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But speedily an earnest longing rose

To brace myself to some determined aim,

Reading or thinking; either to lay up

New stores, or rescue from decay the old

By timely interference: and therewith

Came hopes still higher, that with outward life
I might endue some airy phantasies

That had been floating loose about for years,
And to such beings temperately deal forth

The many feelings that oppressed my heart.

Wm. Wordsworth
The Prelude
Bk. 1, Lines 114-123
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ABSTRACT

MATERNAL BEHAVIOR IN THE RAT: NEUROENDOCRINE AND NEUROANATOMICAL
SUBSTRATES

ADVISERS: Joan I. Morrell
Donald W. Pfaff

A pathway connecting the preoptic region and the ventral
midbrain regulates the performance of maternal behavior by female
rats. There is also evidence that the facilitatory action of
estrogen on maternal behavior is mediated via estrogen target cells
in the medial preoptic region. Neither the anatomical elements that
constitute this functional pathway nor the neuroendocrine events
triggered by the estrogenic signal have been defined.

The first set of studies described in this thesis (Chapter 2)
employed a method combining steroid hormone autoradiography and
fluorescent dye retrograde tracing to demonstrate that numerous
estradiol-concentrating neurons in the medial preoptic region of the
rat brain (especially those in the lateral portion of the medial
preoptic nucleus, in the medial preoptic area, and in the ventral
and caudal bed nucleus of the stria terminalis) have projections to
the ventral tegmental area and the midbrain central grey. These
anatomical results are described in detail, and it is proposed that
the facilitatory effect of estrogen on maternal behavior may involve
alterations in function of preoptic estradiol-concentrating neurons that
send their axons directly to the midbrain.

A second set of experiments investigated the possibility that
estrogen's action on maternal behavior may involve interactions with

brain oxytocin systems. It is demonstrated (Chapter 3) that 1. raised



ix
central levels of oxytocin can induce short-latency maternal
behavior in ovariectomized, estrogen-primed virgin rats 2. that
this effect is estrogen-dependent 3. that the effect is sensitive
to duration of test cage habituation 4. that treatment of 16-day
pregnant, ovariectomized and hysterectomized estrogen-primed rats with
antisera to oxytocin or an analog antagonist of oxytocin delays the
short-latency onset of maternal behavior and 5. that injection of
oxytocin directly into the ventral tegmental area produces short-
latency maternal behavior similar to that elicited in preceding
experiments by intracerebroventricular injection. The final chapter
(Chapter 4) considers the role of the ventral tegmental area in the

regulation of maternal behavior.



Preface

This thesis comprises two sets of studies. The topic of
estrogenic facilitation of maternal behavior has been approached both
anatomically (Chapter 2: studies of the connectivity of the estradiol-
concentrating neurons of the medial preoptic area of the rat brain)
and with behavioral techniques (Chapter 3: studies of the estrogen-
dependent oxytocin facilitation of responsivity to pups). Taken
together, the results from these two Tines of research suggest
that the facilitatory action of estrogen on maternal behavior
involves 1. alterations in the function of preoptic area estradiol-
concentrating neurons that send their axons directly to the
midbrain and 2. interactions with the brain oxytocin systems. The
final chapter (Chapter 4) will consider the possible significance of
the ventral tegmental area, demonstrated in this thesis to be both
a target of estrogen-concentrating preoptic area neurons and a site
of action for oxytocin, in the regulation of goal-directed

behaviors, including maternal behavior.



Chapter 1 Introduction

I. Estrogen Facilitation of Maternal Behavior in the Rat

A. Background

In the rat, the onset of maternal behavior is correlated with the
birth of the pups (slight prepartum increases can be seen in the
frequency of performance of some behaviors, e.g., nest building, but
not in others such as placentophagia: See Rosenblatt, 1965; Slotnick et
al., 1973; Kristal, 1980). Major endocrine changes occur at the end of
pregnancy, particularly in circulating levels of the steroid hormones
progesterone and estradiol, and also in plasma titers of the anterior
pituitary product, prolactin (Shaikh, 1971; Amenomori et al., 1970;
Morishige et al., 1973). The final days of gestation in the rat are
marked by a decline from the elevated progesterone levels
characteristic of pregnancy, accompanied by a gradual increase in the
level of circulating estrogens beginning around day 15 of pregnancy.
This results in a sharp increase in the estrogen/progesterone ratio
around the time of parturition (Soloff et al., 1979). A sharp rise in
the level of circulating prolactin begins on day 21 (the rat gestation
period is approximately 22-23 days). These dramatic endocrine changes
are followed by the appearance of a novel source of sensory stimulation
-- the pups themselves -- in the rat's environment.

A role for hormones in maternal behavior is suggested by the
observation that only a small percentage of female rats not recently
pregnant will behave maternally at first pup exposure (Wiesner and

Sheard, 1933) In fact, nulliparous rats are typically unwilling even



to be in the same part of a cage as a rat pup (Fleming and Luebke,
1981). The difference between these naive rats and mother rats is not
that the mothers have had the experience of giving birth. Rats whose
pups are delivered by caesarean section at term exhibit normal onset of
maternal behavior (Moltz et al., 1966; Mayer and Rosenblatt, 1980).

Two important strategies have been used to explore the
relationship between altered hormone levels and facilitated
responsiveness to young: they have led to the general conclusion that a
rise in estrogen levels is strongly associated with a significant
reduction in the latency to show maternal behavior. First, this
conclusion is derived from many studies in which hormone regimens
mimicking the endocrine changes of pregnancy are administered to virgin
rats (for a review see Rosenblatt et al., 1979, or Fahrbach and Pfaff,
1982). The latency of such animals to respond to foster pups with
maternal care is then compared with that of animals not receiving
hormone treatment. All rats will eventually display matermal behavior
if co-housed with pups: the average latency of this response is 5 - 7
days (Rosenblatt, 1967). Well-chosen steroid hormone treatments can
reduce this latency to 1 - 3 days (Moltz et al., 1970; Zarrow et al.,
1971). Estrogen is a necessary part of the successful regimens. A
sequence of progesterone followed by its withdrawal concurrent with a
rise in estradiol is the most effective treatment (Bridges, 1984), but
progesterone withdrawal alone cannot stimulate the onset of maternal
behavior (Rosenblatt et al., 1979). With high (supraphysiological)
doses of estrogen, a short period of estrogen priming (24-48 hours) is
sufficient, and progesterone priming is not needed. This is

particularly true for hysterectomized rats (Siegel and Rosenblatt,



1975a, b).

A second source of evidence for the critical role of estrogen
comes from experiments using a pregnancy-terminated model in which the
endocrine changes occurring normally at the end of gestation are
reproduced (reviewed by Rosenblatt et al., 1979) In these studies,
rats are hysterectomized and ovariectomized during the final third of
pregnancy. If a single injection of estradiol benzoate, a
slowly-absorbed and hence long-acting form of estrogen, is given at the
time of surgery, and pups are first presented 48 hours later, the
response latency is reduced to approximately one day. As mentioned
above, it has also been shown that shown that hysterectomy and
ovariectomy combined with a single injection of estradiol benzoate can
facilitate the performance of maternal behavior in virgin rats,
although there are considerable differences in minimal effective

estrogen doses between the two preparations (Siegel et al., 1978).

