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o g . ABSTRACT

The - hypothalamic arcuate nucleus contains a population of dopaminer-
gfz neurons that project to the median eminence, forming the tuberoinfundi-
bular dopaminergic (TIDA) system. Although the topography of this systenm

has been extensively studied, relatively little is known about its ultra-
! -—

structure 1in general, and its patterns of connections 1in particular. \In

addition, although there is evidence for TIDA function very early in life,

nothing is known about the fine structural differentiation and maturation of)
this system. Therefore, the orﬁanizatiée of TIDA neurons and their
connections was examined in neonatal, 15 day old, 30 day old, and adult

female  rats, and in adult male rats, by means of the peroxidase-anti-
petoxidaee (PAP) immunocytocheamical method, ‘using an antibody against

tyrosine hydroxylase (TH). -

In all animals examined, labeled dendri&ss werevcounonly observed in

direct apposition to the following elements: labeled and unlabeled

" dendrites, labeled "and unlabeled perikarya, and unlabeled tanycytic

processes. nThese eé!ensive contacts made b& labeled hendrttee ‘ suggested
that TIDA cells may communicate with each other, 1nf1uence.other neuronal
populations, and possibly play "a role in the regulation of tanycytic
function, by means of dendritic release of dopamine. The presence, in the
neonaée. of all types of connections (involving TH positive dendrites) seen
in the adult indicated that the TIDA system is essentially differentiated
enq, therefore, potentially operative at birth. Maturational changes,
however, involved quantitative alterations in the different types of dendri-

tic connections. For example, the percentage of dendritic connections

involving one labeled and one unlabeled element decreaseéd with age.
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No sexual dimorphism was hppa&ent although staining intensity was
greater in females than in males, possibly due to an estradiol enhancement
3 ;

ana'qa testosterone suppression of TH expression. , In fact, estradiol

valerate-treated females exhibited the most iftense immunoreactivity.
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L , RESUME

Le noyau arqué de 1'hypothalamus contient une population de neurones -
dopaminergiques dont les axones rejoignent 1'éminence -édiane,,foryanc.ninai
le systEme tuberoinfundibulaire dopaminergique (TIDA). Hene 81 la topo-

graphie de ce systeme est déja bien connue, il y a peu d'ipforuation sur son

- “

ultrastucture en gqnéral, ‘et sur la disposition de ses connections inter-

cellula}res en particulier. De plus, méme s8'il existe des preuves qug'le
systeme TIDA entre en fonction tres t3t au cours du développement, on ne

sait rien‘sﬂr sa différenciation et sa maturation au niveau ultrastructural.

- : « )
L'organisation des neurones TIDA et de leurs coniections a donc eté examinde

chez des rates agées de 2, 15 et 30 jours, ainsi qﬁe chez des rats et rates
adultes. Les neurones dopaninergiques ont éte visualisés par il-unocytér
chimie, a 1'aide d'un anticorps anti-tyrosine hydroxylase (TH) revele par la
methode peroxidase-antiperoxidase (PAP). )
Chez toﬁs les aniuaqx exaninés, de;«dendrites inndnonarqpées; ont
communement été observées en apposition directe av;c les él1éments suivants:
dés dendrites narquées et non-narquées, des corps cellulaires larquée et
non-marqués, et des processus tanycytaires non-narquép. L'étendue des
contacts 1impliquant des dendrites -arquées suggere que ies cellules TIDA

pourraient communiquer les unes avec les autfea,’ influencer d'autres popu-~

lations de neurones, et possiblement jouer un role dans la régulation des

'fonctiona tanycytaires, au moyen de la liberation dendritique de dopamine.

La pfésence,: chez le nouveau—né, de tous les types de connections (impli-

“quant des dendrites marquées) observees chez 1'adulte indique que le systime

TIDA- est essentiellement diffjrencie et, en consequence, potentiellement

. fonctionel ‘s la naissance. Au cours du developpe-ent on observe, cependant,
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INTRODUCTION -

°

- I- THE HYPOTHALAMIC ARCUATE NUCLEUS

The hypothalanié- arcuate nucleus consists of a dense collection of

neurons located along the basal larteral wall of the third ventricle. :_!‘his

nucleus extends from the optic chgasn; anteriorly, to the end of the

% »

4mll:l.]..un'y recess, pogteriorrly (lileier et al.,] 1979). Arcuate neurons are,
for the most part, small cells of al_)ou; 10 ym in ahJ:t diameter and 15 um in
long diameter (Bodoky and Réthelyf; 1977). They are positioned amongst non-
neuronal elements such as macroglial cells, nicrogliél cells, and long
tanyéyticr processes extending from the ventricular wall . ( Brawer and
yax{ Houten, 197};). _Golgi studies (Bodoky and Réthel‘yif, 1977; Millhouse,
1979; van'den) UPol a;xd. Caséidy, 1982) reveal that arcuate neurons are morpho-
logically relag:ively homogeneoug. Their small perikarya are generally
fusiform or polygonal in shape, projecting two or three (occasionally one or
four) dendritic processes. Despite this uniformity in shape, arcuate
neurons comprise several distinct populations, containing different hypo—~
physiotropic hormones and transmitters. Growth hormone releasing factor
(GRF) (Merchenthaler net al., 1984;5, somatostatin (Dierickx and Vandesande,
1979; Johansson and Hdkfelt, 1980),~ ACTH/ pg-endorphin (Bloch et al,

o

1979; Sofroniew, 1979; Hisano et al., 1982), enkephalin (Johansson and

‘ Hkfelt, 1980), a-;:etylcholine (Cuello and Sofroniew, 1984), GABA (Everitt et

al., 1984), and dopamine (Bj3rklund and Nobin, 1973; éﬂakfelt et al;, 1976;

Everitt| et al.,' 1984) are awongst the numerous substances that have been

detected within artcuate neurons.




Arcuate nerve cell bodies project to the primary capillary plexus of
the hypothalamo-hypophyseal portal system (Szentigothai et al,, 1972; i§doky
and Réthelyi, 1977), indicating their key role in the regulation of anterior
pituitary function. This anatomical projection comprises part of the
tuberoinfundibular tract, a highlixheterogeneOus anatoaical pachwqy, vhich
extends from diverse regions of medial hypoéhalanusband preoptit area to the

median eminénce. It 18 the final common neurosecretory pathway over which

< the brain 1influences hypophysiotropic function. One’ well delineated

i

[}

component of this system derives from dopaminergic cells within the arcuate
nucleus. , These cells project to the -ediau eminence forming the tubera;
infundibular dopaminergic (TIDA) systea. The TIDA system has . been
implicated in the regulationd of prolactin and gona{ptropin release f;o- the
anterior pituitary gland. It is this component of the neuronal circuitry

regulating hypophyseal function that is the subject of this thesis.

7

II- MORPHOtOGICAL_ DEMONSTRATION OF A DOPAMINERGIC SYSTEM OF
NEURONS WITHIN THE HYPOTHALAMIC ARCUATE NUELEUS

The primary c;techolanines, noradrenaline (NA) and dopamine (DA),
were first detected within the nannglian hypothalamus (Vogt, 1954; Carl;con,
1959), wusing biologic;l assays. Purified hypothalamic extracts were ihro-a-
tographedfon paper, eluted, and the amount of NA was assessed by observing
the effect of the eluant on the blood pressure of the rat. (Crawvford and
Outschoorn,  1951). Cellular loc;lizatlon of these amines was not poesible

due - to the lack 9f.a(epec£fic histochemical technique. The first such




specific Q}gggchenicul method was developed in the early 1960's (Falck,
1962; Falck et al., 1962). This so-calléd Falck-Hillarp formaldehyde
fluorescence t;chnique permitted the direct visualization of catechol-
aminergic neurons. (Carlsson et al., 1962; Fuxe, 1964; Dahlstrdm and Fuxe,
1964; PFuxe and Hokfelt, 1969). The method is based on the formaldehyde
induced conversion of the primary catecholamines, DA and NA, and of the
indolamine S-hydroxytrypta;ine (serotonin:5-HT) to fluorescent isoquinolines
and B-carbolines respectively. These reaction prk;ucta fluoresce and can be
visualized with a _fluorescence microscope (Corrodi and Jonsson, 1967).
Since the isoquinolines emit a green to yellow-green fluorescence while the

8-carbolines give a yellow fluorescence (Falck, 1962), it was possible to.

differentiate the catecholamines from 5-HT. The greem to yéllov—green

fluorescence of numerous nerve cell bodies, scattered throughout the hypo-

thalamic arcuate nucleus, first }ndicated the presence and distrib&tion ofﬂa
iizeahle population of catgcholaninetgic neurons in this nucleus (Carlsson
et al., 1962; Fuxe, 1964; Dahlstrom and Fuxe, 1964; Fuxe and Hokfelt, 1969).
Since both» DA and NA have similar fluorescence characteristics (Falck,
1962), the exact nature of the transmitter found within the arcuate neurons
remained uncertain, Indirect pharmacologic evidence, however, auggestea
that these fluorescent arcuate neurons were dopaminergic. The fluorescence
of these cells was not, for example, affected by treatment with G -methyl-m-
tyrosine, a false transmitter which causes a diminution of the brain NA
levels, without appreciably affe:ting DA or 5-HT ;evels (Puxe, 1964).

The Falck-Hillarp for-alaehyde fluorescence method, used in con-
Junction with a variety of pharmacological and surgical manipulations,

provided information, much of it indirect, on the size, distribution and

- axonal projections of the arcuate catecholaminergic system. Fuxe (1964),
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for example, showggﬂ tPat reserpine, a drug that .depletea monoamines,
abolished the gr;en fluorescence from the abundant fine varicose fibers in
the external layer of the median eminence. The ainulta?eous decrease in the
intensity of the green fluorescence observed within);he small, round neurons
of the arcuate nucleus, suggested that these neurons were, at least in part,
the source of the fluorescent fibers in the external layer of the median
eminence. Although visualizing catecholaminergic axons under normal
conditions presented serious difficulties, due to their low amine content
(fuxe et al., 1969), Fuxe and Hokfelt (1966) were able to follow some axons
energipg from arcuate perikarya by ipcreasing amine content. They
accomplished this by means of reserpine-nialamide-l-dopa treatment. Under
such conditions, some fluorescent axons could be traced from neurons in the
arcuate nucleus to the median eminence. This' projection was also
ééﬁonstrated by Lichtensteiger and Langemann (1966). After depleting the
brain amine stores of\nice with reserpine, anﬂ blocking monoamine oxidase
inhibitgr (MAO) with nialamide in order to eliminate catecholamine
catabolism, these authors injected noradrenaline, dopamine, and dihydroxy-
phenylalanine (DOPA), intraperitoneally (}.p.), and observed, with the
Falck-Hillarp wmethod, an uptake of these exogenous catecholamines by
arcuate neuromns. Green fluorescent axons were observed projecting from
green fluorescent arcuate nerve cell bodies &o the external layer of the
median euinﬁrce. Thus by 1966, the presence of a population of catechol-
aninet;;; cells scattered throughout the arcuate nucleus and projecting, at
least in part, to th; median eniﬁence wvag fairly certain,

Confirmation' of the existence of this tuberoinfundibular system of
neurons was glyo obtained by means of lesion experiments. Following damage

e

of the . median eninence,'”an increase in both the number and fluorescence

A




intensity -of catecholaminergic arcuate perikarya was . observed (Fuxe. and
Hokfelt, 1966; Saith and Fink, 1972). This increase was reported to be
directly proportional to the size of the lesion, that is, the larger the
lesion, the greater the nult;er of fluorescent cells and the more pronounced
the fluorescence intensity of individual arcuate nerve .éell bodies (Puxe and
Hokfelt, 1966). Conversely, lesions of the arcuate nucle;sa ‘led to a dimi-
nution of the fluorescence intensity within the external layer of the median
eminence (Smith and Fink, 1972; Bjorklund et al., 1973). More specifically,
lesions ofo the most rostral arcuate region resulted in a diminution in
catecholaminergic fibers througho?t the external 1layer of the median
eninence, whereas lesions of the -;lddle or caudal arcuate regions caused a
decreased fluorescence in the middle and caudal external median eminence
respectively (Bjorklund et al., 1973). These results indicated that the
catecholamine-containing neurons of the-tostral arcuate nucleus project to

/ .
all parts of the external median eminence, while those of the middle and

-

caudal arcuate regions project to corresponding areas of the external median

. eminence,

<
In 1971, Weiner et al. provided additional indirect evidence for the
dopaminergic nature of the arcuate infundibular catecholaminergic systea.
Following complete deafferentation of the medial basal hypothalamus (MBH),

NA and DA levels were determined by the trihydroxyindole method. Each

catecholamine was oxidized to its tespecti&‘é red indole derivative, and the
) o

concentration was then determined with a spectrofluorometer (Carlsson and
Waldeck, 1958). A‘ significant decrease in NA content of the MBH was obierved
vhile DA content remained unchanged, suggesting that DA but not NA origin-
ated in cells within the MBH, This finding was corroborated by th; results

of Jonsson et al. (1972) who showed a complete blockage of 3§-NA formation

TR
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from 3H—DA, in hypothalamic slices pre#ncubaced with 6-hydroxydopamine (6~
" OH=DA), a neurotoxin that causes selective degeneration of NA ‘nerve

terminals (Tranzer and Thoenen, 1968). A similar strategy was used to
‘obtain evidence for the dopaminergic nature of the terminals in the median
eminence originating from arcuate perikarya (Fuxe and Hokfelt, 1966).
Jonsson et al. (1972) showed a marked resistance of these terningﬁs to the
depleting action of 6-OH-DA.

Finally, 1? 1972, Bjorklund et al., discover;d that the fluorophores
of DA and NA can be distinguished spectrally following their acidification.
Suﬁsequentiy, the dopanidérgic nature of arcuate perikarya was direcély
denmonstrated (Bjorklund and Nobin, 1973)1when specific dopamine spectra were
recorded from the arcuate nerve'ceil bodies of diencephalic sections that
were previously exposed to formaldehyde and HCl vapours.

Combining the Falck-Hillarp flyorescence method with pharmacological
and ' lesion experiments, researchers have shown that the arcuate uuél;ul
contains dopaminergic nerve cell bodies, and that these cells provide
extensive innervation to the extérnal zone of the median eminence, foiming
the tuberoinfundibular dopaminergic (TIDA) systea (Fuxe and Hokfelt, 1966) .
The close association of T1DA nerve terminals with the primary capiilnry

pPlexus of the median eminence suggested that this system was involved in the

¥ .~ regulation of hypophyseal -hormonal release.

Pt
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f\ I11I-, THE ROLE OF THE TIDA NEURONS IN ANTERIOR PITUITARY FUNCTION

In 1954, about 10 years prior to the demonstration of the e.xiatence
of the TIDA systea, Everett showed that am 1nt“erruption of the normal re-
lationship between the pituitary gland%and the hypothalamus reaultéd in an
increase in prolaccit; (PRL) sectetior:. This suggested chatJ the hypothalamus
normally {nhibite prolactin release. Kamberi et al. {(1971) 1infused ex-
tracts of either cerebrocortical tissue (CE) or hypothalamus (HE) into the
anterior pituitary of male rats, via a cannulated stalk portal vessel, and
observed the resulting changes in arterial PRL plast;a levels. CE extracts
did not affect PRL levels, but HE extracts cau?ed a marked diminution in tl;g
levels of this hormone. Moreover,; lower . dogses of HE resulted in
proportionally smaller decreases in prolactin.

Intereastingly, indirect evidence already existed for a mononaminergic
PRL inhibitory system located in the tuberal tegi)m of the 'hypo;halamus (van
Maanen and Siaelik, 1968). Implantation of the monoamine-depleting drug
x'?aerpine into the medial basal hypothalamus, resulted in disappeai'ance of
tl;b fluorescence normally observed in the TIDA neurons, as well -as th;c
associated with pseudopregnancy. It was assumed that, since the implant was
very. small, the depletion effect was restricted to its immediate
o'urround:lngo. Furthermore, the implant did not provoke th;a effects usually
observed after systemic 1njjection (ACTH hypersecretion, ;:i \“erection, and
v;dation). Consequently, the induction of pseudopreénan;y (a condition
clura‘cterizet;l‘ by high PRL plasma levels) was attributed to the depletion of '
DA fron-/t,ho;‘vim neurons, -‘aupporting the idea of an inhibitory hactioti of

these ari:date neurons upon PRL release.

¢
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Later work clearly demonstrated the, inhibitory effect of dopamine on
PRL secretion. Small amounts of DA have been shown to significantly inhibit
PRL release from rat anterior pituitaries in vitro (Shaar and Clemens, 1974;

MacLeod and Lehmeyer, 1974). Results from in vivé experiments similarly

indicated that DA inhibits PRL release by acting directly at the anterior

§

pituitary level, Takahara et al. (1974), for example, showed that 0an

infusion of DA directly into a single portal vessel resulted in an

inhibition of PRL sé;réiion. However, it has algo been proposed (McCann and
Moss, 1975;'61jayan and McCann, -1978) that DA may astimulate ghe release of a
prolactin-inhibiting factor (PIF), which would in turn inhibit hypophyseal
PRL release. The presence of'pA in portal blood (Ben-Jonathan et al., 1976;
1977; Plotsky et al., 1978) in amounts sufficie&f to inhibit PRI, release
(Gibbs and Neill, 1978), and the presence of DA receptors on pituitary
;a;totropes (Goldsmith et al., 19}9; Ajika et al., 1982), indicate that at

©

least part of the finhibitory action of DA upon PRL release occurs by a

direct effect at thé:pituitary level.

