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ABSTRACT

The secretion of luteinizing hormone (LH) from the

pituitary gland of ovariectomized rats occurs in a pul

satile or episodic pattern. In vitro as well as in vivo

studies have shown that the mechanism underlying pulsa

tile LH release generation is in the brain rather than

the pituitary, and appears to be due to the pulsatile

release of luteinizing hormone – releasing hormone (LHRH)

from the hypothalamus. Many investigations have demon

strated not only a necessary role for the hypothalamus in

the regulation of normal gonadotrophic function, but also

potential involvement of several extrahypothalamic brain

regions in the control of LH secretion. This study was

designed to investigate the modulation of pulsatile LH

release by the central nervous system, with special emphasis

on the influence of extrahypothalamic regions, and the

neural pathways through which any modulatory effects

produced are exerted.

Since marked behavioral effects occurred in unanes

thetized rats during stimulation of the midbrain, the

effects of the CNS depressant pentobarbital (PBTL) on

pulsatile LH release were initially studied and character

ized. This was done to determine whether this is a suitable

preparation in which to study possible changes in episodic

LH release during electrical stimulation of various brain
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areas, such as the midbrain, which when activated in the

unanesthetized animal, produce marked behavioral effects

interfering with the experiment. Unanesthetized rats

were first bled continuously (50 ul whole blood every

5-6 minutes) through indwelling right atrial cannulae

for l l/2 – 2 hours prior to PBTL injection. Animals were

then bled for various periods of time during PBTL-induced

anesthesia, as well as for l l/2 - 2 hours after recovery

of the half-righting reflex (forelimbs and upper torso

righted). Whole blood was analyzed for LH by radioim

munoassay. PBTL administration initially inhibited pulsa

tile LH release for l l/4 – l 1/2 hours, after which

episodic release resumed. For the remaining duration of

anesthesia (3 - 3 1/2 hours) pulsatile LH release was

characterized by decreased mean blood LH levels, a decreased

rate and magnitude of increase in blood LH levels for indi

vidual episodes, and a lengthened periodicity between

pulses. However, though reduced, episodic LH release

remained stable despite the continued influence of anesthe

sia. In the l l/2 – 2 hours following recovery of the

half-righting reflex, only the periodicity of LH release

returned to a pre-anesthesia interval, while the other

parameters measured remained at, or slightly below, values

observed during PBTL-induced anesthesia. Since pulsatile

LH release is present and stable during pentobarbital

induced anesthesia, this provides a useful preparation for
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studying the effects of brain stimulation on episodic LH

release when behavioral effects occurring during stimulation

become a problem in the unanesthetized animal.

The effect of electrical stimulation of the dorsal

raphe nucleus (DRN) in the midbrain on episodic LH release

was therefore studied in ovariectomized, pentobarbital

anesthetized rats. Animals were bled continuously for

l l/2 hours prior to stimulation, 1 l/2 hours during stimu

lation, as well as for 30–60 minutes thereafter. Stimu

lation of the DRN completely inhibited episodic LH

secretion for the entire period of stimulation. If

brain levels of serotonin (5-HT) were decreased by

DL-p-chlorophenylalanine (PCPA), given 71 hours prior

to stimulation, no change in pulsatile LH release occurred

during DRN stimulation. Repletion of brain 5-HT levels

with L-5-hydroxytryptophan (5-HTP), given to PCPA

treated rats 2 – 2 l/2 hours prior to stimulation, restored

the inhibition of pulsatile LH release during DRN stimula

tion. Blockade of serotonin receptors with metergoline,

given 2 l/2 hours prior to stimulation, greatly reduced or

eliminated the inhibition of episodic LH release normally

seen during DRN stimulation. These data indicate that

stimulation of the midbrain dorsal raphe nucleus can

exert an inhibitory influence on episodic LH release in

ovariectomized rats, and that this inhibition is mediated

by activation of the ascending serotoninergic pathway
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Originating in this region of the midbrain.

To determine if the neuronal pathway responsible for

the inhibition of pulsatile LH secretion during dorsal

raphe nucleus stimulation involved some portion of the

suprachiasmatic nucleus – retrochiasmatic area, small

discrete lesions were placed within this forebrain region

prior to DRN stimulation. In animals having lesions that

completely destroyed the suprachiasmatic nucleus, but did

not extend into the retrochiasmatic area, DRN-induced

inhibition of pulsatile LH release was still present.

If, however, a significant portion (more than 40%) or all

of the retrochiasmatic area was encompassed by the lesion

(with variable or no suprachiasmatic nucleus damage), the

inhibition induced by DRN stimulation was prevented. This

indicates that the suprachiasmatic nucleus is not neces

sary for the inhibitory effect of DRN stimulation on pul

satile LH release to be manifested. However, the pathway

responsible for this inhibition does appear to project

to or through the retrochiasmatic area. Additionally,

although pulsatile LH release was present during the

control period prior to stimulation in rats with suprachi

asmatic nucleus lesions (and no damage to the retrochiasma

tic area), mean blood LH levels for this group were signi

ficantly decreased during the control bleeding period.

Therefore, the neuronal pathway activating episodic LH

release involves, but is not restricted solely to, the

suprachiasmatic nucleus.



The effect of electrical stimulation of the medial

preoptic - suprachiasmatic nucleus region of the forebrain

on pulsatile LH release was also studied in ovariecto

mized, pentobarbital-anesthetized rats. Animals were

either not primed with estrogen, or previously given

5 ug estradiol benzoate/l O0 gbw/day for the 2 days prior to

stimulation. In ovariectomized, unprimed rats, electri

cal stimulation of the ventral medial preoptic area

consistently increased LH release. In contrast, stimu

lation of the region immediately caudal to the medial

preoptic area, and lateral and dorsal to but not within

the suprachiasmatic nucleus (i.e. the peri-suprachiasmatic

nucleus region), uniformly inhibited pulsatile LH secre

tion. Activation of the suprachiasmatic nucleus elevated

blood LH levels in most unprimed rats tested, but sup

pression of episodic LH release occasionally occurred.

Pretreatment with estrogen resulted in increased LH

secretion in response to stimulation of each of these

three regions. Estrogen prolonged the LH increase occur

ring during medial preoptic area stimulation, completely

reversed the inhibitory LH response to peri-suprachiasmatic

stimulation, and both reversed any possible suppressive

response to suprachiasmatic stimulation, or greatly in

creased the magnitude and duration of the increase in

blood LH levels produced in the unprimed rat during activ

vation of this nucleus. Therefore, well defined areas in

the medial preoptic - suprachiasmatic nucleus region
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can have strikingly different effects on LH secretion in

the absence of ovarian estrogen, and this steroid is

critically important in determining the direction, magni

tude, and duration of the LH response to a localized brain

stimulus.

The modulation of pulsatile LH release by activa

tion of dopaminergic receptors has recently been investi

gated. In order to determine whether or not the inhi

bition of episodic LH release produced by the dopamine

receptor stimulator, apomorphine, was due to activation of

dopamine receptors within or outside the medial basal

hypothalamus (MBH) - pituitary unit, complete neural

deafferentation of the MBH was performed prior to ovari

ectomy. Although 85% of the rats subjected to deaffer

entation showed a constant vaginal diestrous smear pat

tern and very low, non-pulsatile blood LH levels after

ovariectomy, the remaining 15% exhibited a constant vaginal

estrous smear pattern and most demonstrated pulsatile

LH secretion following ovariectomy. This indicates that

input from outside the MBH is required in most rats for

the occurrence of episodic LH release. Moreover, adminis

tration of apomorphine to animals with MBH deafferenta

tion and constant estrous smear patterns prior to ovari

ectomy resulted in an inhibition of episodic LH secretion.

This suggests that the apomorphine-induced inhibition of

pulsatile LH release is a result of activation of dopamine
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receptors within, rather than outside, the MBH – pituitary

unit.

In summary, these experiments demonstrate that l) pul

satile LH release in ovariectomized rats is present and

stable after the first l 1/4 – l l/2 hours of pentobarbital

induced anesthesia, and that the pentobarbital-anesthe

tized rat is a suitable preparation for studying the

influence of various brain regions on episodic LH release

when these studies cannot be done in the unanesthetized

rat due to behavioral and current level problems; 2) activ

vation of the midbrain dorsal raphe nucleus is capable

of inhibiting episodic LH release through a serotoniner

gic mechanism; 3) the inhibitory pathway activated during

dorsal raphe stimulation projects to or through the retro

chiasmatic area, but not the suprachiasmatic nucleus;

4) the suprachiasmatic nucleus is part of the neural

pathway activating episodic LH release; 5) adjacent areas

within the medial preoptic - suprachiasmatic nucleus

region can have very different effects on pulsatile

LH release, and estrogen is critically important in

determining the direction, magnitude, and duration of these

responses; 6) input from outside the medial basal hypo

thalamus is required in most rats for the occurrence of

pulsatile LH release; and 7) activation of dopamine

receptors within the medial basal hypothalamus - pituitary
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unit is responsible for the inhibition of pulsatile LH

release observed after apomorphine administration.



INTRODUCTION

The secretion of luteinizing hormone (LH) from the anterior

pituitary gland is controlled by hormones from the hypothala

mus (LHRH) and the ovary (estrogen and progesterone). A

functional interrelationship exists among these hormones that

provides for the cyclic nature of LH release and the occurrence

of ovulation. Studies on the physiology of LH secretion and

ovulation have been most detailed in the rat, though similar

processes occur in most mammals including the human. In the

rat, ovarian follicles mature under the influence of follicle

stimulating hormone (FSH) and LH, and secrete estradiol at

a specific stage in their development (Schwartz, l969;

Ely and Schwartz, 197l). Following a peak level of plasma

estradiol that occurs approximately at midday on proestrus

(Brown-Grant et al., 1970; Butcher et al., 1974), there is

a sudden surge of LH from the pituitary that peaks in the

late afternoon and lasts two to four hours (Everett et al.,

l949; Monroe et al., 1969; Goldman et al., 1969; Naftolin et al.,

l972; Freeman et al., 1972). This surge of LH is necessary for

ovulation to take place. In the rat, stimulation of LH re

lease by the rise in plasma estradiol can only occur during

a "critical period" lasting several hours which immediately

precedes and lasts through part of the proestrous LH surge.

A rise in blood progesterone levels occurs stimultaneously

or just after the LH surge, and is stimulated by these in

creased LH levels in the blood (Barraclough et al., 1971;

Piacsek et al., 1971). The elevated progesterone levels decline

slowly during late proestrus and early estrus, the period

during which ovulation



occurs. All of these changes occur in the rat over repetitive

periods of 4 or 5 days called the estrous cycle.

Though the role of the pituitary gland in the control

of reproductive activity was realized over 50 years ago,

the fundamental importance of the brain, in particular the

hypothalamus, in this regulation has been more recently

elucidated. In some early studies, electrical stimulation

of the hypothalamus was shown to induce ovulation in the

rabbit (Harris, l937; Markee et al., 1946) and lesions placed

in the hypothalamus of guinea pigs resulted in a blockade of

ovulation (Dey, 1943). Furthermore, interruption of the

connections between the hypothalamus and the pituitary

gland by pituitary stalk section was shown to result in

gonadal atrophy (Mahoney and Sheehan, 1936; Harris 1937).

Since l) nerve endings from neurons in the hypothalamus are

very rare or do not exist in the anterior pituitary, and

since 2) the pituitary has a special kind of blood supply,

the hypophysial portal system, which is characterized by the

intimate contact of blood vessels with the nervous tissue of

the hypothalamus, Harris (1947, l948) proposed that the link

between the hypothalamus and the anterior lobe might be

neurovascular. Evidence in support of the "neurovascular

hypothesis" was provided by the simple experiment of trans

planting the pituitary gland into a remote site of the body

such as the anterior chamber of the eye or kidney capsule

(Harris and Jacobsohn, 1952). This procedure resulted in

ovarian, as well as adrenal and thyroidal atrophy. If,



however, the transplanted tissue is placed in the vicinity

of the hypothalamus and pituitary stalk, regeneration of the

hypophysial portal vessels then occurs and anterior pituitary

function is restored, as shown by the maintenance of repro

ductive activity (Harris and Jacobsohn, l052). More recent

studies involving transplantation of anterior pituitary tissue

into various regions within the hypothalamus (Halasz et al.,

l962; Halasz et al., 1965) led to the conclusion that only

a very definite region of the hypothalamus is capable of

maintaining normal pituitary structure and gonadotrophic

hormone secretion. This "hypophysiotrophic area" was shown

to extend from the retrochiasmatic area anteriorly to the

mamillary bodies posteriorly and to basically encompass the

medial basal hypothalamus (MBH).

It is now firmly established that the synthesis and

release of anterior pituitary hormones are controlled in

turn by hormones released from nerve endings in the hypo

thalamus and conveyed to the anterior pituitary gland via

the portal vessels. Support for this neurohumoral principle

in reproductive control was provided by McCann et al. (1960)

through the demonstration of a factor in the hypothalamus

that caused LH to be released from the anterior pituitary

gland (now termed luteinizing-hormone releasing hormone:

LHRH) . When the hypothalamus was dissected into several

fragments, most of the releasing activity was found in the

stalk and median eminence, though some was present in the



basal hypothalamus above the median eminence (McCann, 1962).

More recently, LHRH has been isolated, its structure

determined, and its localization in the brain investigated.

Additionally, many parts of the brain - through both intra

and extra-hypothalamic neuronal pathways – have been shown

to contribute to the afferent stimuli which control the

synthesis and release of LHRH. Therefore, pituitary LH

secretion can be modulated by various brain centers through

a final common pathway - the LHRH neurons.

The purpose of this background section is not to com

prehensively review all literature concerning the neural

regulation of LH release, but to provide an overview of some

of the current concepts and supportive evidence for the

existing CNS mechanisms which can modify LH secretion. This

is undertaken by examining: 1) what role ovarian steroids

play in the LH release mechanism; 2) where the LHRH neurons

that regulate LH secretion are located in the brain; 3) the

evidence for episodic release of LH and the site of mechanisms

producing this pulsatile release; 4) which areas of the brain

can modulate LH release; and 5) which CNS neurotransmitters

are involved in regulating LH secretion.



THE ROLE OF OVARIAN STEROIDS

A large body of experimental literature indicates that

ovarian steroid hormones can exert both a positive and a

negative feedback effect on the secretion of LH. Addition

ally, it appears that these effects are exerted at both the

brain and pituitary level. Interest in the positive feed

back effects of steroid hormones on this hypothalamo -

hypophysial system has focused on the facilitation of the pre

ovulatory surge of LH in the female. Investigations in

this area have involved l) studies of the dynamic changes in

hormone levels in the intact female; 2) interference with

steroid function in the intact female; and 3) injections of

steroids into both intact and ovariectomized animals.

Studies concerned with the systemic measurement of

serum steroid levels in cycling female rats have repeatedly

demonstrated that circulating estradiol rises before the

preovulatory LH surge, peaks during the afternoon of

proestrus, then falls concurrently with the LH surge (Brown

Grant et al., 1970; Butcher et al., 1974). Though some in

vestigators have reported that serum progesterone (seemingly

of adrenal origin) rises on proestrus just before the pre

ovulatory LH surge (Barraclough et al., 197l), most others

have not found increases in serum progesterone until after

the LH surge occurs (Uchida et al., 1969).

Additional work involving the prevention of the

preovulatory estrogen rise has shown that if ovariectomy is

performed between 10:00 on the day of dies trus and 10:00 on



the day of proestrus, the release of LH on proestrus will be

blocked (Schwartz, 1969). Importantly, Ferin et al. (1969)

showed that a specific antibody to estradiol will block the

LH surge. Further delineation of the specific hormones in

volved has been accomplished through the use of MER-25, a

competitive estrogen antagonist. Administration of MER-25

on the morning of dies trus blocks the LH surge on proestrus

(Schwartz, 1969). The lesser importance of progesterone in

the facilitation of the proestrous LH surge was demonstrated

by showing that adrenalectomy performed on the morning of

proestrus did not prevent ovulation (Lawton, l072), though

LH levels are attenuated during the afternoon of proestrus

in adrenalectomized animals (Campbell et al., 1977). If a

specific antibody to progesterone is injected during diestrus

or early proestrus, ovulation is also not affected (Ferin et

al., 1969). In summary, removal of the estradiol peak will

prevent the occurrence of the LH surge and ovulation, while

removal of progesterone attenuates the LH surge, but does not

prevent ovulation.

Another approach to studying the facilitative effects

of ovarian steroids on the preovulatory surge has been to

administer exogenous steroids on days of the cycle when

endogenous steroid levels are normally low. It was first

reported that if estradiol is administered on the first day

of dies trus in rats showing a 5-day estrous cycle, ovulation

will occur l day early, on the second day of dies trus

(Everett, 1948). Several investigators have subsequently



shown that estradiol injection on several other days of the

4 or 5 day cycle will induce an early release of LH (Kalra

et al., 1973; Krey and Everett, 1973). In contrast to other

days of the cycle, no advancement of the surge occurs in 5

day animals injected with estradiol on the day of metes trus

(Krey and Everett, 1973) and only large doses (20 ug) of

estradiol on metes trus are capable of advancing the timing

of ovulation in rats with 4-day estrous cycles (Krey and

Everett, l973). It has been suggested that this lack of a

facilitatory effect is due to the fact that the animals have

not had a sufficient background of endogenous estradiol, and

thus might be less sensitive to the stimulatory effects of

the steroid (Kalra et al., 1973). Progesterone, as with

estradiol, is a facilitatory hormone for induction of the

LH surge only on specific days of the cycle. Zeilmaker (1966)

showed an advancement of ovulation following progesterone

administration on the morning of the second day of dies trus

in animals exhibiting 5-day estrous cycles, or on the first

day of dies trus in rats showing 4-day estrous cycles. Several

investigators have demonstrated an advancement of the gonado

tropin surge following progesterone injections early on the

morning of proestrus (Zeilmaker, 1966; Kalra et al., 1973;

Blake, l977). When progesterone is injected in the early

stages of the cycle, however, ovulation is generally delayed

(Everett, 1948; Zeilmaker, 1966). These studies involving

exogenous steroid administration in intact rats support the



hypothesized synergism of estrogen and progesterone in

facilitating the preovulatory surge of LH on proestrous.

Progesterone seems only to have a positive feedback effect

when there is a sufficient background of estradiol secretion

since progesterone causes an advance in the timing of the LH

surge only on dies trus and proestrus (when elevated estrogen

levels are present).

In addition to the studies done in intact cycling animals,

the ovariectomized animal has often been used to study posi

tive feedback of estrogen. When estradiol injections are

given to long-term ovariectomized rats, the elevated levels

of LH fall. If, however, a second injection of estradiol is

given on day 2 or 3 after the initial priming injection, a

surge-like increase in blood LH levels occurs (Caligaris et

al., 1971). It has recently been shown that a single large

(50 ug) injection of estradiol into ovariectomized rats

caused an LH surge in plasma during the afternoon of days

2 - 6 after administration (Blake, 1977). When silastic

implants of estradiol are placed into ovariectomized rats,

an LH surge can also be induced on several consecutive after

noons (Legan and Karsch, 1975). In the monkey, estrogen

administration alone readily evokes gonadotropin surges in

ovariectomized (Yamaji et al., 1971) and adrenalectomized -

ovariectomized animals (Knobil, 1974), suggesting that (at

least in the monkey) other steroids are not necessary in this

regard. As in the rat, the implantation of estradiol-con

taining silastic capsules into ovariectomized monkeys also
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time course of LH secretion observed during the menstrual

Cycle can be replicated experimentally in ovariectomized

monkeys by incremental injections of estradiol (Karsch et

al., 1973b), it appears likely that the time course of LH

secretion during the menstrual cycle of this species is

controlled by the cyclic pattern of ovarian estrogen secre

tion (Karsch et al., 1973b). In the ovariectomized,

estrogen-primed rat, progesterone injections have been shown

to trigger an LH surge (Taleisnik et al., 1969) and it has

been proposed that progesterone is really acting in synergy

with estrogen to bring about this surge, much as it may in

the intact animal (Mann and Barraclough, l973). Furthermore,

this progesterone may be adrenal in origin, since estradiol

alone cannot trigger an LH surge in ovariectomized - adrenal

ectomized rats. In summary, work on the ovariectomized rat

has shown that estradiol is essential for the induction of

the proestrous LH surge, but progesterone may be necessary

to trigger this surge.

The anatomical sites where estrogen exerts its positive

feedback effect on the preovulatory LH surge remain a matter

of active investigation. A neural signal, which originates

in parts of the preoptic area (POA) of the rat (Halasz, 1969;

Koves and Halasz, 1970) is required for this surge to occur.

Thus, estradiol could act in the POA to initiate the neural

signal or it could act in the medial basal hypothalamus to

facilitate transduction of the neural signal from the POA
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into LHRH secretion. Importantly, there is increasing

evidence that estradiol exerts a major positive feedback

effect at the pituitary level. In this regard, estrogen

has been shown to increase the sensitivity of the pituitary

gland to exogenous LHRH (Arimura and Schally, 1971; Greeley

et al., 1975) and allows a priming injection of LHRH to aug

ment the response of the pituitary to subsequent LHRH admin

istration (Aiyer et al., 1974; Castro-Vazquez and McCann,

l975). Interestingly, injection of estradiol benzoate into

ovariectomized rats resulted in a biphasic effect on pituitary

sensitivity to LHRH (Libertun et al., 1974). There was a

decreased sensitivity manifest from 1 – 2 hours after estra

diol benzoate injection which was followed by enhancement of

the response 8 - 10 hours post-injection.