B. A Possible Brain Site of Estrogen Action, the Medial Preoptic Area
The pregnancy-terminated preparation has also been used in an
attempt to localize the brain site of action of estrogen with regard to

maternal behavior. Evidence supporting a critical role for the
estrogen receptors in the medial preoptic area in regulating the onset
of maternal behavior comes from studies involving the implantation of
small amounts of crystalline estradiol benzoate directly into the brain
(Numan et al., 1977). 1In ovariectomized and hysterectomized pregnant
rats so treated, females receiving unilateral, undiluted estradiol
benzoate implants into the medial preoptic area had shorter latencies

to respond to pups than did animals with identical estrogen implants



into the hypothalamic ventromedial nucleus, the mammillary bodies, or
under the skin of the neck. Animals with cholesterol implants into the
medial preoptic area showed no such facilitation as was seen in the
estrogen implant group. As will be discussed below, the medial
preoptic area contains a high density of cells that exhibit nuclear
binding of [H3]—estradiol (Pfaff and Keiner, 1973). These findings
suggest that the medial preoptic area is a major site of action in the
estrogen facilitation of maternal behavior, although not necessarily
the only site. This conclusion is qualified only by the fact that
intracranial implants made using undiluted hormone are likely to
produce considerable spread of the hormone away from the intended
target site (Palka et al., 1966). No other studies testing this
finding have been reported. Also, there are no parallel studies in
which localized intracranial estrogen treatments have been shown to
shorten the latency to respond to pups of nulliparous females.

On the other hand, an extremely strong case can be made that an
intact medial preoptic area is essential to the performance of maternal
behavior in the rat. Numan (1974) has shown that lesions of this
region made five days postpartum severely disrupt maternal behavior.
The lesioned mothers, whose preoperative behavior was completely
normal, no longer built nests, retrieved, or crouched over pups in the
nursing posture. Although such females do not show an aversion to pups
-- they will occasionally approach, sniff, and lick young pups -- they
give them no care. The performance of these lesioned mothers does not
improve significantly with continued exposure to pups.

Medial preoptic area lesions also prevent the eventual onset of

maternal behavior in virgin rats housed with foster pups (Numan et al.,



1977). Such lesions also abolish the appearance of maternal behavior
in ovariectomized and hysterectomized pregnancy-terminated rats
injected with adequate doses of estradiol (Numan and Callahan, 1980).

Control studies have shown that knife cuts of the stria terminalis
or the medial corticohypothalamic tract, the prominent fibers of
passage of this region, do not reproduce the medial preoptic area
deficits (Numan, 1974). However, the severe disruption caused by
medial preoptic area lesions is mimicked by bilateral knife cuts
severing the connections between the medial preoptic area and the
lateral preoptic area (and the rostral part of the anterior
hypothalamic area from the lateral hypothalamus; Numan, 1974; Terkel et
al., 1979; Numan and Callahan, 1980; Miceli et al., 1983). These
findings suggest that the behavioral effects of medial preoptic area
lesions are primarily the result of interruption of the lateral
connections of the medial preoptic area, presumably of the connections
with the medial forebrain bundle.

Studies using the tritiated amino acid autoradiographic tracing
technique have shown that fibers from the medial preoptic area descend
in the medial forebrain bundle (Conrad and Pfaff, 1976b; Swanson,
1976). Also, studies by Avar and Monos (1967, 1969) have shown that
lesions in the region of the medial forebrain bundle (rostral lateral
hypothalamic area) produce behavioral deficits similar to those seen
after medial preoptic area lesions. Numan, Morrell, and Pfaff (in
press), using a more refined HRP-labeling knife cut technique, have
replicated this finding and provided important new information on the
location of the fibers of importance and their cells of origin (see

below). Taken together, these data suggest that further studies of the



brain-endocrine interactions regulating maternal behavior might

reasonably choose the medial preoptic area as a starting point.

C. The Medial Preoptic Area--Background

Study of the medial preoptic area offers an excellent opportunity
to investigate how a small brain region coordinates diverse functions.
In addition to its role in the regulation of maternal behavior, an
intact medial preoptic area is also essential for the timing of
ovulation (Clemens et al., 1976), the performance of male sexual
behavior (Malsbury and Pfaff, 1974), and thermoregulation (Hammel,
1968). This tissue is also importantly involved in the maintenance of
water balance (Johnson and Buggy, 1978), autonomic regulation (reviewed
by Mancia and Zanchetti, 1979), and in estrogenic effects on motor
activity in female rats (Meisel and Fahrbach, unpublished data). The
functional complexity of the preoptic area is matched by an anatomical
complexity for which there has been only recently full appreciation.

The preoptic area can be recognized in all vertebrate brains,

although the medial preoptic region as opposed to the periventricular

preoptic region is only poorly developed in such forms as the
cyclostomes, the teleost fish, and the amphibians (reviewed by Crosby
and Showers, 1969). In all vertebrate species, the preoptic area lies
at the level beginning immediately rostral to and then overlapping with
the rostral end of the optic chiasm. It extends dorsally to the
anterior commissure. Caudally, the preoptic area merges into the
hypothalamus: the boundary between the two regions, medial and lateral,
is notably indistinct, offering an anatomical representation of the

high degree of functional interrelatedness between them.



The preoptic area of mammals has been frequently described, and
the pattern seen in the rat (Gurdjian, 1927; Krieg, 1932; Swanson,
1976; Bleier et al., 1979) appears to have considerable generality.
Like the hypothalamus, the mammalian preoptic area is divided (by both
classical and contemporary authors) into three longitudinal
cytoarchitectonic divisions: the lateral, medial, and periventricular
zones. The periventricular zone consists of small cells found in
close proximity to the optic recess/third ventricle, which often
appear to be present in orderly rows parallel to the ependymal layer
(Crosby and Woodburne, 1940; Bleier et al., 1979). The medial zone is
densely cellular with no prominent longitudinal fiber systems. The
lateral zone is dominated by the fiber systems of the medial forebrain
bundle, but also contains many neuronal cell bodies. These cells are
scattered, making "area'" an accurate designation for the lateral zone
("lateral preoptic area"). By contrast, the so-called medial preoptic
area actually consists of distinct nuclei embedded in an overall
cell-dense "area'". These nuclei have been described in detailed
atlases based on Nissl-stained material (Gurdjian, 1927; Bleier et
al., 1979), but by and large have been disregarded in experimental
tract-tracing studies and ignored in conventional atlases (de Groot,

1959; Kénig and Klippel, 1963; Paxinos and Watson, 1982).

D. Medial Preoptic Region Nomenclature

The entire region of the rat brain bounded rostrally by the
lamina terminalis, caudally by the anterior hypothalamus, laterally by
the medial forebrain bundle-associated lateral preoptic area, dorsally

by the anterior commissure, and ventrally by the optic chiasm is



' even though it contains

referred to as the "medial preoptic area,'
several distinct nuclear groups. Most atlases only go so far as to
distinguish a separate periventricular zone (e.g. Konig and Klippel,
1963; Swanson, 1976; Bleier et al., 1979; Paxinos and Watson, 1982). A
recent examination of the subdivisions of the medial preoptic area has
provided a useful framework for future anatomical study of this region,

and with few exceptions the nomenclature of Simerly et al. (1984) will

be employed here. The large, oval medial preoptic nucleus, which

extends the length of the preoptic region, will be considered to be

embedded in a less cellular medial preoptic area, which is bounded

laterally by the lateral preoptic area and dorsally by the bed nucleus
of the stria terminalis and the anterior commissure. The medial
preoptic nucleus contains a small, tightly-packed cluster of neurons,
which is larger in male rats than in female rats and has been
previously labeled the "sexually dimorphic nucleus of the preoptic
area" (Gorski et al., 1978, 1980). Here, in accordance with Simerly et
al. (1984), this nucleus will be referred to as the central part of the
medial preoptic nucleus. The medial preoptic nucleus can be further
subdivided into a cell-dense medial part and a less cell-dense lateral
part. As discussed by Simerly et al. (1984), the volume of all three
subdivisions of medial preoptic nucleus is sexually dimorphic. When an
inclusive term for the medial preoptic nucleus, medial preoptic area,
median preoptic nucleus, and periventricular preoptic area is required,

the term medial preoptic region will be used.