Although thesinhibitory role of DA upon PRL secretion has been well
established (Leong et al., 1983): the function of this wmonoamine with
respect to the regulation ofJgonadotropin release still remains equivocal.
Kamberi et al. (1971) reported that a crude hypothalamic extract causes a

simultaneous decréaae in plasma PRL levels and an increase in the plasma

gonadotropin levels, suggesting that the DA secreted by the TIDA cells may

1

faciitga;gagonadotropin release. A number of 1nvestigator§ (Schneider and

McCann, 1969; 1970; Kamberi et sl., 1970 a,b,c; Kordon and Glowinski, 1972;

Vijayan and McCann, 1978) have reinforced the concept of DA facilitation of

gonadotropin secretion. Paradoxically, other laboratzpiea have not only

fatled to observe DA stimulation of gonadotropin release, but have actually

°



reported DA to be inhibitory (Fuxe and Hokfelt, 1969; Miyachi et al., 1973;
Fuxe et al., 1976 a,b; Lbfstrom, 1977§ Lofstrom et al., 1977; Fuxe et al.,
1977).’ Yet others found no role at all for DA in ‘the regulation of
gonadotropin secretion (Rubinstein and Sawyer, - 1970; Ojeda et 81;: 1974).
Thus, evidence fos a DA involvement in LH and FSH modulation is confusing
and conflicting (Weiner and Ganong, 1978). ‘Nevertheless, both the TIDA and
the luteinizing hormone releasing hormone (LHRH) systems co-terminate in the
perivascular region ;} the lateral external median eminence (Ajika and
Hokfelt, 197?), clearly indicating a possible interaction by an.axo-axonic
mechanism'(Schneider and McCann, 1969; Hokfelt and Fuxe, 1971; McCann et
al., 1971; Fuxe et al., 1976 a; Barraclough, 1983).

Although little is known concerning .the regulatory influences on the
TIDA system, one direct, input appears to be gonadal steroids. indeed,
estradiol (EZ) and angrogen receptors have been demonstrated lwithin TIDA
neurons (Grant and Stumpf, 1973; 1981; Heritage et al., 1980; Sar, 1984).
Furthermore, following the adminiéération of estradiol benzoate (EB) to
adult female rats, Tobias et al. (1981) oBEérv;d a significan; increase in
tyrosine hydroxylase (TH) activity, wggcgmpanied by a decrease in plasma LH
levels. EB has also“been reported to simuitaneously cause a decrease in LH
plasma levei; and an fncrease in LHRH cp;ten; within, the MBH, ;oth effects
being partially reversible py the inhibitioq\of DA synthesis with a-methyl-

i

p-tyrosine (a-MT) (Tobias et al., 1983). E§perimental evidence, thergfore,
suggests the possibility of  an inhibitoryfeedback action of Ez on TH™
release mediated by TIDA neurons (Lafstrom et a}., 1977; Wiesel et al.:
1978). The picture is far from clear, however, since E; treatment has also

been reported to significantly reduce TH activity in the rat MBH (Luine et

al., 1977)- e
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There exist, therefore, histological, pﬁyniological and pharmaco-
logical evidence, which clearly demonstrate a population of dopaminergic
neurong, within the hypothalamic at;uace nucleus, that project to the
median eminence, and are directly involved in the regulation of prolactin
and possibly gonadotropin secretion. To date, however, little is known
about the fine structural organization ;; tﬁis system, This 1is due
primarily to the technical difficulty of achieving simultaneous specific
labeling for dopaminergic elements, while maintaining a high quality of fine

structural preservation.

1

IV- THE FINE STRUCTURE OF THE TIDA SYSTEM >

‘ v
~ Until recently, the Falck~Hillarp formaldehyde fluorescence technique
was ‘the only selective staining method available for the study‘of specific

central catecholaminergic systems of neurons. This method limited the

.+ observer to fluorescence light microscopy (Hokfelt et al., 1984a). Imn order

,;ﬁo study the TIDA system at the fine structural level, an alternative method -

!

hgdl to be found. Within the past decade, three such methods which could
pofentially be ;pplied to the TIDA systea have been develoﬁed or modified
from preexisting procedures. These methods are: cytochemistry,
radioautography and iuiunocytocheniatry (Bosler and Calas, 1982; Descarries
and Beaudet, 1983). Because of the inherent limitations of these
techniques, howevet,lonly fragmentary information has thus far been obtained)

on the ultrastructural organization of the TIDA system.
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A. Cytochemistry

The endogenous biogenic monoamines NA, DA and 5-HT, c;; be localized
at the ultrastructural level by cytochemistry (Richards, 1983), using an
improved chromaffin reaction (Tranzer and Richards, 1976). The chromaffin
reaction 1is a dichromate or chromic acid method originally used to
demonstrate the presence of catecholamines in the adrenal medulla (Wood and
Barrnett, 1964). It has long been known that adrenomedullary cells turn
brown when exposed to chromium salts (Tranzer and Richards, 1976). It has
been shown, however, that this reaction does not differentiate between the
various biogeniccamines. Indee&, noradrenaline, dopamine and serotonin all
give a precipitate when exposed to chromium salts in vitro (Wood, 1966).
This 'lack of specificity theoretically should not preclude application to
the ulgtastructural study of the TIDA system since the hypothglamic grcuate
nucleus 1is devoid of NA or 5-HT nerve cell bodies (Carlsson et al., 1962;
Fu)&, 1964; Dahlstrom and Fuxe, 1964; Fuxe and Hokfelt, 1969; Bjorklund and
Nobin, 1973; Swanson and Hartman, 1975). However, despite-the efforts of
Tranzer and Richards (1976) who modified tﬁis method, and successfully
identified amine storage vesicles in some CNS regions (supra—ependymal nerve
terminals throughout the ventricular system and ga;isade zone of the median
eminence), results were still unsatisfactory in éhe caudate putamen, in the
locus ceruleus and in the hypothalamic pé}iventricular regions. The
authors did not indicate why the method had failed in these ;pecific CNS
areés, and merely reported results as being inconsistent. In any case,
since the TIDA system is located in a periventricular hypothalamicr-area,
cytochemistry would not provide a reliable method for the wultrastructural
study of this system. Consequently, there 18, to our knowledge, no

ultrastructural cytochemical data available concerning TIDA neurons.




B. Radioautography
Based on the ability of central dopaminergic neurons to accumulate
their own transmitter by a high'affinity uptake mechanism (Paton, 1980),
radioautography may be applied to the study of the TIDA system, following
the intraventricular injection of tritiated‘(3u)—DA or its precursor L-DOPA.
. Bosler et al. (1982) demonstreted (at the LM level) tﬂat the TIDA neurons
were radiolabeled following the intraventricular administration of 3H-DA.
Similarly, both 3H-DA (Sc;tt et al.,, 1976) and 3 H-L-DOPA (Scott et al.,,
1978 a,b) were shown to be taken up by a subpopulation of neurons locat;d in
the region of distribution of the TIDA cells as demonstrated by histofluor-
escence. - At the EM leve}, the radiolabel was found mainly over the mito-
chondria and rouygh endoplasmic reticulum of the TIDA perikarya. Axon
terminals were also labeled within the dorsal arcuate nucleus and in all
zones of the median eminence. DendriPe;, however, remained uniabeled,
exceft may be proximal dendrites f;t véry short distances (Scott et al.,
1978b, Fig. §3A)]. Since a study of the ultrastructural organizational
pattern of the TIDA system would require extensive labeling of its den-
érites, radioautography 1s clearly not an ideal method. Furthermore, as will
be discussed below, resolution and specificity of terminal labeling are two
additional factors contraindicating the use of radioautography for the study
of the patterns of connection of TIDA neur;ns.
Radioautography is the method of choice to label neurons {n which the
levels of transmitters, and/or their synthetic enzymes, are too low for
~ histofluoréscence or immdnocytochemical detection, or when quantitation of
the labeled material is required (Descarries and Beaudet, 1983). " However, a
major problem inherent in EM radioautography 418 resolution, that 1s,

assigdlng a.grain (label) to a specific underlying structure. On a’ radio-
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autograph, the visuaiization of a grain over a particular organelle does not
necessarily mean that this organelle i8 the source of the radioactivity
producing the grain (Salpeter et al., 1978; Nadler, 1979). This is so for 2
reasong: firstly, radioautographic resolution (at best 50 nm ) is not as
good as the resolution achieved by the electron microscope (0.2-0.3 um).
Thus; for example, a grain located over a synaptic cleft [20-30 nm wide
(Peters et al., 1976) and therefore beyond the radioautographic resolution],
may have either the axon terminal or the dendrite as its radioactive source.
Secondly, a B-p;rticle emitted by a radioactive source crav%}s in rendom
direction for some distance, resulting in a grain (after development) which
may not be directly adjacent to 1its radioactive site of origin.
Consequently, complex statistics are requiréd in order to assign grains to
underlying structute;, rendering radioautography somewhat 1imprecise and
difficult to 1interpret when used tolidentify small elements such as den-

&

dritic or axonal profiles.

The specificity of uptake of the radiolabeled amines must also be

. considered when radioautography is used as a labeling tool for catechol-

amine-containing neurons. Indeed, both DA and NA can be taken up by either
dopalinergiz or noradrenergic neurodﬁ, and serotonergic neurons also have
the ability to take up DA (Descarries and Beaudet, 1983; Berger and

V

Glowinski, 1978). Consequently, determining the nature of radiolabeled

¢ terminals becomes a problem in regions of the CNS where DA-, NA-, and 5-HT-

:"containing axons are present (Bosler and Calas, 1982). Although the hypo-

thalamic arcuate nucleus contains exclusively dopaminergic cells (Bjérklund
and Nobin, 1973; Swanson and Hartman, 1975; Ruggtero et al., 1965), DA, NA
and 5-HT axon terminals are all present. Therefore, although radioautography

provided some information about the distribution of DA and its precursor L-

"
.
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DOPA within TIDA neurons (Scott et al., 1976; 1978 a, H)' the limitations of
this technique precluded the possibility of obtaining 1nformation a‘éut the
ultrastructural connection’ patte:gg of these neurons. However, radio-
autograbhy in conjunction with other labeling methods, such as immunocyto—
chemistry, has been used to this end. For example, direct appositions bet-
ween serotonergic axonal varicosities and dopaminergic dendrites were shown
in studies of the arcuate nucleus (Bosler et al., 1984; Bosler and Beaudet,
1985). This approach, however, still did not provide information concerning

the intrinsic connection patterns of the TIDA system. : . -

C. Immunocytochemistry

Any substance capéPle of inducing the formation of specific anti-
bodies, following its injection into a suitable host, can be localized by
means of immunocytochemical techniques (Sternberger, 1974). The large
proteins normally found in neural tissues, ;uch as the neurotransmitter-
synthes{zing enzymes, can induce antibody formation (Pickel, 1981; 1982).
Over thé past several years, all of, the enzymes of the catecholamine bio~
synthetic pathway (Pickel et al., 1976), including tyrosine hydroxylase (Joh
et al., 1673; Joh and Ross, 1983), have been purified; Tyroaine‘hﬁdroxylase
(TH), the rate-limiting enzyme of the pathway (Levi;t“et al., 1965), is the
first enzyme in the chain of reactions responsible for the synthesis of
cat;cholamiées (Nagatsu et al., 1964; Weiner, 1970; Hokfelt et al., 1973)
and 1is tth found in dopaminergic, noradrenergic and- adrenergic neurons
(Fuxe et al., 1978;  Hokfelt et al., 1984a3). The immunocytochemical
loéalizagion of rate-limiting enzymes in a biosynthetic pathway reflects the
distr££uéion of neurotransmitters (Sternberger, 197%a). Since éhg TH~

containing perikarya and dendrites of the arcuate nucleus are exclusively

*/
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dopaminergic (Bjorklund and Nobin, 1973; Swanson and Hartman, 1975; Ruggieto'

et al., 1985), the 3tgan1zation of the dopamine-containing nerve cell bodies
and processes @with{n this nucle;s can be stﬁdied through the immunocyto-
chemical detection o%‘TH. This con;epc is supported by direct experimental
evidence. qagfelt et al. (1976) showed that the distribution of the TH
positive TIDA cells; marked using a fluoresceinisothiocyanate (FITC)
conjugated immunoglobulin (which binds to tﬁe TH antibody), corresponded to’
that observed using the Falck-Hillarp technique (Carlsson et ;i. 1962; Fuxe;
1964; Dahlstrom and Fuxe, 1964; Fuxe and Hokfelt, 1969). Therefore,
immunocytochemistry using an antigody against TH iﬁ a valid method for
studying the TIDA system.

The peroxidase-antiperoxidase (PAP) method of Sternberger (1974;
1979b) permits the study of neuronal systems at both light and electron
microscopic levels. Indeed, the brown reaction product, obtained when
horseradish peroxidase 1is exposed to 3-3'-diaminobenzidine (DAB) and
hydrc\>gen peroxide (Hzoz), is visible under the light microscope and, since
it becomes electron dense when reacted with osmium tetroxide (0804) (Graham
and Karnovsky, 1966; Rees and Karnovsky, 1967; Sternberger, 1974), electron
gictoecopr detection is also possible.

In the past decade, the topography of the TIDA system as demonstrated
by fluorg;cence and immunofluorescence techniques (Carlsson et al., 1962;
Fuxe, 1964; Dahlstrom and Fuxe, 1964; Fuxe and Hokfelt, 1969; Hokfelt et
al., 1976; 1984a) ﬁas been confirmed bj'Lﬁ immunocytochemical studies using
of the PAP method (Pickel et al., 1975; Bosler et al., 1984; Chan-Palay et
al., 1984; van den Pol ei al., 1984; Piotte et al., 1985). \xu immunocyto—

chemical studies, however, were not readily undertaken because of the

difficulty 1in eimultaneously obtainiqg satisfactory tissue wmorphology and



"the good antibody diffusion required for proper immunostaining. A proper

methodology for the study of the fine structural organization of the TIDA

system was not available until a suitable ﬁerfusing medium (see Section II-A

of Materials and Méfhods) was geveloped, and used in conjunction with a.

modified version of the unlabeled PAP method ?f Sternberger (1979b) (see
below). , , <

"At present, one of the most extensively used methods for the ultra-
structural localization of specific neuronal antigens, is the unlabeled PAP
method of Sternbeéger (1979b) which has been modified for .preembedding
staining (Pickel et al., 1975; Pickel, 1981; 1982), following perfusion of
the brain (for details see Materials and Methods). The preembedding

methodology consists in exposing the tissue sections, which have been cut

. with a Vibratome, to the various steps of the immunocytochemical procedure

prior. to epon embedding. The advantages of this technique are: 1) a better
membrane preservation resulting from exposure of the tissue to osmium
tetroxide before embedding 2) better immunostaining since TH appears to be

more reactive prior to plastic emﬁedding and 3) the ability ' to select,

- b

prior to embedding, precise areas of the tissue, known to contain a high
ciensit:y of the immunolabeled elements (e.g. nerve cell bodies), for further
examination at the EM level.

In a light and electron microscopic study of the hypothalamic TH

< immunoreactive neurons van den Pol et al. (1984), using the PAP preembedding

methodology, described the ultrastructural morphology of the adult rat
arcuaée dopanminergic perikaryga _ They reported many synapses, mostly
asynmgtrical, involving unlabeled axon terminals and Tﬁ positive dendrites.
Tﬁe PAP preembedding method was also used in the combined radicautographic

and 1nﬁunocytochenical studies, and demonstrated the relationships bdetween
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TIDA' cells and other identified neuronal elements, as described in the
brevious section (Bosler et al., 1984; Boalef‘and Beaﬁdet, 1985).

Similarly, us;ng the immunoperoxidase preembedding methodology but
with a different marker, that is, the a?idin-biotin-peroxidase complex (ABC)
(Heu et al., 1981), Leranth et al. (1985b) showed TH immunoreactive axons in
synaptic con?ection with TH immunoreactive dendrites in the adult female
arcuate nucleus. This was a most interesting observation in view of the 3

evidence suggesting that the TIDA system is autoregulatory (Kizer et al.,

1978). A preembedding double immunostaining procedure, permitting the

simultaneous ultrastructural localization of two different antigens in the

same tissue section, also made possible the'demonstration of glutamic acid
decarboxylase (GAD) immunor:active nerve terminals (labeled with ferritin)
in symmetrical synaptic contact with TH immunopositive dendrites an’somgta
(labeled with both ferritin and peroxidase) (Lerdnth et al., 1985a).

In s&mnaty, previous EM studies combining‘radioa;togrgﬁhy and immuno-
cytochemistry revealed that a relationship exists between the TIDA cells-and
both serotonergic and GABAergic nerve terminals (Bosler et al., w1984;
Bosler and Beaudet, 1985; Leranth, et al., 1985a). Furthermore, both labeled
(TH positive) and wunlabeled axon terminals were shown to synapse on TH
pdsitive dendrites (van den Pol et al., 1984; Leranth et al., 19855). These
resuits, however, — especlally concerning the 1ntrinsic_.TIDA neuronal

organizational pattern are, as of yet, incomplete and much remains to be.

determined regarding the types of connections established by TIDA elements.
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- .- V- ONTOGENY OF THE TIDA SYSTEM

a
)

Although some information (revie?ed in the previous section) 1is
presently available concerning the ultrastructure of the adult rat TIDA
system, ngthing is known about its_early development at the fine structural
level. In studies wusing the Falck—-Hillarp formaldehyde fluorescence
technique, DA nerve cell bodies were detected in the arcuate nucleus of the
full term rat fetus (20-22 days of gestation) (Hyyppd, 1969; Seigef’ and
Olson, 1973). Both th; number and fluorescence intensity of these cells
subsequently increased to reach a maximum within the first three postastal
weeks (Hyyppa, 1969; Loizou, 1971b; 1972), followed by a subaeq#ent

plateauing’ to the adult pattern by the Sth postnatal week (Loizou, 1971b;

1972). Application of the immunocytochemical techanique, which 1is wore

sensitive than the histofluorescence method for the démonstracion of cell
bodies (Hokfelt et al., 1984a), enabled LM detection of the TIDA neuronal
cell bodies as early as embryonic day 14.5, TH being first detectable at
embryonic day 12.5 (Specht et al., 198la). The topography of the TIDA cgili
closely resembled that of the adult by embryonic day 18 (Spechl et al.,
1981b).

