlllediately 

after pr.paration of explant. 'Init.ial~Y, th. tiret •• v:en 

f1'acti.on, (2 minuta j •• re co11.~ted at 8 minute 

t'ntervals. Collection vas than conti.nued every 2 minute. 

'.fOr: the r.lIlain~.r. of the experlment. • Administration of 

J 
NB for 30 minutta induced rele ••• of AVP-L\ wHich roae 

!a~ld~Y ta peak, but droppèd .teadLly d~~iri~h. final ~o 
JÎlinute. of the pulse a'nd wa. rapidly revera1ble wh.n the 

~. NB vaa rellloved. OXY-L~ a180 ro.e to a peak whl~h vas 
" 

.u.tai.ned ln the pre.ence of NE, and ... reversed when HB va. 

rellloved •. A aecoÎle! brie! applJ.cation provoked a prqlllpt 
1 • 

b\J.t dJ.lIlinlahed re l.a •• of both' bormon ••• 
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Fi.qur. 7;-5 B"l'tects of repeat.d adminJ.stratJ.on o-t NE on .. ~ 

rel .... ot AVP-LÎ and OXY-LI. NB (6 x 10- 5 M) vas 

applied 1!or 3 minutes at 30 .iainute intervals. Re.ponses 

1:0 each admini.str,tJ.on were shlJ.lar al thouqh tlle releaae 
, 

01' AVP-L:I declined steadi1y vith .ach test. The decline 

ln the release of OXY-Lt wa. not a •. pronbunced. 
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Figure ,7-6 Bffect af tetrodptoxin (TTX, , , 

"Ç '.5' 
10- 6 M) on the 

~e.ponae to repeated dosea of NE (6 ~ 10- 5 M). TTX 

aboliahed th. raleaee of both A~P-Ll and OXY-LI in 

Ful~ ieveraal of.th. eff.ct~ of TTX vas 

never ob.erved during the experi_ental periode 
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Bft.ct.· of ph.nylephrin. (PRE, 10- S, 10- t., 
" 

10- 3 M) on the retea •• of the AVP-LI and .OXY-LI ... , . .PRE 

.tlaul.t.d th. r.l •••• of the hor.on •• le ••• tt.ctlvely 

than NB. 
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. . 

B~feot. of phentolaalne (PBBN, 10- 5 M) o~ the 

re.pon'.e to NB (6 x 1 Q- 5 K). Phentola.ine -blocked the 

, RB-induced rele.,. of ~VP-~I wlth recovery ~b •• ~ved after 
o ' 

approxia.tely 5'0 minute. of v •• hout. . . ~ . In th1. p.rt~~ular 
. 

experi.e!'t, onl'y Illaii i~cre •• e. 1n oxytoo1n level. vere 

deteot.d'in~tl.11y • ... 
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ri.,ure 7-9 .f~ .ct of ph~DOXyb.Jl ••• 1Jl. (PSOXY, 10- 5 JI) Oll 

. ,the lie.po.".e t~ II. (6 x 10- 5 IC). ' PHO~Y coapl.t.ly 

.~oli.h.a th. r.l •••• of AVP-LI iD r •• ~oD ••. to NJ ana 

Littl. ~.v.r •• l 

of th~ blockaa. va. 'ob •• rv.a. 
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l'iqu~. 7-10 Bft.ct 'of pra.o'in (PRAZ, 10- 7 M), on th. 
, . 

r •• ~on •• to NÈ (6 x 10~5 M). 

r.l.,a •• of ÀVP-LI in r •• pon •• to NE and oo.pl.t.ly 

abo~1.h.d th. NB-1n~uo.d rel •••• of OXY-LI. 
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8.1 Conclu810n. 