The other nomenclature to be used here is more or less standard,
with Paxinos and Watson (1982) being used as the primary reference

atlas. An issue unresolved in the literature, however, is the



10
appropriate subdivision of the rostral preoptic region around the
optic recess and rostral third ventricle. This periventricular area,
bounded dorsally by the nucleus of the diagonal band, is labeled by
K8nig and Klippel (1963) "nucleus preopticus, pars suprachiasmatica."
It contains numerous [H3]—estradiol—concentrating neurons (Pfaff
and Keiner, 1973; Stumpf et al., 1975) whose distribution extends
across the nuclear boundaries provided by other investigators (e.g.
Swanson, 1976; Bleier et al., 1982; Simerly et al. 1984). Since it is
the capacity to concentrate gonadal steroids that is the feature of

interest here, I will retain the term preoptic suprachiasmatic area as

used by Pfaff and Keiner (1973), while recognizing that finer,
architectonically-based distinctions are possible. This area appears
to be equivalent to the "medial preoptic nucleus" in the nomenclature
of Bleier et al. (1982).

In the preoptic region in general, the distribution of estrogen
target neurons does not map readily onto accepted (and
easily-discriminated) nuclear boundaries. For instance, the
estradiol-concentrating cells of the medial preoptic nucleus and the
medial preoptic area actually form a continuous group with those of
the ventral bed nucleus of the stria terminalis, and
estradiol-concentrating cells are often found scattered in the medial
portion of the lateral preoptic area. This observation suggests that
functional categories of neurons are as likely to be scattered within
and across nuclei as they are to be concentrated in a compact group.
Connectivity is another way of defining sets of neurons sharing a
common function. The intersection of patterns of connectivity with

the steroid-hormone concentrating capacity of preoptic region



11

neurons will be investigated in the anatomical studies described in

Chapter 2 of this thesis.

E. Connectivity of the Medial Preoptic Region

Afferents. Information about afferents to the medial preoptic
region has been obtained from anatomical and electrophysiological
studies. Anatomical approaches have included degeneration-based
techniques (at the light microscopic level: reviewed by Nauta and
Haymaker, 1969; at the electron microscopic level: reviewed by
Palkovits and ZAborszky, 1979); Golgi methods (e.g., Millhouse, 1969);
and autoradiographic methods using tritiated amino acids as anterograde
tracers (e.g., Conrad and Pfaff, 1976b). Conclusions drawn from these
studies have been summarized in detail by Palkovits and Z&borszky
(1979). More recently, the horseradish peroxidase retrograde tracing
method has been used to locate neurons sending axons to the preoptic
region (Day et al., 1980; Berk and Finkelstein, 1981; Kita and Oomura,
1982). These horseradish peroxidase studies have confirmed previous
descriptions of afferent input to the medial preoptic region while
adding considerable new information, particularly in regard to the
source of ascending projections from midbrain and brainstem.

The most extensive published horseradish peroxidase study of
preoptic region afferents is that of Berk and Finkelstein (1981).
Although the authors refer to the retrogradely-labeled cells obtained
after iontophoretic deposit of tracer as "medial preoptic area"
afferents, it is clear from their charts that the size and placement of
their injection sites do not permit distinctions among afferents to the

medial preoptic nucleus, medial preoptic area, periventricular preoptic
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area, median preoptic nucleus, and the preoptic suprachiasmatic
nucleus. The term '"medial preoptic region" is therefore appropriate
here. Neurons projecting to the medial preoptic region were present in
the lateral septum, the medial and central nuclei of the amygdala, and
in the amygdalo-hippocampal area and ventral subiculum as well as in
the dorsal and median raphe nuclei, the midbrain central grey, the
peripeduncular nucleus, the lateral parabrachial nucleus, the locus
coeruleus, the area adjacent to the medial longitudinal fasciculus, the
nucleus of the solitary tract, and the lateral reticular nucleus. A
study by Day et al. (1980) combining a histofluorescent technique with
horseradish peroxidase retrograde tracing has further demonstrated that
the noradrenergic innervation of the medial preoptic region is probably
derived mainly from the Al and A2 medullary cell groups.

These data emphasize the input to the medial preoptic region from
the septum, the limbic system, and from midbrain and medullary
serotoninergic and catecholaminergic cell groups. A similar
distribution of horseradish peroxidase-labeled neurons was reported by
Kita and Oomura (1982) after tracer deposit into a region comprising
the medial preoptic cell groups and possibly including the ventral
portion of the bed nucleus of the stria terminalis. Although the
extensive spread of horseradish peroxidase around its application sites
makes it difficult to determine local inputs with certainty (Fahrbach
et al., 1984), these authors also present information on afferents from
cell groups near the medial preoptic region. Both the nucleus
accumbens and the bed nucleus of the stria terminalis appeared to
project heavily to the medial preoptic region. The existence of such

connections finds support in the anterograde tracing studies of Conrad
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and Pfaff (1976a,b). Another set of local connections which cannot be
confirmed solely by retrograde tracing studies is that between the
medial and lateral parts of the preoptic region. There is, however,
considerable evidence for such a connection, summarized by Palkovits
and Zaborszky (1979). Now that retrograde tracers more sensitive than
horseradish peroxidase have become available (e.g., wheat germ
agglutinin, fluorescent dyes), it is possible that further sets of
afferents will be discovered, and that better estimates of the
relative strengths of these connections will become available.

Electrophysiological studies have confirmed the existence of many
of the direct pathways to the preoptic region revealed in
neuroanatomical tracing studies (e.g. Hori et al., 1972; Carrer et
al., 1978; reviewed by Renaud, 1979). Such studies have proved
especially useful in the description of short hypothalamic-preoptic
connections: for example, another important set of afferents to the
medial preoptic area and the medial preoptic nucleus comes from the
hypothalamic ventromedial nucleus, a brain region rich in
estradiol-concentrating neurons (Renaud and Martin, 1975; Anschel et
al., 1982).

Electrophysiological studies of the medial preoptic region have
also added new information concerning multisynaptic pathways of
functional importance. One such pathway appears to be that projecting
from the midbrain central grey to the medial preoptic region (MacLeod
and Mayer, 1980). Such diffusely-organized, multisynaptic pathways,
almost certainly relaying signals from the reticular formation
(Morrell and Pfaff, 1983b), presumably account for the medial preoptic

responsivity to a variety of sensory cues, including thermal (i.e. skin
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temperature: Wit and Wang, 1968; Knox et al., 1973; Boulant and Hardy,
1974) and auditory (Gordon and Heath, 1981) stimulation.

Another "sensory'" projection, that from the medial amygdala,
provides relatively direct transmission of olfactory information
(Scalia and Winans, 1975) The median preoptic nucleus receives a
direct neuronal projection from the pontine taste area (Norgren, 1976);
it also seems likely that gustatory information is relayed to the
preoptic region via the bed nucleus of the stria terminalis.

The medial preoptic region is also characterized by a collection
of specialized, nonneural afferents. Autoradiographic studies have
repeatedly identified neurons exhibiting nuclear binding of
[3H]—estradiol in the medial preoptic nucleus, medial preoptic
area, and the adjacent periventricular zone (e.g., Pfaff and Keiner,
1973; Stumpf et al., 1975). Biochemical studies of the regional
distribution of estrogen binding based upon gross dissection of the rat
brain have shown that the highest concentration of estradiol receptors
is found in the preoptic area and hypothalamus (McEwen et al., 1975).
A recent radioligand binding study in which the Palkovits punch
technique was used to determine the estrogen receptor content of
individual rat brain nuclei provides more direct, quantitative
confirmation of the autoradiographic studies (Rainbow et al., 1982a).
The cytoplasmic estradiol receptor content (expressed in terms of
fmol/mg protein) is higher in the medial preoptic nucleus and
periventricular preoptic area than in any other brain region sampled.
It has been further demonstrated that changes in preoptic region
nuclear estrogen receptor levels parallel the changes occurring in