These results show th;t the TIDA system is present in the, nevbofh
raé. In addition, pharmacological evidence indicates that neq?atalf DA
arcuate neurons, like those of the adult, can be d;pleted of ?Bg;fzneuto-
transmitter by reserpine and catecholamine synthehiﬂ inhibitors ‘(Lofﬁgg.
1969; 1971b; 1972), and that they can also take up the‘;nine precursor L-
DOPA (Loizou, 1971b). Thus the TIDA system appears to be in place an@

capable of some function at birth. The question remains, however, as to the

norphoiogic maturity of the TIDA system in the neonate. Despite some

"
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exprénaion of mature biochemical and physiological function, the TIDA neo-

natal neurons may exhibit neither adult patterns of connections nor mature
perikaryal morpholagy. 1Indeed, 1in an EM study of the neonatal arcuate
nucleus, Walsh and Bhawer (1979) demonstrated a paucity of synapses, most
of which were innaturej an abundance of growth cones, and a predominance

of undifferentiated #hnature-looking nerve cell bodies. Consequenfiy, as

Qas btevioualy sugg&sted by Loizou (I971a; 1972), the biochemical and

functignal differentiation of the catecholamine-containing neurons of the
newborn probably precedes their morphological differentiation. Thﬁs the
neuronal circuitry regulating TIDA function is probably mnot present at
birth, and must develop during the postnatal period. EM anaiysis of TIDA
cell bodies, processes and patterns of connections is clearly neéded to

resolve this question.
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o SPECIFIC OBJECTIVES

¥

\
Over the past aeveraf years, the evolution of techniques such as
radioautography, fluorescence histochemistry and 1llunocytoc§enistry con-
tributed to the acquisition of an extensive amount of information on the
topography of the adult TIDA system. Sucé information about the {immature
TIDA system, however, 18 sparse. FPurthermore, relatively little is known
concerning the f£fine structural patterns of connections of the adult TIDA
neurons, and data abOut‘the ultrastructure of the TIDA ;ysten of neonatal
or prepubertal rats is non-existent. Consequently, the main objectives of .
the present study were to analyze the éopography and finzihatructural
organizational pattern of the adult female rat TIDA system by means of the'
= preembedding PAP immunocytochemical method, and to compare the resulting
data with that obtained in neonatal, 15 day old and 30 day old animals.
The questionﬁ‘of sex 1‘ecificity and the effects of gonadal steroids
) y were also addressed. The topography and fine structure of the male TISR

system was studied and compared to that of’ the female. Furthermore, since

TIDA neurons contain estradiol receptors, and 1in view of the reported

alterations” 1n‘iﬂ activity following estradiol treatment, the effects of
chronic estrogenization on the fine structure of the TIDA system in the

adult female was éxamined.
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MATERIALS AND METHODS

I- Animals ) » -

A) Housing B ’ K
All animals . were obtained from Charles River Canada Inc: (St-
Constant, Qu;bégg. 1Upon arrival, they were housed 1in plastic cages a
° © containing heat~treated Hardwood Laborator; Bedding ("Beta Chips"”). [Food
(Purina Rat Chow) and water were given ad libitum. The room temperature was
kept at '23°C and the relative humidity vgtied bet@een 50 and 55%. The

animal quarters were illuminated from 06:00 to 20:00h.

——

3

B) Adult Rats .

-
[

l. Females

Six :five week old female rats (2 Spfague—Dawley and 4 Wistar) . were
used in this study. As soon as vaginal openings were visible, normal cycki-
city waa,vefified on a d;;~to‘9ay-basis by examining vagiﬁal smears. After
2 weeka;of normal cycles, .three rats (1 Sprague-Dawley and 2 Wistar) re-
ceiyed a single subcutaneoﬁs injection of 2 mg estradiol valerate (EV) in
0.2M ml'veﬁicle (sesame oil). This treatment causes & permanent arrest of
ovulatory cyclicity as was later indicated by persistent vaginaiw cornifica-
tion. The remaining animals (1 Sprague-Dawley and Z:Histar), ';ﬁich served

a8 controls, were sesame oil 1njecgsd and kept cycling normally up to the

time of perfusion. All animals '‘were killed By intra-aortic arch’ perfusion

5

between 6 and 6 1/2 months of age. ‘ ‘ .




2, Males . . .
Three adult Wistar male rats, each weighing about 335 g, were killed

by intra-aortiq arch perfusion,

C) Pubertal Animals
Three female Wistar rats, received at 25 days of age, were perfused 5

days later, that is, at 30 days of age. ¢

N

D) Prepubertal Animals and Neonates

Three pregndnt Hté"tar female rats were housed in individual . cages.
t \ N t

The second _day following parturition,‘. 3 female pups were taken fﬁ%u 2.

&

¥
different litters and perfused. The neonjtal females were distinguishuﬁd on

id

the basis of a shorter anogenital distance ‘than that seen in wumale litter- °

9

mates. The pups that were not selected were left to age for 15 days, at -
- ‘
which time 3 female pups, “from 2 different litters, were taken for

perfusion.

II- Perfusion Procedures

@
¥

A) Preparation of the Fixativ’e
Imunocytochemica} studies .require a copprpmiae between good tissue
preservation and retentiox; of sufficient z;ntig'enicity to allow for tl’i’e/.\
visualization of the antigenic sites since fom;aldehyde and/or glutar-
_ aldehyde, wllich are required for th‘e preservation of cellular morphology
(Ellar et al., - 1971), 1{impair tissue antigenicity. The extent of this im-
pairment varies with the nature of the antigen (Pickel, 1982). In the case .

of tyrosine hydroxylase, a good balance between the preservation of cil/a,ue
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worphology and immunoreactivity was obtained with a petft;sing medium con-
taining 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1M phosphate buffer
at pH 7.2 (Pickel, 1982). Furthermore, it has recently been suggested that
the ad&icion of picric acid in the aldehyde fixative improves imln\unostaininé
by preserving immunogenicity (Somogyi and Takagi, 1982). It has also been
reported (van den Pol et al., 1984) that, in the case of tyrosine hydroxyl-
ase as the tissue antigen,  immunostaining was still present with concentra-
tions of glutaraldehyde up to 0.5%. Consequently, in order to waximize
tissue preservation without sacrificing immunostaining, a solution con-
taining a mixture of 4 paraformaldehyde, 0.5 glutaraldehyde and 0.1%
plcric acid in 0.1M Sorensen buf‘fer,l was ised (modified from Pickel, 1982).
The temperature of the fixative was always kept between 15 and 20°C,

r

B) Perfusing Adult and Pubertal Animals

Three brains from adult and three others from 30 ;la’)—' ;1d rats were
fixed by( intra-aortic arch perfusion. Each animal was anes‘thetized\ by an
intraperitoneal (i.p.) injection of sodium pentobarbital (0.12 cc/100 g body
weight) in theﬂleft .laferior abdominal quadrar.u:. Once in deep anestheai'a,
COZ: was given through a nose cone for a few seconds\ in order to pr."oduce
vasodilation. The skin and muscle layers were then ;:ut, th;a descending
aorta clamped, and the thoracic cage opened and retracted with a hemostat.
To avoid brain cell damage due to anoxia, the following steps had to be
performed within 30 sec:)ndg of the thoracic cage opening: 1) free the heat"t
from the pe'ticardiun 2) cut the apex of the heart 3). ingsert the cannula
. (connected to the rubber tubing leadit;g to the pump delivering the fixative)
into the left ventricle, and through the at;rtic valve into the origin of.,

the aorta 4) claap the aortic cannula in place 5) activate the pump. An

N




Advanced Varistéltic Pump (Pisher) was used. The pumping action consisted of
a peristaltic efféct produced by 2 rollers pressing a flexible tube against
a horse-gshoe shaped housing. The flow rate was set at 150 ul/ain. for
the first 2 minutes ;f the perfusion but was then decreased so that each

animal received about 750 ml of fixative over a 10-minute interval,

C) Prepubertal Animals
The brains of three 15 day old rats were fixed by whole body gravity
perfusion during which 100 ml of fixative was delivered (from a bottle

i
hanging between 170 and 180 cm above the ground) over a 20 minite time

_interval. Animals were anesthetized by an {.p. injection of 0.05 to 0.08 ml

of sodium pentobarbital in the left inferior abdominal quadrant. The .rats

p Within

30 seconds of the rib cage opening, an 18 gage needle (with a dulled tip)

were opened as described above but did not previously receive (O

was pushed through the left side of the Leatt into the left ventricle and

the fixative flow was started.

D) Neonate;
The perfusion procedure for three 2 day old rats wastaiudlaéﬂto that
described for the 15 day old animals with the exception of the anoun; o}
fixative delivered }er animal (50 al &uring a 20 minute tin; iﬁterval), and

the type of needle used (20 gage).
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~II1- Tissue Prépa’ration

" A) Adult and Pubertal Rats

Immediately after perfusion, brains were removed and the hypothalami

wer; disgected out. Each block of hypothalamus was trimmed in the shape of
a truncated pyra-;.d by making four cuts : a rostral cut, just behind t]:he
optic chiasm; a caudal cut, just in front of the namill/aty bodies; and two
lateral cuts, each approximately 2.5 mm away from the third ventricle. The
top of the pyramid contained part of the rostral hypothalamus while its
base contained part of the caudal hypothalamus. The blocks were immersed in
fre‘sh fixative for not n‘ore than one hour at room temperature, after which
time each block was glued on a glass stage secured to a Vibratome (Oxford),
and immersed in cold (4°c) phosphate but;fer 0.1M. Coronal sections (about
30 um thick) of the whole hypothalanj:‘c arcuate nucleus, from the optic
chiasm/suprachiasmatic nucleus region to the mamillary bodies, were cut and
placed 1in the wells of Porcelain Spot Test Plates (A.H. Thomas Co.,
Philadelphia, Pennsylvania) - containing phosphate buffer 0.1M at rooln
temperature. The sections were transferred to the wells individually with a
small artist paint-brush. The immunocytochemical st:aininé was done as soon

as all the sections had bqen collected.

" B) Prepu‘bertaul Ratg
Following whole body perfusion, the brain of each 15 day old rat was
taken out and put in fresh fixative at room temperature for 15 minutes. The
hypothalamus was then dissected out (by the same method employed for adult
and pubertal rats) and left in fixatlzive for anr additional 45 minutes.

Before the hypothalamic blocks were prepared for Vibratome sectioning (age

s
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previous section for description), they were put in co}d (b?c) paraformalde-
hyde (4X) for a period of 2-4 hours.  Coronal sections (about 30 um thick)
of the whole arcuate nucleus region‘;ere then cut ‘and placed in phosphate
buffer 0.1M at room temperature. The immunocytochemical staining was done
as soon as all the sections had beéqﬁéollecued.

C) Neonates
Tissue preparation for the neonates wag similar to that described
above for the 15 day old rats with 2 exceptions: 1) following whole body
perfusion, the entire head of each neonate was put in fresh fixative for 15
minutes before. the dissection of the hypothalamus 2) Vibratome sections

were SO0 um in thickness instead of the usual 30 um.

IV- Source of Antiserum

t

The antibody' to tyrosine hydroxylase (TH) was obtained from Dr. Tong

Hyub Joh (Laboratory of Neurobiology, Department of Neurology, Cornell

University Medical College, New York, N.Y.). The TH antibody was produced

in a rabbit using the enzyme from bovine adrenal medulla that was partially
W \J“ A

purified by ammonium sulfate precipitation and Sephadex G-200 column chroma-

tography. For details on enzyme purification and antibody production, see

Joh et al. (1973) and Joh and Ross (1983).
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V- Immunocytochemical Staining

A) Specificity

Al

Two requirements must be satisfied before any 1nlm;nocytochemical‘
staining 1is sald to be specific: 1) method specificity and é) antibody
‘specificity (Petrusz é& al., 1976). Method specificity requires that the
staining be due exclusively to an interaction between the antibodiés of the
antiserum and the tissue antigen. Apntibody specificit§ implies that there
18 no staining when the antibodies are blocked by the specific antigen ﬁrior

to exposure to the tissue antigen.

B) Method Specificity

To determine method specificity, .the specific antiserum 1is re-
placed by antibody-free serum in order to see if the specific labeling 1s‘
removed (Sternberger, 197§; Petrusz et al., 1976; Pickel, 1981; Pickel,
1982). The "antibody-free" serum consists of the specific antiserum
adsorbed by an excess of purified antigen or of serum taken from the host
before immunization (Pickel, 1982).. Within the rat hypotha;amic arcuate
nucleus, method specificity was tested by Pickel et al. (1975). These
authors used two types of controls: in the first ‘one, breimmune serum was
substituted for immune serum. In the second controi, the specific TH anti-
body was adsorbed with pure antigen, the é;kigen-antibody complex removed by
centrifugation, and the antibody free supernatant was substituted for the
specific antibody. There was no specific staining in any of the countrol
'sections. ‘ 2

o i
/
¢

M

r——




SR

28
C) Specificity of the Antibody
There are two ways of testing the antiserum speciffcity: 1) by
perforuing immunoelectrophoresis or double 1unuﬁbéiffusion, which should
result in a single precipitant arc between the purified antigen and the

gpecifi¢ antiserum, or A?) by using the specific antizerum to inhibit the

antigen activity (Joh et al. 1973; Pickel, 1981; 1982). Joh et al. (1973)

found that the enzyme specificity of the TH antibody was high, since a
single precipitin arc was seen when immunoelectrophoresis was performed on
the antibody with either purified bovine-adrenal TH, or with a crude extract

of the gland. Moreover, no precipitin arc formed when this same anfibody

. was run against dopamine-f~hydroxylase, aromatic L-aminoacid decarboxylase,

and phenylethanolamine-N-methyltransferase, the other enzymes of the
catecholaminergic synthetic pathway. 1In addition, TH acti§1t§ from both
purified and crude bovine adrenal extract was inhibited almost 1601 by the
antibody, whereas this same antibody failed to inhibit the activities of the
other enzymes of the catecholaminergic synthetic pathway. Joh et al. (1973)
also reported that this TH antibody was highly cross-reactive with TH from
raé adrenal gland, superior cervical ganglion and, most sign;ﬁ&spncly' for

the present study, brain. /

VI~ Immunocytochemical Procedures

All sections were immunostained using the unlabéled antibody per-
oxidase-antiperoxidase (PAP) method of Sternb;;ger (1979b). The protocol we
used 18 a modification of that described by Pickel (1981): the Vibratome
sections were first submitted to two 15 minute rinses with Tris-saline

containing O0.1M lysine. Lysine, which was not included in the original

Y
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protocol, was used here gince it may bind to the free aldehyde groups of the
fixative (Oertel et al., 1982; Hodges et al., 1984) and thus coatribute in
reducing the background staining. Tris-saline was prepared by adding 4.5 g
NaCl to 500 ml Tris-water., Tris-water was made by the addition of con-
centrated HC1 to aﬁO.SH solution of Trizma basg until a piH of 7.6 was
o’btai:ned. In the original protocol (l;ickel, 1981), the sections were next
exposed to the detergent Triton X-100. This detergent, which dissolves
membranes, enhances the penetration of the antibody but is deleterious to
the tissue morphology (Pickel, 1982). Sections ;vere, therefore, not exposed
to the detergent. In order‘to block unspecific antigenic sites (Oertel et

al., 1982), the sections were then incubated for 30 minutes im normal goat

serun (n.g.;.) diluted 1:30 with Tris-saline. This incubation was followed

by two 8 minute ringes with Ttia’-saline. The sections were then incubated

overnight at 4°c with’the TH antibody diluted 1:750 with Tris—saline con~
taining 1% n.g.s.. During the overnight incubation, the sections were
constantly agitated as 'they were for all steps involving an antibody in' the
ptocedu;:e. ) . -
The following morning, the sections were rinsed twice, 8 minutes each
time, with Tris-saline containing 1% n.g.s., and incubated for $3(') ;linutes
with a goat anti-rabbit immunoglobulin dilutedq 1:50 with -Tris-saline
containing 1X n.g.s.. This was followed by two 8 minute rinses with Tris-
saline containing 1X n.g.s. and a 30 minute incubation with the peroxidase-
antiperoxidase (PAP) complex (Cedarlane Laboratories Ltd.) diluted 1:50
with Tris-saline containing 1% n.g.s.. Although in t:he,,' original protocol, a
1:10 dilution of the anti-IgG and a 1:30 dilution of the PAP wer’e used,

dilutions as high as 1:50 and 1:100, . respectively, do not appreciably alter

immunostaining (Pickel, 1981). The sections were then submitted to two 8




minute ringes with Tris-saline alone, {ancubated 10 minutes with Cocl2 0.5%

in Tris-saline and rinsed twice (8 minutes) with Tris-saline., The CoCl2

step 18 not found 4in Pickel's methodology but is used here because it

enhanced the electron density of the 1mnunoprecip1tate, permitting an {im-

o
"

proved visualization with the electron microscope (Adams, 1977; Silverman,

1983). Finally, the gections were reacted (in the dark) for 6 aminutes with

[y

.0.05% 3-3' diaminobenzidine and 0.01% hydrogen peroxide in Tris-buffer,

rapidly rinsed 19 distilled water and traneferne@ ia phosphate buffer 0.lM.
Higher concentrations of diaminober.zidine (0.05% vs 0.013%) and hydrogen
peroxide (0.01Z vs 0.003%) were used than those in the orig;nal protocol
(Pickel, 1981). |

’

VII- Tissue Processing for Light and Electron . Microscopic
* Observations - o

Immediately after the immunocytochemical staining, some sections were
procesgsed for electrom nicroscop; in the following manner: one out of every
four sections ' cut along the rostro-caudal axis of the mid~portion of ihe<
arcuate nucleus was selected and post-fixed for one hour in a 21 solution’
of osmium tetroxide. The sections were then stained with u{gnyl acetate for
one hour and dehydrated in a graded series of ethanols. Each section was
then cut in half with a scalpel blade under the dissecting microscope.’ A
drop of fresh epon was put on a plastic coverslip, one half-section was
deposited on the drop, cd;ered by another dtob, and a second coverslip was
placed on top, forming a "sandwich™. The “sandwiches™ were put in the oven
at 60°C for 16-17 hours. Once the epon had polymerized, they wvere taken

.
out of the oven and trimmed with a pair of scissors in order to j}t at the

/
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bottom of Beem capsules. The “sandwiches™ were then reembedded in the
capsules uhich'uete filled with epon and put in the oven at 60°C for 16-17
hours. Once out of the oven, the epon blocks were trimmed in the shape of a
truncated pyramid (the base of which was lined up with the edge of the t?ird
vgptticle) including mainly the arcuate nucleus region, and the top cover
slip of the sandwich was carefully removed with a razor blade. © Thin
ultramicrotome sections (silver) were chén cut from the epon blocks, put on
Formvar-coated grids and stained with lead citrate for 2 1/2 -;inutee.
Sections suitable for ultrastructural study must be selected with care.
Indeed, the heavy labeling of ihe first few sections makes it difficult to
identify underlying structures and sections deeper than 1 um from the sur-
face have Qery faint labeling due to the limited penettation.bf the anti-
body. ‘

For light .microscopy, the sections (not selected for electron
microscopy) including those of rostral and caudal -arcuate nucleus, weré
exposed to osmium tetroxide vapors for about 1/2 hour, in order to increase
th; nsgalning intensity of the reaction product. These sections were then
placfd directly on gelatin-coated glass slides (three sections per slide),

and dried at 37°C overnight. The following morning, they were dehydrated in

a graded series of ethanols and mqunted with permount. X -

-

VIII- Light and Electron Microscopy | -

Iy N

The immunodytochemically stained sections (mounted on slides) from 3

intact adult males and from both control and EV-treated females (3 per age

group) were examined with a Wild 1ight microscope and photographed in
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series, or mapped using a camera lucida that coul% be adapted to the micro-

scope.

o

The sections embedded in epon for electron microscopy were also

exaﬁined under the light microscope before the blocks were trimmed for thin

'

sectionning. The shape of the trimmed blocks could then be outlined on the

camera 1uc1da drawings. Using a Siemens 101 Electron Microscope, coronal

gections from the mid-arcuate nucleus region of neonatal, 15 day old, 30 day
A
old, control adult and EV-treated adult female rats, as well as of adult

male rats, were scanned. The number of sections examined in individual

~

animals " and the number of blocks cut to obtain these sections are shown 1in
Table I. Each section examined was scanned entirely, and pictures of every

TH positive element encountered were taken. The resulting electronmicro-

graphs were then analyzed.