• 
GENERAL DISCUSSION 

, , 
, 

Three major conclu810n8. ean he dravn from the work 

preaented ln th18 theaia. 
'1" • 

Flrat, SON neurona are morphologicatly aimple ~nd well 
1 

~ulted to the function of synaptlc i~tegra~lon. This 

conclu.io~ derive. trom a cQn8iderati~n 
. .. '. ~.~ 

morphologieal and electrica~ p~operti~~ 
~ 

of thelr 
1 

(Chapter 3). Their 

unbranch.~ dendrites, h~~h input r.s1.tance and long 

me~brana tima-conatant Ar, ideal ~or faitbful conduction ot, 
. 

synaptic 81gna1a to t'he 80ma. Moreover, th'eir numeroua 

dendrltlc spinal provida a morphologica~ substrat. tor 

complex aynaptic modulation and ~ntegratlon. 

The aecond and,thirdconcluaiona regard the funotion ot 
/ ' , 

pot.ntially important atterent ayatem. 'to SON neuroaecretory 
• , j ,,q.. 

neurona. The data pr.aentad ~n Chap~.ra 4 and S indlcata . 
thai SON neurons receive a ~on1cally active inhibitory ~nput 

media,ted by: -Y-a.lnohutyrlc aoid (GABA). A large part_ ot 

thi. input app.ar. to o~iginat. roatral to the third 

ventricla. Finally, data pr •• ~ntad in Chapt.ra ~ and 7 

argue that the functioq ot the dena. noradren.rgi~ 

innervation of the SON i8 to .timulate the electrical 
, 

activlty of SON neurona and the raleasa ot va~opre.~ln and 

-~ 

" 

. / 



• 

( " , 

oxyJ!cin fr~1D the 'neurobyppphyaia. 

Thi. Di.cuaalon conai6era the po.aib~l~ty that the.e 

tvo aflerent ayatema particip~t~ ln the re(lex cQ~trçl ot 
, . ' 

~eleaae of'vaa~preaain a~d oxytocln. 

,~ Reflex c~ntro~ of va.opre •• in releà.e 

Sec~etlon of ~aaopres.in 1. clo.e1y regu1ated by plaBlDa 
, . 

oamolallty, CO 2 con~ent, bloo~opre88ure and in~va8cular 

volulDe "(Dunn et al., 19731 Barris, 197'9, Share, 1962, Share 
, 

and Lev.y-, 1962). An increase in plasma 'osmo1ality enhances -, 
, 

the electrica1 act~vity of ~ON neurons ~Cross and Green, 

1959, BriIDb1e and Dyhall, 1977) and increases vaaopressin 

"" aecretion '(Dunn et al., 1973t1 Share, 1962). - An oamotic 

atimulus may' act directl~ upon SON neurons (Bourque and' 

Renaud, 1984, L~ngi 1980) but ma~ a1so influence neuro~. in 

other' sUes in tbe brain, (S1adek and "John.on, 1983, Iovlno 

e~ al., 1~~3) and ~n the periphery 1Saertlchi and Vallet, 
r ' 

1981). A~ttvation of carotid b~d~' chelDoreceptora by CO 2'" 
infuaion° also .timulatea SON ne~ronal di.charge (Yama.hita", 

1977,.Harri., 1979) and ine-rea.ea va.opre.8in release 

(Barria et al., 1915). The •• aIl .erve to augment ~e 
.. .... It ":. 

firlng of SON 'neuron •• , ,: Alteinatlv.ly S,ON ,neuronal actlv).ty 

and va.opre.sin .ecretion demonstrate an inver.e 
(. . ~ 

re1ationahi'p vith blood pre •• ure which ia mediated, in part, 

by carotid body and 1eft striaI baroracaptora(Harria et 

al., 1975', Harria, 1979~,,' ~annan and Yagi, 1978, Share and 

Levy, 196.a, 

. , 

'.' 