A number of investigators have attempted to determine

the anatomical sites of positive feedback action of estra

diol by the local implantation of estrogen or anti-estrogens

into the pituitary gland or the hypothalamic area. The

results of these studies have been conflicting. Docke and

Dorner (1965), Weick and Davidson (1970), and Terasawa and

Kawakami (1974) advanced ovulation with implants of estra

diol benzoate in the pituitary gland of rats; implants in the

hypothalamus were much less effective. This suggested that

the pituitary was the primary site of the positive feedback

action of estrogen. However, all these studies were conducted

in intact animals and the effectiveness of the implants was

probably dependent on increased estrogen secretion from the

ovary, which resulted in the LH surge (Weick et al., 197l).
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Therefore, it cannot be determined from these studies where

estrogen acts to induce the LH surge. On the other hand, the

blockade of ovulation by implantation of anti-estrogens into

the pituitary gland (Brainbridge and Labhsetwar, 1971)

strongly suggests that the stimulatory effects of estrogen

at the level of the pituitary are essential for the release

of an ovulatory quota of LH. The effects of estrogen

(Palka et al., l966; Kalra and McCann, l975) and anti-estrogen

(Billiard and McDonald, 1973) implants in the medial basal

hypothalamus (MBH) have led some workers to postulate that

estrogen also has stimulatory effects within the MBH.

However, the interpretation of these results is made more

difficult by the possibility that steroids implanted into the

MBH could readily distribute to the pituitary gland via the

portal circulation (Palka et al., 1966). Indeed, a recent

study has shown MBH estradiol implants to be ineffective

in eliciting an LH surge in acutely ovariectomized rats

(Goodman, l978).

Though some investigators have been able to induce LH

release by estradiol implants in the POA (Kalra and McCann,

1975; Goodman, l978), others have been unable to obtain such

positive effects with estradiol benzoate implants within the

POA (Palka et al., 1966; Weick and Davidson, l970; Terasawa

and Kawakami, l974). This discrepancy has been explained

(Goodman, 1978) by the observations that l) the benzoate

ester must be enzymatically cleaved from estradiol benzoate

before this steroid can bind to estrogen receptors and 2)
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the esterase responsible for this cleavage has a low activity

in neural tissue. However, support for a POA site of

estrogen action is provided by the finding that surgical

disconnection of all anterior connections to the MBH (i.e.,

anterior deafferentation) blocks estrogen-induced LH surges

in ovariectomized rats (Blake, 1977a). Also, the ability of

estrogen implants in the amygdala to induce LH release

(Terasawa and Kawakami, 1974; Kalra and McCann, 1975) has

led to the suggestion that estrogen can act in this area

to initiate an LH surge, possibly through stria terminalis

efferents to the POA. Therefore, it appears that the

pituitary gland and POA are the primary sites of the positive

feedback action of estradiol in the rat, although additional

stimulatory effects in the MBH and amygdala may also be of

significance.

In the monkey, major sites of facilitatory estrogen

feedback are the MBH and the pituitary gland. Although it

has been reported that extensive, bilateral damage to the

POA – anterior hypothalamic area blocks the positive feed

back action of estradiol on LH release (Normal et al., 1976),

a similar, more recent study indicates that the facilitatory

effect of estrogen is still present in such lesioned animals

(Knobil and Plant, 1978). Furthermore, the administration

of estradiol benzoate to ovariectomized monkeys immediately

following aspiration of all neural tissue except the MBH

results in large LH discharges l8 to 24 hours later, thus

indicating that the region anterior to the MBH is not
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necessary for this positive feedback action to occur in the

monkey (Hess et al., 1977). Additional evidence for a neural

site of positive estrogen feedback is provided by the finding

that elevated levels of LHRH were observed in the hypophysial

portal blood of monkeys undergoing estrogen-induced LH

surges (Neill et al., 1977). Additionally, positive estrogen

feedback to the pituitary occurs since ovariectomized monkeys

bearing hypothalamic lesions (and having gonadotropin

function maintained by pulsatile LHRH administration) re

sponded to estrogen administration with a discharge of LH

following an initial decline (Knobil and Plant, l978).

Negative feedback control, applied to the hypothalamo -

hypophysial - gonadal system, can be characterized as

gonadal steroids exerting a negative impact on their own

secretion rates through the control of gonadotropin secre

tion from the pituitary. Removal of the ovaries in the rat

leads to eventual increases in serum levels of LH (Schaar

et al., 1975) which are thought to occur in response to

the removal of estrogen suppression. Recently, attention

has focused on the immediate LH response to Ovariectomy.

In this regard, serum LH shows a delay of 2 - 4 days before

it increases in response to ovariectomy (Tapper et al., 1972;

Ramirez and Sawyer, 1974). Interestingly, there appears to

be no significant decrease in plasma estradiol within 24

hours after removal of the ovaries from rats showing 5-day

estrous cycles (Campbell et al., 1977). The adrenal cortex



l4

secretes significant quantities of estrogen and progesterone

(Shaikh and Shaikh, l975). When adrenalectomy is performed

concurrently with ovariectomy, serum levels of both estra

diol and progesterone drop below those found in animals that

have only been ovariectomized (Campbell et al., 1977). In

spite of these lowered steroid levels, however, there is no

further increase in blood LH levels (Campbell et al., 1977).

Estrogen has been widely accepted as having a negative

feedback influence on gonadotropin secretion. In this re

gard, estradiol administration has been shown to suppress

ovariectomy-induced elevations in blood LH (Kalra et al.,

1973; Ramirez and Sawyer, 1974). Additionally, the de

gree of estradiol suppression of LH in ovariectomized rats

has been shown to be a function of age (Schaar et al., 1975),

with old (23 – 30 month) females seeming to be more respon

sive to estradiol than younger (4 – 6 months) females. Ad

ministration of progesterone by itself in physiological doses

does not alter the hypersecretion of LH seen after ovariectomy.

However, when progesterone is injected in large amounts (5

and lo mg), it leads to a marked reduction of LH levels 48

hours later (Kalra et al., 1973). Since these doses are

above the physiological range, it appears that there must be

an interaction of estrogen and progesterone for progesterone

to have any physiological significance in negative feedback

regulation of LH secretion. In this regard, the subcutan

eous injection of 50 ug estradiol benzoate and 25 mg proges

terone in long-term ovariectomized rats results in a more
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effective drop in blood LH levels than occurs with adminis

tration of estrogen alone (Blake et al., 1974). This prepar

ation has subsequently been used extensively in neuroendocrine

investigations because of its high sensitivity to LHRH.

In the monkey, estrogen administration has been shown

to reduce considerably the high circulating levels of LH

following ovariectomy (Yamaji et al., 1972). However the

administration of progesterone alone, even in enormous quan

tities, has no effect on these elevated blood LH levels

(Yamaji et al., 1972). Though a synergism between estradiol

and progesterone in the inhibition of LH secretion in ovar

iectomized monkeys can be demonstrated in some situations

(Karsch et al., 1973), estrogen appears to be the principle

ovarian component of this negative feedback effect (Yamaji

et al., l072).

Several early studies have indicated that the MBH and

the pituitary gland are the major negative feedback sites

of ovarian steroids. Implantation of crystalline estrogen

into the MBH induced gonadal atrophy in rats and rabbits

(Lisk, l060; Davidson and Sawyer, 1961). In the rat,

estrogen implants in either the MBH or the pituitary gland

prevented the post ovariectomy elevation in plasma LH

(Ramirez et al., 1964). Additionally, early indirect

evidence for a non-pituitary site of inhibitory action of

estrogen was provided by McCann (1962) when he found that

estrogen-treated rats having low blood LH levels showed an

increase in blood LH within 10 minutes following an injec
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tion of stalk - median eminence extract. Thus, he concluded

that estrogen must inhibit the output of LHRH, since treat

ment with this factor overcame the estrogen block.

Support for indirect steroid feedback operating via the

hypothalamus derives from a variety of sources. Particularly

influential, however, is the well documented observation that

intrahypothalamic implants of crystalline steroids are more

effective in inhibiting gonadotropin secretion than intra

pituitary ones (Davidson, l969). The implantation of either

estradiol benzoate or progesterone into the medial basal

hypothalamus of ovariectomized rats has been shown to result

in the suppression of plasma LH levels, with no lasting

change in the pituitary sensitivity to LHRH (Smith and

Davidson, 1974). The inhibitory effect of progesterone

implants is in accord with an earlier report in which MBH

implants of progesterone inhibited ovulation, while pitui

tary implants were ineffective (Smith et al., 1969). Further

more, the MBH appears to be the site of synergistic inhibi

tion of LH by estrogen and progesterone since the very low

blood LH levels resulting from such a hormonal treatment

(estrogen injection followed 8 – 18 hours later by pro

gesterone) can also be obtained in constant estrous rats that

had had all neural connections to their medial basal hypothal

ami surgically interrupted prior to ovariectomy (Blake, 1977b).

A pituitary site of synergism can be ruled out since the same

author showed no difference in pituitary sensitivity to LHRH
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before or after progesterone administration. Further support

for an MBH site of negative steroid feedback was recently

demonstrated by the finding that in the absence of gonadal

steroids (caused by ovariectomy), LHRH concentration in the

arcuate - median eminence area progressively decreases and

is accompanied by a parallel increase in both pituitary and

serum LH (Kobayashi et al., 1978). Daily injections of

estradiol benzoate were shown to prevent these changes in

ovariectomized rats. The non-involvement of the POA –

anterior hypothalamic area in steroid negative feedback

effects on LH secretion is emphasized by studies showing no

reduction in ovarian weights with estrogen implants in this

area (Lisk, l965) and no impairment of the postovariectomy

rise in LH for rats bearing large lesions of the anterior

hypothalamus (Antunes-Rodriques and McCann, 1967).

Despite the major inhibitory effect of ovarian steroids

exerted at the MBH level in the rat, several studies seem

to implicate the pituitary as being at least partially

involved in these inhibitory actions. Although estradiol

was shown to depress plasma LH levels in ovariectomized

rats having the neural connections to their medial basal

hypothalami interrupted, this same study showed a partial

inhibitory effect on pituitary LH release in response to LHRH

injection (Blake et al., 1974). Additionally, the decrease

in plasma LH which follows the injection of estradiol into

Ovariectomized rats is at least partially caused by a de
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creased sensitivity of the pituitary gland to LHRH since the

elevation in plasma LH following LHRH injection is attenuated

in estradiol-treated animals (Negro-Vilar et al., 1973).

Studies involving possible negative feedback sites in

the monkey seem less conclusive than those done in the rat.

It has recently been found that the acute inhibition of LH

release caused by estradiol benzoate injection can be ob

served in animals having all neural connections to the MBH

interrupted (Krey et al., 1975), thus indicating that

extrahypothalamic sites are not necessary to elicit this

effect. Using ovariectomized monkeys exhibiting elevated

blood LH levels, Ferin et al. (1974) reported that micro

injection of estradiol into the MBH inhibited blood LH

levels. Similar injections outside the MBH were basically

ineffective (the fields of Forel in the brain stem were an

exception). However, the possibility of estradiol trans

port from the site of intrahypothalamic injection to the

pituitary to exert its inhibitory effect could not be ruled

out by these authors. In this regard, the same laboratory

has later reported that intravenous injections of estradiol

did not suppress LHRH levels in pituitary portal blood (Car

mel et al., 1976). Indeed, a pituitary site of estrogen

negative feedback is strongly implicated from a recent study

showing that ovariectomized monkeys bearing hypothalamic

lesions (and having gonadotropin function maintained by LHRH

injections) can still respond to estrogen administration by

exhibiting a decline in blood LH levels (Knobil and Plant,
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l978), followed by an increase. Therefore, both negative and

positive feedback effects of estrogen can be exerted at the

pituitary level.

In summary, it appears that the MBH and the pituitary

gland are major sites of ovarian steroid feedback action,

though the MBH as a site of positive feedback in the rat is

still questionable. In addition to the positive feedback

sites present in the monkey, however, those in the rat seem

to involve the POA and possibly the amygdala. It is inter

esting to note that cell bodies that bind estrogen are very

numerous in the preoptic, medial basal hypothalamic area,

and pituitary gland (Stumpf and Sar, 1977), thus establishing

a possible neuroanatomical link for steroid feedback actions

within these areas and further emphasizing their importance

in the regulation of LH secretion.
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LHRH LOCALIZATION

Results of experiments performed during the 1940's and

early l950's suggested that cells in the medial basal

hypothalamus were responsible for the release of LH from

the pituitary. By 1960, extracts of hypothalamic tissue had

been found to contain a substance which was capable of

releasing LH (McCann et al., 1960). Subsequently, investi

gators have sought the localization within the brain

of cell bodies which produce that factor. Since the chemical

nature of LHRH was not known until recently, it was not

possible to develop a sensitive and specific assay for it.

Consequently, it was necessary to use bioassay methods in

efforts to localize brain LHRH (McCann, 1962). As mentioned

previously, most LH-releasing activity was found in the

pituitary stalk and median eminence using such methods.

Recently, the structure of LHRH was reported to be Glu-His

Tryp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 (Matsuo et al., 197l)

and this decapeptide has been synthesized in many laboratories.

The availability of synthetic LHRH made it possible to

generate an antiserum against LHRH and to develop a radio

immunoassay method for this compound (Arimura et al., 1973).

Administration of antibodies raised against LHRH has been

shown to block ovulation and inhibit LH release (Schally

et al., 1973).

To precisely localize LHRH, two methods of dissecting

the brain have been employed. First, Wheaton et al. (1975)
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have cut thick serial sections through the brain in the

frontal, sagittal, and horizontal planes and assayed

releasing activity in each section. Secondly, Palkovits

and his colleagues have dissected discrete hypothalamic

nuclei from frozen frontal sections of the brain. For

this purpose, hollow stainless steel needles were used to

"punch out" individual nuclei from the brain sections

(Palkovits, l973). The data obtained on the distribution

of LHRH in the CNS by utilizing such techniques are in

reasonably good agreement. Wheaton et al. (1975) found that

the bulk of LHRH (around 85% of the total hypothalamic con

tent) was contained in the median eminence - arcuate nucleus

area, with the median eminence itself having over 60%.

Smaller but unmistakable activity was also found in the

preoptic area (most probably in association with the organum

vasculosum of the lamina terminalis; OVLT) and low levels of

LHRH were detected in hypothalamic tissue between the POA

and arcuate - median eminence region (Wheaton et al., 1975).

Utilizing the hypothalamic punch technique, Palkovits et

al. (1974) also measured high concentrations of LHRH in the

median eminence and arcuate nucleus, though very little was

found in other hypothalamic nuclei. The medial preoptic

nucleus contained little or no LHRH, seemingly because the

OVLT was not included in the MPOA punch sample. Recently,

Kizer et al. (1976), using the nuclear punch out technique

of Palkovits (1973), found LHRH not only in the OVLT but in

all of the three remaining circumventricular organs - the

subfornical organ, the subcommissural organ, and the area
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postrema. Although this finding is interesting, its

significance is presently unclear.

Several studies indicate that a substantial portion,

but not all, of the LHRH in the MBH may be in neuronal

processes which arise from cells rostral to this region.

In this regard, a significant decrease of LHRH activity in

the stalk - median eminence area was observed in rats

previously subjected to lesions which included the supra

chiasmatic nucleus and part of the MPOA (Schneider et al.,

l969). This same study also showed that a cube of tissue

that included the suprachiasmatic nucleus caused a marked

increase in LH release from anterior pituitary glands in

cubated in vitro. When the medial basal hypothalamus was

completely isolated from the rest of the brain (by use of

a Halasz knife), the LHRH content of this region decreased

by 80% (Weiner et al., 1975; Brownstein et al., 1976). If

only the anterior neural connections of the MBH are

interrupted, a drastic reduction in the MBH content of

LHRH still results and the POA content of LHRH increases

significantly (Kalra, 1976). Although the results of the

above studies could be explained by an excitatory action of

neurons in the POA - anterior hypothalamic area on LHRH

neurons located within the MBH, it appears more likely that

LHRH cell bodies are present rostral to the MBH, especially

in light of recent immunocytochemical studies on LHRH

localization.

Very recently, the techniques of immunohistochemistry

have been applied to the problem of identifying neurons
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that presumably synthesize, transport, and secrete LHRH.

Unfortunately, results from the various groups are not in

complete agreement. However, there is no doubt that LHRH

immunoreactive axons and terminals are present in the median

eminence (Kordon et al., 1974; Baker et al., 1975; Setalo

et al., 1975; Barry and Carette, 1975). Electron micro

scopic resolution of LHRH localization utilizing the

peroxidase-antiperoxidase (PAP) technique has shown this

neurohormone to be localized primarily in the palisade

portion of the zona externa in the rat (Pelletier et al., 1974).

Several investigators have been able to identify the

immunoreactive perikarya of LHRH-producing neurons at the

light microscope level. Immunoreactive cell bodies appear

to be concentrated in two main areas: 1) the mediobasal

hypothalamic area, especially the mid-portion of the arcuate

nucleus, and 2) the preoptic – anterior hypothalamic area,

particularly the suprachiasmatic region. Immuno-positive

cell bodies have been observed in the arcuate nucleus of the

mouse (Zimmerman et al., 1974), guinea pig (Barry et al.,

1973), rat (Naik, 1975a), monkey (Silverman et al., 1977),

and the human (Barry, 1977). However, the finding of

immunoreactive LHRH perikarya in the rat (Naik, 1975a) has

not been confirmed by others (Kordon et al., 1974; Baker et

al., 1975), though LHRH-positive granules have been reported

in arcuate cell bodies of the rat at the electron microscope .

level (Naik, 1975b).

In the suprachiasmatic region, immunoreactive LHRH cell

bodies have been observed in the rat (Setalo et al., 1976)
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and the monkey (Barry and Carette, l075). High numbers of

LHRH-positive cells are also found in the septo-preoptic

region of the guinea pig (Barry et al., 1974). In the

monkey, Silverman et al. (1977) have reported that signifi

cant numbers of immunoreactive perikarya were present

in a continuum from the septal-preoptic region anteriorly

to the premammillary nucleus posteriorly. However, Barry

and Carette (1975) were able to find only a few LHRH-positive

cells in the septo-preoptic region of the monkey. In an

immunofluorescence study of LHRH neurons in man (Barry, l977),

LHRH-containing neurons were shown to be mainly concentrated

in the mediobasal hypothalamus and the OVLT - POA region.

These cells gave rise, respectively, to a hypothalamo-infun

dibular LHRH tract (projecting to the median eminence) and

a preoptic- area LHRH tract ending mainly around the

capillaries of the OVLT. In this regard, many axons con

taining LHRH were found in the anterior hypothalamus and

preoptic area of the guinea pig (Barry et al., 1974) and

monkey (Zimmerman and Antunes, l975). As in the human (Barry,

1977), many of these project to the median eminence area in

the guinea pig (Barry et al., 1974) and some preoptic fibers

in both the guinea pig (Barry et al., 1974) and monkey

(Zimmerman and Antunes, 1975; Barry and Carette, 1975) inner

vate the OVLT. Most LHRH axons appear to descend along the

ventral surface of the hypothalamus to enter the median

eminence. It has not been determined in the monkey whether

or not any of these fibers arise from the preoptic area.
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The immunoreactivity of LHRH observed in tanycytes of

the mouse (Zimmerman et al., 1974; Silverman, 1976) has not

yet been observed in tanycytes of the rat (Kordon et al.,

1974; Setalo et al., 1975). However, LHRH-positive nerve

fibers in the OVLT appear fairly abundantly in both rodents

and primates (Zimmerman et al., 1974; Baker et al., 1975;

Barry and Carette, 1975). It is possible that the LHRH

fibers terminating in the OVLT arise from POA – anterior

hypothalamic cell bodies since l) many of these neurons are

bipolar (Zimmerman and Antunes, 1975) and; 2) complete hypo

thalamic deafferentation in rats does not affect immuno

reactive LHRH staining in the OVLT (Weiner et al., 1975).

As stated previously, however, the significance of LHRH in

the OVLT is not known.

In summary, both radioimmunoassay and immunohisto

chemieal techniques seem to indicate that LHRH-secreting

neurons are present within the MBH as well as in more

rostral areas such as the POA, anterior hypothalamus, and

suprachiasmatic nucleus. Additionally, the discrepancies

among the various groups using immunohistochemical methods

may be attributed to the use of different species, antibodies,

and possibly non-specific staining. Though our understanding

of the CNS distribution of LHRH is presently incomplete, many

new insights are promised in the future as the techniques

continue to improve.
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OCCURRENCE OF EPISODIC LH RELEASE

A) Evidence For Its Presence

It is now known that "tonic" pituitary secretion is not

maintained in a steady state, but rather represents the in

tegration of episodic or pulsatile pituitary discharges

(Yen et al., 1974). For LH, the magnitude of pulsatile re

lease varies with the endocine state, being most prominent

in the absence of estrogens such as after castration or

menopause. It has been consistently shown that ovariectomy

leads to an eventual rise in blood LH levels (Gay and

Midgley, l969; Schaar et al., 1975) which appears to occur

in response to removal of the negative feedback effects of

ovarian steroids (predominantly estrogen) on LH release.

Early studies in long-term castrated rats of both sexes

seemed to indicate that these chronically elevated blood

levels of LH were characterized by erratic fluctuations

(Gay and Midgley, 1969; Gay et al., 1970). However, the

recent use of more frequent sampling techniques has clearly

indicated that the secretion of LH from the pituitary gland

of ovariectomized animals occurs in a pulsatile or episodic

manner (Atkinson et al., 1970; Dierschke et al., 1970; Gay

and Sheth, 1972).

Gay and Sheth (1972), sampling blood every 2 - 10

minutes, found that LH in rats ovariectomized several weeks

earlier was released at regular intervals ranging from 20

minutes to one hour and that the increments in plasma LH

that occurred with each pulse (80 – 300 ng/ml plasma) were
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relatively consistent for individual animals. They further

reported that apparently the pituitary gland of the

castrated rat releases little LH between pulses since LH

levels decline as rapidly in these pulses as they do in

recently hypophysectomized rats. Pulsatile discharges of

LH have been shown to persist not only when blood samples

were obtained over 2 - 3 hour sampling periods (Gay and

Sheth, l972; Blake and Sawyer, 1974), but also when rats

were bled on two consecutive days (Blake, l974) or over a

14-day period (Weick, l977). Furthermore, the time of day

did not affect the frequency at which pulsatile discharges

of LH occurred (Soper and Weick, l977), suggesting that pul

satile LH release occurs at a steady rate throughout the 24

hour day in long-term ovariectomized rats. Thus, the

stability of this LH release pattern has been well established

by several workers. In the monkey, ovariectomy leads to a

10-fold increase in blood LH levels which reach steady-state

concentrations in about 3 weeks (Atkinson et al., 1970).