A
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TABLE I: NUMBER AND SdbRCB OF SECTIONS EXAMINED AT THE
ULTRASTRUCTURAL LEVEL -

Strain

S.D.

/ S.De

TLE XXXE XX DXL =X

Legend :

o

Animals

c1
cII
CIIL

EV1
EVII
EVIIL

Cl
C2
c3

D1-1
D1-2
D1-3

D15-1
D15-2
D153

.D30-1
D30-2
D30-3

#Blocks #Sections

Cut ‘ Examined

3 3
1 12
2 3
3 3
2 3
2 4

2 4
1 3
1 4
2 4
2 6
3 8
1 4
.:l 2
1 - 2

>

. 1 3
1 2
1 3

S.D.= Sprague-Dawley; W= Wistar; .C= control adults (CI—iII*
noraally cycling females and (l-3= intact _males); EV=

females; Dl= neonatal females;

D30= 30 day old females.

D15= 15 day old

EV-treated
females;



I- THE ADULT TIDA SYSTEM

‘A. Light Microscopic 0bservations(
a) Nornalfy Cycling Females

According to the description of Walsh and Brawer (1979), five levels )
'of the arcuate nucleus Tay be easily identified : 1) level A or the wmid-
anterior arcuateﬁregion, where the nucleus consists of a single cell mass
just. below the floor of the- third ventricle 2) 1level B which is
approxiiately mi&way between level A and the point at which the wventri-
" cular fl;or expands to form_the lateral recesses (at this and the following

levels, two distinct arcﬁate nuclei are seen, one on either side of the

.third ventricle) 3) level C or the ni&dle portion of the ventricular expun;
sion region 4) level D where the pituitary stalk originates 5) level E or
.posterisr " arcuate region, which 1is just behigd the pituitary stalk's
posteriér attachment point. . |

Levels B to E of the adult atcuaie nucleus of 3 normally cyciing
female rats ‘were examined (Plate la-g). As was prsvioualy reported
(Hokfelt et al., 1976; 1984b; Chan-Palay et al., 1984; van den Pol et al.,
1984), TH positive nerve cell bodies were found both in the dorso—medial

and lateral régiona of the nucleus in all animals. These immunoreactive

cells, at leval B (Plate 1a), were distributed on either side of a slightly

convéx imagina

line connecting the medio-dorsal and the ventro—-lateral

arcuate areas, ; (Plate lb-d) vas characterized"by_nu-crous Ti posi-

P




tive perikarya in the medio-dorsal arcuate region, immediately next to the

third ventricle. Most of the remaining tniunpreactive célls were scattered

a8
within the lateral region of the nucleus, appearing almost as a distinct
ventro-lateral cell cluster. The most ventral TH positive cells of the

ventro-lateral arcuate region usually stained less intensely than those more

dorsally. Furthermore, a few slightly immunoreactive cells extended beyond

_the arcuate region, laterally, jﬁst above the ventral surface of the dience-

-phalon. Pale staining perikarya were also found throughout the arcuate
nucleus. The distinct ventro-lateral cluste; seen ;t level C was no longer
present at level D (Plgté’le-f), where numerous labeled nerve cell bodies
were distributed in an apparentiy random manner through the nucleus. At
level E (Plate 1lg), the arcyate nucleus contained only a few scattered
labgled perikarya. '

In 'addition to labelgg nerve cell bodies, a complex network of
immunoreactivé processes, some of which could be seen to originate from TH
positive perikarya, and small punctate elements, were present at all levels
of the arcuate nucleus (Fig. 1). The punctate elements were éarticularly
numerous 1in the external layer of the median eminence. Furthermore, both
thélinnunolabeled processes and punctate elements extended into the ependy;
mal layer of the ventricula? wéll. - )

vy

b) EV—tteated Fenales ’ \

—

In each of the 3 EV-treated female rats, both the ;!nunocytocheqiéal-

labeling patterns and numbers of labeled cells within the arcuate tucleus

- - . .
were similar to those of the normally cycling animals (Plate 2a-d). - The

uedio-dorsal cluster of the mid-portion of the nucleus (level C) was wmore

- c

distinct in the EV-treated than in the control animals (compare Plates 2b-c
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and 1b-d). Furthermore, the arcuate ventro-lateral cell cluster (of level
C) could not be easily delineated in control animals whereas in EV<treated
rats, a distinct vent;o-lateral aggregation of immunoreactive perikarya was

clearly separated from the obvious ‘medio-dorsal clustets”

¢) Intact Males

* No obvious diff;rence was geen between the distributional pattern of
the male and female TH positive perikarya, processes, and punctate elements.
In each of the 3 male rats examined, however, the medio-dorsal and ventro-
lateral clusters seen at level C were not as distinct (Plate 3d-e) as they
were .in the females (both control and Ev-treated). Furthermore, under our
experimental conditions, the staining 1ntgpsity of the immunoreactive nerve
cell bodiep and proceaees‘of the male arcuate nucleus appeared to be signi-

LY
ficantly less than that of the females.

B. Eleﬁtron Microscopic Obsgervations
a) Normally Cycling Female Rats
1. Perikarya

- | Twenty-two TH positive perikarya from c;nctol female rats werél éxa-
mined. These polygonal or:ovoid nerve‘éell bodies were ' small, averag{ng
approximately 8 Um in short diameter and 12 u-.inllbng diameter. In wmost
case$, each immunoreactive cell profile was occupied by a large indented
nucle&q containing, in some fortuitous sections, a large nucleolus. The
rest of the cell exhibitgd a ecaﬂt peripheril cytoplasa containing numerous
mitochondria, randomly séatcered short  cisternae of endoplasmic reticulum,
o and one to several small Golgi apparatus (Fig. 2). ’ Lysosomes (membrane-

.

bound accumulations of dark homogeneous dense material) ‘were also present in

E@"f
H

o D ' -
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many neuronal 'cgil bodies in significanf numbers. A single perikaryal
profile could (contain from one up to 15 lysosomes. On the other hand,
pultivesicular bodies ( membrane-bound clusters of small vesicles) were only
occasionally encountered, and no more than 3 multivesicglar bodies were seen
in any single perikaryon. The granulated black immunoprecipitate appeared
relatively uniformly distributed throughout the cytoplasm. It was .not
agsociated with any particular organelle but appe;red to accumulate mostly
on membranous surfaces (Fig. 2).

The TH immunoreactive nerve cell bodies were extensiveiy ensheathed
by .glial lamellae directly applied to the neuronal plasmalemma. Where the
glial sheath was interrupted, labeled and d;I;Séled axon terminals and/;r TH
positive dendrites (but not TH negative dendrites) abutted the plasmalemma
(Fig. 2). One instance of somato-somatic appbsition was also observed. In
this case, the plasmalemmas of a TH pgéitive and a TH negative perikaryon
were in direcg,aﬁpésition for some distance. |

The morphological characteristics of most unlabeled perikarya were

similar to those of labeled cell bodies. Tﬁe absence of black immunopreci-l

pitate n unlabeled perikarya allowed for visualization of ribosomes

that were associated with the cisternae of endoplasmic reticulum (rER), as

well as scattered Ehpoughout the cytoplasm.

' 2. Dendrites
The large majority of the immunoreactive’ processes ‘obser;ed , Were
dendritic prbfiles. These ;ere easily identified on the basis of shape,
size, and internal framework of regularly spaced microtubulés. The Iatter
&

were seen in linear array in lopgitudinally sectioned profiles (Fig. 3) and

hppeared‘ as small evenly distributed circleé in, transversely cut profiles

\ \
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(Fig. 4). Axon terminals often'were seen in synaptic comtact with 1-uho-
reactive dendrites (P}gs. 3 .and 5). Hitochondri; were frequently
encountere; within these dendrites. In addition, short, often distended,
cis;ernaé of endoplasmic reticulum, and occasional wmultivesicular bodies
similar to those found in labeled perikarya, also occurred within dendrites.

The cyfoplasn of TH positive dendrites contained a black immunopreci-

pltate which preferenti@lly accumulated below the inner leaflet of the

e

. dendritic plasmalemma, around the outer mitochondrial aad endoplasmic

feticular membranes, as well as around the nicrotubuleg,rﬂwlhua,, as in the

s

case of perikarya, the immunoprecipitate in dendrites was most densely

4

distributed at membranous, filamentous or microtubular surfhées.

e

TH positive dendrites abutted on labeled and unlabeigd perikarya,

otﬁer dendrites, axon terminals and tanycytes. Table II summarizes the

-

number of each of these relationships observed in n&gnpliy cycling female

rats. The most' common type of relationship encq?g;eteH/In’our " material

P

involved Yunlabeled axon tetminéig/!h;ch;fﬁfagg predominantly asymmetrical

- e

axo-dendritic synapses with labelea dendritic profiles (Fig. 5). These axon
terminals were filled with smai} round vesicles of homogeneous content. At
the point of contact, vesicles formed an obvious cluster and wmembrane
specializatipns could be seen. In contrast, labeled nmerve terminals were
never seen in contact with labeled dendrites.

The next most frequently encountered relationship consisted of direct
appositions involving labeled dendritic profile? and tanycytic processes.
However, in contrast to the ;xo—dendtitic synapse, uaeither vesicles nor
membrane specializations were present at the contact poiht. ‘ Numerous TH

positive dendritic profiles were frequently encountered along the length of

a single tanycytic process (Fig. 6). FPavorable planes of section clearly

-
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TABLE II: TYPES OF RELATIONSHIPS OBSERVED BETWEEN TH
POSITIVE DENDRITE§ AND OTHER. ELEMENTS OF THE
ARCUATE NEUROPIL OF NORMALLY CYCLING FEMALES

"

4 N

,

* X = #TH+ dendrites involved in a given type of contact

*

Total number of TH+ dendrites observed

A%

Anipals
, cI cIL CIII  Total
g \
Total #TH+ dendrites observed : 237 106 424 767
#axo(TH-)dendritfc(TH+)synapses : " 26 12 ’ 93 131
) (11%)* (11%) - (22%) (17%2)
i * - ’ <
#TH+ dendrites apposed to:
Tanycytic processes : .26 9 28 63
. (11%) (8%) %) (8%2)
- TH+ déqdritee : 6 6 12 24
(32) (6% .) (32) (3%)
TH-.dendrites : 7 ' 1 9 Y
(32) (12) (22) (2%)
TH+ perikarya 3 2 1 6
(12) (22) (.22) (12)
TH- perikarya : 4 1 0 5
' (2%) . (12) (o%) (1%)
) )
i o a
' \
\ .
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demonstrated thin” sheet; and processes emerging from tanycytic processes, .
and partially or completely envelopinngH positive dendritic profiles.

Immunolabeled deédtites were also seen in direct apposition to other
dendrites, both 1labeled and unlabeled, as well as to both labeled and un-
labeled perikarya. As in the case of dendro-tanycytic appositions, no
Yesicle nor: membrane speclalizations occurred at the coatact points.

. Although less com;on than axo-dendritic synapses or even dendro-tanycytic
appositions (Table II), dendro-dendritic and dendro-somatic appositions
occurred fairly often. The size range of the andritic profiles examined
indicated that these dendro—-dendritic appositions\bccurqmainly between den-
dritic shafts. There were fewer TH positiQe dendrites in direct apposition‘
to unlabeled dendrites (Fig. 7) than to labeled dendrites (Fig. 8). On Fh?
other hand, TH positive dendrites contacted both labeled (Fig. 9) and
unlabeled (ng.' 10) perikarya in more or less ‘equal proportions. The

; 3 .
contact siteé; of these dendro-somatic appositions were also devoid of
vesic&lag clusters or membrane specializations.

Even though TH positive dendrites directiy apposed both labeled and
unlabeled perikarya, unlabeled dendrites were never se;n in direct apposi-
tion to labeled nerve cell bodies. Iﬂ‘cOACrast, TH positive and TH negative
dendrites both came in direct apposition to unlabeled nerve cell bodies 1in
roughly equal: proportiong. ’The examination of 52 wunlabeled perikaryal

_p;ofiles revealed 5 TH positive and 5 TH negative dendrites involved in

dendro-somatic appositioné. ‘
As in the case of TH positive perikarya, labeled dendrites throughout
the arcyate neuropil were anapsulated over much of their surface by glial

sheaths. hese sheaths were often multilamellar, consisting of concentric

gyres 1n close apposition. Although these sheaths appeared similar to the
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astrocytic shedths found throughout the centgal nervous syate?, gome
undoubtedly originate from tanycytic processes as described above. Such
thin glial sheaths, whether astrocytic or tanycytic in origin, were occa-
sionally intercalated beCw;en a labeled dendréce and aﬂ identified tanycytic
process. Similarly, a thin glial leaflet was occasionally seen intercalated
between an immunoreactive dendrite and a nerve cell body (Fig. 11).

3. Axon Terminals

In our material, TH positive terminéls were filled with ro;;a, dense~
ly packed, clear vesicles of somewhat variable size, surrounded by the
inmunoprecipitg;e. A few large dense core Qeaicles were sometimes present)
as well as mitochondria and érofilga of smooth endoplasmic reticulum (Fig.
12). K

Only 27 immunoreactive axon terminals were observed, and these were
mostly located 1in the lateral arcuate region. Table III shows the
different types of contacts established by these terminals within the
arcuate neuropil. Labeled nerve terminals were most commonly found in
direct apposition to unlabeled dendritic profiles (Fig. 12). In contrast to
synaptic contacts, membrane specializations and vesicular clusters aF these
points of contact were rare. In fact, only one instance of such a synaptic
specialization occurred, involving one labeled axon terminal and one un-
labeled dendrite (Fig. 13a).

Labeled ai&ﬁ terminals were also often seen directly apposed to'both
unlabeled axon termi;;ls (Fig. 13b) and tanycytic processes (Fig. 13c), but
they never contacted TH positive dendrites or other 1labeled terminals.

Although they occasionally came in direct apposition to both labeled and

unlabeled perikarya (Fig. 13d,e), labeled axon terminals never formed synap-

v
Ry ‘/
h




\J

_ TABLE III: TYPES OF RELATIONSHIPS SEEN BETWEEN LABELED
' AXON TERMINALS AND OTHER ELEMENTS OF THE
ARCUATE NEUROPIL OF NORMALLY CYCLING FEMALES

Total #TH+ terminals observed :

#TH+ terminals apposed to:

TH- dendritea :

TH-~ axon terminals

..

Tanycytic processes :

TH perikarya :
TH- perikarya T

#axo( TH+)dendritic(TH-)synapses:

Animals
C1l CI1 CIIlI
7 9 i1
1 3 3
(14%)* | (33%) (27%2)
2 -2 i
(292) (222) (92)
1l 1 2
(142) (11%) (LBZ)
2 0 -0
(292) (0z) - (0R)
0 0 1
(o%) (0%) (9%2)
OL, 1 0
(0%) (11%) (0%)

*# % = #TH+ dendrites involved in a given ty

r

pe of céntact

Total number of TH+ dendrites observed

(7%)

Total

27

(262)
(19%2)

(15%).

(4%)

(42)
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4

tic relationships with these nerve cell bodies. Thus, they:,differ from
unlabeled axon terﬁinals which were commonly observed directly apposed to,
or even synapsing on, both labeled and unlabeled perikarya (Figs. 2 and 14;

Table IV).

b) EV-treated Females
1. Perikarya

The ultrastructural features of the 27 TH positive nerve cell bodies

examined in the EV~treated female rats were indisfinguishable from fhose

described in normal controls (Fig. 2). TH immunoreactive perikarya were

partially ensheathed by glial lamellae and contacted by various elements of

the neurbpil at‘points where the sheath was absent, as will be described
- . below. However, no somato-somatic apposition such as the one seen in con-

trol animals was encountered.

2. Dendrites

-
v

‘

Most of the immunoreactive processes observed in the EV-treated
female rats weré’dendrites. These formed a variety of relationships with
other elements in the neuropil as shown in Table V. As in normai females,
the most common type of connection observed was the axo-dendritic asymmetri-
cal synapse Oinvolving unlabeled axon terminals and TH positive dendritic

i profiles. Such axo-dendritic synapses never occurred between labeled axon
terminals and labeled dendrites.