: 

J 

(, 
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" 
-; wakerley et ,al., H~7S; ~Ulashita, 1977). ThuB,\ a reductlon 

,,' 

of blood volume increases SON neuronal aotlvlty (Wakerley et 

al., 197'5) and plasma vasopressln levels (Dunn et al.,< 

\197~) whlle activation of atrial stretc~ receptors lnhibits 

SON neuronal discharge (~oizuml and Yamashlta, 1978) • 

.,1,., • 

participation of A1 noradrenefgic neurons in reflex 

release of vasopr_88in. The central pathways mediatlng 

ref lex release of vasopressin are now under lnvest'lqatlpn 
) 

(see're~iew8 by Reis et al., 1904, Sawchenko and Swanson, 

i982).' primary vi~cer&i inputs to the central nervous 

,system eritering via the vagal and -glossq,pharyngeal nerves 

't:&rminat;e. i'-n the,/nucleus tractus solitarius JNTS, Donoghue 

et al.; 19841 :ttoizuml and Y~mashita, 1978). An important 
• 

sec'ond l.i.nk in the r*,fléx chain May be medlated by RTS 

.: ~,neurons that c'ontaln excita tory (substance P or glutamate) 

cr lnhibit.or.y (GABA). neurotr&~amittera and project to 

'. 
no~adr.nergic (A1 and ~6) and,adrenerqic (Cl) cetl groups in 

the m~~ulia'and pons (Reis et 'al., 1984) 
, , 

It 1,.prop~.ed that noradrenergicneuroDs of the Al 

cell,group'located in the ventrolateral medulla fo~m a third . . 
link in,the reflex. N~~ron. in the ventrolateral medulla " 

, ~ 

r •• p~nd to cardiovaecular .tim~li ,cav~rson et. al., 19~4). 

Activation of neurone ~n th. ventrolateral _ddulla by local 

applicati?n .of ~lut.m4té (Bl •• eing and Willoughby, 1985b) or 

focal electrlcal atimulatlon (Milla and Wang, 1964a) 

" 

l ' 



1 ~ 

-

.timulates v.sopressin releaae. The latter effect ia 
.,JJi,..~,)11 

1 

" " 

Î' 
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blocked by in~racerebrovent~icular injection of a-adreno-

.recep~,or antagonlsta (,Milla and, Wan9, 1964b) indicatin9 the 

participation of noradrenergic neurons. Lesions of the A1 

, 

cell 9rouP block the ahemoreeeptor-induced activation of SO~ 

neurons .(Banks and Harris, 1984) and interrupt,10n of A 1 
" . , 

o efferents reduc'e the haemorrhage-iné\uced increase in p,lasma 

, 

vasopressin (Lightman e~ al., 1984). Similarly, inhibition 

of neurons,in the ventrolateral medulla by local application 

of glycine, GABA, or museimol, bloeks the inèreased release 

~f ~asopressin that fol10ws carotid occlusion (Peld~erg and 

Rocha e'SilvA, 1981) or haemorrhage (Blessin9 and 

Willoughby, 1995a). Furthermore, tonie inhibition of 

neurons ln the ventroiaterai medulla appears to lDaintai~ 

circulatlng vasopreasin at its norlDal~Y low level sinee 
~ 

application of antagoniata of glycine and GABA to the 
o 

ventral surface of the lDedulla stilDulat~s vasopressin 

release '(Feldberg and Rocha e Silva, ~978). 

This sub~tantial body ot evidence sU9gests that 

vasopre.sin release following chemoreceptor'activation 
; 

and/or baroreceptor unloading resulta from &xcitation and/or 

di.inhibition of neurons ~n the ventrolateral medulla. A 

d~rect etfeCt 01 A1 neurons on SON neurons is supported not 

only by the observations of Mills and Wang (1964b, see 
, 

above) but also by these.observations (Chapters 6 and 7) and 

V"the
o 

anatomieal, electrophyaiologieal "and endocrinOlOP9!eal, 

" ' 

• 
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èt~d~e8 ~~~ctibed in Chapter 1.4.3. 
\ 

Thi.s doea not' rul_ out 
. \", 

the partic±~~tion ot ot~er neur~~al ~y8tem8 and neuro-
, ,1, 

~ran8mltters., For e1CaJll~le, 'Banks and Harr::d.8 (1984) and . .' 

f 

1!iS8&t and Chowdrey (1994) hâve suqgested that A, obol~ner9'ic 
~ - ~ ~ ! ," \ \ , 1 