As in the rat, this state is characterized by episodic dis

charges of LH, but at a frequency of approximately one pulse

per hour (Dierschke et al., 1970). These same investigators

did not find pulsatile LH discharges present in intact

animals bled during either the follicular or luteal phase of

the menstrual cycle.

In normal women, Midgley and Jaffe (1971) have reported

that serum concentrations of LH are maintained as a series

of peaks which occur at about 2.5 h intervals. Another
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similar study found pulsatile LH release in women to occur

at intervals of l - 4 hours (Yen et al., 1972). It is inter

esting to note that, though pulsatile secretion of LH occurs

throughout the menstrual cycle, LH pulses of higher ampli

tude and lower frequency are present during the luteal

phase (Santen and Bardin, 1973), suggesting that gonadal

steroids may modulate LH pulses. There is evidence for

pulsatile LH release in post menopausal women (Yen et al.,

l972). Episodic LH discharges occurring every 2 - 3 hours

have also been observed in normal men (Nankin and Troen,

1971; Naftolin et al., 1972), with the largest bursts being

observed in the early morning hours (Nankin and Troen, l972).

Santen and Bardin (1973) found similar patterns of LH

secretion in normal men, in women during the follicular

phase of the menstrual cycle, and in patients with

hypogonadotropism or amenorrhea. Also, patients with

precocious puberty can exhibit the normal pubertal LH

pattern of augmented secretory - activity synchronous with

sleep (Boyar et al., 1973). Therefore, it appears that

pulsatile LH release is not only characteristic of an agonadal

environmental condition, but is also present in both normal

and a variety of pathological conditions.

B) Brain Involvement in Episodic LH Release

Though it has been suggested that the mechanism respon

sible for generation of pulsatile LH release may exist within

the pituitary gland itself (Ferin et al., 1974; Kao et al.,
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1977), most studies indicate that this mechanism more than

likely originates in the brain, apparently due to the

intermittent release of LHRH from the hypothalamus. Several

studies have shown that episodic LH release is suppressed

by centrally acting neuroleptic and depressant drugs, as well

as by central receptor blocking agents. In this regard,

pentobarbital has been found to inhibit pulsatile LH release

in ovariectomized rats (Blake, l974). Since this CNS de

pressant has no suppressive effect on the pituitary response

to LHRH (Blake and Sawyer, l974; Blake, l074), its inhibitory

action on LH release must be exerted within the CNS.

Pentobarbital administration, however, has no effect on

episodic LH release in ovariectomized monkeys (Bhattacharya

et al., 1972). Phenobarbital, urethane, ether (Blake, l974),

and nicotine (Blake et al., 1974) were all effective to

varying degrees in blocking pulsatile LH release in ovariec

tomized rats or ovariectomized rats previously subjected to

complete hypothalamic deafferentation. This suggests a

direct action of these agents on LHRH synthesis or release

from the MBH. Additionally, the alpha-adrenergic blocking

agents phentolamine and phenoxybenzamine promptly interrupted

episodic discharges of LH in ovariectomized monkeys (Bhat

tacharya et al., 1972). The suppression of LH induced by

phentolamine has recently been shown not to be exerted at

the pituitary, but rather at the CNS level (Plant et al.,

1978b).
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In the monkey, complete surgical disconnection of the

medial basal hypothalamus from the remainder of the brain

does not significantly interfere with either the pulsatile

discharge of LH or the negative feedback inhibition of this

LH release pattern by estradiol (Krey et al., 1975). How

ever, in rats subjected to similar complete hypothalamic

deafferentation, pulsatile LH release was found to be

present only in those animals showing a constant estrous

vaginal smear pattern prior to ovariectomy (Blake and Sawyer,

1974). Deafferentated rats exhibiting a constant diestrous

vaginal smear pattern prior to ovariectomy had very low, non

pulsatile blood LH levels (Blake and Sawyer, l974). These

same investigators found that, in those deafferentated rats

that did show pulsatile LH release following ovariectomy,

peripheral administration of estradiol was effective in

inhibiting this LH discharge pattern (Blake et al., 1974).

Recently, it has been reported that selective lesions of

the hypothalamic arcuate nucleus in ovariectomized monkeys

resulted in the cessation of LH secretion (Plant et al.,

1978a). In a study demonstrating a pituitary site of

ovarian steroid action, Plant et al. (1978b) found that

estrogen was still effective in inhibiting pulsatile LH

release in ovariectomized monkeys bearing hypothalamic

lesions, in which episodic LH secretion was re-established

by intermittent LHRH infusions. Therefore, it appears that

the neural mechanisms responsible for the maintenance of

pulsatile LH release reside within the medial basal
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hypothalamus in monkeys and in those rats exhibiting a con

stant estrous vaginal smear pattern after complete

hypothalamic deafferentation. Furthermore, the inhibitory

effect of estrogen on episodic LH release in such animals

is exerted within the hypothalamo-hypophysial unit.

C) Site of Origin

Evidence for a central neuronal origin for control of

pituitary pulsatile LH release is provided by studies in

volving either LHRH administration or the measurement of

LHRH in hypophyseal portal or systemic blood. Recently,

superfusion of anterior pituitary fragments from ovariec

tomized rats with a medium containing LHRH resulted in a

constant pattern of LH release during constant LHRH super

fusion (Osland et al., 1975). However, superfusion with

LHRH for only 2 - 5 minutes caused episodes of LH release

lasting 30 - 45 minutes (Osland et al., l'975). A similar

type of LH release pattern has been observed in vivo for

ovariectomized monkeys subjected to hypothalamic lesion and

having pulsatile LH release re-established by pulsatile LHRH

infusions (Plant et al., 1978b). Direct evidence for a

hypothalamic mediation of pulsatile pituitary LH release

was shown by Carmel et al. (1976). Through the frequent

collection of hypophysial portal blood samples, they found

that the concentration of LHRH in portal blood from

ovariectomized monkeys fluctuated with a frequency similar

to that of pulsatile LH oscillations in the peripheral

circulation of other monkeys. In this regard, other studies
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have demonstrated episodic fluctuation of LHRH in

peripheral blood from pre- and post-menopausal women

(Seyler and Reichlen, 1973; Seyler and Reichlin, l974).

Therefore, the work cited in this section indicates

that the brain provides the signals necessary for the

pulsatile pituitary discharge of LH.
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BRAIN MODULATION OF LH RELEASE

Reception and integration of stimuli which influence

reproductive function are carried out in the hypothalamus,

as well as in higher neural structures. The hypothalamic

LHRH neuronal pool is capable, by itself, of sustaining

a certain "basal" or "tonic" level of LH secretion, as shown

by experiments in which the hypothalamus has been isolated

from the rest of the brain (Halasz, 1969). However, con

siderable evidence indicates that afferent impulses from

another neural level - the preoptic area – are necessary

to trigger the spontaneous preovulatory discharge of LH.

Also, a wide spectrum of sensory stimuli, acting through

the CNS, are of major importance in the control of repro

ductive function. The signals they generate in the brain

are transmitted to the hypothalamus by different routes

before influencing the pituitary gland. The hypothalamic

LHRH neuronal pool involved with LH secretion can thus

be considered as the "final common pathway" through which

all the stimuli will reach the pituitary. It is now

generally accepted that, at least in the rat, the neural

control of LH secretion is divided into at least two functional

levels. These two levels can be represented by l) the medial

basal hypothalamus (i.e., the arcuate nuclear region) modula

ting tonic LH release, and 2) the preoptic area and other

extra-hypothalamic regions that can cause ovulation and/or

modulate LH secretion. The regulation of LH secretion by

each of these levels will be discussed separately.
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A) Hypothalamic Modulation of LH Secretion

The possibility that a mechanism regulating LH release exists

somewhere in the hypothalamus was realized by Harris (1937),

who found that electrical stimulation of the basal hypo

thalamus or pituitary gland in rabbits could result in

ovulation. Importantly, Markee et al. (1946) succeeded in

eliciting an LH surge sufficient to cause full ovulation

in rabbits by stimulating the tuber cinereum with

electrical stimuli insufficient to evoke an LH discharge

if applied directly to the pituitary gland. Using proestrous

rats in which the spontaneous LH surge was blocked by

pentobarbital, Critchlow (1958) found that electrodes

had to be near the median eminence of the hypothalamus in

order to produce LH release sufficient for ovulation in

such rats.

Numerous other reports have indicated that both electri

cal and electrochemical stimulation of the arcuate nucleus

in ovariectomized, estrogen primed or intact rats produce

increases in LH release and/or ovulation (Terasawa and Sawyer,

1969; Clemens et al., 1971; Kalra et al., 1971; Clemens et al. ,

1972; Kalra et al., 1973; Gallo and Osland, l976). In

terestingly, Gallo and Osland (1976) have shown that elec

trical stimulation of the arcuate nucleus in ovariectomized

rats inhibited the pulsatile LH release characteristic of

these animals. In ovariectomized rats pretreated with estro

gen, however, these same investigators found that arcuate

stimulation increased LH release. Therefore, estrogen



35

reversed the inhibitory effect of arcuate stimulation in

the ovariectomized, unprimed rat (Gallo and Osland, 1976).

Lesion studies have further emphasized the hypothalamic

regulation of LH secretion. In the rat, lesions of the

medial basal hypothalamus which completely destroy the median

eminence and arcuate nucleus area have been shown to totally

prevent the production and release of LH, resulting in

anestrus and ovarian atrophy (D'Angelo, 1959; Bishop et al.,

1972). Also, Davidson and Ganong (1960) reported that lesions

involving the posterior arcuate nucleus - median eminence

region in dogs resulted in testicular atrophy. Recently, an

attempt has been made to lesion selectively the arcuate

nucleus in ovariectomized monkeys (Plant et al., 1978a). In

those animals in which the lesion totally encompassed, but

was confined to the arcuate region, a permanent inhibition

of LH secretion was observed. Therefore, it appears that,

at least in the monkey, the arcuate nucleus region is one

structure mediating the hypothalamic control of LH secretion.

Studies involving the surgical isolation of part or all

of the medial basal hypothalamus from the rest of the brain

(Halasz, l968) have lent valuable insight into the regula

tory influences of this brain area on pituitary LH release.

In the rat, complete hypothalamic deafferentation resulted

in a block of ovulation and ovarian compensatory hypertrophy,

with a concomitant diminution in the pituitary response to

ovariectomy (Halasz and Gorski, 1967). When only the

anterior connections to the MBH were interrupted, ovulation
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was also blocked - an effect not seen with any other type

of partial MBH deafferentation. Therefore, the medial basal

hypothalamus in the rat is, by itself, capable of sustaining

a low level of LH release in a tonic fashion, though neural

afferents which reach the MBH via the anterior hypothalamus

are required for ovulation. It should be mentioned that,

after complete hypothalamic deafferentation (i.e., surgical

isolation of the hypothalamus from the rest of the brain),

the basal secretion of other pituitary trophic hormones in

addition to LH (ACTH, TSH, GH) is fairly well maintained,

and their target organs (gonads, adrenals, and thyroid) do

not atrophy (Halasz, l968). In the rhesus monkey, as in the

rat, the neural control of tonic LH secretion appears to be

resident in the MBH since complete hypothalamic deafferenta

tion does not interfere with the pulsatile discharge of LH

seen after ovariectomy in the monkey (Krey et al., 1975).

In striking contrast to its effect in the rat, however,

surgical disconnection of the MBH in the monkey does not block

ovulation (Krey et al., 1975). The neural components con

trolling the preovulatory LH surge in the monkey, therefore,

also appear to be located within the MBH. The importance of

the hypothalamus in the feedback regulation of LH release by

ovarian steroids has been discussed in a previous section.

In summary, the medial basal hypothalamus plays not only

an integral, but a necessary role in the regulation of nor

mal gonadotrophicfunction and can be represented as a separate
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level of hypophysial control. The neural structures outside

the medial basal hypothalamus, considered the second level

of hypophysial control, probably act through the MBH by reg

ulating the synthesis and release of LHRH from the MBH.

Modulation of LH release by these extrahypothalamic areas

will be considered in the following section.

B) Extrahypothalamic Modulation of LH Secretion

Much evidence has accumulated in recent years indicating

that neural structures involved in the control of LH release

are located in parts of the brain other than the medial

basal hypothalamic area. These extrahypothalamic LH modu–

latory sites are principally: l) the preoptic – anterior

hypothalamic area; 2) the amygdala; 3) the hippocampus; and

4) the midbrain. Each of these areas is considered

Separately, although they very likely interact with one

another as well as with the hypothalamus to modulate LH

release.

l) Preoptic - Anterior Hypothalamic Area

In the rat, considerable evidence exists that implicates

the medial preoptic area as the site of origin of the neural

triggering mechanism which eventually results in ovulation.

In this regard, ovulation does not occur in rats in which

the connections between the preoptic area and the medial

basal hypothalamus are interrupted (Halasz and Gorski, 1968).

However, if a transverse cut is made anterior to the medial

preoptic area (MPOA), ovulation may persist in those animals



38

that survive surgery (Koves and Halasz, l070). Lesions

placed in the anterior hypothalamic area (generally between

the optic chiasma and the median eminence, and including the

suprachiasmatic nucleus) result in constant vaginal estrus

and poly follicular ovaries (Hillarp, l949; D'Angelo and

Kravatz, 1960; Bishop et al., 1972), thus indicating a con

stant low level of LH secretion. Though these lesions

probably destroyed parts of the medial preoptic area, it has

been shown by Clemens et al. (1976) that lesions restricted

only to the medial preoptic area resulted in periods of

pseudopregnancy (ll - 14 days of constant diestrous vaginal

smear patterns and very low blood LH levels) with ovulation

occurring on the day of estrus between pseudopregnancies.

This study, therefore, demonstrated that structures caudal

to the preoptic area (i.e., the anterior hypothalamus and/

or the suprachiasmatic nuclei) are able to maintain a form

of reproductive cyclicity when the MPOA is damaged.

The neurohumoral stimulus that activates the pituitary

gland to release an ovulatory quota of LH on the afternoon

of proestrus can be prevented by pentobarbital administra

tion at critical hours on this afternoon (Everett and Sawyer,

1950). In such pentobarbital-blocked proestrous rats, both

electrochemical (Everett and Radford, l961; Everett, 1965;

Terasawa and Sawyer, 1969b; Kalra et al., 1971; Turgeon and

Barraclough, 1973) or electrical (Cramer and Barraclough,

1971; Fink and Aiyer, 1974) stimulation of the preoptic -

anterior hypothalamic area resulted in large elevations in
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blood LH levels and/or ovulation. Clemens et al. (1971)

randomly selected rats during the estrous cycle and electro

chemically stimulated the area from the septum anteriorly,

to the arcuate nucleus caudally. Large, significant increases

in LH release were observed during stimulation throughout

this large area. Additionally, electrochemical stimulation

of the MPOA in ovariectomized, estrogen-treated rats produced

an increase in plasma LH levels (Clemens et al., 1972), though

electrochemical stimulation of this same area in the ovariec

tomized, unprimed animal has been reported to have no effect

on LH secretion (Clemens et al., 1972; Velasco and Rothchild,

1973). Interestingly, the change in plasma LH concentrations

induced by MPOA electrical stimulation in pentobarbital

blocked proestrous rats was found to be similar to that

observed during the proestrous LH surge in normal rats

(Cramer and Barraclough, 1971).

The previously mentioned lesion and stimulation studies

seem to lend validity to the hypothesis proposed by Everett

et al. (lº 64) in which neural impulses regulating the ovula

tory discharge of LH are transmitted through a "preoptico

tuberal pathway." This system is conceived to originate

from the septal-preoptic area, to converge somewhat as it

traverses the preoptic and anterior hypothalamic areas, and

to assume a restricted basal location as it enters the basal

hypothalamus. With this in mind, Cramer and Barraclough

(l973) performed ipsilateral or contralateral anterior

hypothalamic area transections prior to electrical stimula
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tion of the MPOA in pentobarbital-blocked rats in order to

determine if any crossover of fibers in this system occurs.

Since electrical stimulation of the MPOA was ineffective in

increasing plasma LH levels only when the transection was

ipsilateral to the electrode, no significant crossover of

these stimulatory neurons must occur (according to these

results) prior to their reaching the basal hypothalamus.

In an earlier report, however, Tejasen and Everett (1967)

obtained results implicating that a significant crossover

does occur.

The diffuse nature of the preoptico-tuberal pathway

in the preoptic area is emphasized by a study by Turgeon

and Barraclough (1973) showing that a quantitative rela

tionship exists between the extent of MPOA tissue activation

(i.e., the current intensity used) and the amount of LH

released by the anterior pituitary gland. Also in this study,

LH levels did not increase significantly until 30 minutes

after electrochemical stimulation, and transections placed

in the anterior hypothalamic area 5, but not lº minutes

after stimulation were able to block the ensuing LH elevation.

Therefore, MPOA influences on hypothalamic structures need

be exerted only up to l8 minutes after electrochemical

activation to exert their stimulatory effects. In another

report, hypothalamic content of LHRH was significantly

elevated within 30 minutes after electrochemical stimula

tion of the MPOA - anterior hypothalamic junction, while the

increase in plasma LH levels was more gradual (Kalra et al.,
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1973c). Peak levels of LH were reached 2 hours after

stimulation, at a time when hypothalamic LHRH had already

returned to control values. Terasawa and Sawyer (1969) have

recorded a change in the electrical activity within the

arcuate nucleus subsequent to electrochemical activation of

the MPOA which produced ovulation. MPOA stimulation which

failed to induce ovulation also failed to alter the electrical

activity of arcuate neurons.

Several studies have dealt with the effects of MPOA

stimulation on various days of the rat estrous cycle.

Kalra and McCann (1973b) have reported that electrochemical

stimulation of the MPOA at ll:00 on the morning of proes trus

produced dramatic elevations in plasma LH. They found similar

stimulation carried out at 23:00 h of proestrus (after the

preovulatory surge of LH) to be ineffective, probably due to

pituitary depletion of LH during the spontaneous surge.

Stimulation on other days of the cycle produced much smaller

hormonal increases. In a similar study involving electrical

stimulation of the MPOA, Fink and Aiyer (1974) found that

significant elevations in blood LH levels occurred during

stimulation throughout the estrous cycle. The LH response

was lowest at 13:30 on the first day of dies trus, increased

6 fold by 13:30 on the day of proes trus, and reached a peak

at l8:00 h on this same day. The increased responses elicited

during proes trus in both of these studies could be explained

by either l) increased pituitary sensitivity to LHRH due to

the elevation in blood estrogen levels occurring at this time
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(Arimura and Schally, 1971); 2) more releasable LHRH avail

able (Ramirez and Sawyer, 1965) combined with increased

neuronal activity; or 3) both of the above. Though the

importance of increased pituitary sensitivity to LHRH on pro

estrus is well established, some credence has recently been

given to increased LHRH neuronal activity during proestrus

as also playing a significant role in the mechanisms respon

sible for the LH surge. In this regard, Fink and Jamieson

(1976) found that the amount of LHRH liberated into hypo

physial portal blood during MPOA stimulation increased con

siderably between l8:00 h of dies trus and l3:00 h of

proestrus, before diminishing.

The possibility that the suprachiasmatic nucleus (im

mediately below and medial to the anterior hypothalamic

area) is a brain area that participates in the neural

control of LH release, has been receiving more and more

attention recently. Large anterior hypothalamic lesions

involving the suprachiasmatic nucleus (SCN) have been shown

to result in constant vaginal cornification and a loss of

ovulation (Barraclough, l966; Bishop et al., 1972). Ap

parently less extensive lesions involving the SCN area proper

had similar effects (Brown-Grant and Raisman, 1977). Des

truction of more than 75% of the SCN was sufficient to

produce anovulation, and lesions destroying less than 25%

of the SCN did not prevent ovulation even when damage

elsewhere within the anterior hypothalamic area was exten

sive. Additionally, this same study found that rats with SCN
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lesions had a smaller rise in plasma LH levels after ovariec

tomy compared to controls. Electrical stimulation of the

SCN in proestrous rats has been shown to increase by 66% the

LHRH content of pituitary stalk blood (Chiappa et al., 1977)

and partial isolation of the SCN (interrupting lateral,

caudal, and dorsal connections) eliminated estrous cyclicity

in rats (Nunez and Stephan, 1977).

2) Amygdala

Among the extrahypothalamic structures capable of

influencing the hypothalamic structures concerned with the

secretion of LH, the amygdala has been one of the most

extensively studied. However, conflicting results have

been reported in relation to the nature of the amygdaloid

influence and either stimulatory or inhibitory effects

have been ascribed to this limbic structure.

Stimulation of the amygdala in several animal species

has been shown to activate the release of LH from the

pituitary gland, thus producing, for example, ovulation in

the cat (Shealy and Peele, 1957), the rabbit (Hayward et al.,

1964), and the rat (Bunn and Everett, l957; Velasco and

Taleisnik, l969a). This response in rats, having their

spontaneous ovulation blocked by continuous illumination,

occurred following electrochemical stimulation of the

medial amygdala (AME), whereas chemical stimulation (implants

of carbachol) elicited ovulatory responses both from the AME

as well as from the basal and lateral amygdaloid (BL) complex

(Velasco and Taleisnik, 1969a). Concomitant rises in plasma
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LH were seen to occur following stimulation in these

amygdaloid areas. Additionally, electrochemical stimulation

of the amygdala in estrous or dies trous rats produced an in

crease in plasma LH (Velasco and Taleisnik, 1969 a) as did

medial amygdaloid stimulation in estrogen-sterilized rats

(Kawakami et al., 1973) and ovariectomized, estrogen-primed

rats (Kawakami and Terasawa, 1974). These results are

evidence for a facilitatory pathway from the amygdala which

acts to promote LH release. The facilitatory impulses are

probably transmitted to the hypothalamus by the stria

terminalis. Evidence for this is provided by a report in

which the ovulatory response induced by amygdaloid stimula

tion failed to occur in animals with transection of the

stria terminalis, but not when the ventral amygdalofugal

tract was interrupted (Velasco and Taleisnik, 1969a).