Although the other types of relationships previously described in the

normal female rat also occurred 1in EV-treated animals, the relative

‘[? proportions of each type of contact differed slightly (compare Tables II and

V). For instance, while the second most common type of relationship was the
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- TABLE 1IV: NUMBER OF AXO-SOMATIC APPOSITIONS AND SYNAPSES
INVOLVING UNLABELED AXON TERMINALS AND BOTH LABELRD
AND UNLABELED PERIKARYA OF NORMALLY CYCLING FEMALES

\ \
Animals
{
s CI , .CII CII1 Total
. # TH+ perikarya observed ot 4 7 1 22
#axo(TH-)somatic(TH+) appositions: - 7 17 32 56
¢ - ’ .
#axo(TH-)somatic(TH+) synapses : ) S 5 22 28 .
# TH- perikarya observed : 9 6 37 52 -
#axo(TH-)somatic(TH-)appositions : 4 8 10 > 22
#axo(TH-)somatic( TH-)synapses : 3 3 9 C 15
\ -7
' \

"



TABLE V: TYPES OF RELATIONSHIPS OBSERVED BETWEEN TH

POSITIVE DENDRITES AND OTHER ELEMENTS OF THE
ARCUATE NEUROPIL IN EV-TREATED FEMALES

Total #TH+ dendrites observed
#axo(TH~)dendritic(TH+)synapses

L Y

#TH+ dendrites apposed to:

Tanycytic processes

A
)

.- TH* dendrites
TH- dendrites ;}
TH+ perikarya

TH- perikarya

[

EVI

58

8
(14%)*

3
(5%2)
(oz)
(02
(122)

(32)

Animals
EVIL EVII1
111 59

17 4
(152) (7%)
5 3
(5%2) (5%)
7 4
(62) (72)
5 6
(52) (10%)
7 4
(6;) (7%)
o 0
(0Z) (oz)

\

* X = #TH+ dendrites involved in a given type of contact

R Total number of TH+ dendrites observed

W Ut w N ‘ f o
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Total

228

29
(132)

T 1

(52)

11
(52)

11
(5%)

18
(82)

(1%)
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dendro-tanycytic apposition in normally cyéiing females, it was the dendro-
somatic apposition inveolving two labeled elements in the EV-treated animals.
Con;equéntly, in the EV-treated females, the dendro-tanycytic appositions '
were third 1in frequency of occurrence, being ex equo with the dendro*
dendritic apposition. In E¥~treated rats, but not in controis (Table II),
there were as many TH positive dendrites directly apposed to unlabeled
dendrites as to labeled dendrites. The small proportion of dendro-somatic
appositions involving labeled dendrites and unlabeled perikarya was the same
in EV-treated and control animals. The greatest difference between the EV-
treated and control groups occurred in the number of dendro-somatic
iappositions involving labeled dendrites and labeled perikarya. The . per-
centage of these appositiégs was markedly higher in EV~treated animals than
in controls (Tables II and V).

Finally, although TH negative dendrites never came in dir;ct appo-
sitionm to11abeled nerve'cell bodies in control animals, unlabeled dendrites

closely apposed to.beth labeled (in 2 instances) and unlabeled perikarya (in

one instance) have been seen in the EV-treated animals.

-

-

3. Axon Terminals ”

Only 8 immunoreactive axon terminals were obsgrved, two of which
were seen in synaptic contact with unlabeled nerve cell bodies, and one with-
an unlabeled dendrite. fhree labeled terminals were apposed to TH negative
dendrites, and one to a tanycytic process. The remaining terminal was simply

surrounded by glia. Labeled aion terminals were never seen synapsing on, or

‘even coming in close apposition to, TH positive perikarya.

Y w
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c) Intact ﬁalea
1. Perikarya
The uitrasgructural features of thét 20 immunoreactive perikarya
observed 1in intact male rats were similar to choseidescribed in the female.
The male arcuate nucleus, however, contained slightly smaller nerve cell
bodies, averaging aboﬁt 7 ym in short diameter and 11 pm in long diameter.

At points where there was no glial sheath adjacent to the perikarya, various

elements of the neuropil contacted the cells (Fig. 15). Note that no
somato-somatic apposition, such as the one seen in control females, ‘Vaé‘

encountered in the males. o
2. Dendrites

As 1in the case of the female, the majority of TH positive processes

o

e

within the intact male arcuate nucleus consisted of dendritic profiles,

most —gf which were conté&ted by unlabeled axon terminals, predowiﬁantly

forming asymmetrical synapses \(Table Vi). "As in the normally cycling

female, the second most common type of cont;ct ?35 the dendrOjtanycytic

— appositf%n, folibwed by appositions invoiving either 2 labeled dendrites, or
one labeled and one unlabeled dendrite. Appositionq’ involving 1labeled
dendrites and both labeled and unlabeled nerve Eell bodies occurred in equal
—————proportions in the male and in the normally cycling female. However, un;

-

labeled dendrites were seen directly apposed to labeled perikarya (in two

p——

instancesz in the male rat whereas such relationship was not found in the H

e

normally cycling female.” Such appositions were also present in EV-treated

— ™
A

!

v i

females.

a2 bl P P S
'

o : The examination of 24 unlabeled perikaryal profiles also revealed

» N

the presence of 2 dendro-somatic appositions involving TH positive den-

CL e s
[
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TABLE VI: TYPES OF RELATIONSHIPS OBSERVED BETWEEN TH
POSITIVE DENDRITES AND OTHER ELEMENTS OF
INTAGT MALE ARCUATE NEUROPIL
Animals
cl c2 c3 ~  Total
Total #TH+ dendrites observed : 261 152 74 487
#axo(TH-)dendritic(TH+)synapses : 69 24 24 117

, ] (26%)* (16%) (322) (24%)

| kY
ey,

#TH+ dendrites apposed to: -

Tanycytic processes - S 20 T 1l 8 39
(82) (7%) (112) (8%2)
TH+ d?ﬁx;fiies : 13 4 2 19
’ (5%) (32) (32) (42)
TH- dendrites : 11- 3 4 .18
(42) (22) (5%) (4%2)
TH+ perikarya ) : 1 0 1 2
’ (.4%) (02) (12) (.4%)
TH- perikarya : : 1 1 lo -2
(4213 G R - e
.TH+ axon terminals o 0 3 . gg“’> 3
(0%) (2%) %) (12)
:‘\‘
- 1]
: ﬁ 3
* % = #TH+ dendrites involved in a;g;ven type of contact 1
Total number of T TH+ dendrites observed
Q“
\
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drites. TH negative dendrites, however, were not seen contacting unlabeled

nerve .cell bodies.

As 1in all other g}oups} dendritic appositions in the male gehetally

lacked any specializptions. However, there was one instance of a dendror

dendritic apposition, involving 2 labeled elements, where prominent membrane
gpeclalizations were present at the contact site, although vesicles were
absent (Fig. 16). Finally, 3 of the TH positive dendrites were in direct
abposition to a-labeled axon terminal. Such appositions were never en;
countered in normally cycling nor EV-treated females.

3. Axon Terminals
A total of 30 labeled axon terhinals, which were morphologically
similar to those encountered 1n the éeulc female, were observed. Nine of
these terminals were directly apposed to unlabeled dendrites; 6 to tanycytic

]
processes, 3 to labeled dendrites, and one synapsed on a TH positive dep-

drite. The remainder of the observed terminals were surrounded by glia.

7 ‘ .

I1- ONTOGENY OF THE TIDA SYSTEM

ot
[

1

vA. Light Microscopic Observations
a) Neonatal Females D
Levels A through D of the ;emale.neonatal arcuate nucleus were
exanined (Plate 4a-e). At all levels, ‘the lgpeledfﬂéurons were morpholo-

gically similar to adult ar&ane neurons as demonstrated by Golgi btddies

(van den Pol and Cassidy, 1982), showing ohe to several dendritic processes
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emerging from a fusiform nerve cell body. At level A (Plate 4a), immauno-

4

reactive nerve: cell bodies and ptocessés were seen directly beneath the
ventricular floor. These labeled cells and processes extended extensively

beyond the arcuate nucleus area, laterally, just above the ventral surface

of the hypotﬁaldﬁus. At level B (Plate 4b), the TH.positive perikarya and

processes were mostly located in the ventro-lateral region of the arcuate

nucleus, on either side of the third ventricle. These labeled elements
again extended beyond the arcuate nucleus, laterally, just above the ventral

hypothalamus. Lightly stained perikarya and prgcesses. however, were also

4

occasionally encountered in the medio-dorsal arcuate region. At levels C
‘ and D (Plate 4c~e), the distributional pattern of labeled cells and pro-
cesses resembled that of the adult with 2 exceptions: the small number of TH

positive perikarya and procegses present in the medio-dorsal portion of the

nucleus, and the abundance.of jimmunoreactive neurons in the vgntro—lateral

o

region extending f%terally, ~just above the ventral surface of the hypo-

[

thalamus. TH 'posibiye. perikaryé occasionally occurred within the median

/

eminence (Plate 4c). _
The small TH positive punctate elements seén in the adult were very
scarce within the neonatdl arcuate nucleus. However, the external layer of

the median efiinence contained numerous labeled punctate elements.

b) 15 Day Old Females

Levels A to E of the arcuate nucleus of 15 day old female rats were

examined (Plate 5a-f). At level A (Plate Sa}, a few immunoreactive nerve 4

cell bodies and processes were present dltéctly beneath the third ventricle
and more laterally, :just above the ventral -surface of the diencephalon. At

level B,. the distribution of the TH positive nerve cells and processes of

- —
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the 15 day old Eemale rat appegred‘interuediaﬁe between the adult and neo-
natal patterns (Plate 5b): the medio-dorsal cluster of labeled cells (se;n
in the adult) was.present, but there was also an abundance of labeled cells
in the ventro-lateral arcvuate nucleus and laterally, just above the ventral
However, the TH

hypothalamic border as seen in the neonatal animal.

positive cells of the“medio-dorsal cluster generally stained more intensely

_ that the immunoreactive cells of the ventro-lateral arcuate or lateral

h&pothalamic areas.

At level C (Plate 5¢-e), prominent dark staining medio-dorsal and
ventro-lateral clusters were present, together with numerous pale staining
cells in the ventral most lateral ar;uate regions as well as laterally, just

above the ventral hypotﬁalamic surface. Although level D (Plate 5f)

resembled level C, it contained progressively fewer labeled cells within:

o‘ ”

both the arcuate and lateral diencepﬁalic regions, and immunoreactive cells
became increasingly scattered throughout the arcuate nucleus. At level E

(not illustrated), the arcuate nucleus contained very few dispersed immuno-

t reactive perikarya.

c¢) 30 Day'Old Females

~

The  distributional pattern of the TH positive perikarya, processes,
and punctate elements 'within the antero-posterior extent of the arcuate

nucleus (levels B-E) of 3b'day old female rats, was\similat to that of the

- 1]

addlt female rat.
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"B. Electron Microscopic Observations .
a) Neonatal Females
1. Perikarya

\ Most of the 30 TH positive pegikarya observed were ovoid to polygonal .

v
4

in shape, although fusiform and teardrop shaped cell bodies were also

3

encountered., These somata were considerably smaller than those encountered
in the adult, averaging about 5um in short diameter and 8um in long

diameter. Each of these small immunoreactive nerve cell bodies contained a

3

large nucleus, generally indented, conforming to the cell's shape and taking
up most of the cytoplasmic space (Fig. 17). The majority of these nuclear

profiles exhibited a single nucleolus, although 4 profiles each had 2.
VR .
nucleoldi.
‘ , . ‘
The thin rim of cytoplasm was filled by a black, granular, immuno-

precipitate which tended~£9°a§sociate with membranous structures /as in the
adult. Alsosas in the adult, neonatal perikarya contained mitochondria and

¥
short, sometimes distended, scattered strands of endoplasmic . reticulum.

. However, long individual strands of endoplasmic reticulum could sometimes be

followed for some distance along the ce11'§ circumference. The Golgi
apparatus were small and poorly developed. Multivesicular bodies . similar
to those seen in the adult were occasionally encountered .(Fig. 18) but
lysosomes,: which ‘were frequently seen in the ;dult, occurred in only one
perikaryal profile. Few profiles showed ;nly a thin rim of cytoplas; which
was filled with reaction product but completeiy devoid of organelles.

<

The labeled neonatal perikarya were sometimes contacted by tanycytic
. ¢ &
processes for some distance (Fig. 18). In addit{on, unlabeled nerve

terminalé and/or TH pobitive dendrites contacted the neonatal labeléd peri-

—
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karya in a manner similar to that described in the adult. There were also 5

somato—somatic appositions similar to the one described in the adult arcuai:e
nucleus._ Whereas no TH negative dendrite was ever seen directly apposed to
labeled perikarya in adult animals, 10 such dendro-somatic appositions‘
occurred in the neonatés (Fig. 19). On the other hand, labeled terminals,
which occasionally contacted adult immunoreactive perikarya, never conta;:ced
neonatal labeled nerve cell bodies.

2. Dendrites

The types of relationships established by TH positive dendrites were

examined 1in the neonatal arcuate nucleus. The results are shown in I'able

VII. Except for the presence of one neonatal axo—dendritic synapse

involving 2 labeled elements, and the absence of this t:ype o% contact in

the adult female (and in any other age group), the types of relationships
£

1nvolving sTH positive dendrites observed in the neonatf were identical to
those seen in the adult. However, the proportions of the\\ifferent types of
contacts markédly differed in the two age g;oups (compare Tables- II and
VII), Thus, in theﬂjneonate,l the most commonly encountereditype of relation-
ship was the dendro-dendritic apposition involving one labeled and one
unlabeled ‘dendrite (Fig.‘ 20a). The second most ~«:omm'on type ‘'of contact was
the dendro-tanycytic apposition (Fig. 21), followed by the axo-dendritic
synapse with wunlabeled axon terminals (Fig 20c). Then, came the de.ndro-

N

somatic appositionﬁ involving unlabeled and labeled perikarya respectively

.

(Figs. 22 and 23), as well as dendro~dendritic appositions involving two

labeled elements (Fig. 20b). One of these dendro-dendritic appositions

showed a membrane specialization at the contact point (Fig. 20c¢).
- .




¢

TABLE VII: TYPES OF RELATIONSHIPS OBSERVED BETWEEN TH . (
. POSITIVE DENDRITES AND OTHER ELEMENTS OF THE .

NEONATAL ARCUATE NEUROPIL

Aninaola
D1-1 D1-2 p1-3
r : -
Totgi #TH+ dendrites observed : 52 43 97
#axo(TH-)dendritic(TH+)synapses : 7 3 9
- (132)* (72) (92)
#TH+ dendrites apposed to:
Tanycytic processes . s’ 8 3 10
) - (15%) - (1%) (10%2)
TH+ dendrites : .3 ©0 1
, ‘_(62) (02) (1)
TH~ dendrites : 11 10 26.
(212) (23%) (27%)
TH+ perikarya : 2 0 2
(4%) (02) (22)
TH- perikarya : 3 , 1 12
' '(6%) (22)  (12%)
#axo(TH+)dendritic(TH+)synapses : 1 0 0o
. s o (22) -(0%) {0%)

*

N

L)

Z = #TH+ dendrites 1nvolved in a given type of contact

Total number of TH+ dendrites observed

Total

192

19
(102)

(112)

(22)
47

(243)
(22)
16
(82)

(1%)
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3. Axon Terminals

Iinunoreactive axon terminals filled with small, round, densely

packed, clear vesicles, were encountered in the neonatal arcuate nucleus

iFig. 24) far mote frequently than in the adult. Forty~eight such terminals

— -

were observed, many of which formed direci appositions with unlabeled den-
dtitic-profiles or tanycytic processes. A few labeled terminals alsq for:;d
synapses with TH negative dendritgs. There was one instance in which one
synapsed on a TH positive dendrite, and anotﬁer%whete one labeled terminal
was apposed to another labeled terminal (Table ;111).

Although, in our material, 1labeled terminals never synapsed ;r even
contacted TH positive perikarya, one of these was seen synapsing on a TH
negative perikaryon, and 5 were directly apposed to TH negative nerve cell
bodies. In ’conttast, unlabeled termiqals‘ were frequently encountered
directly apposed to, or synapsing on, both labeled and unlabeled perikarya
(Table IX). ’ °

7
b) 15,Day 0ld Females

1, Perikarya

5

The TH positive nerve cell profiles of iS day old fénaie rats were
ovoid or fusiform, and sometimes polfgonal in shape. The size range of the°
34 labeled perikarya observed was approximately 6 um in short diameter and
10, ym in long diameter. Thus, these gells were slightly smaller than the
#dult TH positive perikarya,-but larger tgﬁn éhe neonatal labeled nerve cell
bodies. 1In favorable planes of sectipn, on; nicleolus was often seen in the
large fndented nucleus, although 2 nuclei each contaiAed 2 nucleoli. | The

nucleus took up most of the cytoplasmic space, leaving only a thin rim of

cytoplasm filled with the black immunoprecipitate.
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-- -~ TABLE VIII: TYPES OF RELATIONSHIPS OBSERVED BETWEEN LABELED AXON
il TERMINALS AND OTHER ELEMENTS.OF THE NEONATAL ARCUATE

NEUROPIL

N

s

Total #TH+ terminals observed :

#TH+ terminals apposed to:

]

TH- dendrites .

TH- axon termina}s . :
FH+ axon terminals - .2
Tanycytic‘processés :
TH- perikarya :

#axo(TH+)dendritic(TH-)synapses :

#axo(TH+)dendritic(TH+)synapses :

..

#axo(TH+)somat 1c(TH-)synapses °

—

Total number of TH

D1-1

19

2
(11%)*

1
(5%)

1
(5%)

5
(26%)

2

(11%)

2
(112)

1
(5%)

1

- (5%)

_ Animals

D1-2 D1-3
17 12
4 3
(242)  (252)
0 0
(02) (02)
0 0
(oz) (ox)
3 0
(182) (0%)
1 2
1 (6%) (172)
2 0
(122) (0%)
0 0
(0%) (02)
0 0
(0%)

(02)

. X = #TH+ dendrites involved in a given type of contact
. + dendrites observed

Total

48

9
(1%2)

(2%)

(17%)

(82)
(2%)

(22)

(2%

_(102)
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TABLE 1IX: NUMBER OF AXO-SOMATIC APPOSITIONS AND SYNAPSES
INVOLVING UNLABELED AXON TERMINALS AND BOTH LABELED
AND UNLABELED PERIKARYA OF NEONATAL FEMALES

{ TH+ perikarya observed :
#axo(TH-)somatic(TH+) appositions?