"inp~t t~ tli~ SON lIlay ~orlll .-t~na! l~nk in the ~aror.e.ptor 
• .~:. ~.: • "',' 'T • 1 ) '.. • ~. ~ • ... • ' 

~ .ref'l.x, in support, of ,an ... ·rlier. theory bl" MllliJ and Wang " \ ,~ ... ~ 6 

; . ( 1 9'64b ) • ' 
", .. ' .") 
, " 

" , p . ' 
, " , : 

" 
,', "",,' 

,,{,,' ReEle,IC'.iJlliibiti-QD Of'v.&80pr.~8~n'secre~fo.n.I, Removal'o.f 
.. 1 l • : '. , • ~ 1 ~ 

~ .~~ .toni,o e'x'c.i.tAt'i.on Cc~'. W~kerley ,and N6bl~, ,1'9133) lIl~qh,t 
• ., ~.. ,~ 4 .. \ ~". , 1 

''' .. ' ..... r \0 _ 

.. coni;rlbl1üé to, the 'depre8sion of SON: neuronal ~act.lvity an,d 
• ~I" .' ... • " 

';i'\"'''~ ,.~ ~,," 4.) '~',' \" ~ ~ • 

.. . va.opress.in ,ecretion' that resl1lts from baroreceptor 

"-: :~c~ti\fat~on ~ ~~,~~~~~, '~he 'Co,~8islen~~y 'rap~~ :'ba~oré~.Ptor 
... " r j ~ • r .. " 

r&.s~orise.' of SON nêl1:1:ons CYamashita, 1977,.. J:.~J1nan ,and Yagi" 

',9781 H,.rr1.~:, ,197~1 
0;", • ' 

Renav-d; 1984 )''-Jni ght . '. 
,c... Q, 

'actl ve Lnh.1bltion. i, Furthermore,o the incr,ase ~n rat plasma, 
• ,. , J ' • \' 

, , 

v..às~pre8sin· due 
. , ~ 

t.o, dehydration is ~lQcked. by stre8sf~.l 
, '~ , , ~ 

stlmull .(M~r8ky, etr ,al., 
( l' 

Intr~cerebroventricuiar 

1954, ~e11 and Severs,' 1976). 
, \ \'. 0, ' ' . , ' 

h.~.v.) ~nject1.on.',of' àABA' or 
\ pL", 

.' 

muscilllol -l'owe'ra: artd biouculline ra:tses 1 blo.od pressur-o and ..... 
~ ;.... ',1 • ~ .. 

""- ,'~.. 1"' \; ) 1 

heart rate (phargava et.'al...Il, 19641 ,wtlliford ,~, a1'.;;' 1.g8~~: 
() ~ / ~ ~ '.. " ", '.J 1 *1. 

• '1. i" ~, 

<,I.C. V. in'jectio~ of GJ).BA-traJ1s'~IIliJ1as'e inhibit'ors' redu.cè~ , 
• ~ 1 _ . , , . 

vasopress~n re~ease in ~espo'~~~ to hYPÔvolaelllt-~ '(ltnepel/.' 

1980). 
. , 

In:t,~ction 'of ,the glut:am.te deca.t',boxylase .inhibitor,· 
't

r 
_ ... ~ ~ 6 

, - ' 
\ 

-\ '. ' , " . ' 3:'mer .. eaptopr,o'pi<~#ie il't:.idt' ~nci:eases the hypovol..aemia':' 
\ "1 c ",' .~, '. 

. '. 1 0 :J "1 
JI" ;.. 1, 

'J_ .\. 
'. 

'.-, ., ,. : 

" . ' . \ 

i' ( 

\ , 
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indUc.d ria. in ~la.ma Jl ... oPt' ••• (~ .. '" l, 

Banks ~nd Sarrh ';9841 " .... ~ •• ,t that ,the, lnhlhitory 
-;) " 

.re.pons. ot SON n .• urons to baroreceptor activation ia 

, . ,e~Uated vio. no~adr.nerCJ1.c A6 neUTone of ,.th'e(' locus ceruleu8.' 