Several stimulation studies indicate that an inhibitory

role is played by the amygdala on LH release. Electrical

stimulation of the amygdala on the afternoon of proestrus in

cycling rats blocked ovulation, whereas stimulation on the

morning of proestrus did not alter the afternoon surge of

LH (Ellendorff et al., 1972). This same study also showed

that serum LH levels were temporarily reduced by stimulation

of chronically-placed electrodes in the amygdala of

ovariectomized rats. In further support of an inhibitory

influence of the amygdala, Taleisnik and Beltramino (1975)

found that electrochemical stimulation in the amygdaloid BL

complex of proestrous rats could completely block the
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spontaneous LH surge occurring on that day. No change in

LH levels was observed after medial amygdala stimulation.

Recently, electrical stimulation of the amygdala in

proestrous rats was shown to have no effect on the LHRH

content of the pituitary stalk blood (Chiappa et al., 1977).

The seemingly large discrepancies between the various

groups investigating the role of the amygdala in reproduction

may result, at least in part, from the use of different rat

preparations and different stimulation techniques. Be this

as it may, the available data indicate that stimulation of

the amygdala has the capacity for both facilitation and

inhibition of LH release.

The results obtained by lesioning the amygdala also

appear to indicate a dual amygdaloid action, although some

discrepancies exist between the findings of different in

vestigators. Lesions of the BL complex in the female

deermouse result in a rise in plasma LH concentration

(Eleftheriou and Zolovik, l967), whereas lesions of the

medial amygdala in male rats were found to produce atrophy

of the prostate and seminal vesicles (Velasco, 1972). In

rats, precocious vaginal opening after amygdaloid lesions

has been interpreted as resulting from the elimination of

an inhibitory effect on gonadotropin secretion (Elwers and

Critchlow, l960 ) , although it apparently depends on the

irritative action of iron deposits from the lesioning elec

trode. This can be avoided by using platinum electrodes.

In such a case, lesions of the medial amygdala, far from
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advancing puberty, resulted in its delay (Velasco, l972).

Also, lesions of the medial amygdala or transection of the

stria terminalis resulted in prolonged dies trus lasting

l() – 15 days, after which normal vaginal cyclicity resumed

(Velasco and Taleisnik, 1971).

Other evidence of the amygdaloid influence on gonado

tropin secretion is derived from studies on the feedback

effects of ovarian steroids. The inhibition of the ovarian

compensatory hypertrophy response in animals bearing lesions

in the amygdala or stria terminalis (Smith and Lawton, 1972)

can be taken as an indication of the role played by the

amygdala in response to steroid removal. The amygdala may

or may not be involved in the negative feedback effects of

ovarian steroids. Implantation of progesterone into the

amygdala has been shown to result in decreased hypothalamic

content of LHRH and increased pituitary content of LH

(Piva, l973). However, Taleisnik and Beltramino (lº 75),

using ovariectomized rats, found no difference in serum LH

levels after lesions of the stria terminalis or the BL

complex of the amygdala. In contrast, the positive

ovarian steroid feedback effect is clearly influenced by the

amygdala, as evidenced by the finding that ovulation fails

to occur in rats in which the stria terminalis was lesioned

on the day of proestrus (Velasco and Taleisnik, 1969b).

Also, the release of LH induced by an injection of proges

terone in ovariectomized, estrogen-primed rats was found to

be significantly reduced in rats subjected to stria terminalis

transection.
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The amygdala, therefore, can influence the regulation

of LH release. Though its exact functions in reproduction

still remain unclear, it certainly appears to be involved in

steroid feedback mechanisms and may be involved in both

facilitatory and inhibitory processes of the LH release

mechanism.

3) Hippocampus

In the rat, electrochemical stimulation of the limbic

hippocampus on the day of proestrus prevented the spontaneous

ovulation which normally takes place on that day (Velasco and

Taleisnik, l 969b; Gallo et al., 1971). The most effective

site from which this response is evoked corresponds to the

ventral hippocampus, but stimulation of the dorsal hippo

campus results in a similar, though less pronounced, inhibi

tion. Not only is spontaneous ovulation blocked, but also

that induced by stimulation of the amygdala or the medial

preoptic area of rats previously kept for long periods in

constant light. In this regard, it has recently been re

ported that dorsal hippocampal electrochemical stimulation

produced decreased electrical activity in the preoptic area

(Rabii et al., 1977). The medial corticohypothalamic tract

is involved in transmission of the hippocampal inhibitory

impulses to the hypothalamus. This tract is comprised of

a bundle of fibers which originates in the subiculum of the

hippocampus and terminates at the rostral pole of the arcuate

nucleus (Raisman and Field, 1971). Transection of the medial

corticohypothalamic tract decreases the frequency with which
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stimulation of the ventral hippocampus blocks spontaneous

ovulation or preoptic-induced ovulation (Velasco and

Taleisnik, 1969b).

In ovariectomized, estrogen-primed rats, Gallo et al.

(l.87l) found that electrochemical stimulation of the ventral

hippocampus significantly decreased plasma LH levels within

3 hours of its application and resulted in a marked increase

in arcuate nucleus neuronal activity. However, ventral

hippocampal stimulation in this study failed to block the

ovulation-inducing influences of MPOA stimulation, thus

disagreeing with the findings of Velasco and Taleisnik (1969b).

This difference may be due to the use of a different rat

preparation and/or stimulation procedures. In another study,

the rise in serum LH concentration on the afternoon of

proestrus was blocked by electrochemical stimulation in the

subiculum of freely moving rats (Taleisnik and Beltramino,

l975). Also, the release of LH in ovariectomized rats can

be depressed by hippocampal stimulation, although the pre

sence of a small amount of estrogen is necessary to make

this effect evident (Velasco and Taleisnik, l969b).

These results indicate that stimulation of the

hippocampus activates impulses which inhibit the release

of LH. The following experiment supports this contention.

In rats injected with progesterone on dies trus day l, a

second dose of progesterone given on dies trus day 3 induced

ovulation. This response was greatly reduced in animals

with bilateral lesions of the stria terminalis. However,
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when the fornix (containing the medial corticohypothalamic

tract) was simultaneously transected, ovulation occurred

normally after progesterone administration (Velasco and

Taleisnik, l971). Therefore, these results could be

interpreted as indicating that progesterone activates the

hippocampus, but the hippocampal inhibitory action on ovulation is

prevented by lesioning the efferent pathway.

Contrary to the above experiments indicating an

inhibitory role for the hippocampus in LH release are the

experiments showing that the hippocampus may activate the

release of LH. Thus, hippocampal damage during the perinatal

period in rats was shown to cause diminished gonadal devel

opment (Riss et al., 1962), and advancement of the first

estrus following testosterone administration into immature

female rats failed to occur in animals with lesions of the

ventral hippocampus (Zarrow et al., 1969). Furthermore,

stimulation of the hippocampus in rabbits was reported to

induce ovulation (Kawakami et al., 1967). Though most evi

dence points to an inhibitory influence of the hippocampus

on LH secretion, possible facilitory influences of this

limbic structure (especially during brain development)

should not be dismissed.

4) Midbrain

Little work has been done concerning the possible

modulatory role of the midbrain (mesencephalon) in the LH

release mechanism. A few studies involving electrochem

ical stimulation throughout the midbrain have shown that
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both inhibitory and stimulatory effects can be evoked.

Stimulation of an area located in the dorsal mesencephalic

tegmentum (dorsal tegmental area) was effective in inducing

ovulation in rats having their spontaneous ovulation blocked

by continuous illumination (Carrer and Taleisnik, 1970).

Also, stimulation of this area in ovariectomized rats primed

3 days earlier with estrogen resulted in a transient rise in

serum LH which returned to normal levels within one hour

(Carrer and Taleisnik, 1970). Apparently, the ovulatory

response observed after midbrain stimulation depends on

activation of the amygdala since transection of the stria

terminalis reduces the frequency of ovulation produced by

this stimulus (Taleisnik and Carrer, 1973).

On the other hand, electrochemical stimulation of the

mesencephalon in rats on the day of proestrus, before the

critical period, was effective in blocking the spontaneous

ovulation which occurs on this day (Carrer and Taleisnik,

1970). The effective electrode sites in the midbrain from

which inhibitory influences were evoked include the ventral

tegmental area, the median raphe nucleus, and the periaque

ductal grey. Stimulation of the ventral tegmental area was

also observed to block the surge of LH which occurs in rats

On the day of proestrus, as well as that induced by proges

terone in ovariectomized, estrogen-primed rats (Carrer and

Taleisnik, 1979). However, when this area was stimulated in

Ovariectomized, unprimed rats, no effect on blood LH levels

WaS Seen .
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Carrer and Taleisnik (1972) have hypothesized that

activation of this inhibitory area (i.e., the ventral

tegmental area, median raphe nucleus, and periaqueductal

grey) can reach the hypothalamus by two routes. One of these

routes is represented by the dorsal longitudinal fasciculus,

a bundle of fibers that impinge upon the hypothalamus from

its caudal aspect. The other conveys impulses through the

medial forebrain bundle, which projects to the hippocampus,

as well as other brain areas. The hippocampal activity is,

in turn, transmitted to the hypothalamus by way of the medial

corticohypothalamic tract. Stimulations applied along the

Course of the dorsal longitudinal fasciculus or the medial

forebrain bundle on the day of proes trus were effective in

decreasing blood LH levels and inhibiting spontaneous ovula

tion (Carrer and Taleisnik, 1972). Transection of both (or

either) of these pathways prevented the blockade of ovulation

resulting from stimulation of the ventral tegmental area

(Carrer and Taleisnik, 1972). The dorsal longitudinal

fasciculus inhibitory effect on ovulation was not affected

by transection of either the medial forebrain bundle or the

medial corticohypothalamic tract. As with ventral tegmental

activation, dorsal longitudinal fasciculus stimulation also

had no effect on LH levels in ovariectomized rats.

In summary, evidence is accumulating that confirms the

importance of extrahypothalamic structures in mechanisms



52

which lead to ovulation. However, much more work is

necessary in order to define more precisely their modulatory

effects on LH release and the neuronal pathways through

which their influence is conveyed.
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DISTRIBUTION OF CENTRAL MONOAMINE NEURONS AND THEIR

INVOLVEMENT IN LH RELEASE

In investigative neuronendocrinology, one of the more

fundamental problems awaiting solution concerns the inte

gration of the neural input into the medial basal hypotha

lamus. The question is: what neurotransmitters, which

areas of the brain, and what provocations, integrate the

secretion of releasing factors (such as LHRH) by the medial

basal hypothalamus? Generally, identification of putative

transmitters involved in central neuroendocrine regulation

has centered on the use of pharmacological intervention.

Precursors, synthesis inhibitors, receptor blockers, or the

transmitter itself have been administered either centrally

or peripherally in order to determine the endocrinological

function of various neurogenic amines. The catecholamines,

norepinephrine (NE) and dopamine (DA), and the indoleamine

serotonin (5-hydroxytryptamine; 5-HT), have all been impli

cated in the neural regulation of LH release from the anterior

pituitary (Ganong and Lorenzen, 1967; Kordon and Glowinski,

1972; McCann et al., 1972). Such neuroendocrine control by

CNS monoamine systems appears to be exerted at several levels

of the brain - pituitary axis. Monoaminergic neurons, in

turn, appear to come under feedback control by various hor

monal states. In this regard, cyclic changes in levels of

different hormones or changes brought about by ovariectomy

can affect the synthesis or turnover of one or more of the
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brain monoamines (Coppola, l069; Ahren et al., 1971; Bapna

et al., 197l).

Therefore, the importance of monoaminergic modulation

of LH release is obvious and the CNS distribution of these

systems deserves attention. Though it should be remembered

that brain stem monoamine systems have both ascending and

descending projections, only the ascending projections to

the forebrain are considered in detail below.

A) Distribution of Central Monoamine Pathways

Dahlstrom and Fuxe (1964), using the histochemical

fluorescence method of Falck and Hillarp (1962), localized

groups of monoamine-containing neurons in mammalian brain

and provided a nomenclature for identifying these various

cell groups. In addition, the distribution of catecholamine

and 5-HT terminals in the brain was described (Fuxe, l'965).

Subsequent work has attempted to identify cell groups from

which terminals in specific brain regions are derived, and

many papers have appeared on monoaminergic pathways traced

by various pharmacological and surgical techniques, employed

in conjunction with fluorescence histochemical methods.

These studies have given us the following distribution pat

terns for the monoamines:

Dopamine Systems

Catecholamine groups A8, 9, and lo (nomenclature of

Dahlstrom and Fuxe) in the ventral midbrain contain DA

neurons which give rise to ascending DA systems innervating
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various forebrain areas. Perhaps the best known is the

nigro-striatal DA system, arising in part from the A9 group

in the substantia nigra and projecting via the crus cerebri

and internal capsule to the caudate nucleus (Ungerstedt,

197l). Group A8 cells, in the ventrolateral reticular forma

tion, are also reported as contributing fibers into the

nigro-striatal system (Ungerstedt, l07l), and some nigro

striatal fibers now appear to descend ventrally into the

central amygdaloid nucleus.

A second system, the mesolimbic DA system, has been

traced by the Falck-Hillarp method. It originates from AlO

cells located dorsal to the interpeduncular nucleus. This

system ascends dorsally in the medial forebrain bundle (MFB),

medial to the nigro-striatal DA pathway, and was initially

reported to innervate the nucleus accumbens, the nucleus

interstitialis stria terminalis, and olfactory tubercle

(Ungerstedt, l971). The glyoxylic acid histochemical method

for catecholamines, however, has recently been used to con

firm the existence of septal DA terminals derived in part

from fibers originating from AlO cells and ascending with

mesolimbic DA fibers in the medial forebrain bundle (Lindvall,

1975). Additionally, DA fibers originating in A9 and AlO

have been shown to innervate the cingulate and frontal

cortex, respectively (Lindvall et al., 1974), as well as the

median eminence (Kizer et al., 1976; Palkovits et al.,

1977a).
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Another DA pathway, the tuberoinfundibular DA system, is

found in the mediobasal hypothalamus (Fuxe and Hokfelt, l966).

This system originates from group Al2 dopamine neurons, with

cell bodies located in the arcuate nucleus and scattered more

dorsally along the ventricle into the periventricular nucleus.

These cells give rise to short fibers which project ventrally

to terminate in the median eminence region.

A second diencephalic DA system, the incertohypothalamic

DA system, has been described (Bjorklund et al., 1975). It

consists of a rostral and a caudal part. The caudal segment

originates from DA cell bodies in the caudal thalamus, pos

terior hypothalamus, and zona incerta (cell groups All and

Al3) and projects fibers to the dorsomedial hypothalamic

nucleus and anterior hypothalamus. The rostral extension

originates from Al4 dopamine cells in the rostral periven tri

cular nucleus and innervates the medial preoptic area and the

periventricular and suprachiasmatic-preoptic nuclei.

Noradrenergic Systems

Major ascending noradrenergic (NE) tracts originate

from cell groups in the brain stem and distribute terminals

widely in the forebrain. These ascending pathways, initially

traced by the Falck-Hillarp technique and electrolytic

lesioning procedures, have since been confirmed and described

in more detail through studies employing the cytotoxic agents

6-hydroxydopamine and 6-hydroxy-dopa (Ungerstedt, 1971;

Sachs et al., 1973).

As reviewed by Ungerstedt (1971), Al, A2, A5, and A7

(Dahlstrom and Fuxe nomenclature) catecholamine cells in the
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medulla and pons project fibers that form a ventral NE

bundle. This bundle ascends in the mid-reticular formation,

where it is joined briefly by a dorsal NE pathway, then turns

ventromedially to course rostrally into the MFB. Rostral to

the midbrain, Ungerstedt (1971) describes the ventral path

way as innervating the entire hypothalamus, especially the

dorsomedial nucleus, periventricular nucleus, arcuate

nucleus, median eminence, retrochiasmatic area, and preoptic

area. The ventral bundle also appears to innervate the

bed nucleus of the stria terminalis, which contains a dense

plexus of catecholamine terminals.

Catecholamine cells of group A6 (Dahlstrom and Fuxe

nomenclature) in the locus coeruleus are a major source of

NE fibers to many brain areas (Anden et al., l'966). Unger

stedt (197l) traced from A6 cells a major ascending NE path

way designated as the dorsal NE bundle. The dorsal bundle

joins the ventral NE pathway briefly, running dorsal to it

in the pons before separating out as a distinct bundle at the

midbrain level. There, however, the dorsal bundle soon

courses ventromedially, again joining ventral NE bundle

fibers and DA fibers ascending in the MFB. Rostrally, the

dorsal bundle enters the septum and turns caudally in the

cingulum. Ungerstedt (1971) lists the cerebral cortex and

the hippocampus as the main areas innervated by the dorsal

NE pathway, with branches along the way going to the thalamus

and amygdala. Recently, nerve terminal degeneration in both

the median eminence and hypothalamus was observed after
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electrocoagulation of the locus coeruleus (Palkovits, l977;

Palkovits et al., 1977a), thus indicating probable terminal

projections from the dorsal NE bundle to these areas as well.

Serotonin Systems

The presence of serotonin in the brain was demonstrated

Over two decades ago. It was found to be unevenly distri

buted, with highest concentrations present in the hypothalamus,

brain stem, neostriatum, and some areas of the limbic system

(Bogdanski et al., 1957; Passonen et al., 1957). Both

ascending and descending 5-HT pathways exist from brain stem

cell groups. Descending bulbospinal 5-HT systems arise from

Bl, B2, and B3 (Dahlstrom and Fuxe nomenclature) serotoniner

gic cells, respectively located in (a) nucleus raphe pallidus,

(b) nucleus raphe obscurus, and (c) nucleus raphe magnus

(Dahlstrom and Fuxe, 1965). Serotonin fibers from . B-3 cells

enter the lateral and anterior funiculi and descend to

innervate the ventral horn and the lateral sympathetic

Column (Dahlstrom and Fuxe, l065). In addition to bulbospinal

5-HT systems, several studies suggest that a cerebellar 5-HT

innervation occurs by fibers originating from 5-HT groups B5

and B6 (Dahlstrom and Fuxe nomenclature) located in pontine

raphe regions (Daly et al., 1973; Fuxe and Jonsson, l974).

More rostrally situated mesencephalic B7 and B8 serotonin

cells, located respectively in the dorsal and median raphe

nucleus, may also contribute to cerebellar 5-HT input.

It is more definitely established that B7 and B8 cells,

along with B9 5-HT cells located more laterally, give rise
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to fibers ascending in the medial forebrain bundle and

innervating many forebrain regions (Anden et al., 1966;

Hillarp et al., 1966). More detailed recent fluorescence

mapping of 5-HT systems suggest that three distinct ascend

ing 5-HT tracts may be distinguishable (Daly et al., 1973;

Fuxe and Jonsson, l074). The first, a "medial subcortical

serotoninergic pathway", arises mainly from B8 cells in the

median raphe nucleus, ascends in the MFB immediately lateral

to the fornix, and innervates the hypothalamus and preoptic

areas. Presumably, serotonin-containing terminals from this

system account for much of the 5-HT found in many hypothalamic

nuclei (Saavedra et al., 1974). B7 serotonin-containing cells,

and to a lesser extent B5 and B6 pontine 5-HT cells, also ap

pear to contribute some fibers to the medial 5-HT pathway

(Daly et al., 1973; Fuxe and Jonsson, 1974). That B7 dorsal

raphe cells as well as B8 cells project to the hypothalamus

has been confirmed by biochemical assays after dorsal and

median raphe lesions (Jacobs et al., 1974).

A second ascending 5-HT tract comprises a "lateral

mesencephalo-cortical serotoninergic pathway" that originates

from the B7, B8, and B9 cell groups (mainly from B7 cells in

the dorsal raphe nucleus) and also ascends in the MFB (Daly

et al., 1973; Fuxe and Jonsson, l974). This lateral pathway

can be traced rostrally to the tract of the diagonal band,

in which 5-HT fibers ascend dorsally to enter the cingulum.

The tract eventually reaches the hippocampal formation via

a caudal approach, innervating the dorsal cortex along the
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way. Both B7 and B8 cells appear to innervate cortex by

this route, as shown by lesion – biochemical assay work

(Jacobs et al., l974). The median raphe alone, however, con

tributes 80% of the 5-HT found in the hippocampus (Jacobs et

al., 1974). In addition to cortical and hippocampal projec

tions, 5-HT terminals in the septum, olfactory tubercle, and

amygdala (via the stria terminalis) also appear to be derived

from the lateral pathway (Fuxe et al., 1975).

A third ascending 5-HT pathway forms a "neostriatal 5-HT

pathway" that ascends on the inner surface of the crus

cerebri and provides a sparse distribution of fine 5-HT

terminals scattered throughout the caudate-putamen. Fuxe

and Jonsson (1974) indicate that B9 cells are the main source

of 5-HT fibers in this system, but add that fibers may also

be contributed by B7 and B8 cells as well. This latter

possibility has been confirmed by biochemical assays showing

44 and 29% reductions in striatal 5-HT after dorsal or

median raphe lesions, respectively (Jacobs et al., 1974).

The serotoninergic innervation of the hypothalamic

area, as mentioned earlier, appears to be derived mainly from

the median and dorsal raphe nuclei, through the subcortical

5-HT pathway. Selective destruction of either the dorsal

raphe or median raphe nucleus depletes the hypothalamus of

54-74% and 58–76% of its 5-HT content, respectively (Jacobs

et al., 1974; Halaris et al., 1976). Selective lesions of

the dorsal raphe nucleus have been reported to decrease the

serotonin concentration of the median eminence and several
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hypothalamic nuclei (Palkovits et al., 1977b). Additionally,

degenerating axons and nerve terminals were seen in the

median eminence after similar dorsal raphe lesions (Palkovits

et al., 1977a). Electrolytic lesions of both the dorsal and

median raphe nuclei produce a disappearance of yellow-fluore

scent 5-HT terminals in the suprachiasmatic nucleus and pre

optic nucleus (Kuhar et al., 1972) and are accompanied by

electron microscopic signs of axonal degeneration in the

suprachiasmatic nucleus (Aghajanian et al., 1969).