#axo(TH-)somattc(TH+) synapses :

# TH- perikarya observed

ﬁx@atic(ﬂ-)appositions

#axo(TH-)somatic(TH-)synapses :

14

Animalsg
pl-1° -D1~2 D1~-3
10 4 16

4 34
1 0 11
10 1r ) 21
2 10 20
2 0 6

"1
»

Total

30
52
12

42
32




As in the adult, there were numerous mitochondria, well developed
éolgi appqratus, and sghort strands of endoplasmic reticulum dispersed
throughout the cytoplasm of these perikarya (Fig. 25). A couple of lyso-
gsomes were observed in one of the labeled cells examined, and multivesicular

bodies were occasionally encountered. In contrast to what was seen in the

adult, 15 day old labeled arcuate perikarya did not\exhibit any obviousé
glial ensheathment. Also pertaining to this ‘age group weré“nuperous (17)

dendro-somatic appositions invoiving unlabeled déndritea’and labeled(perika-
rya. Sdgh contacts were not observed in the adult female. H&wever; 15 day
old labeled perikarya were contacted by labeled dendrites and Jnlabeled axon
terminals as in the adult. Moreoier, these 15 day old labeled perikarya
formed somato-somatic appositions with unlabeled perikarya in 3 inmstances,

and with other labeled perikarya in 2 instances. \

J 2. Dendrites

The types of relationships involéing TH positive dendrites of the 15
day old arcuate nucleus are shown in Table X. As in the neonate, the most
common typ; of relationship was the dendro—-dendritic apposition involving
one labeled and one unlabeled dendri;e. However, 1in view of the total
number of dendrites’obse;ved in each case (compare Tables VII and X), these
dendro-dendritic appositions occurred much more f;equently in the neonate.,
FQrthermore, the frequency of occurrence of axo-dendritic synapses involving

unlabeled axon terminals and labeled dendrites was almost as\h§gh as that of

the dendro-dendritic appositions. The dendro-tanycytic appositions were the

.third most frequent association, followed by dendro-dendritic appositions

between 2 labeled dendrites, and the depdro-somatic appositions‘ involving

both labeled and unlabeled perikarya. The two latter types of appositions

»

e
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-



TABLE X: TYPES OF RELATIONSHIPS OBSERVED BETWEEN TH ‘
. POSITIVE DENDRITES AND OTHER ELEMENTS OF THE B}
ARCUATE NEUROPIL OF 15 DAY OLD FEMALES

_ ' Animals
D15-1  D15-2  D15-3 Total

+ ¢
a

Total #TH+ dendrites observed : . 87" 172 ._94 353
faxo(TH-)dendritic(TH+)synapses : 10 15 8 ' 33
- : {11X)* (9%) (92) . (92)
#TH+ dendrites apposed to:
} D Tanyc);l:ic pt:oceases ' : 7 14 ." 5 26
‘ ¢ - (8%) (8%) (5?) (72)
TH+ dendrites - t K 5 3 11
' - (3%) . (32) (3%) (32)
TH- dendrites : 15 12 10 37
‘ (172) (7%) (112) (IQZ) ]
TH+ perikarya : 3 1 1 5
(3%) an oy amn
- TH- perikarya : 1 4 1 6
(1%) (2%2) (%) (2%)
TH+ axon terminals H 0o - 0 1 ) 1
\ ~(o%) (0%) (12) (.3%2)
N J *
0 * X = #TH+ dendrites involved in a given type of contact
‘ Total number of TH+ dendrites observed
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occurred in practically equal proporiions.

Finally, there was one instance of an apposition between a TH posi-
tive dendrite and a TH positive axon terminal. This type of contact was
ot observed in the neonatal or normally cycling female rat, but it was
seen 1in the adult male rat (Table‘%i? and, as will be mentioned below, in

the 30 day old female (Table XI). '

3. Axon Terminals QZ-

Only eleven labeled axon terminals, morphologically similar to those
described in the adult, were qyé;rved in the 15 day old female rat. Ten of
these terminals were directly’;ppoeed to unlabeled dendr;tee, and one to a
TH positive dendrite. Furthermore, 3 of the labeled terminals apposed to
unlabeled dendrites were also in direct apposition to other axon termigala:
% to an unlabeléed and one to a labeled axon terminal.

c) 30 D;y 0ld Females
1. Perikarya
3

Twenty immunoreactive perikaryal profiles from 30 day old female rats

were observed and found to be small, ranging from about 7 um in short

_ diameter and 9 ya in long diameter. ‘These cells were in the size range of

the 15 day old labeled perikarya. Their general morphological appearance

wag similar to that of the perikarya from adult rats, and as in the adult,

were ensheathed by glial processes. In contrast to the adult, however, many
more .nultivesicular bodies were seen. QOne 30 day old TH positive soma was
in direct contact with an unlabeled cell body,\and two other labeled peri-
karya were directly apposed to on;’another. Labeled ;erikgrya were also

R -
contacted by both labeled (Table XI) and unlabeled dendrites in equal pro-

portiona.~
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TABLE XI: TYPES OF RELATIONSHIPS OBSERVED BETWEEN TH
POSITIVE DENDRITES AND OTHER ELEMENTS OF THE 5 ’
ARCUATE NEUROPIL OF 30 DAY OLD FEMALES :

Animals

; D30-1  D30-2  D30-3  Total

Total #TH+ dendrites observed = : 161 130 110 401 B
#axo(TH-)dendritic(TH+)synapses : 26 30 23 79
L (16%)* (23%) (21z2) .. (20%)
v #TH+ dendrites apposed to:
Tanycytic processes : 7 7 5 19
(42) (5%) (5%) (5%)
— . . N
TH+ dendrites : : 8 3. 3 14
) ' . (5%) (22) (32) (32)
TH- dendrites 0 : 15 . 8 "3 26
o, ’ (9%2) (6%) (3%) (6%)
1Y ,
TH+ perikarya : 2 2 0 4
(12) «{2%) (0%) (12)
TH- perikarya : 3 1 1 5
' (2%) (12) (1%) (1%)
TH+ axon terminals : 0 1 0 1
(0%) ° (1%) (0%) (.2%2)
: " -
g : - %
Q * ' X = #TH+ dendrites involved in a given “type of contact
R - : : Total number of TIH- dendrites observed
SO . 2
—
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2. Dendrites

A total of 401 immunoreactive dendritic profiles from the 30 day old

) .

female rat arcuate nucleus were examined, and the type of relationships
observed were detailed in Table XI. All the relationships preseat in  the
adult were also seen in the 30 da} old rats. As in the adult, the most -
common type of relationship encountered was thé axo-dendritic ‘synapae in-
volving wunlabeled axon terminals. In the 30 day old animals, howevgr,

~

dendro-dendritic appositions involving one labeled and one unlabeled den-

drite occurred more frequently than dendro-dendritic'appositions involving

2 labeled elements, which was not the case in the adult.?compate Tables 1I,
and XI). Dendro-somatic appositions involving both labeled and unlabeled
perikarya octurred in equal proportions in 30 day old and adult animals.

In addition 'to the adult type o?b relationships, there was one
« N ! !

1

instance of an axo-dendritic ‘apposition where both elements involved were

labeled. This type of contact was also present'in the adult male rats but

not in adult females (normally cycling and EV-treated).

L

3. Axon Terminals

We encountered only 19 labeled axon terainals in the 30 day old

animals. Thea; terminals were morphologically simi1ax)to those seen in the

adult. Three were abposed to unlabeled term tvo to unlabeled ‘' den-

drites, and one to a TH positive dendrite. Three of these terminals
gynapsed on TH negative dendrites, but none v?r contacted tanycytic

procebses, labeled perikarya or unlabeled perikarya.
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* and female rats, and generally corresponded to that geacribed by Other
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DISCUSSION
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-- - I- THE ADULT TIDA SYSTEM

-
[y

A

A. TopQgrapﬁy

\

Thf distribution of TH/positive perikarya was similar® in both male

’

investigators (Pickel et al., 1975; Bosler et al., 1984; Chan—falay et al.,
1984; van den-Pol et al., 1984). Immunolabeled nerve cell bodies were found

in both the medio-dorsal and Gentro—lateral regiong of the arcuate nucleus.
: - ar
Previous studies, however, did not delineate the medio-dorsal cell group as

t

being distinct from‘N:R§ less clearly defined ventro-lateral cluster of

" immunoreactive neurons, in the mid-portion of the arcuate nucleus.Both cell

groups were rather described as a single continuum. This discrepancy, bet-
ween our resﬁlts and- those of others, may have resulted from either the
thickness of the sections, or the:way in which maps ywere constructed.
Chan-Palay et al. (1984), for example, worked with 100 um thick coronal
seétiona of the arcuate region. Although van den Pol et al. (1984) usgg

30 um thick sections, as we did, each of their topographical drawings

H

combined all the immunoreactive neurons seen in 3 consecutive sections. "It

3

is possible that the sharp delineation between the two cell clusters ob-
served in the present study occurs in a restricted portion of ‘the nucleus’

intero—pdbterios Aiis. Thus, thi% sections, at frequent intervals, would be -
i o . .
required\io identify it. Alternatively, TH containing neurons may exist in
\-‘ , . .- s v..-/
the =zone between the two demarcated clusters, but the level of the enzyme

v

may be too low for detection by our antibody. Subsets of immunoreactive

‘%

‘neurons with different coacentrations of TH have been identified in the

p— 4

/ “ B A !
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arcuate nucleus (Brawer et al., in press).

0y

The two cell groups, dorso-medial ;nd ventro-lqgeral, could represent
two bilochemically distinct popﬁlationa ofmTiD} neurons. Everitt et al.
(19845), for example,) demonstrated the coex;stence of glutamic acid
decarboxylase (GAD), and TH positive immunoreactivities, in most neurons of
the medio-dorsal arcuate‘pqcleus of male rats. However, TH pogsitive neurons

of the ventral arcuate nucleus region did not contain GAD. 1In view of the

similarity of TIDA cell distribution in male and female, such a biochemical

_ parcellation may also apply to the female.

]

B. Ultrastructural Organization

>

The arcuate neuronal cell population has previo%:ly been deécriged
as consisting of small, unremarkable perikarya, containing the usual array
of cytoplasmic organelles and 1nc1usions{'fﬁat is, mitochondria, Golgl appa-.
ratus, endoplasmic, reticulum, lysosomes, and multivesicular bo&ies
(Kobayashi et al., 1967; Jaiﬁ-Efcheverry and Pellegrino de Iraldi, 14968;
Brayet and van Houten, 1976). Tpe TH positive perikarya observed in this
study conform to this general morphological description. In addition, male-
and feméie TIDA nerve cell-bodies were ultrastructurally identical, although
male TH positive perikarya tended to be slightly sﬁallgr than those of the
female. This 1latter observation may be of signifiéance, in view of - the
possible inhibitory role of testosterone (T) upon the TIDA cells, in -the
male (see section I-C).-: ’

'The present results indicated that TH 1-nénoreact1ve neurons make

o

o
extensive contacts with each other,“as well as with other elements of .the
! . , '
arcuate neuropil. Unexpectedly, fnd‘aa far as TH positive .terminals are
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c N c;ncetned, axo-dendritic and axg-somatic connections are infrequently
‘observed. In contrast, ' dendro-dendritic and dendro-somatic contacts are
numerous. However, the interpretation of relationshibs established by TH
positive axon terminals 1s complicated by the fact that noradrenergic (NA)
and adrenergic (A) termidals, which also contain TH (for review see
Zéborszky,‘ 1982), are presant ‘in the arcuate nucleus. The majority of
’noradtenergic fibers to the arcuate nucleus were shown to originate in the
Al cell group and locus ceruleus (Palkovitg et al., 1980bi Zaborszky et al.,
1977), while most of the.adrenergic innervétion is derived from the lateral

<y k reticular nucleus (Cl cell group) (Palkovits et al., 1980a). Browustein et

- - : al. (1976), also demonstrated, by means of deafferentation experiments, that

most of the arcuate dopaminergic inmervation originated from witgin the

1h}pothalamus‘, while Zéﬂorszky (1982) indicated that a fraction of these

- terminals came from extrahypothalamic source& such as the A8 cell group, as

well as from the supramamillary and caudal periventricular nuclei (Al0 and
All cell groups tespéﬁtively). Thus,’the arcuate nucleus contains the three
types of gatecholamineréic nerve terminals. Although the TH antibody used
in the present study labels dopaminergic nerve terminals (Pickel et al.,
,3.'1981), it can not be considered as selective‘in a region aiso confaining
other catétholaminergic nerve endings, 1in as ﬁuch ag this same antibody has
been sﬂ;wn to stain noradrenergic terminals as well (Pickel, 1982).
Since the TH antibody should theor?tically recognize both NA and DA

&

‘ nerve terminals, 1t is surprising that so few 1labeled te}minals were ob=
gerved within the arcuate region. This may be due, 1in part, to the pre-
ferential staining of DA terminals over NA terminéis (Pickel eF al., 1975;
c,- Hkae}t et al. \1976). There is, presumably, either a higher TH content in

DA than in NA neurons, or a TH form in DA neurons which is more accessible
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. to antibodies than in NA neurons (Pickei et al., 1975). In either case, DA
terminals of the arcuate nucleus may not be stained. Those few terminals
that were labeled, however, showed strong 1mmunoreact1vity. -

The presence in the fixative of a relétively high concentratiep of
glutaraldehyde (0.52), which has been shown to significantly reduce hypo-
thalamic TH immunostaining (van den Pol et al., 1984);, may also partially
account for the paucity of stained terminals. Paradoxically, good {mmuno-
reactivity was obtained in the dopaminergic nerve tetmingis of the qgriatum,
with concentrations of glutaraldehyde varying between 0.5 and 12 (Arluison
et al., 1984). Some areds of the CNS, therefore, may be more sensitive to
. glutaraldehyde than others, possibly due to different,?ﬂ molecular weight
(MW) forms with different affinities for anqibqﬂie;‘(Joh and Reis, 1975).
Both the present results and those of van den Pol et al. (1984), 1indicate
that hypothalamic areas, including the arcuatg nucleus, are . especially
gsensitive to ‘glutaraldehyde. Conseq&ently, 1n‘6rder to study the arcuate
nucleus usging TH immunostaining, perfusing’?olutions containing low\‘con—
centrations of glutaraldehyde should be used, and perfusion time should not
be unduly extended. Furthermore, the témperature of the fixative shouldy
élosely monitored (17-20°C) since, at higher temperatures, better tissue
preservation is obtained, but loss ofjantigenicicy intreases.

Using low glutaraldehyde concentrations (0.68%), Leranth et al.

(1985b) successfully detected TH posftive axon terminals within the rat
arcuate nucleus. Although the number of TH positive axon terminals observed
was not mentioned by the authors, their description suggests that these
terminals were commonly encountered. Furthermore, they reported the pre-

sence of numerous axo-dendritic synapses involving immunoreactive terminals

and dendrites. In contrast, we rarely observed this type of relationship
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( ] ('once 1n' the adult male and oﬁ?‘a in the neonate). Simila;‘ly, only few axo-
dendritic appositions,.ainvolving 2 labeled elements, occurred in our
material (3 in adult males, 1 in 15 day old female, and 1 in 30 day old
females). Our results indicate that, failure in detecting many of the TH
positive terminals, for reasons discussed above, prevented the detection of
several connections involving these labeled terminals. For example, the
paucity of axo-dendritic synapses between labeled terminals and unlabeled
dendrites (Fig. 13a), may be explained by the fact that the majority of axon
terminals remained unlabeled. hs

Glutaraldehyde concentration f§ not the only factor responsible for
0 % -

1

good immunostaining of axon terminals, Léranth et .al. (1985b) used the
1‘3

avidin-biotin-peroxidase complex (ABC), instead of .the PAP complex, an
immunoperoxidase technique. The ABC method ié based on the strong affinity
of the glycoprotein avidin, for the small vic;min biotin. The immunogyto
chemical steps for the ABC method are the same as those described for ;he
" PAP method (sée Materials and Methods), but in the former method, the
condary (or link) antibody is labeled with biotin.
The ABC technique has been shown to be more sensitive than the PAP

method (Hsu et al., 1981). This higher sensitivity is thought to result
from the numerous peroxidase molecules present in the ABC. Indeed, the PAP
complex contains 6n1y 3 peroxidase molecules, and 2 immunoglobulin molecules
(Sternberger, 1979b). During formation of the ABC, however, avidin can act

as a bridge to biotin-peroxidase which, in turn, contains several bilotin
moieties which link avidin molecules. Consequently, the ABC has more than 3

' peroxidage molecules and, since a greater number of peroxidase molecules

G increases staining intensity, sensitivity is improved. -
) | |

«
s - Ll

-~
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Despite the few TH positive terminals observed using the PAP method,
strong immunoreactivity was obtained in many nerve cell bodies and den-
drites. The TH positive perikarya of the arcuate nucleus appeared ultr{-
structurally similar to those’ shown in, a‘ recently published study
(van den Pol et al., 1984). These labeled perikarya were frequently apposed
by unlabeled nerve terminals, but because of the inherent difficulty in
staining catecholaminergic nerve endings using TH immunocytochemistry (see
above), the non-dopaminergic mnature of all such terminals is doubtful. TH
positive dendrites were often seen in direct apposition to labeled _nerve
cell bodies and, for reasons butlined above, these TH positive elements are
clearly dopaminergic. Immunoreactive dendrites were also seen in direct
apposition to other dendrites, both labeled and unlabeled, and to unlabeled
perikarya. Lérénth et al. (1985b), however, did not report such dendro-
dendritic and dendro-somaéic connections. It 18 not clear whether their

1mmunostain1qg method (ABC) failed to demonstrate such relationships, or

whether these investigators focused their attention exclusively on contacts’

involving immunoreactive axon terminals.

Although dendro—somatic appositions involving dopaminergic dendritic
processes have, to our knowledge, mnever been reporfed, dendro-dendritic
aprositions, similar to those observed in the present study, have been des-
cribed in the pars reticulata of the substantia nigra (Wassef et al.,
1981). Dopamine, which can be synthesized and stored in dendrites (Pickel
et al., 1975; Bjafkldnd and Lindvall, 1975; Hattorl et al., 1979; Mercer et
al., 1979), has been shown to be released by dendrites in substantia nigra,
both in vitro (Geffen et al., 1976; Tagerud and Cuello, 1979), and in vivo
(Korf et al., 1976; Nieoullon et'al., 1977a,b). To date, the mechanism

through which this dendritic release occurs is not well understood. However,
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‘ mechanism of dendritic release. Many investigators, however, failed to

.observe vesicular clusters; or membrane specializations, at the ldendro-
&1978; _Mercer et al., 1979; Reubi and Sandri, 1979; Wassef et al., 1981),

. mechanism. The smooth endoplasmic reticulum has been proposed as a é§

the arcuate nucleus, the presence of numerous dendro-dendritic appositions,

1482 observed 1labeled dendrites in all our adult animals] than 1in che

69

the concept of dendrites acting solely as passive receptive neuronal
appendages was abandoned many years ago, following the demonstration of
presynaptic dendrites in several regions of the CNS (Sloper, 1971; Gobel et
al., 1980; Ellis and Rustioni, 1981; Groves and Wilson, %980; Ramansky et
al., 1980). Based on some observations, 1n‘the substantia nigra, of

vesicular clusters 1in the presynaptic dendritic structures (Hajdu et al.,
3 A

1973; Wilson et al., 1977), vesicular exocytosls was proposed as a

dendritic contact sites within the substantia nigra (Cuello and Iversen,

-

.

indicating that dopamine release may occur through a non-vesicular

possible storage site for dendritic dopamine (Mercer et al., 1979),
the mode of release of dopamine stored in endoplasmic reticulum cisternae,

is a matter of pure speculation.