plasma estradiol over the course of the estrous cycle, with maximal
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levels detected at proestrus (McGinnis et al., 1981). Finally,
although the highest levels of cytoplasmic estrogen receptors in either
male or female rats are found in the periventricular preoptic area and
the medial preoptic area (and the overall pattern of brain distribution
of gonadal steroid receptors is qualitatively similar in both sexes),
the medial preoptic region of male rats has been found to have fewer
than half the levels of estrogen receptors found in the preoptic area
of female rats (Rainbow et al., 1982b). Sex differences in regional
estrogen receptor populations may have important functional correlates,
although the relationships may be subtly determined: for example, it
has been shown that the preoptic region of the male rat brain retains
less [3H]—estradiol sixty minutes after an intravenous infusion
than does similar tissue from a female, but that after only thirty
minutes the preoptic region of the male actually shows increased
estrogen binding relative to the female (Nordeen and Yahr, 1983).
Autoradiographic studies have revealed extensive labeling of
neurons in the medial preoptic region and periventricular preoptic area
after injection of [BH]—testosterone (Sar and Stumpf, 1973a).
Since the rat brain contains both aromatase and 5 -reductase capable
of metabolizing testosterone to either estradiol or dihydrotestosterone
(Naftolin et al., 1975; Selmanoff et al., 1977), the character of this
labeling is unclear. Lieberburg and McEwen (1977) have shown that, two
hours after administration of [BH]—testosterone, estradiol is the
major form of nuclear-associated radioactivity present in the preoptic
area, but [3H]—testosterone and [3H]—dihydrotestosterone are
also present. After direct infusion of {3H]—dihydrotestosterone,

the preoptic area has the greatest brain retention of radioactivity
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(Lieberburg et al., 1977); in autoradiographic studies in which
[3H]—dihydrotestosterone is administered, many labeled neurons are
present in the medial preoptic region (Sar and Stumpf, 1977). These
findings support the existence of a preoptic population of androgen
receptors (binding dihydrotestosterone and possibly its metabolites,
androstenediol and androstenedione) distinct from the population of
estrogen receptors.

Whether or not a population of testosterone receptors independent

of these primarily dihydrotestosterone receptors also exists in the

brain is uncertain. Preoptic labeling is not present in autoradiograms
prepared from tissue of animals infused with testosterone which is
tritium-labeled in the C-1( and C-2(¢ positions, sites which would be
cleaved by the action of estrogen-forming aromatase (Sheridan, 1979).

This finding suggests that if such primarily testosterone receptors do

exist in the central nervous system, they are not found in the region
of interest here.

The existence of brain receptofs specific for progestins has
proved difficult to demonstrate autoradiographically using
[BH]—progesterone as the radioligand. An early study using
estrogen-primed guinea pig brain failed to reveal the existence of
receptors for progestins in the preoptic region outside of the preoptic
suprachiasmatic area (Sar and Stumpf, 1973b). The synthetic progestin
R-5020 has a higher affinity for the progestin receptor than the native
hormone, and [3H]—R—5020 has been used to demonstrate
autoradiographically progestin receptors in the periventricular and
medial preoptic areas in rats pretreated with estradiol (Warembourg,

1978). Binding studies have revealed that, while the non-estrogen
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stimulated preoptic area contains a low basal level of binding sites,
this brain region contains a greater concentration of
estrogen-inducible cytoplasmic progestin receptors than does any other
brain region sampled (MacLusky and McEwen, 1978; MacLusky and McEwen,
1980; Parsons et al., 1982).

Autoradiographic studies using [3H]—corticosterone (Gerlach
and McEwen, 1972; Warembourg, 1975a) and the synthetic gluococorticoid
[3H]—dexamethasone (Warembourg, 1975b) have not revealed the
existence of any receptors specific for this class of steroid in the
preoptic region. Biochemical studies of regional glucocorticoid
binding in the rat brain have reached the same conclusion (reviewed by
McEwen et al., 1979).

Many of the neurons of the preoptic region have an intrinsic
thermosensitivity (Guieu and Hardy, 1971; Baldino and Geller, 1982).
By virtue of its close anatomical relationship and shared vascular
connections (Ambach and Palkovits, 1979) with the organum vasculosum of
the lamina terminalis, the medial preoptic region is in an excellent
position to sample not only circulating hormones but also the contents
of the cerebrospinal fluid, since the highly vascularized organum
vasculosum is characterized by physiologically permeable fenestrated
capillaries (Weindl, 1983). The preoptic region also contains
receptors for angiotensin II, a potent dipsogenic peptide (Sirett et
al., 1977), and receptors for endogenous opioid peptides (Hammer,
1983).

Catecholamine varicosities are present throughout the preoptic
region in "low to medium amount" (Parent, 1979, p. 533). The

distribution of serotonin fiber immunoreactivity in the medial preoptic
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region has been studied in detail by Simerly et al. (1984), who report
that this monoaminergic input is sexually dimorphic.

Many peptidergic fibers are present in the medial preoptic region.
Neurotensin, cholecystokinin, and substance P fibers densely innervate
the medial preoptic nucleus and surrounding medial preoptic regions
(Watson et al., 1983; Loren et al., 1978; Aronin et al., 1983). LHRH,
VIP, somatostatin, vasopressin, oxytocin, bombesin-like, TRH, ACTH, and
neuropeptide Y fibers are also present (Watson et al., 1983, 1984; Sar
et al., 1978; Lechan and Jackson, 1982; Moody and Pert, 1979; Allen et
al., 1984). Preoptic peptidergic neurons (identified by
immunohistochemical procedures) in the rat contain neurotensin (Kahn et
al., 1980; Hara et al., 1982; Watson et al., 1983), substance P (Aronin
et al., 1983; Watson et al., 1983), cholecystokinin (Loren et al.,
1979; Vanderhaeghen et al., 1980), LHRH (Witkin et al., 1982;
Merchenthaler et al., 1984), and TRH (Lechan and Jackson, 1982).

Current knowledge of the preoptic region receptor and peptide
populations is certainly incomplete: such a list serves as a reminder
that the preoptic region is a brain area where sensory information,
integrative limbic system input, and endocrine signals converge. In
comparison with other brain sites, the potential for interaction of
gonadal steroids with afferent neural signals is striking.

Efferents. Earlier reports that neurons of the medial preoptic
region did not have significant extranuclear axonal projections (e.g.,
Valverde, 1965) were supplanted in the 1970's by autoradiographic
studies of preoptic efferents based on anterograde transport of
tritiated amino acid tracers (Conrad and Pfaff, 1976b; Swanson, 1976).

This technique revealed the existence of ascending and descending long
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to be no anterograde tracing studies which describe the specific
connections of the preoptic suprachiasmatic area.

Available retrograde tracing studies using horseradish peroxidase
confirm the preceding description (Philippson, 1979c; Ottersen, 1980;
Morrell et al., 1981). Again, local connections have proved among the
most difficult to describe accurately with neuroanatomical tracing
techniques based on injected substances, but efferents to many
hypothalamic nuclei, including the ventromedial nucleus, and short
connections with the lateral preoptic area almost certainly exist
(Palkovits and Zaborszky, 1979). Unlike the long descending axonal
projections which have a weak contralateral component, these local
connections tend to be ipsilateral.

Electrophysiological evidence can be adduced to support the
concept of a descending pathway from the medial preoptic region to the
hypothalamic ventromedial nucleus (Renaud, 1979). Electrical recording
methods have also demonstrated a direct influence of the medial
preoptic region on neuronal activity in the midbrain central grey and
the ventral tegmental area (MacLeod and Mayer, 1980; Maeda and
Mogenson, 1980). Possible functions of these preoptic region-to-medial
midbrain connections will be discussed below. Chapter 2 of this thesis
describes studies in which the contribution of the
estradiol-concentrating neurons of the medial preoptic region to this

pathway is investigated.