Further evidence for an important 5-HT projection from

the mesencephalic raphe nuclei to the hypothalamus was

provided through the use of the selective cytotoxic agent

5, 6-dihydroxytryptamine (5,6-DHT) which selectively destroys

serotoninergic cells. A total disappearance of yellow

fluorescent 5-HT terminals in the suprachiasmatic nucleus and

great reductions of tritiated 5-HT uptake by slices of

hypothalamus were observed after direct injection of 5, 6–DHT

into the area of the dorsal and median raphe nuclei (Daly

et al., 1973). The radioautographic visualization of 5-HT

neurons through the use of intracerebral tritiated 5-HT

administration (Beaudet and Descarries, 1976) has also helped

to identify 5-HT terminals in the hypothalamic region. This

method has shown large numbers of radioautographic vari

cosities in several of the preoptic nuclei, the suprachias

matic nucleus, the periventricular nucleus, the retrochias

matic area, the arcuate nucleus, the dorsomedial nucleus, and
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the mammillary nuclei. Bobillier et al. (1975) injected

14C-leucine directly into either the dorsal or median raphe

nucleus to visualize the projection systems of these two

nuclei. They found important dorsal raphe projections to

include the caudate nucleus, medial and lateral preoptic

area, amygdala, and diagonal band of Broca. Median raphe

fibers appeared to project to the hippocampus, diagonal band

of Broca and the cingulate area.

B) Central Monoamine Involvement in LH Release

Catecholamines

Though there seems to be little doubt that norepinephrine

exerts primarily an excitatory effect in the regulation of LH

secretion, both excitatory and inhibitory actions have been

proposed for dopamine. When dopamine was incubated with

pituitaries in vitro, little effect was observed on the re

lease of LH (Schneider and McCann, 1969). But when a co

incubation system was used in which ventral hypothalami were

incubated together with anterior lobes, the addition of

dopamine increased the release of LH (Schneider and McCann,

1969). This release was prevented by phentolamine, an alpha

receptor blocker, or by estradiol (Schneider and McCann, 1970a).

However, Miyachi et al. (1973) reported that the same doses of

dopamine caused a reduction in LH release from intact median

eminence – pituitary preparations and that estradiol did not

block this inhibitory effect. Recently, Rotsztejn et al.

(1977) reported that the addition of dopamine to an in vitro
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mediobasal hypothalamic fragment medium resulted in a dose

related release of LHRH from these fragments.

The in vivo administration of dopamine has also yielded

variable results. Injection of dopamine into the third

ventricle in animals bearing permanent third ventricular

cannulae has been shown to result in elevated plasma LH

levels and higher LHRH activity in portal blood (Schneider

and McCann, 1970b ; Schneider and McCann, 1970c; Kamberi et

al., 1970a). In the female rat, the hormonal background

appears to modify the response to dopamine (Schneider and

McCann, 1970b ; Vijayan and McCann, 1978) in that this

catecholamine was ineffective in ovariectomized animals.

During the estrous cycle, administration of dopamine was

only effective on dies trus day 2 and proestrus, but was

most effective in ovariectomized animals previously primed

with estrogen and progesterone - a preparation maximally

sensitive to LHRH. Recently, Blake (1976) reported that

intravenous infusion of dopamine in unanesthetized rats

failed to alter the proestrous surge of LH.

The in vivo administration of norepinephrine into the

third ventricle was reported by Kamberi et al., (1970b) to

be effective in elevating blood LH levels. These increased

levels are higher than those observed for the same dose

(20 ug) of dopamine, but not as great as the elevation in

blood LH levels seen after epinephrine administration into

the third ventricle (Vijayan and McCann, 1978). In proes trous

rats anesthetized with pentobarbital, Rubinstein and Sawyer (1970)

reported that norepinephrine and epinephrine were effective in
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inducing ovulation after intraventricular injection, whereas

dopamine was ineffective. In a more recent study in rabbits,

Sawyer et al., (1974) have reported that intraventricular

dopamine blocks the increase in plasma LH in response to

subsequent intraventricular norepinephrine injection. The

excitatory action of intraventricular dopamine in female

rats was shown to be blocked by phentolamine (Schneider and

McCann, 1970b) and is consistent with the possibility that

dopamine may be converted to norepinephrine which is then the

active agent. However, only the intravenous infusion of

epinephrine (but not norepinephrine) was capable of blocking

the spontaneous release of LH and ovulation which occur on

proes trus (Blake, 1976). Neither dopamine nor norepinephrine

perfused into portal vessels in vivo affected pituitary LH

release (Kamberi et al., l070a). Interestingly, serum LH

levels have been shown to be significantly suppressed in

normal human subjects after the infusion of dopamine

(Leblanc et al., 1976).

Several recent studies have utilized catecholamine

receptor-stimulating and blocking agents in hopes of further

defining the roles played by dopamine and norepinephrine in

the regulation of LH release. Drouva and Gallo (1976, 1977)

found that apomorphine and piribed il methane sulfonate, l

(2-primidyl)-piperonyl piperazine (ET-495), both dopamine

receptor stimulators, caused a marked inhibi

tion of the episodic LH release pattern characteristic of
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ovariectomized rats. Furthermore, they showed that either

pimozide or d-butaclamol, both dopamine receptor blockers,

could prevent the inhibitory effects of apomorphine (Drouva

and Gallo, 1976, l977), and that d-butaclamol was effective

in blocking the inhibitory effect of ET-495 on episodic LH

release. This is strong evidence for activation of DA

receptors being able to inhibit LH release in the ovariectom

ized rat. Interestingly, neither pimozide nor d-butaclamol

alone appeared to alter episodic LH release, suggesting

that dopamine may not play a role in the steady state regu

lation of pulsatile LH release. In another study, Gallo

(1978) reported that dopamine may play a minor role, if

any, in the inhibition of pulsatile LH release during arcuate

nucleus stimulation. He found that prior administration of

pimozide could reverse this inhibition in some

rats. Contrary to the above evidence for a dopamine-induced

inhibition of LH release, Ojeda et al. (1974) reported that

pimozide administration to ovariectomized rats decreased LH

release for 54 hours, and Choudhury et al. (1974) found that

pimozide inhibited spontaneous ovulation and markedly reduced

the rise in serum LH occurring on the afternoon of proestrus.

With reference to the stimulatory action of norepinephrine

on LH release, phentolamine treatment inhibits the post

castration rise in LH (Ojeda and McCann, 1973) and also blocks

the pulsatile release of LH which occurs in the ovariectomized

monkey (Bhattacharya et al., 1972). Also, the alpha-adrener
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gic blocker, phenoxybenzamine has been reported to depress

plasma LH levels in long-term ovariectomized rats (Gnodde

and Schuiling, 1976).

Another investigative approach for determining

catecholamine modulation of LH release involves the use of

pharmacological agents which either interfere with, or augment

catecholamine synthesis. Alpha methyl-p-tyrosine (which

inhibits tyrosine hydroxylase, leading to a reduction in

synthesis of catecholamines) blocks the postcastration rise

of LH in rats. This block is partially reversed by the

administration of either L-dopa or dihydroxyphenylserine

(DOPS) to reinitiate the synthesis of both dopamine and

norepinephrine, or of only norepinephrine, respectively

(Ojeda and McCann, 1973). In addition, treatment with alpha

methyl-p-tyrosine also blocks the stimulatory effects on

gonadotropin release of either estrogen, or progesterone in

estrogen-primed rats (Kalra et al., 1972; Kalra and McCann,

1973d). Here again, partial or complete reversal of the

blockade can be achieved by reinitiating norepinephrine

synthesis. Similarly, alpha methyl-p-tyrosine blocks the pre

ovulatory discharge of gonadotropins (Kalra and McCann, 1974).

However, it has no effect in long-term ovariectomized rats

exhibiting elevated LH levels (Drouva and Gallo, l976; Gnodde

and Schuiling, l976).

When agents, such as diethyldithiocarbamate or l-phenyl

3-(2-thiazolyl)-2-thiourea (Ulq624), (which block dopamine beta



67

hydroxylase and lead to a selective impairment in norepine

phrine synthesis) were used, similar results were obtained,

namely, interference with gonadotropin release in the castrate,

in the steroid primed rat, and in the normal proestrous

rat (Kalra et al., 1972; Ojeda and McCann, 1973;

Kalra and McCann, 1973d; Kalra and McCann, 1974). Again,

partial or complete restoration of LH release was obtained

by reinitiating norepinephrine synthesis with DOPS to bypass

the block. Additionally, the dopamine beta hydroxylase

inhibitors U-14624 and bis (4-methyl-l-homo-piperanzinyl

thiocarbonyl) disulfide (FLA-63) were found to inhibit episo

dic LH release in ovariectomized rats (Drouva and Gallo,

1976; Gnodde and Schuiling, 1976).

Kalra and McCann (1973e) have postulated that an adre

nergic synapse is involved in the elevation of plasma LH

caused by preoptic nucleus stimulation. Agents which

interfered with norepinephrine synthesis significantly

impaired the response to stimulation, but it was restored

using other agents (such as L-dopa or DOPS) which restore

the synthesis of norepinephrine. A more recent study has

suggested that increased impulse traffic in the ventral

noradrenergic tract on the afternoon of proestrus may be

involved in the induction of the LH surge (Martinovic and

McCann, 1977). Acute interruption of this pathway by 6–

hydroxydopamine injection directly into the tract was found

to block the preovulatory discharge of LH.
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Another approach to defining the catecholaminergic func

tion in LH release is to determine the turnover of hypothala

mic catecholamines in situations associated with altered

release of LH. This approach has given further evidence for

a role of norepinephrine since the turnover and concentration

of hypothalamic norepinephrine is increased on proestrus

(Donoso and DeGutierrez-Moyano, l970; Selmanoff et al., 1976),

at the time of the preovulatory surge of LH. Brain norepine

phrine turnover is also increased in castrated animals (Anton

Tay and Wurtman, 1968), another situation in which LH release

is enhanced. On the other hand, the turnover of dopamine

selectively in the tuberoinfundibular dopaminergic pathway

(Al2) is reduced during proes trus, at a time when LH release

is enhanced (Ahren et al., 1971; Fuxe et al., l'972).

Serotonin

The great majority of studies involving the modulation

of LH release by serotonin (5-HT) have indicated an inhibitory

role for this neurotransmitter.

Since the administration of 5-HT caused atrophy of the

reproductive organs and delayed puberty in immature mice,

Robson and Botros (1961) considered it likely that 5-HT was

an inhibitor of gonadotropin release. This was supported by

the findings of Vaughan et al (1970) who showed that the

intraperitoneal administration of 5-HT prevented the compen

satory ovarian hypertrophy normally seen after unilateral

ovariectomy in the rat. Additionally, 5-HT injections were
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also found to inhibit ovulation, both in adult rats and in

immature rats induced to ovulate with pregnant mare's serum

(O'Steen, l965; Labhsetwar, l971; Wilson and McDonald, l974).

Kordon (1969) showed that nialamide (a MAO inhibitor), in

jected into the medial basal hypothalamus, inhibited ovulation;

prior blockade of catecholamine synthesis had no effect on

this inhibition, but blockade of serotonin synthesis (with

para-chlorophenylalanine) antagonized the inhibition of LH

release due to nialamide. Therefore, Kordon concluded that

inhibition of LH release may be caused by elevated 5-HT

levels in the medial basal hypothalamus during the critical

period. In this regard, Kueng et al. (1976) found elevated

brain 5-HT levels at 10:00 on proestrus, but decreased

levels 5 hours later. The dorsal raphe nucleus (and to a

lesser extent the median raphe nucleus) followed the above

pattern in 5-HT levels, thus indicating a possible inhibitory

role for 5-HT prior to ovulation. In a recent study, Hery

et al. (1978) found that lesions involving both the dorsal

and median raphe nuclei abolished the circadian LH varia

tions normally present in ovariectomized rats implanted with

silastic capsules containing estradiol.

Intravenous injection of 5-HT was shown to inhibit

ovulation in rabbits if given just before the expected LH

surge (Currie et al., 1969). Another report indicated

that the intraventricular administration of 5-HT inhibited

LH release in both intact and castrated male and female rats

(Kamberi et al., l970a; Schneider and McCann, 1970b ; Kamberi
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et al., 1971; Kamberi, l073). Serotonin, when injected into

the hypophysial portal vessels, has been reported to have no

effect on pituitary LH release (Kamberi et al., 1970a) and

to have no effect on the release of LH from pituitaries in

cubated in vitro (Kamberi and McCann, 1969). In a recent

study, serotonin has been shown in vitro to exert an inhibi—

tory effect on LH secretion (Martin et al., 1977), but only

pituitaries from immature rats were used. Based on changes

in an LHRH immunoreactive substance in anterior hypothalamic

neurons, Leonardelli et al. (1974) have suggested a possible

inhibitory effect of 5-HT on LHRH synthesis.

Several studies have demonstrated that an alteration in

gonadal function can affect brain serotonin levels. Estrogen

and progesterone have been found to increase brain levels

of serotonin in male rats (Kizer et al., 1974). In two-week

old rats, ovariectomy decreases and estradiol increases whole

brain 5-HT content (Giulan et al., 1973). In another study,

a single dose of progesterone increased serotonin uptake

in the preoptic area of the rat (Vogel et al., 1970).

Additionally, the in vitro release of 3H-serotonin from rat

striatum is diminished by estradiol (Saavedra et al., 1975).

Finally, the involvement of 5-HT in mediating the

inhibition of episodic LH release produced by electrical

stimulation of the arcuate nucleus in ovariectomized rats

was investigated by Gallo and Moberg (1977). They found that
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decreasing brain 5-HT levels with para-chlorophenylalanine

reversed the effect of arcuate stimulation from inhibition

to excitation of LH secretion. Furthermore, repletion of

brain 5-HT levels to normal greatly reduced the magnitude of

this LH excitatory response, suggesting that 5-HT may play

a primary role in mediating the inhibition of pulsatile LH

release induced by arcuate nucleus stimulation.

Therefore, serotonin appears to be generally inhibitory

to LH release. A central site of this 5-HT inhibitory action

is inferred from most of the above-mentioned investigations,

though a pituitary site for inhibition cannot be ruled out

at the present time.
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STATEMENT OF PURPOSE

The neural control of LH secretion in the rat appears

to be organized into two functional levels which can be

represented by l) the medial basal hypothalamus which

regulates tonic LH release, and 2) extrahypothalamic

regions which can influence tonic and/or ovulatory LH

release. Many studies, utilizing techniques such as

brain stimulation, electrolytic lesioning, and surgical

deafferentation of the medial basal hypothalamus, have

demonstrated a necessary role for the medial basal hypo

thalamus in the regulation of normal gonadotrophic

function as well as possible involvement of several extra

hypothalamic brain areas in mechanisms controlling LH

secretion. The purpose of the present experiments is

to study this brain modulation of LH release.

Intact, as well as ovariectomized and ovariectomized,

steroid-treated rats, have been used by previous workers

to investigate the neural regulatory mechanisms for

LH secretion and have given us valuable, though still

incomplete, information on this complicated hormonal

secretory system. In the long-term ovariectomized rat,

blood LH levels are high and release of LH from the pitui

tary gland occurs in a pulsatile, stable manner (Gay and

Sheth, l972; Drouva and Gallo, l076). Considerable evi



73

dence suggests that mechanisms residing within the cen

tral nervous system (CNS) are responsible for the pulsa

tile character of this release (Bremner and Paulsen,

1974; Osland et al., 1975; Carmel et al., l976). In this

regard, the CNS depressant pentobarbital has been found

to inhibit pulsatile LH release (Blake, l074) without

affecting pituitary sensitivity to LHRH (Blake, l974;

Blake and Sawyer, l972). Blake (1974) reported that this

inhibition lasted about 50 minutes, and was followed by

a resumption of episodic LH release at that time. How

ever, pentobarbital-induced anesthesia lasts several

additional hours, and the resumed pattern of pulsatile LH

release seen in pentobarbital-anesthetized rats has not

been characterized. Therefore, the purpose of Study I is

to characterize pulsatile LH secretion, not only during,

but immediately after pentobarbital-induced anesthesia, and

also to explore possible use of this anesthetized-rat

preparation for the study of the effects of brain stimu

lation on episodic LH release if behavioral responses

or inadequate stimulation current levels present any

problem in the unanesthetized rat preparation.

The indoleamine serotonin has been reported to have

an inhibitory effect on LH release or ovulation in the

rat (Kordon, 1970; Schneider and McCann, l970; Kamberi

et al., 1970; Labhsetwar, l971). In this regard, Gallo
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and Moberg (1977) found that decreasing the brain content

of serotonin reversed the effect of arcuate nucleus sti

mulation from inhibition of pulsatile LH release to exci

tation of LH secretion in ovariectomized rats. Further

more, repletion of brain serotonin levels greatly reduced

the magnitude of this excitatory response. Since the

midbrain raphe nuclei contain the cell bodies of an ascen

ding serotoninergic neuronal system that sends rostral

projections to the hypothalamus and other forebrain areas

(Ungerstedt, l07l; Fuxe and Jonsson, l974; Jacobs et al.,

1974), the purpose of Study II is to examine the effects

of stimulation within this extrahypothalamic nucleus on

the pulsatile LH release pattern present in ovariectomized,

pentobarbital-anesthetized rats, and the possible role of

serotonin in mediating any responses elicited.

A prominent terminal projection of that part of the

ascending serotoninergic pathway originating in the dorsal

raphe nucleus appears to be the medial basal hypothalamus,

especially the suprachiasmatic nucleus region (Palkovits

et al., 1977b). The importance of the suprachiasmatic

area in reproductive function is emphasized by studies that

have found LHRH-containing cell bodies within this brain

area (Setalo et al., 1976). Moreover, the suprachiasmatic

nucleus appears necessary for normal estrous cyclicity

and ovulation (Barraclough, 1966; Brown-Grant and Raisman,

1977; Nunez and Stephan, 1977). Since Study II
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demonstrated an inhibition of episodic LH release during

dorsal raphe stimulation, the purpose of Study III is to

determine if the neuronal pathway mediating this inhibi

tory effect projects through some portion of the supra

chiasmatic nucleus or the area immediately caudal to it

(i.e. the retrochiasmatic area).

Another extrahypothalamic region, the medial preoptic

area, appears to be involved, in part, in the neural

triggering mechanism that eventually results in ovulatory

LH release (Halasz and Gorski, l968; Cramer and Barra

clough, l971; Clemens et al., 1976). Electrical or

electrochemical stimulation of the medial preoptic and/or

the anterior hypothalamic areas has consistently brought

about increases in LH secretion in either cycling rats on

the day of proestrus (Everett and Radford, l96l; Cramer

and Barraclough, 1971; Kalra and McCann, 1973; Fink and

Aiyer, l074) or in ovariectomized, steroid-primed rats

(Clemens et al., l07l). The nearby suprachiasmatic nucleus

has also been reported to be involved in an excitatory

manner in the regulation of ovulatory LH release (Clemens

et al., 1976) or LHRH release (Chiappa et al., 1977).

Additionally, the steroidal environment of the animal

appears to play a major role in determining the direc

tion of the LH response to brain stimulation since estro

gen pretreatment has been shown to reverse the effect of

activation of the hypothalamic arcuate nucleus from inhibi
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tion to excitation of LH release (Gallo and Osland,

l976). Therefore, the purpose of Study IV is l) to explore

possible modulation of episodic LH release by the medial

preoptic - suprachiasmatic region of the forebrain in

ovariectomized rats, and 2) to determine possible modi

fying effects of estrogen pretreatment on any LH responses

occurring during forebrain stimulation.

All of the electrical stimulation studies just

mentioned presumably involve the release of neurotrans

mitters from the terminals of those neurons which are

activated. In this regard, the modulation of pulsatile

LH release by the brain catecholaminergic neurotransmitters,

norepinephrine and dopamine, has recently been investigated.

In keeping with the general concept that norepinephrine

plays an excitatory role in the neural events controlling

the release of LH, inhibitors of norepinephrine synthesis

have been shown to inhibit episodic LH release (Drouva and

Gallo, 1976). Activation of dopamine receptors appears

to be capable of exerting an inhibitory effect on pul

satile LH release since Drouva and Gallo (1976, 1977)

found that apomorphine, a dopamine receptor stimulator,

caused a transient but marked inhibition of episodic LH

release that could be prevented if a dopamine receptor

blocker (pimozide or d-butaclamol) had been given pre

viously. This dopamine receptor stimulation by apomorphine
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could occur through activation of dopamine receptors in the

hypothalamus and/or pituitary gland, or in other dopaminer

gic fiber terminal areas outside of the medial basal hypo

thalamus such as the caudate nucleus and septum. The

location of the dopaminergic receptors responsible for

the inhibition of pulsatile LH release has not yet been

determined. Therefore, Study V is designed to determine

if this inhibition is mediated by an initial activation of

dopamine receptors within the hypothalamic-pituitary unit.

In summary, the purpose of the present experiments is

to investigate the modulation of pulsatile LH release by

the central nervous system, with special emphasis on

extrahypothalamic influences and the neural pathways through

which these influences are exerted.



STUDY I:

A CHARACTERIZATION OF THE EFFECTS

OF PENTOBARBITAL ON EPISODIC LH RELEASE

IN OVARIECTOMIZED RATS
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INTRODUCTION

The secretion of luteinizing hormone (LH) in

ovariectomized rats occurs in a pulsatile pattern (Gay and

Sheth, l972; Blake and Sawyer, 1974; Drouva and Gallo, l976;

Gnodde and Schuiling, l976). Although some work (Ferin et

al., 1974; Kao et al., 1977) has suggested that the mechanism

underlying episodic LH release generation may reside within

the pituitary, other in vitro (Osland et al., 1975) as well

as in vivo (Bremner and Paulsen, 1974; Carmel et al., 1976)

studies have shown that this signal most likely originates

in the brain, and appears to be due to the episodic release

of luteinizing hormone-releasing hormone (LHRH) from the

hypothalamus (Carmel et al., 1976).