Neurone of the locua ceruleua and .ub-cer~le\1' re ~ion alter 
1 . , 

th.ir activity ~n res'ponse t,o' ohanq •• in arterial and atrIal' 
• • ! 

..' \_::) 

,l»re8aura (Ward et al., 19,80) and destruction ot 
J 

notadreq~rqie qeurona in th!a area by ,injec~ion of the 
" . 

selective neurotoxin, 6-hydro~ydopalllin., .a'boli.hes the 
. . 

inhibition :.'o-f SON. ne~ron8 provoked by activation of ' 

.paroreceptor's. ' Bowevtilr, it' ~a unlikely that A6 neurons Act 

~Ut:eC:tly on SON neurons, sinee,: 1) the bu'lk ot evidence 

indi'cates that norepinéphrine exit.,s SON neurolle a ~n,d' - \ 

st~mulates vaa~presain release (eee chapteX's 1, 6 a~d 7), 

- 'a,nd 2) 10'ous eeruleue cont~ibute8 oJlly a sma11 -portion of , 
( 

the nox:adrenerqie innervation of the SON {Sawchenko and 0 

J'l'he data .p~e.ented in c.hapter 4 demonstrate that SON 
, , 

neUrona deeive a power~ul inhibltory input trolll GABA-

containinq neurone. 
, r , 

Evidence from t'hese experilllant~, when 

considered -Along vith the literature on the' aubject (sae, 
d ( ~ ~. _ fi) 

chapte~ 4.3)" indJ.c:ate that GABA-co!'ttaining neurons located 

-.4jacant to the ~ON ,in the ,lataral hypothalamus,' ln the 

d,~aCJonal band ot Broca and lIJedial •• ptum or in the IJIlY9dala 
o 

m1qh_t c:ontribute to th!. innervation. Elec:trlc:al 

atlm.ul'ation of thea. ragions inhlb.J.ts SON neuron. (c:hap~"r 

~ 

, , 

" 

" 

, , 

f 

.' 

• 

, " 
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4, ,Pou1ain et al.,' 1980', Cirino and aenaud, 19851 Andréw 

.and Dudek, 1984, Banalllura et al., 1982, Ferreyra et al., 

1983). Furthermore, tra,ina of elèctrie,l s tillluli dellvered 
/ 

to the diagonal band ,of Bfooa can produce a trans1ent, or 

ind.ed pt'olonqed, inhlbltio~ o~ SON neurons that re.emble. 

tbe baroreoeptor-evoked 1 Dhibi-t,i on. In addition, repet 1 ti ve 
, 

septal stliulation bloeks the oSlllotlcally-induced increas. 

in SON neuronal act;z:v yt (Yama.hita and ttannan, 1976). 
- <.. 

Anatomieal etudie.' ndicate that all th~.,3e regions rece.i've a 

" 
subatantial noradrenercjie innervation ~rolll the locus 

eeruleus (Jones and Moore, 1977) and the parabrachial 
"" 

nucleus (Sape,r and Loewy, 1980). 

'. l propos'e, therefore, that the inhibition of SON 
. 

neurons followin9 barorec::eptor activation lIlay result fro~ 

. activation o~ a GABA-media ted a~ ~erent aystem. As propo.ed 

by Banks and Barri. (198"), locus c~eruleus neurons would 

, f01:'m an important link between' c:ardiovascular receptor , . 

a:tterente and the forebra1n GABA .yatelll that influencee SON 

activity. Figure 8-1 illu.trate,e the ~eature. of thiB 

hypoth.si.'. 