F. Functional Role for Preoptic-Midbrain Connections in Motivated
Behavior: An Hypothesis

One explanation of why medial preoptic region lesions are
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effective in disrupting maternal behavior is the idea that the cells in
this region are the origin of an important descending pathway which
relays integrated information concerning endocrine status and sensory
stimuli experienced to brain regions more directly involved in the
regulation of the muscle movements that result in changes in behavior.
There is direct evidence that a neural pathway connecting the preoptic
region and the ventral midbrain is important for maternal behavior.
Bilateral subsiantia nigra lesions cause a severe but temporary
disruption of maternal behavior in postpartum rats (Numan and Nagle,
1983). A knife cut lateral to the medial preoptic region paired with a
contralateral substantia nigra lesion produced an equivalent disruption
of maternal behavior. This suggests that both interventions were
acting on a single system that must be damaged bilaterally in order to
produce deficient responses to pups.

In contrast to the short-term effects of substantia nigra lesions,
bilateral electrolytic lesions of the ventral tegmental area produced
severe and lasting deficits in maternal behavior (Numan and Smith,
1984). Maternal behavior was also impaired in lactating rats receiving
a unilateral medial preoptic region lateral knife cut and a
contralateral ventral tegmental area lesion. Thus, the ventral
tegmental area lesions reproduced the effect of medial preoptic lateral
knife cuts or medial preoptic lesions on maternal behavior. The size
of the lesion appeared to determine the degree of impairment: large
ventral tegmental area lesions completely eliminated maternal behavior,
while small lesions were especially detrimental to pup retrieval
(carrying) and nest building.

That damage inflicted at the level of the ventral midbrain might
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reproduce the effects of damage to the medial preoptic region is
consistent with the known distribution of medial preoptic efferents
(Conrad and Pfaff, 1976b; see preceding section). The relatively great
importance of the medial forebrain bundle afferent pathway is indicated
first by the finding that bilateral ventral tegmental area lesions
produced a behavioral deficit comparable to that produced by bilateral
medial preoptic lesions or lateral knife cuts. Second, it has been
shown that the effects of cutting other preoptic region efferent
pathways either does not interfere with maternal behavior performance
(e.g., stria terminalis; Numan, 1974) or produces so many abnormalities
(e.g., dorsal medial preoptic region connections; Numan and Callahan,
1981) that a disruption of maternal behavior is possibly a secondary
effect.

These data, therefore, imply an especially critical role for the
ventral tegmental area of the midbrain in the regulation of maternal
behavior. This conclusion is only qualified by the lack of comparable
studies assessing the impact on maternal behavior of lesions of other
midbrain medial preoptic region targets. In particular, the
contribution of the midbrain central grey and the tegmental region just
dorsal to the medial lemniscus (see Conrad and Pfaff, 1976b) may be
comparable to that of the ventral tegmental area.

The concept that preoptic area efferents to the ventral midbrain
are important for maternal behavior receives functional as well as
anatomical validation. Evidence has been adduced that the ventral
tegmental area provides a '"functional interface between the limbic
system and the motor system" (Mogenson et al., 1980; p. 69). The

fundamental problem of transforming motivation (produced by both
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internal and external stimulus changes) into behavior requires that
such "interfaces" exist in the brain since very few forebrain neurons
are anatomically placed in such a way that they can influence
motoneurons directly. In the case of steroid-hormone induced changes
in maternal behavior, it is difficult to imagine an anatomical
arrangement which would bypass such an interface, since extremely small
numbers of spinal motoneurons contain autoradiographically-localizable
estrogen receptors (Morrell et al., 1982), and preoptic region estrogen
implants are themselves sufficient to promote maternal responsivity
(Numan et al., 1977), even though preoptic region neurons do not
project directly to the spinal cord (Schwanzel-Fukuda et al., 1983).

The efferent pathways from the ventral tegmental area (including
the AlQ0 dopaminergic cell group) ascend to terminate in regions related
to somatomotor responses, particularly the nucleus accumbens, which in
turn sends a massive input to globus pallidus and through this
multisynaptic pathway eventually influences somatomotor cortical
function.

An essential feature of the limbic/motor interface concept is that
"motivational" signals (endocrine and/or sensory) received elsewhere in
the brain are relayed to the ventral tegmental area, which in and of
itself has no inherent goal-oriented properties. In the case of
hormone-dependent maternal behavior, the relevant conjunction of
endocrine and sensory motivational cues appears to occur in the medial
preoptic region. The most direct means of transmitting the endocrine
part of this signal to the midbrain would be for the preoptic region
estradiol-concentrating neurons to send their axons to terminate in the

ventral tegmental area. Our knowledge of the connectivity of these
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brain regions suggests that this is a plausible account. However,
alternate pathways, perhaps involving a relatively local synapse in
the lateral preoptic/lateral hypothalamic area could just as easily
account for the results described above, until there is actual proof
that the preoptic region estradiol-concentrating neurons have
extranuclear projections.

Determination of whether or not a direct pathway of this nature
exists is of more than just hodological interest. It is likely that
alteration in protein synthesis is a mechanism through which steroid
hormones alter brain function and behavior. If any of these cellular
products are neuroactive secretory proteins, demonstration of their
site of action as well as their regulation by estrogen will be
necessary.

Anatomical data can in turn provide new insight into functional
relationships. If, for example, we could establish that only a
restricted subset of the preoptic region targets were addressed by the
estradiol-concentrating neurons, we could conclude that the
preoptic-to-midbrain medial forebrain bundle pathway contained within
it distinct channels for the estrogenic signal. Targets not receiving
that particular signal directly might be predicted to be less involved
in the estrogen-regulated medial preoptic region functions.

A technique that allows simultaneous demonstration of the steroid
hormone-binding capacity and the axonal projections of individual
neurons will be used to test the hypothesis that the anatomical
substrate of the preoptic-ventral tegmental area interaction with
regard to maternal behavior consists, at least in part, of axons from

medial preoptic region estrogen target neurons. Since adjacent
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brain regions (bed nucleus of the stria terminalis, periventricular
preoptic area, lateral preoptic area) are also estrogen target tissues,
I have also examined the nature of the descending pathway from these
regions. Preoptic region connections to the ventral tegmental area
will be compared with connections to a more dorsal midbrain region, the
central ("periaqueductal) grey, another target of medial preoptic area

efferents.

II. Estrogen-Oxytocin Interactions in the Regulation of Maternal

Behavior

A. Background

The anatomical aﬁproach described above is a first step towards
investigating the cellular mechanisms which mediate gonadal steroid
regulation of maternal behavior. Another means of understanding the
neural events following nuclear binding of steroid hormones is to take
as a starting point endocrine or pharmacological treatments which
affect the performance of the behavior of interest and, in effect, to
use experiments involving hormone manipulations and behavioral
observations to infer the nature of estrogen-regulated cellular
products. In the brain, obvious candidates for steroid-hormone
regulated gene products are neurotransmitters and neuropeptides, their
receptors, and the enzyme systems related to their synthesis and
degradation.

Until recently, research on the neuroendocrine regulation of the
onset of maternal behavior dealt exclusively with the roles played by

estrogen, progesterone, and prolactin. As stated above, however,
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experimental manipulations of steroid hormone levels produce medium
latency (1 - 3 days) maternal behavior and not a rapid onset of
behavior like that characteristic of the parturient rat. Exposure to
raised levels of estrogen can significantly reduce the latency to
respond to cues provided by pups, but considerable sensory priming
(contact with pups) is still required.

In 1979, Pedersen and Prange reported that intracerebroventricular
(icv) infusions of oxytocin produced maternal behavior in virgin rats
with a latency of less than an hour. The quick onset of this nurturing
response indicated that raised central nervous system levels of

oxytocin could substitute effectively for days of exposure to pups.