A though dendritic release still remains to be demonstrated within

similar to those found in the substantia nigra (Wassef et al., 1981),
suggests that dendritic release may also occur in this nucleus. Further-
more, the proportions of labeled dendrites contacting other dendrites, both

labeled anc unlabeled, were higher in the arcuate nucleus [100 (7%) qut of

substantia nigra [22 (4%) out of 580 observed labeled dendrites in adult

rats (Wassef et al., 19Y81)]. This high 1incidence of dendro-dendritic
appositions within the arcuate nucleus, suggests that these contacts do aot

occur by chance, but rather represent biologically significant relation-

1
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shipé. Similarly, although tﬁe dendro-somatic appositiong‘ﬁare less’

frequently. encountered [except in the estradiol valerate (EV)-treated
animals as discussed below], the absence in the normally cycling female, and

the paucity 1in both EV-treated females and in intact males, of unlabn{gd

dendrites apposed to labeled perikarya, indicates that appositions between\

dopaminergic dendrites and arcuate perikarya are not fortuitous and may, in
fact, be functional points of communication. Although infrequent, neuronal-
perikaryal appositions'could be functionally highly significant, rainc; the
closer an input is to the perikaryon, the greater is its influence over the
cell's activity. Finally, the absence of any vesicular clusters, or membrane
specializations, at the dendro-somatic and dendro-dendritic “contact points,
is consistent with the view of a non-veéicular dendritic release of
dopamine, as previously proposed for the substantia nigra (Cuello and

3

Iversen, 1978; Mercer et al., 1979; Reubl and Sandri, 1979; Wassef et al.,

1981). Even though there were two instances, one in the neonate and the

other 1in the adult male, of a membrane specialization at the site of appo-
sition between two immunoreactive dendrites, no vesicular clusters were
present (Fig. 16).

In view of the abilifg‘of dendrites in the substantia nigra to re-=
lease dopamine (Geffen et al.; 1976; Korf et al., 1976; Nieoullon et al.,
1977a,b; Tagerud and Cuello, 1979), dendro-dendritic appositions involving
two TH posftive elements in the substantia nigra (Wassef et él., 1981), are
probably functionally significant. It has been proposed (Groves et al.,
1975) that, within the substantia ﬁiéra, dopamine 18 autoinhibitory. This
was based on the observed effects of amphetamiﬁe, a drug which causes

dopamine release (Fuxe and Ungerstedt, 1968), and haloperidol, a dopamine

antagonist (Andén et al., 1970), on the discharge rate of substantia nigra

}
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‘e neurons. The i.x‘;iravenoua administration of amphetamine caused a tiecrease in
neuronal activity, and this effect could either be blocked, or reversed, by
the aqministration of haloperidol (Bunney, 1974). Haloperidol., when given
°alone, produced an 1increase in neuronal firing. Furthermore, dopamine
itself, applied iontophoretically directly onto putative dopaminergic cell
bodies, diminished the discharge rate of the cells. More recently, Eriksson
et al. (1985) showed that the activity of nigral dopaminergic neurons was
reduced, in a dose-dependent manner, after the intravenous administration of
B-HT 920, an azepine derivative that was propoéed as a potent dopamine
;gonist, with selectivity for autoreceptors (Andén et al., 1983). The
inhibitory effect of B-HT 920 was reversed by haloperidol. Thus, dendritic
release may play a role in self-inhibition by the substantia nigra
dopaminergic neurons.

In view of the similarity bet&een the dendro-dendritic appositions of
the gubstantia nigra, and those of the arcuate nucleus, it is tempting to
propose that TIDA cells may also be self-inhibitory, by way of a dendro—‘
dendritic, or dendro-somatic mechanism. Biochemical evidence supports this
possibility (Kizer et al., 1978). Fgelowing the administration of the TH

inhibitor alpha-methyl-p~tyrosine, to haloperidol-treated rats, a signi-

ficant decrease was observed in dopanine, but not 1in noradrenaline

concentration, within the median eminence. In addition, there was an
increased rate of dopamine depletion, accompanied by an increase 1in TH
activicty, within the median eminence, as indicated by the irdcrease in Vmax,

- but an unchanged affinity of the enzyme for its substrate, or cofactpr. The

#

experimentally induced increase in dopamine turnover rate, and in éynthetic

3>

C capacity of TIDA cells, 1led the authors to suggest an increased electrical

activity in TIDA neurons. Thus 1in addition to blocking the postigy;aptic

4
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dopaminergic recellorakwithin the median eminence, haloperidol may inhibit
self-inhibitory  receptors located oan TIDA neurons. It has been suggested
(Kizer etwal., 1978) that‘this self-inhibitlon may occur through the action
of recurrent axon collaterals, identified wusing electrophysiological
criteria (&agi and Sawaki, 1975). Such electrophysiological methods, how-
ever, ‘would most likely be 1inadequate to distinguish between  axon
collhterals or dendritic transmission. Furthermore, it is unlikely that
Yagi and Sawaki (1975) would have even considered the possibility of a
dendritic mechanism, since the concept is a fairly recent one.

Althougﬂ the paucity of TH positive axon terminals would seem to
favor dendritic release as the major eelf—inhibitory'mechani%m, the many

v

inconsistencies and problems surrounding the staining of catecholaminergic
b

terminals, render neg§t;ve findings difficult to interpret. Furthermore,

as previously mentioned, Léranth et al. (1985b), using the ABC method,

observed numerous TH positive axon terminals, many of which synapsing on TH

positive dendrites. 'The lack of detection of this type of relati#nship in

the present study, may merely reflect the inadequacy of our method in de-

tecting catecholaminergic terminals. A proportion of the numerous unlabzled

. A
axon terminals, observed synapsing on TH positive dendrites, may in fact

- contain TH. Furthermore, recent radiocautographic (Bosler et al., 1982) and

immunocytochemical (Chan-Palay et al., 1984) studies, suggesﬁ that the
arcuate nucleus contains an abundance of catecholaminergic axon terminals.
In any case, recurrent collateral, and dendritic release self-inhibition,
need not be mutually exclusive operative mechanisms.

In addition to 1its gelf-regulation, the TIDA neuronal system may also
be regulating other non-dopaminergic neurons, thfbugh dendritic release of

dopamine. Dendro-dendritic appositions, involving two labeled dendrites,
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occurred in ;inilar propbrtions to those appositions involving one labeled,
and one unlabeled dendrite. Furthermotre, the proportions of TH immuno-
reactive dendrites directly apposed to unlabeled’ perikarya, ﬁgre simjilar to
the proportions of labeled dendrites in direct apposition to labeled nerve
cell bodies, 1q both males and ,females. ’

EV-treated females exhibited the same range of dendritic contacts as
the other groups, with one important exception: there were significantly
more TH positive dendrites apposed to labeled than to unlabeled perikarya,
in EV-treated animals. The proportions of déndro-somatlé apﬁositions‘ in-
volving TH immunoreactive dendrites, on both iabeled, and uniabeled peri-

karya, were uni{ggply low in all adult groups, the oﬁiy exception being the

” _high proportion of TH positive dendrites apposed to labeled perikarya in

EV-treated animals. Thus, the EV treatment seems to preferentially affect

‘these .latter contact sites. Why EV treatment should have such a selective

effect 1is not clear, and requires further study. It would also be
iqporcant to determine whether this phenomenon “is sex, and/or steroid

specific. In any case, the detection of an increased number of labeled

L3

‘dendro-somatic appositions, following EV- treatment, is most probably due to

an increase in dendritic content of TH within already existing connections,
rather than to the {ormation of new connections. EV was injected 1in adult
females, that is, at a time when all -arcuate synaptic connections have been
established (Matsumoto and Arai, 1976), and when estradiol (EZ) does not
stimulate synaptogenesis within the arcuate nucleus (Matsumoto and Arai,
1979). An increase 1in TH activity has also Peen reported following the
injection of estradiol benzoate in adult rats (Tobias et al., 1981).
Although these observations do not explain why EV enhancement of Tﬁ content

« '®
should be restricted to specific dendrites, one possibility emerges from
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) discussion of neonatal material (see section II-A). 'The shift in TH content
away from dendrites, as development progresses, suggests that dendritic TH
may normally be quite low in adults. Enhanceéént—of TH levels throughout
the cell would thus be most appreciable in dendrites, in which the amount of
TH might then b[ sufficient to detect immunocytochemically. ‘

The sites where labeled dendrites come in direct apposition to tany-

cytice processes‘ may also be functional points of contact. Two main. argu-
ments can be brought forward in favor of this hypothesis. First, such
dendro-tanycytiI appositions do not seem to’occur by chance sinc;; in bqth
‘ ( ‘male and female controls, tﬁey were the second most frequently encountered
- ‘type of contact involving labeled dendrites ( the most common type of

v contact was the ax&—dendrit}c synapse). Second, tanycytes Were ,recently

shown to be slrongly immunoreactive for DARPP-32 (dopamine- and adenosine
3':5'-monophosphate-regulated phosphoprotein), a protéin whose phosphoryl-

ation is regulated by dopamine and cAMP (Ouimet et al., 1984). Furthermore,

;;e cellular 1localization of DARPP-32 indicated that this protein- is n;c

found in dopaminergic neurons, but rather in ‘dopamine receptive éells.‘

Dendro-tanycytic apposition may thus provide the basis for dopamine<.’action
i ” .

at the 1level of the tanycytes. The biological significance of dopamine

»
‘

interaction with tanycytes is unknown. T ' -

7 ~- o .
C. Effects of Sex Steroids on Male and female TIDA Neurons

The adult rat TIDA system has been extensively studied at the light

microscopic level, by means of fluorescence, immunofluorescence, and immuno-

0 cytochemical, techniques (Carlsson et al., 1962; Fuxe, 1964; Dahlstrom and

Fuxe, 1964; Fuxe and Hokfelt, 1969; Hokfelt et al., 1976; 1984b; Pickel et
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» 1975; Bosler et al., 1984; Chan-Palay et al., 1984; van den Pol et al.,
1984; Piotte et al., 1985). These studies, however, did not address the
question o} possible sex differences. In.fact, two recent iﬁmunocytodh;miéal
studies, providing extensive topographical napping'of this system, did not
even report the sex of the _animals used (Chan-Palay et al., 1954;

van den Pol et al., 1984). . Although the present investigation revealed a

similarity in the distribution of TH immunoreactive nerve cell bodies within

‘the hypbthalanic arcuate nuclel of male and female ( both normally cycling

a;d Ev-treatgd ) rats, the iﬁnunostaining Iﬁéens%cy of the male nerve cell
bodies and processes was markedly less than that seen in the females
(Plates 1, 2 and 3). This may be accounted for by a putative inhibitory
effect of testosterone (T) upon TH expression in TIDA neurons (Brawer
et al., 1nnpress). éastration/ihhancéd the staining intensity of individual
neurous in the male, but had no.effect in the female, suggesting that T, but
not E, , suppressed énzyqe expression. The castration enhancement in TR
staining was reversed by replacement with T, but not with Ez. Thus sex-
gpecific differences 1in TH expression are probably due to the androgenic
status of thecmale. Interestingly, the most intensely stained neurons
occurred in EV-treated females. This may relate to a-reported. stimulaéﬁty

AY

effect of 82 on TH activity 4in both the hypothalamus and median eminence
(Tobias eg al., 1981; Lofstrom et al., 1977; Wiesel et al., 1978).

The observation that both TH positive cell clusters were gest de-
lineated in the mid-portion of the arcua;e nucleus of EV-treated females
(in comparison to intact males and normally cycling females), 18 suggestive

of an action of E_ upon the TIDA neurons. 82 receptors have been de-

2
monstrated within TH immunoreactive neurons (Grant and Stumpf, 1973; 1981;

Heritage et al., 1980; Sar, 1984). Furthermore, following the subcutaneous

. —
., [
- e _‘.sﬁﬁ.___ " e = - - oo .
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i'nection of estradiol benzoate (EB)-in ovariectomized rats, DA turnover was

fo%nd’ to be dhigher in the lateral palisade zone of the mediin eminence

. (Lofstrom et al., 1977; Wiesel et al., 1978), and TH activity was increased

in medial basal hypothalamus (MBH) (Tobias et al., 1981). 1In contrast,

tration_in ovariectomized rats. The source of this discrepancy may reside
%n the coﬁposition‘of the tiésue samples, which'included the median eminen-

ce, part| of the pituitary stalk, and arcuate nucleus in Tobias et al.

(1981), ©but also comprise ntromedial and periventricular nuclei, in

Luine et al. (1977). Both the vemXromedial and periventricula& nucletl
, ’ ° L ) a

'contain dopaminergic perikarya (van den Pol et al., 1984). 1In both these

nuclei, cell bodies containing E, receptors have also been dspmonstrated

2

) . i (Stumbf} 1968). Thus, EZ “way . affect the DA-containing neurons ,of the

. . 9 .
: veptromedial' and periventricular nuclei, but not necessarily in a way

|

@

similar to that observed for TIDA neurons. Such differential effect of E

J

_ﬂ<i:— studies mentioned above. ‘

i 2
the two

may explain, at least in part, the contradictory results obtained in

v

. o, ,3
II- ONTOGENY OF THE TIDA SYSTEM , - .

1

A. Topography K .

) i ' In the rat, which has a gestation period of 21 days, arcuate neurons
form late in the prenatal developmental period [ between the 16th and 19th
o . ) days of gestation, and beyond (Altman and Bayer, 1978a,b)]. It has also

" been shown that 1% of the arcuste neurons were labeled in snimals lnjecfid

Luine et al. (1977) reported a decrease in MBH TH'acﬁivity after EB adminis-~ .
- i
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— with [3H] thymidine on the 3rd or S5th postnatal day. No l;beled cells were
seen when the inje;tion was given 10 days after birth (Laszlo, 1985).
Further Qifferentiation of the nucleus, 1nclud1n§ synaptogenesis, occurs for
as long as 45 days postnatally (Matsumoto and Arai,‘ 1976¥T Immature

-‘-;euronal profiles are even seen ip the adult (Brawer, 1971; Walsh et al.,
1982). The arcuate nucleus, therefore, develops very late in the life of
the -animal. In light of this, the most surprising and striking feature of
the neonatal TIDA system, was its similarity to that of the adult. This is
not to say that neonatal TIDA neurons were identical to their adult counter-
parts 1in all respects. Neonatal dendritic ﬁrofiles, for instance, were
generally stained for 1longer distances than those of the yadult. One

possible explanation for this phenomenon is a better antibody penetration of

ne&ﬁfgal tissue, although there may also be changes in the amount of dendri-

during development. Coyle and Axelrod (1972) reported a considerable

\

7 ’ ;
increase 1in TH specific activity within whole rat brain, between the’' 15th

tic

gestational day and adulthood. During this developmental period, a shift
in the distrTbution of TH activit}, from regions contaiﬁingycatecholaminer-
gic perikarya (e.g. midbrain-hypothalamus), to regions containing only nerve
terminals (e.g. corpus striatum), was also reported. In a recent study,
Jimenez et al. (1984) demonstrated chat the TH activity was low wi;B}n the
median eminence of 10 day old female rats, but progressively increased until
it peaked at 20 days of age, and remained high up until day 39 (the last
time point they considered).e Since the median eminence contains primarily
axons, and axon \terminals, this paturational shift 1in TH activity
corroborates Coyle and Axelrod's (1972) findings. A progressiveh age de-
pendent decrease in the TH activity of the TIDA neurons is, therefore, not

i

unexpected, since these neurons project extensively to the -median eminence.

[}
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( This decrease in enzymatic activity may be due to lower amounts of TH within
TIDA neurons. Since syathesizing enzymes are produced in the nerve cell
bodies, and are thus present there in high concentrations (Hokfelt et al.,
1984a), a small decrease in the amount of perikaryal TH may go unnoticed.
On the other hand, a decrease in the dendritic content of TH, which 1is
general}y lower than in perikaryon, may result in loss of immunocytochemical
detection of this enzyme within adult dendrites. Indeed, although most of
the adult dopaminergic dendrites did not stain as well as those of the
neonate, 1iatense staining was observed in most of the adult TIDA perikarya.

Our finding of mature-looking TH positive arcuate neurons im the
neonate, 1is consistent with the study of Specht et al. (1981b) who reported

arcuate TH positive neurons that were morphologically similar to those of

the adult, as early as the 18th embryonic day. These investigators also

- .~ —_—

described the distributi@n of TH immunoreactive nerve cell bodies in fetal
_~~~—arcuate nucleus (embryonic day 21), as being similar to that of the adult.
However, they reported on the location of TH positiVe cells within the whole
brain, and the arcuate nucleus was, therefore, not studied in great detail.
The present study of the topography of TIDA neurons revégied that, in the
neonate, mpst TH positive cells were iocated in the ventro-lateral region of
the nucleus, whereas in the adult, these cells occurred predominantly in the
medio-dorsal region. Sinc; the characteristic adult distribution pattern
was 8till not present in 15 day old rats, but was seen in the 30 day old
\ ‘

animals, it 18 conceivable that cell migration occurs until at least the
third postnatal week. Furthermore, in the 15 day old animals, numerous TH
positive perikarya were found both in the medio-dorsal and ventro-lateéal

0 areas of the artuate nucleus, suggesting that cell migration is not yet

completed at this time. However, the medio-lateral and dorso-ventral expan-

#
Wk

i
]
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sion of the arcuate nucleus during development should also be considered as
a deternininé factor of the final adult cell distribution.