The action of pentobarbital (PBTL) on gonadotropin

release appears to be directly through the central nervous

system and not the anterior pituitary (Blake and Sawyer, l972;

Blake, 1974). In intact, cycling rats it blocks the

proestrous surge of LH release and ovulation (Everett et al.,

l949; Everett and Sawyer, 1950; Schwartz, l964; Cramer and

Barraclough, l97l). When administered to etherized, ovariec

tomized animals, PBTL depresses LH release for at least 5 h

(Ajika et al., 1972). In unanesthetized, ovariectomized

rats , PBTL has been reported to cause a decrease in mean

blood LH levels for 2 hours after injection (Beattie et al.,

1973). With respect to the episodic character of LH release,

Blake (1974) found that PBTL inhibited pulsatile LH release

for 50 minutes. Although mean blood LH levels were low,
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episodic LH release was reported to return at this time.

However, PBTL-induced anesthesia will last for several ad

ditional hours, and the resumed episodic LH release seen in

PBTL-anesthetized rats was not further evaluated. The aim

of Study I was therefore to characterize pulsatile LH

secretion, not only during, but immediately after the

anesthesia induced by PBTL, both with respect to the mean

blood LH level attained, as well as to pulse periodicity,

and rate and magnitude of the increase in blood LH levels

during individual episodes.

MATERIALS AND METHODS

Animals and General Protocol

Adult female Sprague-Dawley rats (Simonsen Laboratories,

Gilroy, CA) were maintained on a l4 h light: 10 h dark

schedule (lights on 0500 - 1900 h) and fed Feedstuffs Pro

cessing rat food (San Francisco, CA) and water ad libitum.

Daily vaginal smears were taken and only rats showing two

or more consecutive 4-day estrous cycles were ovariectomized

for use in an experiment. Animals were ovariectomized l.2 -

l9 days prior to bleeding, at which time they weighed 285 -

340 g. On the day prior to bleeding, rats were anesthetized

with ether so that a polyethylene (PE 50) cannula could be

inserted into the external jugular vein to approach or enter

the right atrium. The rat was kept for several hours in a

cage in the laboratory space in which the experiment would

take place and then returned to the animal quarters overnight.
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Bleeding Procedure and Pentobarbital Administration

On the day of the experiment the cannula was connected

to a piece of flexible polyethylene tubing which was inserted

through a peristaltic pump. The pump was used to draw blood

continuously (see below) through the cannula-tubing unit.

The free end of the tubing extended out of the peristaltic

pump and was connected to a Hamilton microliter syringe kept

on ice for the collection of blood samples. Two hundred

fifty units of heparin (0.25 ml), an anticoagulant, were

injected iv 15 - 20 min prior to a bleeding period. Blood

was added directly to assay tubes (kept in an ice bath)

containing 450 ul of phosphate buffered saline with 0.1%

gelatin.

Unanesthetized, unrestrained rats were bled continuously

at a rate of 50 ul whole blood every 5 – 6 min for l 1/2 h

to establish the control episodic LH release pattern in the

unanesthetized state for these rats. Immediately after this

initial l l/2 h bleeding period, rats were injected with

sodium pentobarbital (PBTL.; Diabutal, Diamond Laboratories,

Des Moines, Iowa, 35 mg/kg, ip). Bleeding was then carried

out according to one of the following schedules: (a) Animals

were bled continuously for 2 l/2 - 5 h after PBTL injection,

supplemental doses of heparin being given as needed; (b)

Bleeding was first discontinued after PBTL injection and

reinitiated l l/2 - 2 h later and continued for about 3 1/2 h;

(c) Bleeding was first discontinued after PBTL, then reini

tiated 3 l/2 h later and continued for the duration of the
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anesthetic state as well as for at least l l/2 - 2 h after

the animal regained consciousness (defined by the l/2

righting reflex, i.e., forelimbs and upper torso righted).

Radioimmunoassay

Whole blood samples were analyzed for LH by a slight

modification (Osland et al., 1975) of the ovine-ovine rat

LH double antibody radioimmunoassay of Niswender et al.

(l968). LH values (ng/ml whole blood) are expressed in

terms of the NIAMDD rat LH RP-1 preparation which has a

biological potency equivalent to 0.03 x NIH-LH-Sl.

Statistics

Differences between the same or different rats in mean

blood LH levels, periodicity of LH release, and the rate and

magnitude of the increase in blood LH levels during indivi

dual episodes, were determined by the paired or unpaired t

test, respectively. An episode is the difference between a

valley and the ensuing peak in blood LH levels. Values given

in the text for the preceding parameters represent the mean

+ S. E.

RESULTS

a) LH release prior to administering PBTL

Prior to administration of PBTL, pulses of LH re

lease occurred in 12 rats at about 21 + l min intervals, with

a mean blood LH level of 372 + 35 ng/ml. Blood LH levels

increased l88 + 27 ng/ml during each episode, and the rate

of LH increase for individual episodes was 24.6 + 3.8 ng/ml/

min. It therefore took about 7.5 min to increase blood LH
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levels l88 ng/ml. Representative examples are given in the

pre-PBTL records in Fig. l and 2. These various aspects

of LH release are summarized in Fig. 3.

b) LH release during the initial l l/2 h after PBTL

The dose of PBTL administered caused the animals to

remain anesthetized for about 5 – 5 l/2 h. The initial phase

of its action was observed during the first l l/2 h after

injection and was characterized by an inhibition of pulsa

tile LH release. All 5 animals bled during this period

showed decreased blood LH levels soon after injection of

PBTL, and these low levels persisted for l l/4 – l l/2 h.

Two representative examples are given in Fig. l.

c) LH release during the 3 - 3 1/2 h prior to demon

stration of the l/2 righting reflex

Following this initial inhibition, pulsatile LH

release resumed. In comparison with LH release prior to

PBTL, mean blood LH levels decreased an average of 41% in

l2 animals (372 + 35 vs 220 + l2 ng/ml; p < 0.001). Nine

of these rats had at least a 31% decrease, while the re

maining 3 showed lo , l7 and 21% declines in blood LH levels.

The time interval between LH peaks increased an average of

67% when compared to the periodicity of LH release seen

prior to the injection of PBTL (21 + l vs 35 + 3 min; p <

0.01). The rate at which blood LH levels increased during

individual pulses in this 3 - 3 1/2 h period decreased an

average of 58% from a pre-PBTL value of 24.6 + 3.8 to lo .. 3 +

l.0 ng/ml/min (p < 0.005). Nine of these rats showed at
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Figure 2. Four examples comparing the episodic
LH release seen before administering
pentobarbital, and in the last 3 -
3 1/2 h of anesthesia. TAlthough sup—
pressed, note the stability of pulsa
tile LH release during this time period.
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least a 46% decrease, while the remaining 3 had 20, 22 and

24% declines in the rate at which blood LH levels were

elevated. Therefore it took about ll. 3 min to increase

blood LH levels llo ng/ml during this period of anesthesia,

compared to the 7.5 min required to raise blood LH levels

by 188 ng/ml prior to PBTL.

Nine of the l2 rats with an overall decline in

blood LH levels showed a lengthened periodicity, as well as

a decline in the magnitude and rate of increase in blood LH

levels for individual pulses. Examples are given in Fig. 2

(top 3 records). Two of the remaining 3 had a decline in the

rate of blood LH increase, and either a decline in the mag

nitude of the rise in blood LH levels for individual episodes,

or a lengthened periodicity. The former animal is illustrated

in Fig. 2, bottom. A comparison of various facets of pulsa

tile LH secretion prior to and during this 3 - 3 1/2 h

period of PBTL-induced anesthesia is given in Fig. 3. It is

important to note that, despite anesthesia and all the above

resultant effects of PBTL on the episodic LH release mechan

ism, the pulsatile release of LH was easily measurable and

remained stable during this entire 3 l/2 h period.

d) LH release after recovery of the l/2 righting reflex

Rats regained their l/2 righting reflex about 5 -

5 l/2 h after PBTL administration. The values for mean blood

LH levels, periodicity, magnitude and rate of increase in

blood LH levels for single pulses, obtained in 10 rats bled

before recovery of the l/2 righting reflex, were all similar



88

to values reported in (c) for separate rats also bled at

this time. For 10 rats bled before and for l 1/2 - 2 h

after recovery of this reflex, mean blood LH levels remained

stable (236 + 20 vs 244 + 2 l ng/ml, respectively). The time

interval between blood LH peaks decreased an average of 26%

when compared to the periodicity of LH release seen l l/2 -

2 h prior to recovery of consciousness (31 + 3 vs 23 + 1 min;

p < 0.025). Six of these rats showed 15 - 25% reductions in

their LH peak to peak interval, and 2 had 38 or 63% shorten

ings in this interval. The remaining 2 rats showed no

change. The rise in blood LH levels during individual LH

pulses decreased an average of 25% after the animals regained

the l/2 righting reflex (126 + 9 vs 95 + 10 ng/ml; p < 0.025).

Eight of these rats showed decreases, and in 7 there was at

least a 25% reduction in this LH rise. Despite this, in 6

of these 7 animals mean blood LH levels did not change after

the rats regained consciousness. However the periodicity of

LH release was reduced in 5 of these animals, and this ap

parently contributed to the maintenance of mean blood LH

levels.

The rate of increase in blood LH levels for indivi

dual LH bursts during the period following regaining of the

1/2 righting reflex (10.9 + l. 2 ng/ml/min) did not differ

significantly from that obtained prior to recovery of this

reflex (9.4 + 1.0 ng/ml/min). It took about lix. 4 min to in

crease blood LH levels by 126 ng/ml prior to demonstration
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of the l/2 righting reflex, compared to the 8.7 min required

to raise blood LH levels by 95 ng/ml after the recovery of

consciousness. The 3 records shown in Fig. 4 are from ani

mals in which the return of consciousness was accompanied by

no change in mean blood LH levels, but a shortening in the

peak to peak interval between LH episodes and a decrease in

LH burst size. The animals responsible for the top 2 patterns

also exhibited a decline in the rate at which blood LH levels

increased during single pulses, while the rat depicted at the

bottom had no change in this parameter. Thus, in these 3

animals stability in mean blood LH levels was apparently

maintained due to offsetting changes in episode periodicity

vs both the rate of blood LH increase and LH burst size, or

LH burst size alone. A comparison of episodic LH release

during and immediately after PBTL-induced anesthesia is

given in Fig. 5.

DISCUSSION

Anesthetic doses of pentobarbital had no effect on

pulsatile LH release in ovariectomized monkeys (Bhattacharya

et al., 1972). However this agent has been shown to inhibit

episodic LH release in ovariectomized rats for 50 minutes in

a prior study (Blake, l974), and for 1 1/4 - 1 1/2 hours in

the present report. When pulses were reinitiated, Blake

(1974) reported, and we have confirmed, that mean blood LH

levels were decreased when compared with control LH levels

prior to pentobarbital. The present paper, however, in

addition to confirming this early inhibition and subsequent
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Figure 4. Three examples comparing episodic
LH release in rats under pentobar
bital-induced anesthesia, and after
recovery of the half righting reflex
(1/2 RR).
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reduced blood LH level, further characterized the episodic

LH release present during pentobarbital-induced anesthesia,

as well as for a short period of time after the rats regained

consciousness, i.e., the l/2 righting reflex. When episodic

LH release resumed following the initial period of inhibition,

it remained stable for the remaining 3 - 3 1/2 hours of

anesthesia. During this period of time, the decreased mean

blood level of LH is apparently due to the fact that episodic

LH release is now characterized by a lengthened periodicity,

and a decrease in the rate and magnitude of the increase in

blood LH levels during individual LH pulses. Associated

with the decrease in mean blood LH levels, most rats showed

at least two, and very often all three, of these preceding

characteristics.

In the initial few hours following the recovery of

consciousness, there was no marked elevation in blood LH

levels. Although the periodicity of LH pulses returned to

the pre-anesthetic rate, the magnitude and rate of increase

in blood LH levels for single pulses, as well as the overall

mean blood LH level, remained partially suppressed. Thus

these other suppressive influences of this barbiturate on

episodic LH release were still present, at least for the

initial few hours after the effects of the anesthetic in

producing loss of consciousness were no longer evident. The

influence of pentobarbital on those brain regions responsible

for controlling episodic LH release therefore is of longer
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duration than the effects of this anesthetic on CNS areas,

which when affected, result in loss of the l/2 righting

reflex.

Moreover, in the l l/2 - 2 hours following the return

of the l/2 righting reflex, although the periodicity of LH

pulses returned to the pre-anesthetic rate, which would tend

to cause mean blood LH levels to increase, the mean blood LH

concentration remained at the reduced level observed during

the final 3 l/2 hours of pentobarbital-induced anesthesia.

The change in periodicity was apparently offset by a drop

in the magnitude of LH release during individual episodes,

and in some rats also by a decrease in the rate at which

blood LH levels increased during single LH pulses. There

fore, the mean blood level of LH depends upon the relative

balance between various facets of pulsatile LH release -

periodicity of episodes as well as the rate and magnitude of

the increase in blood LH levels during these individual

pulses.

The basis for a normal pulsatile LH release has been

suggested to be the episodic release of LHRH from the medial

basal hypothalamus (Bremner and Paulsen, 1974; Osland et al.,

1975; Carmel et al., 1976). Presumably this LH-releasing

peptide is being secreted periodically by medial basal

hypothalamic neurons into the portal vessels supplying the

LH secretory cells in the anterior pituitary. Pentobarbital

has no suppressive effect on the pituitary response to LHRH

(Blake and Sawyer, 1972; Blake, 1974), indicating that its
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action in inhibiting episodic LH release is not exerted at

the pituitary level directly, or by impairing the blood

supply to that gland. However, this anesthetic has been

shown to act as a CNS depressant. It causes a decrease in

brainstem neuronal firing rates (Bradley and Dray, l973),

alters the hypothalamic EEG and raises the threshold for

EEG arousal upon stimulation of the midbrain reticular for

mation (Sawyer et al., 1955), and decreases hypothalamic

multiunit activity (Sawyer et al., 1968). There is evidence

suggesting that its action may involve a depression of

excitatory post-synaptic events (Barker and Garner, l973).

Pentobarbital has also been reported to cause configurational

changes in some presynaptic terminals in the parietal cortex

(Cook et al., 1974). Although alternative explanations are

possible, when mean blood levels of LH are suppressed by

pentobarbital because of the lengthening in the periodicity

of LH pulses, as well as a decrease in the rate and magnitude

of the increase in blood LH levels during individual episodes,

this may be due to a decrease in the excitatory neuronal input

influencing presumed LHRH-containing neurons, or to a direct

suppression by pentobarbital on the firing rate of LHRH

neurons themselves. This could result in these neurons not

only firing less often, but also releasing less LHRH with

each neural impulse, or releasing LHRH at a slower rate.

Though future experiments will be necessary to clarify the

exact nature of this suppression, the end result is a decrease

in LHRH release, and a reduction in episodic LH secretion.
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The present study characterizing the effects of pento

barbital on episodic LH release also stems from our interest

in the influence of electrical stimulation of various CNS

areas on episodic LH secretion. Where possible, these

studies have and will be done in the unanesthetized rat

(Gallo and Osland, l976; Gallo and Moberg, 1977). However,

because of the prolonged stability, as well as easy measur

ability, of episodic LH release in rats anesthetized with

pentobarbital, this is a suitable and very useful preparation

in which to study possible changes in pulsatile LH release

during electrical stimulation of certain brain areas, such

as the midbrain dorsal raphe nucleus (Study II) and the

preoptic-suprachiasmatic region (Study IV ). Otherwise,

when activated in the unanesthetized animal, stimulation in

these areas often results not only in marked behavioral

effects interfering with the experiment, but also in sub

threshold current strength for the modification of blood LH

levels.



STUDY II:

SEROTONIN INVOLVEMENT IN THE INHIBITION

OF EPISODIC LH RELEASE DURING ELECTRICAL STIMULATION

OF THE MIDBRAIN DORSAL RAPHE NUCLEUS

IN OVARIECTOMIZED RATS



97

INTRODUCTION

The midbrain raphe region contains the cell bodies of

an ascending serotoninergic neuronal system that sends

rostral projections to the hypothalamus and other forebrain

areas (Anden et al., 1966; Kostowski et al., 1968; Lorens

et al., 1971; Ungerstedt, 1971; Kuhar et al., 1972; Jacobs

et al., 1974; Lorens and Guldberg, 1974). Within this com

plex, the dorsal raphe nucleus contains the highest levels

of tryptophan hydroxylase (Brownstein et al., 1975) and

serotonin (Palkovits et al., 1974; Saavedra et al., 1976).

This neurotransmitter is reported to have an inhibitory

effect on LH release or ovulation in the rat (Kordon, 1969;

Schneider and McCann, 1970; Kamberi et al., 1970; Labhsetwar,

1971). My present interest in serotonin stems from earlier

work in this laboratory indicating that electrical stimulation

of the hypothalamic arcuate nucleus inhibits episodic LH re

lease in ovariectomized rats (Gallo and Osland, l076), and

that serotonin is involved, in part, in mediating this

response (Gallo and Moberg, 1977).

Electrochemical stimulation of the midbrain has been

shown to block spontaneous ovulation as well as progesterone

induced LH release in proestrous or ovariectomized, estrogen

primed rats (Carrer and Taleisnik, l970). However stimula

tion had no effect on LH release in untreated, ovariectomized

rats. Moreover, these studies did not involve the dorsal

raphe nucleus, or an examination of possible neurotransmitter

mediation of the observed responses. The experiments in
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Study II were therefore designed to examine the effects of

stimulation of the dorsal raphe nucleus on episodic LH

release in ovariectomized rats, and the possible role of

serotonin in mediating any responses elicited.

MATERIALS AND METHODS

Animals and General Protocol

Adult female Sprague Dawley rats (Simonsen Laboratories,

Gilroy, CA) were maintained as in Study I (see Animals and

General Protocol Section). Animals were ovariectomized 2 - 3

weeks prior to electrical stimulation of the midbrain dorsal

raphe nucleus, at which time the rats weighed 235 – 320 g.

A stimulating electrode was placed in the dorsal raphe

nucleus 5 - 7 days before stimulation. On the day prior to

stimulation a polyethylene cannula was inserted into the

right external jugular vein to approach or enter the right

atrium. The rat was then returned to the animal quarters

overnight.

Anesthesia and Bleeding Procedure

Marked behavioral effects occur in unanesthetized rats

during stimulation of the midbrain. Therefore on the day of

the experiment, rats were injected with an anesthetic dose

of pentobarbital (PBTL.; Diabutal, 35 mg/kg ip). In Study I,

it was found that PBTL initially inhibits episodic LH re

lease, but the pulsatile pattern of LH release returns at

l l/2 - 2 h. Although mean blood LH levels, LH pulse size

and rate of release decrease, and LH periodicity lengthens,
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the pulsatile release of LH is stable for the remaining

3 l/2 h of PBTL induced-anesthesia. This provides a useful

preparation for the present study.

Following PBTL injection, the animal's cannula was

Connected to a flexible piece of saline-filled polyethylene

tubing which was inserted into a peristaltic pump. At this

time, the rat's electrode assembly was connected to

stimulator leads. The anesthetized animals were then return

ed to their cages and left undisturbed for l l/2 h. Fifteen

minutes prior to the onset of bleeding, 275 units of heparin

were injected iv and the free end of the polyethylene tubing

was connected to a Hamilton microliter syringe, kept on ice

for the collection of blood samples. Blood was added directly

to assay tubes as in Study I.

Starting l l/2 to 2 h after PBTL injection, the rats

were bled continuously at a rate of 50 ul whole blood every

5 - 6 min for l l/2 h prior to electrical stimulation to

determine the control pattern of LH release in these PBTL

anesthetized animals. Bleeding was continued for the entire

l l/2 h stimulation period that followed and for about 1 h

afterwards. In general, the animals regained consciousness,

as defined by the l/2 righting reflex (forelimbs and upper

torso righted) during this last hour of bleeding, making the

total period of anesthesia approximately 5 – 5 1/2 h.

Radioimmunoassy

Whole blood samples were analyzed for LH by radioimmuno

assy as in Study I.
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Electrodes and Electrical Stimulation Procedures

Bipolar concentric stainless steel electrodes were

stereotaxically implanted into or near the dorsal raphe

nucleus of the midbrain 5 – 7 days prior to stimulation,

using as a guide the atlas of Köénig and Klippel (Köénig

and Klippel, l963). The center wire (.005" diam) and the

barrel (27 gauge) were insulated from one another. Insula

tion was removed from . 15 mm of the tip and .3 mm of the

barrel, and these uninsulated areas were separated by a

.4 mm band of epoxylite insulation. Stimulation was applied

with a Grass S44 or S48 stimulator and SIU5 stimulus isola

tion unit, and a programmer designed to turn the stimulator

on and off. The parameters of stimulation used were:

effective rectangular biphasic pulses (stimulator capacity

coupled to stimulus isolation unit), 200 Hz, 0.5 msec pulse

duration, 140 - 200 u A, 15 sec ON/OFF for l l/2 h. Stimula

tion was applied for l l/2 h, rather than 1 h as in earlier

work in this laboratory (Gallo and Osland, l076; Gallo and

Moberg, l977), since the periodicity of LH release is

lengthened under PBTL-induced anesthesia, as shown in Study I.

A Tektronix oscilloscope was used to continuously monitor the

current during stimulation. During the initial few minutes

of stimulation, the current was increased slowly and any

change in the respiratory pattern or muscle activity of the

PBTL-anesthetized rats was noted. If slight alterations in

respiratory pattern (increased depth and frequency during ON,

decreased during OFF) or muscle activity (contractions in



l Ol

extremities during ON) were observed, the current was

lowered slightly to minimize these changes. All currents

employed were within a range of 140 - 200 u A.