B. Oxytocin: Known Functions and Distribution in the Central Nervous
System

In mammals, the major recognized functions of oxytocin released
into the peripheral circulation from the posterior pituitary are
reproductive: stimulation of uterine contractions at parturition
(reviewed by Fuchs, 1983) and of milk ejection during suckling
(reviewed by Bissett, 1974). The oxytocin secreted from the
neurohypophysis is synthesized by neurons located in the
paraventricular nucleus, supraoptic nucleus, and the accessory
magnocellular groups of the hypothalamus. It is subsequently
transported to its terminal release sites in the pituitary. That
oxytocin-containing fibers are widely-distributed throughout the
central nervous system, however, only became clear with the application
of specific immunocytochemical techniques for localization of oxytocin

and its associated neurophysin, although these results were anticipated
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by Barry's (1954) earlier studies of Gomori-stained material.

The location of immunoreactive oxytocin nerve cell bodies and
fibers has been extensively described (Sofroniew, 1980; Rhodes et al.,
1981b; Buijs, 1982) and will be reviewed here only briefly.
Oxytocinergic projections are found in the septum, amygdala, and
olfactory bulb. Descending projections are seen to the dorsal and
ventral midbrain, the dorsal parabrachial nucleus, the nucleus of the
solitary tract, the dorsal motor nucleus of the vagus, and the lateral
magnocellular reticular nucleus. Oxytocin fibers also innervate the
spinal cord, particularly the intermediolateral columns (Swanson and
McKellar, 1979), and the cerebellum (Nilaver et al., 1984) The
cerebral cortex is notably free of-oxytocin—containing fibers.

It is generally accepted that neurons located in the hypothalamic
paraventricular nucleus are the cells of origin for these pathways:
lesions of this region eliminate the immunoreactive fibers seen in the
midbrain, brainstem, and spinal cord (Lang et al., 1983). However,
with the exception of studies by Sawchenko and Swanson (1982) on the
source of the spinal cord and brainstem innervation, there is no
direct evidence from studies combining immunocytochemical and
retrograde tracing techniques as to which paraventricular neurons send
their axons to any particular location.

Oxytocin is also present in the cerebrospinal fluid (Dogterom et
al., 1977). 1In this case, the source is unknown. Electrical
stimulation of the paraventricular nucleus results in raised levels of
cerebrospinal fluid oxytocin, suggesting that this nucleus is
responsible for its release (Jones et al., 1983). Cerebrospinal fluid

levels of oxytocin appear to be unrelated to plasma levels
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(Robinson and Jones, 1982); the implication is that the release of
peptide into the two physiological compartments is separately
regulated.

It has been argued that this neuropeptide is a likely candidate
for neurotransmitter status. It is present in synaptic vesicles in
terminal varicosities (Buijs and Swaab, 1979); it is released by
calcium-dependent secretory mechanisms (Buijs and van Heerikhuize,
1982); and some cells in the central nervous system have been
demonstrated to exhibit reproducible changes in electrophysiological
parameters in response to local application of oxytocin (Morris et al.,
1980; Dreifuss et al., 1982).

The functions of oxytocin in the brain are not known. The
distribution of oxytocin fibers in the brain stem and spinal cord
suggests a role in autonomic regulation (Swanson and Sawchenko, 1980,
1983); behavioral studies have implicated oxytocin in certain memory
processes (reviewed by de Wied, 1980); oxytocin and related
neurohypophysial peptides stimulate grooming in mice and rats
(Meisenberg, 1981; 1982). The results of Pedersen and colleagues
suggested that oxytocin might have a role in reproduction by
facilitating the performance of short-latency maternal behavior.

In the first studies of Pedersen and Prange (1979), both intact
and ovariectomized, estrogen-primed virgin females were treated with
intracerebroventricular (icv) oxytocin. To be rated as "fully
maternal" animals had to perform all of the behaviors characteristic of
the postpartum rat. Full maternal behavior within an hour of oxytocin
treament was seen in 11/13 rats ovariectomized and injected

subcutaneously with 100 mg estradiol benzoate/kg body weight 48 hours
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before icv infusion and pup presentation. No animals injected with the
0il vehicle and then given oxytocin exhibited maternal behavior during
a two hour observation period; only 2/11 estrogen-primed animals given
normal saline icv responded to pups with short latency. A less
striking oxytocin effect was seen in intact females, but there was a
relationship between oxytocin response and estrous state, with diestrus
(low estrogen) animals being least likely to exhibit maternal behavior
under these test conditions. Arginine-vasopressin was not effective in
facilitating maternal behavior performance in any intact animals.

A subsequent report from Pedersen et al. (1982) used the
ovariectomized, estrogen-primed virgin preparation to establish 1. a
linear dose-response relationship over the range of 100-400 nanograms
of oxytocin and 2. the specificity of the oxytocin facilitation. Out
of 18 substances tested only oxytocin and tocinoic acid (the ring
structure of the oxytocin molecule) were effective in stimulating
short-latency maternal behavior. Arginine-vasopressin produced a
significant incidence of maternal behavior, but with a longer latency
(2 - 3 hours). The side chain structure of Pro—Leu-Gly—NH2 was not

effective at any time.

C. Interaction of Estrogen and Brain Oxytocin: Possible Role in
Estrogen-Stimulated, Short-Latency Maternal Behavior

These reports are the first in which endocrine manipulations alone
have been shown to turn virgin rats into short-latency pup responders.
Induction studies cannot in themselves constitute evidence of a
physiological role for a hormone in a particular behavior, but in light

of the known peripheral actions of oxytocin (uterine contraction and
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milk ejection), the idea of this peptide having a role in the rapid
onset of maternal behavior in rats at parturition is attractive. I
was particularly intrigued by the estrogen-dependence of the reported
effect, since experimental examination of the nature of this
dependence might provide insight into the cellular and biochemical
mechanisms by which estrogen promotes maternal responsiveness.

Anatomical and functional linkages between estrogen and oxytocin
systems have previously been described. High estrogen levels coupled
with declining progesterone induce the synthesis of oxytocin receptors
in the uterus and mammary glands (Soloff et al., 1979) This suggests
that oxytocin target cells could be the site of estrogen action.
Alternatively, cells producing, transporting, and releasing oxytocin
could be one of the estrogen-sensitive points of this behavior system.
Some estradiol-concentrating neurons in the rat hypothalamus also
contain oxytocin: these neurons are located in a subdivision of the
paraventricular nucleus known to have ample non-neural lobe
projections (Rhodes et al., 1982). Other oxytocin cells which do not
exhibit nuclear binding of estradiol have been demonstrated to alter
their peptide content (as estimated by optical density measurements of
immunocytochemical reaction product) in response to ovariectomy and
estrogen treatment (Rhodes et al., 198la). This sequential effect of
estrogen and oxytocin on maternal behavior may reflect one of these
patterns of overlap or may represent a yet undescribed interaction.

The experiments detailed in Chapter 3 will describe 1. results of
investigations into the effects of oxytocin on the maternal
responsivity of ovariectomized, estradiol benzoate-treated virgin rats

2. studies of the estrogen-dependence of this oxytocin effect 3. data
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on the effect of varying the test cage habituation period on the
response to oxytocin 4. experiments in which anti-oxytocic agents are
used to delay the onset of maternal behavior in estrogen-primed rats
and 5. studies attempting to define a tissue site of oxytocin action.
Observations on other effects of intracerebroventricular infusions of
éxytocin in rats (activity, grooming, body temperature) will also be
presented. These studies represent an attempt to build a case for an
estrogen-dependent role of brain oxytocin in the short-latency onset of

maternal behavior that occurs at parturition.
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Chapter 2 Anatomical Studies

I. Introduction

The broad goal of these studies is the demonstration of the
existence of populations of estradiol-concentrating neurons that send
their axons to specific distant targets. In many instances,
distributions of steroid hormone-concentrating cells and the
distribution of neurons afferent to a particular brain area have been
shown to overlap (Morrell et al., 1984). However, the heterogeneous
structure of brain tissue requires nothing less than a combined method
with cell-by-cell spatial resolution to prove that steroid
hormone-concentrating neurons and not only their near neighbors have
the long projections of concern. The point of such research is not to
uncover new connections -- although such studies will certainly confirm
previous data and may add valuable quantitative information =-- but is
instead the discovery of the type(s) of neurons participating in a
known functional pathway.