.!.:..! Re~lex cOiltrol of Oxytocln relea.e, 

In lactatinq female lIlalllmals, lIucklinq initi.te. " 

l-

neuroendoerine reflex that results ln oxytocin release troll .'. 

the neurohypophy.l. and m.ilk ejection. Approxillate ly 10 

•• c:ond. befora lIilk' ej~ction; oxytocin-secretinq neuron. of 

, 

... J 

, 



, ( 

197 

the S~N fire a high-tX.que~cy b~r8t ot action potentlala 
1 , 

that cauae. the ludden release of hormone (aee review by 

Poulaln and Wakerl!y, 1982). Reflex milk ejection can alla 

be elicited by vaginal at.imulation or distension. or by 

stimulation ot t:he prox.1mal atump ot . the eut 'vague nerve 

(Mooa and Richard, 1975). Little is known about the central _ 

str,ucturea and pat.hwaye that lIlediate (or Dlodulat.e) retlex 
, ) 

oxytocin releale althou9h many areas o-t the brain and 

.everal neurotransmittera have been illlpl1cated (Poulain 'nd 

wak.erley, 1982). 

:Influence of norepinephri~e on oxytocin rele.s.1 One 

trult~ul approaoh t.o .t.udylnq reflex control of oxytocin 

r~l.a.e has been to determine the e~~ect8 on milk ejection 

of c:en~rtl administration of druqs. . Relevant to the 

investiqation undertaken in thi. thesia, injection ot 

a-adrenoreceptor antagonista blocks reflex milk .ejection 

(H008 and Richard, 1975, Tribollet et al., 19781 ,Clarke: et 

al., 1979).. Stimulation ot oxytocin release by 

norepinephrine in vitro Cchapter 7) •• Y, theretore, be ,-- . 

physioloqically rele:vant. The ldentity ot noradrenergic 

neurons capable ot lIlediatinq th~.' reflex!.!!. !!.!.2. xemain ln 
, 

doubt. The participation ot A1 neufons ~s I,lnlikély in view 
. . 

of thelr apparent ly s81ective innervation of vasopressin 

neurona (McNeUl ando Sladek, 1980, Day ëlnd Renaud, 1984); 

It i. worth noUng that injection stu~i1eB alao indicate 
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tbat cholinergie and dopaminargic reeaptora mediate 

.tillulatory .ffect. (Hooa and Richard, 1975, 1979, ,~lar~e 

'et .1' •. ' 1979) while S".drenoracaptors lIay lIladiate inhibitory 

influence. (Moo. and Richard, 1979, Tribollet et al., 1978). 

It i. po •• ible that norepinaphrine &1.0 acta on interneuron.-... , 
whiClh,' in turn, proj,et to the SON. 

Znfluanee. of GABA on oxytocin releas.,' The ability of 

.tre •• ful •. tilluli to intertere vith IIlllk ejection (Cro8!S, 

1955, Talei.nik and Deis, 1964) 1& an 

cortieal inhibitory aystema modulate 
e • 

Lebrun ~t &,1. (1983) have shown that reflex lIillt ejection is 

delayed or abolished br electrical stillulation ot the 

septum, Il procedure known to inhibit SON n'eurons (Poulain et 

al., 1980,'Cirlno and Renaud, 1985). The data presented in 

chapter 4 indica te that the lnfluenee.\of eertain forebrain 

. projections to the SON lIlay be lIlediated by GABA. Further 

inve.tiqationa of the control of! oxytocin relea. lIIay uncover 

an important inhlbitory component mediated by GABA. 

, . 

. -

.. 
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Plqure 8-1 B100k diagra. outlining hypotbetical pathwaya 

.edlat1ng reflex control ot vasopre •• ln (AVP) •• cretion. 

Abbrevlatlon., DBB, diagonal ~and of B1"~CI.' SON;' 

., 
.upraoptic nucleus' GlBA, y-•• J.nobutyric acid, NB, 

noreplnephrln., pp, posterior pltultary, A6, ,; . . 
nora4renerqlc cel1 group of lOClUI ceruleu., 11, , 
noradrenerqlç cell group ot caudal ventrolateral medu1la, 

N~S, nucleus of the tractus solitarius, IX, 

glo.sopharyngeal nerVel X, vaque nerve, +, 'exaitatory 

.ynapJlel -, inhibi tory synapse, i, unknown con~.Cltlon. 
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