Pharmacological Agents

Four groups of PBTL-anesthetized rats were studied :

l) untreated controls; 2) group two was injected with DL-p-

chlorophenylalanine methylester hydrochloride (PCPA; 320 mg/

kg ip in about l ml of saline; Calbiochem; San Diego, CA),

an inhibitor of serotonin synthesis (Koe and Weissman, 1966),

7l h prior to stimulation. Our laboratory has reported that

this protocol results in a 55% depletion in brain serotonin

levels (Gallo and Moberg, 1977); 3) group three was treated

with PCPA at -71 h and L-5-hydroxy tryptophan methylester

HCl : H2O (5-HTP; 30 mg/kg ip in about 0.25 cc saline;2

Calbiochem, San Diego, CA) at 2 - 2 l/2 h prior to stimulation.

5-HTP can serve as a precursor of serotonin and overcome the

PCPA-induced inhibition of serotonin synthesis. The dose

employed has been used in our laboratory to restore normal

brain serotonin levels in PCPA-treated rats (Gallo and Moberg,

l977); 4) group four was treated with metergoline (5 mg/kg ip

suspended in a pH 4 ascorbic acid vehicle and given in a

volume of 0.5 - 0.6 ml; Farmitalia, Milan, Italy), a blocker

of serotonin receptors (Farmitalia publication on meter

goline, FI 6337, l-l 57), about 2 1/2 h prior to stimulation.

In preliminary experiments, the effect of metergoline alone

on episodic LH release was tested in unanesthetized rats.
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Histology

At the conclusion of the bleeding period, the animals

were given another injection of PBTL and their brains were

perfused with 10% formalin plus 1% calcium chloride. Brains

were subsequently removed from the skulls, sectioned at 50

um and stained by Nissl's stain using basic fuchsin to

localize the electrode tips.

RESULTS

Preliminary electrical stimulation studies in the

midbrain of three unanesthetized rats indicated that convul

sive-like behavioral responses would occur at current levels

greater than 40 - 80 pA. The eventual currents used which

produced no behavioral effects had no effect on episodic LH

release. To avoid the potential problem of current level as

well as pronounced behavioral responses, the PBTL-anesthetized

rat (preparation described in Study I) was used.

Ovariectomized, PBTL-Anesthetized Rats

Electrical stimulation (160 – 200 u/A) near but outside

the dorsal raphe nucleus (DRN) had no effect on pulsatile

LH release in 6 of 7 rats. Three representative examples

are shown in Fig. 6. In the remaining animal, stimulated in

the periaqueductal grey, decreased LH levels occurred during

stimulation (160 u A). The electrode tip locations for all

seven animals are given in Fig. 8 (page 106).

In direct contrast to the results obtained during

stimulation outside the DRN, electrical stimulation within

the DRN completely inhibited pulsatile LH release for the
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Figure 6.
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entire l l/2 h period of stimulation (140 – 200 u/A) in 9 of

ll rats. No new LH pulses were initiated during this time.

In 6 of these 9 animals the inhibition was followed by the

resumption of pulsatile LH release within minutes after DRN

stimulation ended. The remaining 3 animals were probably not

bled long enough after stimulation ended to observe the

reinitiation of any LH release rhythm. Three representative

examples of this inhibition are given in Fig. 7. In the

remaining 2 animals no effect on episodic LH release occurred

during DRN stimulation (170, 190 uA). The electrode tip

locations for all animals in this group stimulated in the

DRN are given in Fig. 8.

Ovariectomized, PBTL-Anesthetized Rats Pretreated with PCPA

No effect on pulsatile LH release occurred in 7 of 8

PCPA-treated animals stimulated in the DRN (160 – 190 HA) .

LH pulses were initiated throughout the period of DRN stim

ulation in these 7 rats. Therefore, stimulation within the

DRN in PCPA-treated rats resulted in a complete loss of the

inhibition of episodic LH release observed when this region

was stimulated in rats with normal brain serotonin levels.

Representative examples are shown in Fig. 9. Inhibition of

pulsatile LH release occurred during DRN stimulation (180 u A)

in the remaining animal. In 2 rats the electrode tips were

near but outside the DRN, in the periaqueductal grey or the

region anterior to the DRN. Stimulation (160, 190 uA) had

no effect on pulsatile LH release in either animal.
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Figure 7. Effect of electrical stimulation
of the dorsal raphe nucleus on epi
sodic LH release in 3 untreated,
ovariectomized rats anesthetized
with pentobarbital.
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Figure 8. Location of electrode tips in the mid
brain of untreated, ovariectomized rats
under pentobarbital-induced anesthesia,
and the effects of stimulation at these
sites on episodic LH release. Abbrevia
tions: AC, cerebral aqueduct; FLM, medial
longitudinal fasciculus; PAG, periaqueduc
tal grey; PCS, superior cerebellar peduncle.
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Figure 9.
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Effect of electrical stimulation of
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Ovariectomized, PBTL-Anesthetized Rats Pretreated with PCPA

and 5-HTP

Whereas pretreatment of rats with PCPA alone resulted

in a loss of the inhibition of episodic LH release seen

during DRN stimulation, the administration of 5-HTP to PCPA

treated rats restored this inhibition in 6 of 7 animals with

electrode tips in the DRN. Three representative examples of

the inhibitory effect of DRN stimulation (160 – 200 uA) are

depicted in Fig. 10. In the top and middle records a lo 8%

and 50% lengthening, respectively, in the periodicity of

episodic LH release occurred during DRN stimulation. More

over, all 3 examples shown are characterized by the resump

tion of pulsatile LH release after the end of stimulation.

The seventh rat had an electrode tip on the ventral border

of the DRN or possibly outside the nucleus ventrally, and

showed no effect of stimulation (200 pA).

Two rats in this group with electrode tips in the

periaqueductal grey (200 u A) or outside the posterior part

of the DRN (185 u/A) showed no effect of stimulation on

pulsatile LH release. A third animal with an electrode tip

immediately adjacent to the DRN in the superior cerebellar

peduncle showed an inhibition of episodic LH release during

stimulation (160 u/A).

Ovariectomized, PBTL-Anesthetized Rats Pretreated with

Metergoline

Prior to using metergoline in an electrical stimulation

study, the effects of this serotonin receptor blocker alone
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Figure lo. Effect of electrical stimulation of
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on pulsatile LH release were examined in unanesthetized rats.

This compound had no effect on episodic LH secretion in 6

rats bled at various times during the 3 l/2 h after it was

administered.

When metergoline-pretreated rats were stimulated in the

DRN (170 - 200 u A), the complete inhibition of episodic LH

release usually seen in untreated rats did not occur in 5 of

l0 animals. During the period of stimulation, LH pulses

were present and there were no decreases in mean blood LH

levels produced. Two of these 5 animals are represented in

Fig. ll. In two other animals, the inhibition of episodic

LH release normally seen during DRN stimulation was greatly

reduced. In both rats, LH pulses occurred during stimulation

(ló0, 190 pA) but mean blood LH levels were decreased when

compared to prestimulation control values. In another

animal, mean blood LH levels increased 55% after DRN stim

ulation was initiated (170 u A), and remained at this level

until the end of the experiment (40 min after the end of

stimulation). Pulsatile LH release continued during stimula

tion in this rat. In only two animals did a full inhibition

of episodic LH release still occur during DRN stimulation

(160, 170 u A). Therefore, in contrast to the inhibition of

episodic LH release seen during DRN stimulation in rats not

given metergoline, 8 of 10 animals pretreated with this

serotonin receptor blocker continued to show pulses of LH

release during DRN stimulation. One remaining animal had an

electrode tip slightly lateral to the DRN and stimulation

(170 u/A) had no effect on pulsatile LH secretion.
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Figure ll. Effect of electrical stimulation of
the dorsal raphe nucleus on episodic
LH release in 2 ovariectomized,
pentobarbital-anesthetized rats pre
treated with metergoline at 2 1/2 hours
prior to stimulation.
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DISCUSSION

The experiments described in this Section demonstrate

that electrical stimulation of the dorsal raphe nucleus in

the midbrain of PBTL-anesthetized, ovariectomized rats

results in an inhibition of episodic LH release during the

entire period of stimulation. Moreover, from three lines

of evidence, the data support the conclusion that serotonin

is involved in mediating this inhibition. First, when

serotonin synthesis was decreased with PCPA prior to DRN

stimulation, no effect of this stimulation on pulsatile LH

release was observed. Second, when 5-HTP was given to over

come the PCPA-induced blockade of serotonin synthesis, the

inhibition of episodic LH release during DRN stimulation

was restored. Third, half the rats treated with metergoline,

a serotonin receptor blocker, clearly showed no effect what

soever of DRN stimulation on the episodic release of LH.

Moreover, most animals pretreated with metergoline showed

pulses of LH release during DRN stimulation. Therefore,

experiments involving inhibition of brain serotonin synthesis,

repletion of brain serotonin levels, and blockade of serotonin

receptors all strongly suggest that the inhibition of pulsa

tile LH release produced by DRN stimulation is mediated by

serotonin. However, these results do not necessarily indi

cate a physiological role for serotonin in episodic LH

release since LH secretion in PCPA- or metergoline-treated

rats resembled that seen when these agents were not given.
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Stimulation of the dorsal raphe nucleus presumably

activates serotonin-containing fibres since the raphe region

contains the cell bodies of serotoninergic neurons that

project rostrally to the hypothalamus and other forebrain

areas (Anden et al., 1966; Kostowski et al., 1968; Loren et

al., 1971; Ungerstedt, 197l; Kuhar et al., 1972; Jacobs et

al., 1974; Lorens and Guldberg, 1974). Moreover, the highest

levels of serotonin in the midbrain are found within the DRN

(Palkovits et al., 1974; Saavedra et al., 1976). Inhibition

of episodic LH release could then result through a pituitary

and/or a centrally-mediated event. Serotonin has been found

in the rat median eminence (Hamon et al., 1970; Saavedra et

al., 1974). If serotoninergic neurons of DRN origin terminate

in the median eminence, inhibition of pulsatile LH release

could possibly result from the passage of serotonin to the

pituitary via the portal vessels and a subsequent decrease

in the response to LHRH. Although serotonin has been shown

in vitro to exert such an inhibitory effect, only pituitaries

from immature rats were used (Martin et al., 1977). This may

be of importance since melatonin also decreased responsiveness

to LHRH in young rat pituitaries but had no effect on

pituitaries from older animals. Moreover, Kamberi et al.

(1970) found that intraventricular administration of serotonin

decreased LH release in rats. No effect was seen during

portal vessel injections, suggesting a central site of action.

Alternatively, the serotonin released during DRN stimu

lation could prevent the release of LHRH either through
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axosomatic or axoaxonal synapses between serotoninergic

and LHRH neurons, or through modulation of neuronal path

ways influencing LHRH neurons. Whether or not such

synapses exist in the rat hypothalamus remains to be

determined. A recent report does suggest that axoaxonal

synapses may exist in the turtle median eminence (Tsuneki,

l976). It is of interest that stimulation of the midbrain

raphe region results in a decrease in neuronal firing rates

in areas rich in serotonin terminals, such as the supra

Chiasmatic nucleus and amygdala (Bloom et al., 1972; Wang

and Aghajanian, l977). Both of these areas have been shown

to be involved in excitation of LH release in the rat

(Velasco and Taleisnik, 1969a; Clemens et al., 1976). More

over, based on changes in an LHRH immunoreactive substance

in anterior hypothalamic neurons, an inhibitory effect of

serotonin on LHRH release has been suggested (Leonardelli

et al., 1974). Nevertheless, the question of whether a

pituitary or centrally-mediated inhibition is the explana

tion for DRN-induced suppression of episodic LH release

remains open, and will be a subject for further study in our

laboratory.

In another report, electrical stimulation of the

hypothalamic arcuate nucleus was also shown to inhibit

pulsatile LH release in ovariectomized rats (Gallo and

Osland, l976), and this inhibition is mediated in part by

serotonin (Gallo and Moberg, l077). When serotonin synthesis

was inhibited by PCPA, the inhibition of episodic LH release
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due to arcuate stimulation, as well as to activation of the

DRN in the present study, was lost. Arcuate stimulation,

however, resulted in increased LH release in PCPA-treated

rats whereas a control episodic LH release pattern was seen

during DRN stimulation. Increased LH release did not occur

in the latter case since the DRN contains only the indoleamine

neurons and not LHRH neurons. Therefore, episodic LH secre

tion remained unaltered during DRN stimulation when sero

tonin was depleted by PCPA since no inhibitory signal reached

the hypothalamus and/or pituitary.

Whereas serotonin appears to be a dominant factor in

mediating arcuate-induced suppression of episodic LH release,

it may not be the sole mediator of this inhibition (Gallo

and Moberg, l077), with dopamine perhaps playing a minor

role (Gallo, l977). In contrast, repletion of brain

serotonin levels with 5-HTP in PCPA-treated rats completely

restored the inhibition of episodic LH release normally

seen during activation of the DRN when brain serotonin levels

are normal. This strongly suggests that the inhibitory

effect of midbrain DRN stimulation is mediated to a greater extent

by serotonin.



STUDY III:

EFFECTS OF LESIONS IN

THE SUPRACHIASMATIC - RETROCHIASMATIC AREA ON

THE INHIBITION OF PULSATILE LH RELEASE INDUCED BY

ELECTRICAL STIMULATION OF THE MIDBRAIN

DORSAL RAPHE NUCLEUS
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INTRODUCTION

As shown in Study II, electrical stimulation of the

midbrain dorsal raphe nucleus inhibits episodic LH release

in the ovariectomized rat through a serotoninergic mechanism.

Furthermore, several studies have suggested that a prominent

serotoninergic neuronal pathway originates in the dorsal

raphe nucleus and innervates various regions in the rat

forebrain and medial basal hypothalamus, including the supra

chiasmatic and arcuate nuclei (Fuxe and Jonsson, l974; Pal

kovits et al., 1977b). The purpose of this study was to

determine if the neuronal pathway responsible for the inhi

bition of pulsatile LH secretion during dorsal raphe nucleus

stimulation involved some portion of this forebrain - medial

basal hypothalamic region. Small discrete lesions were

placed within the region of the suprachiasmatic nucleus

and retrochiasmatic area (i.e., the area between the supra

chiasmatic and arcuate nuclei), and their effects on dorsal

raphe nucleus - induced inhibition of episodic LH release

were investigated.

MATERIALS AND METHODS

Animals and General Protocol

Adult female Sprague Dawley rats (Simonsen Laboratories,

Gilroy, CA) were maintained as in Study I. Daily vaginal

smears were taken and only those rats showing two or more

consecutive 4-day estrous cycles were ovariectomized for use

in an experiment. Animals were ovariectomized l8 – 20 days
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before electrical stimulation of the midbrain dorsal raphe

nucleus (DRN). A discrete electrolytic lesion was placed

within the suprachiasmatic nucleus - retrochiasmatic area,

and a stimulating electrode was implanted in the DRN 5 - 7

days before stimulation. On the day before stimulation, a

polyethylene cannula was inserted into the right external

jugular vein to approach or enter the atrium. The rat was

then returned to the animal quarters overnight.

Production of Lesions and Implantation of Stimulating

Electrodes

Five to seven days before stimulation, midline electro

lytic lesions (anodal DC, l mA for 35 - 40 sec) were placed

within the suprachiasmatic - retrochiasmatic region. Lesions

were produced using an electrode constructed from 0.010"

platinum wire inserted through a piece of 28 g stainless

steel tubing, with the entire electrode apparatus being

insulated with epoxylite except for 0.3 mm at the tip of the

exposed platinum wire. Bipolar concentric stainless steel

electrodes (Gallo and Olsand, l976) used for electrical

stimulation were implanted into the midbrain DRN immediately

after production of forebrain lesions. The atlas of Koenig

and Klippel (1963) was used as a guide for both stereotaxic

procedures.

Bleeding and Electrical Stimulation Procedures

As reported in Study II, marked behavioral effects

occur in unanesthetized rats during stimulation of the mid
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brain. Therefore, the pentobarbital-anesthetized rat prepar

ation, previously used in Study II, was employed. On the day

of the experiment rats were injected with an anesthetic dose

of pentobarbital (PBTL.; Diabutal, 35 mg/kg bw ip). Starting

2 - 2 1/2 h after PBTL injection, the rats were bled con

tinuously through a peristaltic pump at a rate of 50 ul

whole blood every 5 – 6 min for l l/2 h before electrical

stimulation to determine the control pattern of LH release.

Bleeding was continued for the entire l l/2 h stimulation

period that followed and for about l h afterwards. The

methods of electrical stimulation for the PBTL-anesthetized

animals used in this study have previously been described

in Study II. The parameters of stimulation were: effective

rectangular biphasic pulses (stimulator capacity coupled to

a stimulus isolation unit), 200 Hz, 0.5 msec pulse duration,

140 – 200 u/A, 15 sec ON/OFF for 1 1/2 h.

Radioimmunoassay

Whole blood samples were analyzed for LH by radioimmuno

assay as in Study I.

Histology

At the conclusion of the bleeding period, the animals

were given another injection of PBTL, and their brains were

perfused with 10% formalin as in Study II. Brains were sub

sequently removed from the skulls and embedded in gelatin

prior to sectioning at 50 um and staining with Nissl's stain

using basic fuchsin. The extent of the lesions and the loca

tion of stimulating electrode tips were then determined.
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Statistics

Mean blood LH levels were determined for the control

period, the duration of stimulation (as well as for the

initial and latter half of this period), and the post

stimulation time. Differences in mean blood LH levels with

in the same or different groups of rats were determined by

the paired or unpaired tº test, respectively. Values for LH
+given in the text represent the mean T SE.

RESULTS

Lesions

Lesions were produced within the SCN – retrochiasmatic

area as follows: l) Group A: SCN lesions – which destroyed

the SCN entirely along with variable amounts of the under

lying optic chiasma and a minimal amount of anterior hypo

thalamic - periventricular tissue, but which did not extend

into the RCA; 2) Group B: RCA + SCN lesions – which destroyed

60 - 100% of the SCN (plus minimal surrounding anterior

hypothalamic and optic chiasma tissue), but also damaged about

40 - 85% of the retrochiasmatic tissue immediately caudal to

the SCN; and 3) Group C : RCA lesions – which destroyed mainly

the retrochiasmatic area, with very little or no destruction

of the SCN. All lesions were symmetrical and had a lateral

width of 0.4 - 0.5 mm from the midline at their greatest

extent. Fig. 12 shows a sagittal view of the location of all

lesions in animals from each of these three groups.
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Figure l2. Sagittal sections of the rat brain indicating
the location of lesions of the suprachiasmatic
nucleus (SCN), the retrochiasmatic area + supra
chiasmatic nucleus (RCA + SCN), and the retro
chiasmatic area (RCA). Each light solid line
outlines a lesion.



l22

DRN Stimulation in Rats with SCN Lesions (Group A)

All 9 rats with SCN lesions exhibited pulsatile LH

release during the control bleeding period. Electrical

stimulation (170-200 u/A) within the DRN inhibited or

greatly suppressed this pulsatile release of LH for the

entire l l/2 h period of stimulation in 8 of these 9

SCN-lesioned rats. This inhibition was followed by a

resumption of pulsatile LH release immediately after sti

mulation ended. Six examples of this inhibition are

given in Figs. 13 and l3. Mean blood LH levels were

significantly depressed below control values during the

l l/2 h stimulation period (Table l; 30: 9%, p < 0.05),

and this decrease was significant during the final 45

minutes of stimulation (42 f 8%, p < 0.02). During the

post-stimulation period, mean blood LH levels increased

significantly (103 f 23%, p < 0.01) from the values ob

served during the final half of stimulation (Table l) and

were not significantly different from pre-stimulation

values. The overall, control mean blood LH levels for this

group were decreased below that of Groups B or C (see

below for comparisons). Although episodic LH release

was present in the control period in all 9 rats with SCN

lesions, it was markedly reduced in several, and 2 examples

are presented in Fig. 14.
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Figure 13.
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DRN Stimulation in Rats with RCA + SCN Lesions (Group B)

In sharp contrast to the inhibition of pulsatile LH

release observed during DRN stimulation in animals bear

ing only SCN lesions (Group A), stimulation (l.40 - 200 uPA)

of this midbrain region in 6 of 7 rats having a signi

ficant amount of RCA tissue destroyed, in addition to

at least 60% of the SCN, resulted in no effect on pulsa

tile LH release. Examples are shown in Fig. 15. Therefore,

a blockade of the DRN-induced inhibitory effect on epi

sodic LH release had occurred. No significant change

from control values occurred in mean blood LH levels

during either the l l/2 h period of DRN stimulation or

the post-stimulation period (Table l, Group B). However,

mean control levels of LH for this group, which involved

less damage to the SCN, were significantly higher (57 # 8%,

p < 0.01) than in rats with complete destruction of this

nucleus (i.e. Group A).

DRN Stimulation in Rats with RCA Lesions (Group C)

Stimulation (165 – 200 u/A) of the DRN in all 6 rats

with lesions localized to the RCA (with little to no

damage of the SCN) did not inhibit pulsatile LH release.

Examples are given in Fig. 16. Therefore, this type lesion

also prevented the inhibition of episodic LH release

produced by DRN stimulation, as did lesions in Group B.

Mean blood LH levels did not vary significantly from control
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Figure l'E.
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Figure l6.
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values during either the stimulation period or the post

stimulation period (Table l; Group C). Mean control levels

of LH for this RCA-lesioned group were significantly

higher (ll4 + 27%, p < 0.005) than those observed for the

SCN-lesioned group, but they were not significantly dif

ferent from the levels seen during the control period in

animals with partial lesions of the SCN and RCA (Group B).

Since there was no difference in mean blood LH

levels between the control, stimulation, or post-stimula

tion periods of Group B (RCA + SCN) versus Group C (RCA),

these two groups were combined in Table l. As was the

case for each group separately, when the groups were

combined mean blood LH levels during DRN stimulation

did not vary significantly from control values. However,

the control mean blood LH levels for Groups B and C

combined, where lesions involved much less damage to the

SCN, were significantly elevated (84 + 15%, p < 0.005)

above those of rats with complete destruction of the

SCN (Group A). Moreover, only l of l3 rats showed an

inhibition of pulsatile LH release during DRN stimulation

when lesions involved a part or all of the RCA (Groups B

and C). This is in direct contrast to the inhibition of

episodic LH secretion produced by DRN stimulation in

8 of 9 rats in Group A with SCN lesions (i.e. when the RCA

was not damaged).
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DISCUSSION

Previously, it was found in Study II that electrical

stimulation of the midbrain dorsal raphe nucleus (DRN)

results in an inhibition of pulsatile LH release, and

that this effect is mediated by a serotoninergic

mechanism. The present study demonstrates that small

lesions involving part or most of the retrochiasmatic

area (RCA) completely block the DRN-induced inhibition of

episodic LH secretion, indicating that the neuronal path

way mediating this inhibition projects to or through the

RCA. Furthermore, neuronal input to the suprachiasmatic

nucleus (SCN) is not necessary for the inhibition to

occur since discrete SCN lesions were ineffective in

preventing the LH response to DRN activation.