The evidence assembled above has led to the hypothesis that the
pathway connecting the medial preoptic area to the ventral tegmental
area (and more generally, to the midbrain) consists in part of axons
from estradiol-concentrating neurons. Such a hypothesis does not
exclude other targets for estradiol-concentrating neurons in the
preoptic area, nor does it exclude the existence of other pathways
which may transmit the same information (i.e. the presence of an
estrogenic signal) over more synapses. However, specification of

direct synaptic targets of estradiol-concentrating neurons should
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facilitate the search for the mechanisms of estradiol action on
neurons, whether it be reflected in new protein products, changed

patterns of electrical activity, or morphological restructuring.

II. Methods Background

A. Studying Neural Circuitry with Retrogradely-Transported Fluorescent
Dyes

The demonstration that macromolecules are retrogradely transported
in axons (Lasek, 1967; Kristensson, et al., 1968; reviewed by
Kristensson, 1978) stimulated the development of sensitive
neuroanatomical tracing methods that have replaced classical techniques
based on visualization of degeneration subsequent to injury. To
identify cells of origin of a pathway, these methods employ exogenous
chemical markers which are deposited in the extracellular space, taken
up by axons and axon terminals, and retrogradely transported by the
living neuron to the cell body. This allows precise localization of
neurons afferent to the tracer application site. Tissue processing
then consists of procedures which preserve the in vivo distribution of
the marker during subsequent tissue handling and ultimately enable its
visualization at the light or electron microscopic level. The
principles and methodological niceties of such studies have been
extensively reviewed (e.g. LaVail, 1978; Blackstad et al., 1981).

The enzymatic marker horseradish peroxidase (HRP) has been the
most widely used substance for retrograde tracing of neuronal
connections. The pinocytotic uptake, vesicular packaging, transport,

and intracellular fate of HRP have been described (Mesulam, 1982), and
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visualization techniques have been repeatedly modified in order to
improve the sensitivity of HRP tracing (Warr et al., 1981). HRP
histochemistry has proved compatible with a variety of other techniques
used in the study of neural tissue (reviewed by Steward, 1981), but
certain demands of the tissue processing (e.g., aldehyde fixation, pH
of reaction solutions) render its combination with procedures which
have different critical demands of their own less satisfactory.

Thus, other classes of tracers have been developed as alternatives
to HRP. Desired features of new tracers have included greater
sensitivity than HRP and greater ease of combination of retrograde
tracing with other techniques. Kuypers and colleagues have identified
a number of fluorescent substances which are retrogradely transported
in axons (Kuypers et al., 1977; Bentivoglio et al., 1979; Bentivoglio
et al., 1980; Kuypers, 1981). In the past few years these substances
have been used in neuroanatomical tracing studies with increasing
frequency. Advantages of using fluorescent dyes as retrograde tracers
include their extreme sensitivity in revealing afferent connections
(more sensitive than HRP: Sawchenko and Swanson, 1981) and the
simplicity of their visualization, which facilitates multiple labeling
of individual neurons (van der Kooy et al., 1978; Kuypers et al., 1980)
and combination of retrograde tracing with other histochemical
procedures (e.g. immunohistochemistry). Disadvantages of using these
substances as tracers include their uptake by axons as well as axon
terminals (as convincingly demonstrated by Sawchenko and Swanson, 1981,
these small, lipophilic dye molecules can diffuse across neuronal
membranes); their lack of permanence as a marker, as they fade upon

exposure to light; and the lack of information on their intracellular



fate subsequent to internalization. Many of the fluorescent dyes are
water soluble, and there is a possibility of their diffusion from
retrogradely labeled cells during subsequent processing of tissue
sections in aqueous solutions (Kuypers, 1981).

The basic technique is straightforward. Deposition of dye in the
target area is followed by an empirically determined survival time

appropriate for the particular dye being used and the system being
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studied. The tissue is fixed by transcardiac perfusion with a buffered

paraformaldehyde fixative, cryoprotected by soaking in a sucrose
solution, and frozen sections are cut, mounted, and examined with
appropriate illumination using the excitation wavelength specific for
that dye. The most popular dyes (True blue, DAPI, propidium iodide,
primuline, Evans blue) have been used successfully in a variety of
vertebrate nervous systems, and fluorescent dye tracing can be

considered an established neuroanatomical technique.

B. Use of Steroid Hormone Autoradiography to Localize Target Cells in
the Nervous System

Vertebrate brains are a target tissue for gonadal steroids, but
not all neurons contain receptors for estrogens and androgens.
Autoradiographic procedures can be used to locate the neurons that
concentrate steroid hormones (Pfaff and Keiner, 1973; Stumpf and Sar,
1975; Morrell and Pfaff, 1981). When tritium-labeled steroids are use
to label receptors, this method permits identification of individual
hormone-concentrating cells, a degree of resolution essential in the
study of a heterogeneous structure such as the nervous system. In

general outline the procedure for steroid hormone autoradiography is

d
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the same regardless of tissue origin or the substance being localized.
bBasically, exposure of the tissue to radiolabeled steroid hormone for
a fixed time is followed by freezing of the tissue after any necessary
tissue fixation and dissection. Cryostat sections are thaw-mounted in
the dark directly onto emulsion-coated slides. The lg—particles
emitted from the tritiated hormone bound to its receptor oxidize the
silver halide crystals of the emulsion; these are subsequently reduced
during photodeveloping to render them visible. After adequate
exposure under low-humidity, light-tight conditions and
photodeveloping, the slides are prepared for analysis with the light
microscope. It is assumed that the accumulated radioactivity
visualized in the light microscope as a collection of reduced silver
grains over the cell nucleus results from binding of the radiolabeled
steroid hormone to an intracellular receptor protein. Unvarying
requirements of this procedure are 1. prevention of diffusion of the
bound, radiolabeled substance during tissue processing, which could
result in unphysiological redistribution of the hormone under study 2.
standardization of the method of tissue apposition to the emulsion in
order to obtain reproducible and quantifiable patterns of grain
distribution and 3. maintenance of adequate histological detail in
order to take advantage of the cell-by-cell resolution of binding
attainable with the use of tritium-labeled ligands.

The distribution of estradiol-concentrating neurons in the rat
brain has been extensively described using autoradiographic techniques
(Pfaff and Keiner, 1973; Morrell, Krieger, and Pfaff, 1985). These
autoradiographic results have been repeatedly confirmed by biochemical

studies of regional estrogen-binding in the rat brain (reviewed by
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McEwen et al., 1982). In the rat, as in all other vertebrate species
examined (Morrell and Pfaff, 1978), the vast majority of
estrogen-concentrating cells are found in the medial preoptic area,
tuberal hypothalamus (hypothalamic arcuate and ventromedial nuclei),
;imbic structures such as the septum and medial amygdala, and in the
midbrain central grey deep to the tectum. As has been emphasized by
Morrell and Pfaff (1978), other techniques have shown that all of the
brain regions containing large numbers of estrogen-concentrating cells
are involved in either neuroendocrine regulation of gonadotropin
secretion or in the regulation of reproductive behavior. This overlap
strongly implies that the steroid hormone receptors localized

autoradiographically are indeed the relevant functional receptors.