In both neonates and adults, TH positive neurons were consistently
located 1in the vicinity of a siightly convex imaginary line, joining the
;edio-dorsal 'and ventro-lateral arcuate regions. This slightly curved
pedio-lateral axis is also the course taken by the tanycytic processes. One
can speculate that young TH positive cells may follow the course of tany-
cytic processes during migration. The concept of glial processes guiding
migrating cells during development was proposed by Rakic (1971), following
his observation, within the monkey cerebellar cortex, ) of a close
association between migrating granule cells, and highly oriented fbers
originating from a type of protoplasmic a§trocyte. Similarly, it was
suggested that glial radial fibers serve& as guidelines for migrating cells
within the cerebrum of fetal monkeys (Rakic, 1972). In order to guide
migrating TH positive neurons, however, tanycytic processes must appear
early in development. Tanycytic cytogenesis has been reported tqj be in
progress for many days after birth (Altman and Bayer, 1978c). Thus, it is

possible that the similarity of orientation between the course of the tany-

' [

cytic processes, and the distribution of TH positive neurons, is merely a

fortuitous event, ﬂEJ
B. Ultrastructural Organization

The finding, 1{n the neonate, of adult-type connections, came as a

surprise since the arcuate nucleus has been shown to be relatively un-
\,

developed at birth. This is thdicated by the presence of numerous growth

cones, abundant immature-looking perikarya, and a paucity of synapses (Walsh
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and Brawer, 1979). Previous evidence suggeatiné the early maturity of the
TIDA system came from histochemical and pharmacological studies. Catechol~-
amine fluorescence was detected as early as the 3rd postnatal day within
the external layer of the median eminence (Hyyppa, 1969), a region that
“receives abundant DA terminals originating from arcuate neurons (Fuxe and
Hokfelt, 1966). In addition, the catecholamine-containing neurons of
newborn rats have been shown to take up amine precursors, and to be affected
by reserpine (a drug which blocks the uptake-storage mechanisg)i_ and nial-
amide (a drug which inhibits monoamine oxidase), just like adult catechol-
aminergic neurons (Loizou, 1972). Furthermore, physiological evidence sug-
gests that the prolactin inhibitory function of the TIDA system is operative

at ;irth. Ojeda and McCann (1974) reported a significant fﬁérease in pro-
lactin p;asma levels, following the subcutaneous injection of pimozide [a
drug that selectively blocks DA receptors (Janssen and Allewijn, 1968)] in 3
or 6 day old female rats. This drug, however, did not have any effect when
administered on the day of birth. _}t appears, therefore, that the TIDA
system beggmea functional sometime during the 72 hours following birth. As
early as\“the 3rd postnatal day, {TIDA neurons seem to be able to regulate
prolactin secretio; through_the release of dopamine at the level of the
median eminence.

The morphological findings of the present study conform very well to
evidence indicating an early onset of TIDA function. Aduit-type connections,
as well as adult cell‘;;;phology, were observed in 2 day old animals.
Furthermore, the changes occurring during development appear to be ofJ a
quantitative rather than a qualitative nature. .;The proportions of both

dendro-dendritic "and dendro-somatic appositions (&ach type involving 2

labeled elements) did not significantly vary throughout development. The

~
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number of TH positive dendrites directly apposed to other immunoreactive
dendrites constituted 2X.of the total number of labeled dendrites observed
in “the neonate, and 3% in all other age groups:examined. The corresponding

feepective proportions for dendro-somatic appositions 1nvolviﬂg.2 labeled
elements were 22 and 1X. Therefore, the connections necessary for the
putative self—iﬂ&gbitory control described for adult .TIDA nehrona, may

already be established and functional in newborn rats. The apparent

-

stability of these connections throughout development reinforces the 1idea
that they are fufictional contact sites. In contrast, there were obvious
quantitative changes 1in the relative number of connections made by TIDA
cells with other non-dopaminergic neurons. Twent;f;our percent gf the TH
poait%re dendrites of the neonate were in direct apposigion toi’unlabeled
déndrites. h This percentage fell to 10% in the 15 day old animal, and 6% in
the 30 day old animal, reaching 2% in the adult. However, the pr;;ortions
of immunoreactive dendrites directly apposed to unlabeled perikarya, reached
adult values earlier, falling from 8% in the neonate, to 2% in the 15 day
old animal, and 1% in both the 30 day old and the adult. -This decrease in
the proportion of TH positive dendrites in apposition to non-dopaminergic
elements, may be due to the development of new connections by other maturing

-
neuronal systems within the arcuate neﬁtopil. The formation of these new

.connections probably results in a dilution of the number of contacts in-

volving the early established TIDA system. For example, the frequency of
unlabeled axon terminals, in synaptic contact w&th immunoreactive perikaryQ,
was found to be 3 times higher ia the adult than in the neonate.
Thus, “TIDA neurons make extensive contacts / with one another‘_yery
A

early 1in postnatal development. These intrinsic connections, which are

potentially functional at birth, are probably retafned until adulthood. The
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c‘i - quantitative la?urationaLchanges that take place among contacts involving

labeled and unlabeled elements, however, suggest that there 1s a reorganiza-

tion, 1:6’ '_-tine, of the connec¢tions between the TIDA neurons and other non-

dopaminergic nerve cells of the arcuate neuropil.

e T T . .
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SUMMARY AND CONCLUSIONS

The topography and ultrastructural connection patterns of the TIDA
system were studied by means of the peroxidase-antiperoxidase (PAP) method,

using an antibody against tyrosine hydroxylase (TH). Neonatal, 15 and 30

wday old females, normally cycling and EV-treated adult females, and intact

3

adult male rats were examined.

Light microscopic results indicated a similar distribution - of TH
positive neurons within the hyp;thalamic arcuate nucléLs of adult male and
%emale rats. This pattern was observed as early as postnatal dhy 30, 1in-
dicating thaglby the firet month after birth, TIDA neurana have probably
;egched their final positionsowithin the'nucleug.

The electron microscopic eiaminaéion of the TIDA neuroﬁal patterns of
connections, revealed that TH positive dendti;ic profiles frequently occur-
red in direct'appositioﬂ to one another, to unlhbéled déndritga, to parika;
rya, both labeled and unlabeled, and to tanycytic processes. The extensive
contacts wmade by the immunoreactive dendritic profiles with both labeled
perikarya and dendrites, sugggsfs that TIDA cells may ;onnunicaCe with e?ch
other by means of dendritic release of dopamine. The presence of dppo:
sitions between TH positive dendrites and both unlabeled perikarya and
dendrites, suggests that the TIDA system may influence other neuronal po—
pulations throﬁgh ifs dendrites.’ Finally, in view of the recent finding of
a “dopamine-regulated proteiﬂ (DARPP-32) within tanycytes (Quimet et al,
1984), the dendro-tanycytic relatibnahip 1s'huégestive of a-regulation of
tanycytic funétion by the dendrites of TIDA neurons.

b

4



-the adult, were also obsﬁrved in the neonate. Thus dendritic release, which

C e .% ] ‘ 84

. .
) b ¢ .

All types of c&&nections (involving TH positive dendrites) seen in

e

-y

has been propesed as a mechanism of action for the adult TIDA _system,. may

also be effective in early postnatal &evelopment. However, postnatal .

maturatioﬁ of different types of TIDA neuronal connections, occurs well into
the posfn;tal period and involves quantitative changes. For example, the
perce;;agé of labeled dendrites in direct apposition to unlabeled déndrites
was found to be 242 in the neonate, 10X in the 15 day old, 6% in the 30 day
old, and omly 2% in the adult. It seems that although dendritic’ rélease
prob;bly takes place early in neonatal life, complete maturity of the TIDA

system may not be attained before adulthood.
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ORIGINAngONTRIBUTIONS
H]

-

" The purpose of the present study was to eganlne, at Poth the 1light
and electron microscopic levels, the postnatal development of the rat TIDA
syatem. This work also included a comparison between the TIDA systems of’
adult male and female rats, and evaluation of a possible effect of E, upon
!

the latter. We have shown:

- 4

1. The existence within the hypothalamic arcuate nucleus of extensive
contacts involving i; positive dendritig profiles that is, lgbeled dendrites
in direct apposition to one another, to unlabeled dendrites, to perikarya,
both labeled and inabeled, and-to tanycytic processes.

'2. The presence within the neonatyl female rat of the game Eype; of
contacts (involving TH positive dendrites) encountered in the adalt.

3. The similarity of the male and female TIDA systems, in both

* 3
topography and ultrastructural pattern of connections.

<

h

4, An increase within the female arcuate nucleus, following chronic
EZ exposure, of the relative propgrtion of dendro-somatic appositions

between TH positive dendrites and perikarya. rot

-
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Plate 1

‘.
TH positive nerve cell bodies from representative coronal
sections taken from 4 different levels of the arcuate nucleus
of a normally cycling female rat (CII). A range of staining
intensity is observed. The intensely immunoreactive perikarya
are totally black while the 1lightly stained cells are empty-

looking. la is more rostral and lg is more caudal., Scale: 100 ym
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Figure 1 -
N N
Transverse section of mid-arcuate nucleus, from which Plate 1d was
- obtaine;) (the extent of the nucleus is indicated by the overlay
tracing). In addition to TH positive nerve cell bodies, a complex
network of 1mmuﬂoreactive processes, as well as small punctate
elements, can be seen within the nucleus. The punctate elements
are particularly abundant in the external layer of the median s
eminence. Scale: 100 uym
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Plate 2
TH positive nerve cell bodies from representative coronal sections
taken from 3 different levels of the arcuatefnucleus of an EV-
treated female rat (EV-II). 2a is more rostral and 2d is more

caudal, Scale: 100 um
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Plate 3

-

TH positive perikarya from representative coronal sections

e oy

I3

taken’

from 3 different levels of the maie arcuate nucleus (animal C3).

-

3a i3 more rostral and 3e is more caudal. Scale: 100 um
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Figure 2

J

TH dimmunoreactive perikaryon, Typicglly, a large 1indented
nucleus containing a hucleolua, occupies most of the volume of the
cell, The densely stained scant peripheral cytoplasm contains:
mitochondria, endoplasmic reticulum, Golgi apparatus, lyso-

somes aqd multivesicular bodies. Three immunoreactive dendrites

¢

(arrowheads) are directly apposed to the perikaryom. At points_

where 1its surrounding glial sheath is interrupted, the cell is

also contacted by unlabeled axon terminals. Scale: 1 um
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I':I.iure _@_

Immunolabeled dendrite in longitudinal section. The dendritic
shaft 1s characterized by paraxially oriented amicrotubules out-
lined by t:h;a dense immunoprecipitate. Along the dendrite, four
unlabeled axon terminals (arrows) make synaptic ,contacts. Scale:

0.5 ﬁm

Figure _4_

b
»};

=

‘Tmmunolabeled dendrite in cross-section. The microtubules appear

as small dots outlined by the immunoprecipitate. The dendrite is
contacted (upper left). by an unlabeled axon terminal. Both den-
drite and terminal are partially ensheathed by multiple glial

lamellae (arrowheads). Scale: 0.3 Um

<

Figure 3

4

Immunolabeled cross~-sectioned dendritic profile in synaptic
contact with an unlabeled terminal. At the point of contact, two

active zones can be seen about which clear vesicles are clustered.

Scale: 0.5 um -
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Figure g

Labeled dendrites in apposition to a tanycytic process.

Two labeled dendrites (dl and d3) directly abut .the tanycytic

process (tan) coursing through the field. There are neither~

vesicles nor membrane specializations at the contact poiants. ‘A
third dendrite (dz) appears to be 16 contact with a sheet

emanating from the tanycytic process (arrowheads). d. is pai‘tial-o

1
ly engulfed by thin tanycytic protrusions (arrows). Scale: 0.5 ym

8
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Figure _7_ , ’
v -

©w
Labeled . dendrite in apposition to unlabeled dendrite.

h ¢
Neither membrane specializations nor vesicles are present. The
unlabeled dendrite 1is also contacted by tvo unreactive axon

terminals (arroysa). Scale: 1 um

Figure _§

9

4

Two 1labeled dendrites in  appositions No mémbrane spe-
cialization or vesicles are apparent at the point of apposition.

Each immunolabeled dendrite 18 in synaptic contact with at least

one unlabeléd axon terminal. The dendrites and terminals are.

ensheathed by glial processes. Scale: 0.5 um

)

Figure 2

Labeled dendro-somatic appositions. Two labeled dendrites directly

apposed to a labeled perikaryon. No membrane specialization or

vesicles are apparent at the sites of apposition. Scale: 0.5 ua <
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Figure lg

Labeled dendrite in apposition to unlabeled perikaryon. A labeled

large dendritic shaft appears in direct apposition to an unlabeled
perikaryon near the base of an emerging dendrite. Several axon
terminals (arrows) are clustered in the vicinity of these two

apposing elements. Scale: 0.5 um
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Figure ll‘

1

| A glial sheath intercalated betwéen a TH positive dendritic

profile and an unlabeled nerve cell body. Scale: 0.5 um
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Figure 12
A labeled axon terminal. The profile 1s filled with

round, densely pagked, clear vesicles and a few lﬁrge dense core .
vesicles, as well as mitochondria and profiles of smooth endo-

plasmic reticulum. This axon terminal is in direct apposition to

two unlabeled dendrites. There is no apparent membrane'sbe-

cialization at the contact sites. Scale: 0.3 pm ' Cs ~
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Figure 13a
/}
7
Axo~dendritic synapse 1involving a labeled axoh ~ teiminal
4
and an unlabeled dendrite. Note the presence of both membrane
specialization and vesicular clustér. Scale: 0.5 ym
. s Figure 13b ° '
& e .
| ' , Apposition between a labeled and an unlabeled axon terminal.
. - Scale: 0.5 um
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) Figure 13c N
Labeled axon terminal (arrow) in direct apposition to a.tanycytic
process (tan). Scaié: 0.5 um
Figure 13d
A labeled nerve terminal (arrow) in direct apposition to a TH
2
positive nerve cell body. Scale: 0.5 ¥m
Figure 13e
A" labeled nerve terminal in direct apposition to an unlabeled
nerve cell body. Scale: 0.5 um
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Figure lﬁ

. An unlabeled nerve cell body contacted by 4 unlabeled axon ter- -

3 -

<0 minals. Two of these terminals are in direct ‘apposition to

(arrowheads), and the others form synapses (arrows) with, the

perikaryon. Scale: 0.5 im
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Figure 15

f

TH positive perikaryon from an intact male rat. This small neuron
- contains numerous mitochondria, many lysosomes, a few scattered ER
cisternae and a well developed Golgi apparatus. At points where
the multilamellar glial sheath surrounding the cell body
is interrupted, numerous unlabeled nerve terminals contact the

cell. Scale: 1 ym
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Figure 16

Dendro-dendritic  apposition involving 2 labeled dendrites.

Note the membrane specialization at the point of contact. Also,

A

observe the membrane specialization and vesicular cluster at the

site where an unlabeled axon terminal synapses on one of' the

)

immunoreactive dendrites. Scale: 0.2 um
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Plate .li

TH positive nerve cell bodies and processes from repre- . ’
sentative coronal sections taken from# different levels of a--
female neonatal (D1-3) arcuate nucleus. The intensely {mmuno-
reactive perikarya are filled in while the p‘ale staining neurons

are not., 2a is-more rostral and 2e‘is more caudal. Scale: 100 im
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L]

Plate 5 g

TH positive nerve cell bodies from representative coronal sections

taken from 4 different levels of a 15 day old female (D15-2)

arcuate nucleus. 5a 1is more rostral and 5f is8 wmore caudal.

Scale: 100 Mm
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Plate 5b (level B)
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text for description). Scale: 1 um {
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Figgre 18
TH positive nerve cell body from a/neonatal arcuate nucleus. A
tanycytic process 18 closely apposed to part of the external

plasmalemma of the perikaryon (arrowheads). Note the presence of a

multi vesicular body amongst the other cytoplasmic organelles.

Scale: 0.5 um e e .
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Figure 19 °
y \ -

- g
Dendro-somatic apposition between an unlabeled dendrite (arrow)
Ve .

and a labeled perikaryon within the neonatal arcuate nucleus. .

I3

Scale: 0.5 Um > .
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‘ Pigure ggg

One TH positive dendrite in direct apposition to 2 wunlabeled
" dendrites and an unlabeled axoﬁ terminal within the arcuate
nucleus of a female neonate. There 1s no membrane specialization !

nor vesicular cluster at the points of contact. Scale: 0.3 um
A R
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Dendro-dendritic ;Bboqisfon involving two labeled dendrites within

~—

the neonatal arcuate nu%}eus. There is .no vesicular cluster nor
' - i C
membrane speci on /at the point of contact whereas a ve-
\ p//jxrtzaci\\/ P .
B sicular cluster 18 present at the synaptic junction between an

unlabeled axon terminal and one of the labeled dendrites (arrow).
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Figure ggg

< Scale: 0.3 um

= <
v

An  unlabeled axon terminal synapses on a iabeled n-
drite. Both vesicular cluster and membrane specializatién are
cleagly seen at the synaptic junction. Tlie labeled dendrite 1;
also in difect-apposition to anoéheg immunoreactive éendrite.and,r
even though no vesicular cluster is seen at'the’péint of contact

(arrow), a membrane specialization is present. Scale: 0.3 Um
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A neonatal dendritic profile in direct apposition (arrow) to an-

. . extension of a tanycytic process (tan). Scale: 0.5 Hm
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Figure 22 :
[~ ! . ‘3
A .labeled dendrite in direct apposition to an unlabeled peri-

' karyon from a female neonatal .arciate nucleus. Scale: 0.3 um
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: - . Figure _ig
4
L ) A labeled dendrite in direct appos:'ltion to a labeled and an un-
labeled neonatal nerve cell body. The external plasmalemma of
the two perikarya are also closely apposed for some distance.
Scale: 1 Um
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Figure 24

t

Immunoreactive axon terminal within the neonatal

V4
This terminal, filled with small, round,

vesicles, synapses on an unlabeled dendrite.

densely packed

Scale: 0.2 um
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arcuate nucleus.
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Figure _2_5_

TH positive perikarya within the arcuate nucleus of a 15 day old
female rat (see text for description). A TH positive dendrite is -

directly apposed to the soma (arrow). Scales: 1 ua
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