C. Studying Axonal Projections of Estradiol-Concentrating Neurons
using Fluorescent Dye Retrograde Tracing Combined with Steroid Hormone
Autoradiography

The successful combination of fluorescent dye retrograde tracing
with steroid hormone autoradiography was first used by Arnold (1980)
to demonstrate patterns of connectivity of steroid hormone
concentrating neurons in unfixed zebra finch brains. Using the
fluorescent dye primuline and tritiated dihydrotestosterone (DHT),
Arnold was able to demonstrate that, for example, some
DHT-accumulating hypoglossal motoneurons project to the syringeal
muscles, and that some DHT-concentrating neurons in the magnocellular
nucleus of the anterior neostriatum send axons to the nucleus robustus

of the caudal archistriatum. No quantitative data were presented.
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Morrell and Pfaff (1982) subsequently adapted this technique for use in
the rat central nervous system, using a variety of dyes in
formalin-fixed tissue. Their demonstration that some
estrogen-concentrating neurons in the ventrolateral subdivision of the
ventromedial hypothalamic nucleus send axons to the dorsal midbrain
indicated the feasibility of the studies to be described below as well
as providing new information on the connectivity of the mediobasal
hypothalamus. 1In fact, their article constitutes the only other

published report of this particular combination technique.

ITII. Methods

A. Studying Medial Preoptic Region Projections to the Midbrain using
Fluorescent Dye Retrograde Tracing Combined with Steroid Hormone
Autoradiography

Experimental Animals. Virgin female Sprague-Dawley rats

(Cr1:CD(SD)BR) obtained from Charles River Breeding Laboratories were
used in these studies. These animals were housed singly in our colony
room at 22 °C on a 12:12 light:dark cycle with lights off at 1200

hr. All animals were adapted to our facility for at least one week
prior to surgery. Animals were approximately 60 days of age at the
time of tracer injection (body weight range 150-200 grams). Young
adult rats were used in order to minimize any potential confusion of
fluorescing endogenous lipofuscins with the retrogradely-transported
fluorescent dyes, since lipofuscins accumulate with age in the rat
brain (Reichel et al., 1968). Rats to be given radiolabeled estradiol

for steroid hormone autoradiography were obtained from Charles River
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ovariectomized and adrenalectomized (3 weeks prior to isotope infusion
and sacrifice) in order to eliminate competition for receptor sites by
endogenous hormones. Those rats (N = 16) were supplied with a 0.9%
saline, 27 sucrose solution to drink in addition to ad libitum
laboratory chow and water. The completeness of the ovariectomy was
verified at the time of sacrifice.

Additional rats (N = 30) of the same strain, age, and weight but
not ovariectomized or adrenalectomized were used 1. to develop
stereotaxic coordinates for tracer injection 2. to test varying tracer
concentrations and survival times and 3. to obtain additional
anatomical information. All animals were prepared for tracer injection
surgery with i.p. injection of atropine sulfate (0.12 mg) to reduce
bronchial secretion (Waynforth, 1980). General anesthesia was induced
by i.p. injection of sodium pentobarbital (Nembutal; approximately 40
mg/kg body weight), with Xylocaine applied topically around the wound
to ensure local anesthesia. At the completion of surgery, most animals
were given a s.c. injection of a 107% solution of pentylenetetrazol
(Metrazol; 0.3 cc, Sigma P-6500) in order to speed their recovery from
barbiturate anesthesia. Shortly before sacrifice by transcardial
perfusion with fixative, each animal was given an i.p. injection of an
overdose of Nembutal (approximately 75 mg/kg body weight). Animals
receiving very large ventral midbrain fluorescent dye injections
sometimes appeared to be a little somnolent, but were otherwise in good

health and able to eat, to drink, and to groom themselves.

Fluorescent Dyes. Preliminary retrograde tracing studies were
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performed using many fluorescent dyes: Evans blue, DAPI, primuline,
propidium iodide, bisbenzimide, True blue, Granular blue, and SITS.
Selection of the dyes to be used in the combination studies was based
on 1. sensitivity (relative number of retrogradely-labeled cells
produced by similar size injections) 2. dye brightness in thin (12 um
and 6 mm) cryostat sections 3. lack of diffusion of retrogradely
transported dye out of neurons into the surrounding neuropil and 4.
mainly cytoplasmic labeling, in order to provide maximum contrast with
the nuclear labeling produced by the autoradiographic procedure. All
dyes but SITS were retrogradely transported from the midbrain to the
preoptic area, but True blug, DAPI, and a combination of DAPI and
primuline were judged to be relatiﬁely more sensitive and brighter than
the others, with DAPI showing‘a greater resistance to fading than
either True blue or primuline. These findings are by and large in
agreement with the published literature.

True blue
[trans-1,2-Bis(5-amido-2-benzofuranyl)ethylene-dihydrochloride] was
obtained from the following source:

Dr. Illing KG

Warthweg 14-18

Postfach 1150

D-6114 Grosz

Umstadt, Germany.
A 107 w/v solution was used. The dye was diluted in distilled,
deionized water. It appeared to form a suspension rather than a
solution. Diluted True blue was stored under foil wrap at 4 °c

until immediately before use.
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DAPI (4',6-Diaminino-2-phenylindole, supplied in the
dihydrochloride hydrate form) was obtained from the Aldrich Chemical
Co. (Milwaukee, WI.; Catalog No. 21,708-5) and was used diluted in
distilled, deionized water in concentrations (w/v) of either 107 alone
or 2.5% in combination with 10% primuline (ICN Pharmaceuticals). These
mixtures were also stored under light-tight conditions at 4 °c

until immediately before use.

Radiolabeled Estradiol. [2,4,6,7,16,27—3H(N)]—estradiol was

obtained from New England Nuclear (specific activity, 151 Ci/mmol;
radiochemical purity initially greater than 98%). This was supplied in
aliquots of 1.0 mCi (0.0018 mg) in 1.0 ml of absolute ethanol and
stored dark at 4 °C until use. Animals received either a
nuclear-saturating dose of 0.8 mg estradiol/250 g body weight (Morrell
et al., 1982) or a lower dose of 100 uCi/100 g body weight. As no
significant differences have been found between autoradiographic
results obtained from rats receiving tritiated estradiol by intravenous
infusion and rats receiving the same hormone dose injected
intraperitoneally (Morrell et al., 1982), all animals in this study
received this steroid via i.p. injection. In order to deliver the
radiolabeled estradiol via this route with minimal irritation to the
animal, the hormone-in-ethanol solution was brought up to twice the
initial volume with sterile normal saline. This mixing was done in the

1.0 ml syringe used for the i.p. injection.
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Stereotaxic Surgery. Fluorescent dyes were injected using

standard stereotaxic procedures by means of a 1.0 ml Hamilton syringe.
Coordinates were determined either from the rat brain atlas of deGroot
(1959) or Konig and Klippel (1963). For the ventral tegmental area,
from interaural zero the coordinates were A-P +2.4, D-V -2.7, and M-L +
0.5; for the midbrain central grey, A-P +2.4, D-V -1.0, M-L + 0.5.
ventral tegmental area coordinates used with the head level were
measured from bregma: A-P -5.3, D-V -8.4, M-L + 0.7. An angled
approach to the midbrain was also sometimes used to avoid the midbrain
central grey. From interaural zero, these coordinates were A-P +2.2,
D-V -7.7, and M-L + 3.2, with the syringe holder fixed at a 15°

angle lateral from a line perpendicular to interaural zero.

In order better to adapt these coordinate systems for the small
animals used in these studies, a correction factor was employed in the
A-P plane. The distance between bregma and interaural zero was
determined. If the distance fell in the range of 5.8 - 6.2 mm, the
correction factor was zero. Otherwise, the distance was divided by 3,
and this number was subtracted from the initial A-P coordinate to
determine the actual drill site.

The Hamilton syringe needle was lowered 10 minutes before the
start of the dye injection; the injection was made slowly, over 5
minutes; 10 more minutes were allowed to elapse before the needle was
raised. Injection volumes ranged from 0.1 wl to 0.5 ul. Both
unilateral and bilateral placements were used. Post-infusion survival

times were either 3 or 4 days.

Isotope Administration and Perfusion. After allowing 3 or 4 days
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for retrograde dye transport, the animals were given half the total
hormone dose; after 0.5 hr, the remaining half was injected and
perfusion begun 2 hours laper, known from previous studies to be a time
when specific nuclear binding is high and nonspecific-low affi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>