What neuronal pathways that project to or through

the RCA could mediate this inhibition? The most likely

possibility seems to be that a part of the ascending

serotoninergic system originating in the DRN and termina

ting in the region of the SCN and arcuate nucleus (Palkovits

et al., 1977b) projects through the RCA, the region between

these two nuclei. However, the serotonin input from the

DRN to the SCN, although it may well be involved in

mediating other neuroendocrine responses, is not an inte

gral part of this inhibitory pathway. Moreover, since

stimulation of the arcuate nucleus also inhibits episodic

LH release (Gallo and Osland, l076), primarily through a
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serotoninergic mechanism (Gallo and Moberg, l077; Gallo,

1978), it may be that this effect is produced by activa

tion of DRN projections to the arcuate nucleus. Further

study will be done to answer this question.

The present study also indicates that discrete

lesions of the SCN in ovariectomized rats result in a

significant reduction in blood LH levels compared to

values found in rats with RCA lesions. Episodic LH secre

tion is apparently due to a pulsatile discharge of LHRH

(Carmel et al., 1976), and immunoreactive LHRH-containing

cell bodies have been observed in the rat SCN (Setalo

et al., 1977). Therefore, the present data suggest that

these LHRH neurons and/or some neural pathway generating

a signal to regulate episodic LHRH release, would not

appear to be soley located in or pass entirely through

the SCN. Nevertheless, since mean blood LH levels were

decreased following lesions of the SCN, and pulsatile LH

release was reduced in several animals with these lesions,

this suggests that some degree of interference with LHRH

neurons and/or an excitatory input to these neurons,

has occurred. This supports previous reports indicating

that lesions or partial deafferentation of the SCN region

in female rats with normal estrous cycles eliminates this

cyclicity (Barraclough, 1966; Brown-Grant and Raisman,

1977; Nunez and Stephan, 1977), and that ovariectomy in
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rats with SCN lesions results in a smaller rise in plasma

LH levels compared to controls (Brown-Grant and Raisman,

1977). The excitatory influence of the SCN on LH

release is further emphasized by electrical stimulation

studies showing that direct activation of this nucleus

results in an increase in the hypophyseal portal blood

content of LHRH in intact rats (Chiappa et al., 1977),

as well as elevated blood LH levels in ovariectomized,

unprimed rats, or more so in ovariectomized, estrogen

primed rats (see Study IV).

These data also suggest that the structures excita

tory to episodic LHRH release, which were compromised

by SCN lesions, do not project directly caudal or through

the RCA, since lesions immediately caudal to the SCN

(i.e. in the RCA) do not interfere with episodic LH

release or mean blood LH levels. However, the pathway

responsible for the DRN-induced inhibition of pulsatile

LH release does project to or through the RCA, while

projections to the SCN are not necessary for this inhi

bitory response to occur.



STUDY IV:

REGIONAL DIFFERENCES IN RESPONSE TO

ELECTRICAL STIMULATION WITHIN THE MEDIAL

PREOPTIC-SUPRACHIASMATIC REGION ON BLOOD LH LEVELS

IN OVARIECTOMIZED AND OVARIECTOMIZED,

ESTROGEN-PRIMED RATS
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INTRODUCTION

Electrical stimulation studies in ovariectomized rats

have shown that mechanisms for inhibiting pulsatile LH release

reside within the hypothalamic arcuate nucleus (Gallo and

Osland, l976) and the midbrain dorsal raphe nucleus (Study

II) and that serotonin plays a major role in mediating these

decreases in LH secretion (Study II; Gallo and Moberg, l977).

In addition, the steroidal environment of

the animal plays a major role in determining the direction

of the LH response to brain stimulation since estrogen pre

treatment completely reversed the effect of arcuate activa

tion from inhibition to excitation of LH release (Gallo and

Osland, l976).

In intact, cycling rats on proestrus (Everett and Radford,

1961; Cramer and Barraclough, 1971; Kalra et al., 1971; Kalra

and McCann, l973b; Fink and Aiyer, l974) or in ovariectomized,

steroid-primed rats (Clemens et al., 1971), increases in LH

secretion occurred during electrical or electrochemical

stimulation of the medial preoptic (MPOA) and/or the anterior

hypothalamic areas. Additionally, the nearby suprachiasmatic

nucleus (SCN) has been reported to be involved in an

excitatory manner in the regulation of ovulatory LH release

(Clemens et al., 1976) or LHRH release (Chiappa et al., 1977).

Therefore, the purpose of the present study was l) to explore

possible modulation of episodic LH release by MPOA-SCN region

of the forebrain in ovariectomized rats, and 2) to determine
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possible modifying effects of estrogen pretreatment on any

LH responses occurring during forebrain stimulation.

MATERIALS AND METHODS

Animals and General Protocol

Adult female Sprague-Dawley rats (Simonsen Laboratories,

Gilroy, CA) weighing about 250 - 300 g were maintained as

in Study I. Daily vaginal smears were taken and only those

rats showing two or more consecutive 4 day estrous cycles

were ovariectomized for use in an experiment. Animals were

ovariectomized l7 – 20 days prior to electrical stimulation

within the MPOA-SCN region.

Two groups of rats were examined in this study: a) non

estrogen primed, OVX rats and b) OVX rats injected with 5 p. g

estradiol benzoate (EB) scº in oil/100 gbw/day for 2 days

prior to electrical stimulation of the forebrain on the

third day. An electrode was placed within the MPOA-SCN

region 5 – 7 days before stimulation (see below). On the day

prior to stimulation, a polyethylene cannula was inserted

into the right external jugular vein to approach or enter

the right atrium. The animal was then returned to the animal

quarters overnight.

Bleeding Procedure

Preliminary electrical stimulation studies in the MPOA

of 9 unanesthetized rats indicated marked behavioral ef

fects occurred in response to currents greater than 30 - 70

u A. The eventual currents used which produced no behavioral
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responses also did not alter LH release in 7 unprimed or

2 EB-primed rats. Therefore in order to avoid the potential

problem of current level as well as pronounced behavioral

responses, the pentobarbital (PBTL) -anesthetized rat prepar

ation previously described in Study I was used. On the day

of the experiment, rats were injected with an anesthetic dose

of PBTL (Diabutal; 35 mg/kg ip). In Study I, it was found

that PBTL initially inhibits episodic LH release, but that

the pulsatile pattern of LH secretion returns l l/2 - 2 h

after injection. For the remaining 3 l/2 h of anesthesia,

although a decrease vs control values is observed in mean

blood LH levels (as well as a decrease in the rate and magni

tude of the elevation in blood LH levels during single

episodes, and a lengthening in the LH periodicity) the

pulsatile release of LH is stable for this entire time. This

provided a useful preparation for a study of the dorsal

raphe nucleus (Study II), and for the present experiments.

Following PBTL injection, the animal's cannula was

connected to a flexible piece of saline-filled polyethylene

tubing, the free end of which was inserted into and through

a peristaltic pump used for withdrawing blood continuously.

At this time the rat's electrode assembly was connected to

stimulator leads. The animals were then returned to their cages

and left undisturbed for about 2 h. Fifteen min prior

to the onset of bleeding, 290 units of heparin were injected

intravenously and the free end of the polyethylene tubing was

connected to a Hamilton microliter syringe kept on ice for

the collection of blood samples. Blood was added directly

to assay tubes as in Study I.
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Starting 2 - 2 l/2 h after PBTL injection, the rats were

bled continuously at a rate of 30, 40 or 50 ul whole blood

every 5 - 6 min for l – l 1/2 h prior to electrical

stimulation to determine the control pattern of LH release

in these PBTL-anesthetized rats. Bleeding was continued for

the entire l l/2 h stimulation period that followed, as well

as for up to l h afterwards. In general, the animals regained

consciousness, as defined by the 1/2 righting reflex (fore

limbs and upper torso righted) during this last h of bleeding.

Study I has shown that mean blood LH levels remain unchanged

during the l 1/2 h period following loss of PBTL-anesthesia

and recovery of the l/2 righting reflex.

Electrodes and Procedures of Electrical Stimulation

Bipolar concentric stainless steel electrodes (see

Study II, Materials and Methods) were stereotaxically im

planted into selected areas of the MPOA-SCN region 5 - 7

days prior to stimulation using as a guide the atlas of

deGroot (1959). The parameters of stimulation were the same

as in Studies II and III. Most rats were stimulated with

170 - 200 u/A, although some rats were effectively stimulated

using lower currents (95 – 150 uA).

Radioimmunoassay

Whole blood samples were analyzed for LH by radioimmuno

assay as in Study I.

Histology

At the conclusion of the bleeding period, the animals

were given another injection of PBTL and their brains were
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subsequently removed from the skulls and prepared histolo

gically as in Study II for the determination of electrode

tip locations.

Statistics

Mean blood LH levels were determined for the control

period, the duration of stimulation (as well as for the

initial and latter half of this period), and the post

stimulation time. Differences in mean blood LH levels with

in the same or different groups of rats were determined by

the paired or unpaired t-test, respectively. Values for LH

given in the text represent the mean + SE.

RESULTS

Medial Preoptic Area (MPOA)

a) Unprimed, OVX Rats

Electrical stimulation (170 - 200 u/A) of the ventral

MPOA in 16 rats significantly increased (97 f 21%) mean

blood LH levels during the l l/2 h stimulation period (Table

2). No difference was observed between the magnitude of the

increase seen during the initial or latter half of stimula

tion. Thirteen rats had increases of 48 - 32.2%, while

another animal had a 19% increase overall and a 43% increase

during the first half of stimulation. Eight animals exhibited

a sustained increase in blood LH levels throughout stimulation

(Fig. 17, left, middle and bottom), while 5 displayed a

transient elevation which lasted only for the initial half of

stimulation (Fig. 17, top left). Blood LH levels returned to
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Table 2. Effects of electrical stimulation of the
medial preoptic - suprachiasmatic region of
the rat forebrain on mean blood LH levels in
ovariectomized rats either not pretreated with
estrogen, or previously given 5 ug estradiol
benzoate/l O0 gbw/day for the 2 days prior to
stimulation. Mean blood LH levels are given
for the entire l l/2 hour stimulation period,
as well as for each half.

Although it did not appear that estradiol ben
zoate lowered mean blood LH levels in this
group, this was apparently due to a prolonged
suppression of episodic LH release by pentobar
bital during the control period for a few of
the unprimed rats in the MPOA group. This is
strongly suggested by the difference between
control blood LH levels in ovariectomized, un
primed rats with electrodes in the peri-SCN
or SCN vs those with electrodes in the MPOA,
and also by the similarity in blood LH values
in all 3 estrogen-primed groups.
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Figure l7.

7OO F

6OO

5 OO

400

3OO

2OO

|OO

Examples of the excitatory effect of elec
trical stimulation of the ventral medial
preoptic area on LH release in ovariectomized
rats either not primed with estrogen (left)
or pretreated with 5 ug estradiol benzoate/
100 gbw/day for the 2 days prior to stimula
tion (right) -

MEDIAL PREOPTICAREA
UNPRIMED EB PRIMED

(2002a).

7OO

6OO

500

4OO

3OO

2OO

| OO

5 OO...!
3OO H.

2OO H.

|OO H.

Time (hours)

1– (2009A) l

l (2009A) ■ (2009A)

(2009A) (2OOJ1A)
—" —1–

-
1– —1–

- I O | - | O | 2

Time (hours)



l42

control values during the post-stimulation period, and

were significantly decreased (p < 0.005) from blood LH levels

observed during the latter half of stimulation. The elec

trode tip locations for these l6 rats are given in Figs.
21 and 22a (pages 150 and 151).

b) EB-primed, OVX Rats

In 10 rats primed with EB, pulsatile LH release was

usually not present, and stimulation (200 u A) of the ventral

MPOA significantly increased mean blood LH levels (lll # 34%)

for the entire stimulation period, with 9 rats displaying

increases of 48 - 215% (Table 2; examples are given in

Fig. 17, right). Although LH levels tended to be higher

during the second half of stimulation, overall there was no

significant difference in the magnitude of the increase

observed during the initial vs the latter half of stimulation.

The overall LH increase observed during the entire stimulation

period, as well as each half, was similar in EB-primed and

unprimed rats. However, the LH increase in the steroid

primed rats was more prolonged. Thus, in contrast to un

primed rats, blood LH levels in the post-stimulation period

did not differ from those seen in the last half of stimulation,

and moreover, were still elevated above control values (p. <

0.05). Electrode tip locations for this group are shown in

Figs. 23 and 24a (see pages 152 and 153).

Peri-suprachiasmatic Area (Peri-SCN)

a) Unprimed, OVX Rats

In sharp contrast to the increase in LH secretion produced

during stimulation of the ventral MPOA in unprimed rats,
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stimulation of the region immediately caudal to the MPOA,

and lateral and dorsal to but not within the SCN (i.e. ,

peri-SCN area) inhibited pulsatile LH secretion for the

duration of stimulation in all 16 rats (Table 2). Fifteen

of these animals showed decreases in mean blood LH levels

of 20 - 56%. The remaining animal, although showing a

clear inhibition of pulsatile release, showed only a 7%

decrease in mean blood LH levels. Twelve animals were

stimulated with 170 - 200 u/A, while 4 received 95 - 140 u/A.

Three representative examples are given in Fig. 18, left.

Mean blood LH levels were significantly decreased (38 + 3%)

during the entire stimulation period; this decrease was

observable during the initial half of stimulation (22 + 6%),

and was most pronounced during the latter half (54 it 3%).

It is apparent that the inhibition was over at the end of

stimulation, since pulsatile LH release resumed soon after

the stimulator was turned off. Thus, even though mean

blood LH levels were still slightly below control values

during the post-stimulation period, during this time they

had significantly increased (79%; p < 0.001) above the

values observed during the final 45 min of stimulation. The

electrode tip locations for this group stimulated in the peri

SCN region are shown in Figs. 21 and 22b (see pages 150 and lSl).

The peri-SCN area, as defined above, in which stimula

tion uniformly produced inhibition of episodic LH release,

did not appear to extend into the area immediately caudal to

the SCN (i.e., the retrochiasmatic area). Although this
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Figure l8. Examples of the inhibitory effect of electri
cal stimulation of the peri-suprachiasmatic
region on episodic LH release in ovariectomized
rats not primed with estrogen (left), and the
excitation of LH release resulting from stimu
lation in ovariectomized rats pretreated with
5ug estradiol benzoate/100 gbw/day for the 2
days prior to stimulation (right).
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region was not studied in detail, only l of 6 rats stimulated

here showed an inhibition of pulsatile LH release. In 3 rats

no change occurred, while in the remaining 2, increases in

LH secretion were seen. The electrode tip locations for

this group are shown in Figs. 21 and 22c (see pages 150 and 151).

b) EB—primed, OVX Rats

For lo rats primed with EB, blood LH levels were reduced

and usually non-pulsatile prior to stimulation. In direct

contrast to the inhibition of episodic LH release observed

during peri-SCN stimulation in unprimed rats, pretreatment

with EB completely reversed this effect in 9 of lo rats

stimulated (180 - 200 u/A) in the same region. A significant

increase (123 # 31%) occurred for the entire stimulation

period, and these 9 rats displayed 43 - 43.8% increases in

mean blood LH levels above control values (Table 2). Repre

sentative examples are given in Fig. 18, right, and the

electrode tip locations are shown in Figs. 23 and 24b (page 152 & 153).

Unlike MPOA activation in steroid-primed rats, peri

SCN stimulation resulted in a significant increase (41%;

p : < 0.01) in blood LH levels during the latter vs the initial

half of stimulation. The percent increases in blood LH

levels produced by peri-SCN or MPOA activation in EB-primed

rats for the entire stimulation period were similar. More

over, as with MPOA stimulation, during the period following

stimulation of the peri-SCN region, blood LH levels, though

decreased slightly, did not differ significantly from values

seen during the latter half of stimulation, and still remained

higher (p < 0.001) than pre-stimulation control LH levels.
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Stimulation (180, 200 uk) of 2 EB-primed rats in the

retrochiasmatic area had no effect in l animal, and increased

LH release in the second. Electrode tip locations for

these two animals are shown in Figs. 23 and 24c (pages lº2 & 153).

Suprachiasmatic Nucleus (SCN)

a) Unprimed, OVX Rats

The response to direct activation (200 uk) of the

SCN in l2 rats, unlike that to the immediately adjacent

peri-SCN region (inhibition) or the ventral MPOA (excita

tion), was mixed. Although no significant change was

seen in blood LH levels for the entire stimulation per

iod, a significant increase (36 t 14%; p < 0.05) occurred

during the initial half of this period. However, in

these l2 rats, 2 different responses were seen during

SCN activation. In one group of 7 rats, control blood

LH levels (181 t 26 ng/ml) were significantly increased

for the entire stimulation period (270 * 50 ng/ml;

49 f 28%; p < 0.05) although mainly within the initial

half of this period (319 f 54 ng/ml; 76 f 30%; p < 0.01).
The transient character of this increase, as seen in

5 of these 7 rats, is represented in Fig. 19 (left, top

and middle). The remaining 2 animals each had increases

for the entire stimulation period, and one is represented

in Fig. 19 (bottom left). In contrast, 4 of the other 5

rats showed a suppression of pulsatile LH release during
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Figure 19.
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stimulation (Table 2). Control blood LH levels (324 f 20

ng/ml) were significantly decreased for the entire

stimulation period (256 # 29 ng/ml; 21 # 9%; p < 0.05),

but in contrast to the rapid onset of inhibition seen

during peri-SCN activation, these suppressions were

significant only during the second half of stimulation

(202 f 22 ng/ml, 38 f 7%, p < 0.01). Two of these sup
pressions are depicted in Fig. 20. Additionally, a

significant difference (p $ 0.01) was seen between the

control levels of blood LH for those animals displaying

increases in LH secretion during SCN stimulation and those

showing inhibition. The electrode tip locations for all

4 rats showing inhibition of episodic LH release were

in the caudal third of the SCN, while those in 5 of 7

animals responding with excitation were within the anterior

half of this nucleus. These electrode locations, which

suggest a degree of regional differentiation within the

SCN, are shown in Fig. 21 and 22b (pages lS0 and l31).

b) EB—primed, OVX Rats

Pretreatment of 8 rats with EB suppressed blood LH

levels and pulsatile LH release prior to stimulation.

Moreover, EB greatly modified the transient LH increases,

or completely reversed the inhibitions observed in the

LH response to stimulation of the SCN in the unprimed

rat. A marked elevation (208 tº 57%) in mean blood LH
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levels was seen for the group during the entire stimulation

period, with 6 rats showing increases of 42 - 514%.

Peak LH values were reached during the second half of

stimulation (274 t 82%) and/or during the post-stimulation

period (285 # 91%). Three examples are shown in Fig. 19,

right. These increases persisted well into the post

stimulation period, with no diminution in magnitude vs the

last half of stimulation being seen during this time. More

over, blood LH levels after SCN stimulation were signi

ficantly greater than those seen during the post

stimulation period following peri-SCN stimulation

(585 f 138 vs 290 t 25 ng/ml; p < 0.05). Four of the

EB-primed rats showing LH increases had electrode tips in

the caudal aspect of the SCN, thereby reversing the pre

dominantly inhibitory effects of stimulation in this

area of the nucleus in unprimed rats. The electrode tip

locations for all EB-primed animals stimulated in the

SCN are given in Figs. 23 and 24b (pages 152 and l33).

DISCUSSION

The prevailing concept of the role of the medial

preoptic - suprachiasmatic region in the regulation of

LH release indicates that these forebrain structures have

a consistently excitatory role in this process (Everett

and Radford, l961; Cramer and Barraclough, l971; Kalra

et al., 1971; Kalra and McCann, l973b; Fink and Aiyer,
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l974; Clemens et al., 1971; Clemens et al., 1976; Chiappa

et al., 1977). The current study extends and modifies

this concept by indicating first, that well-defined areas

in the POA-SCN region can have strikingly different effects

on LH release in the absence of ovarian estrogen. Secondly,

these effects can be greatly modified in the presence

of this steroid.

In the present study, stimulation of the ventral

MPOA in the absence of ovarian estrogen increased LH

release. In contrast, activation of the region immedi

ately caudal to the MPOA, and lateral and dorsal to but

not within the SCN consistently inhibited episodic LH

secretion. The fact that stimulation of immediately adja

cent CNS areas in the ovariectomized, unprimed rat pro

duced exactly opposite effects on LH release indicates not

only the regional differentiation existing with respect

to forebrain regulation of LH release, but also the

high degree of current localization in the present

studies. Direct stimulation of the SCN produced two

responses. An excitation of LH release occurred in most

rats tested, but suppression of pulsatile LH release also

resulted. Finally, pretreatment with estrogen resulted

in increased LH release in response to stimulation of

each of these three regions.

The peri-SCN region, and in certain instances the

SCN, may now be added to the hypothalamic arcuate nucleus
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(Gallo and Osland, 1976) and the midbrain dorsal raphe

nucleus (Study II) as being areas containing mechanisms

that can be activated by brain stimulation which then

results in an inhibition of episodic LH release in the

ovariectomized, non-estrogen treated rat. The inhibitory

pathway activated during peri-SCN stimulation would also

appear to be more prominent than that in the SCN. Peri

SCN stimulation consistently and promptly inhibited epi

sodic LH release and decreased mean blood LH levels for

the entire period of stimulation. In contrast, it

took longer for suppression to become evident during SCN

stimulation. In fact, since most ovariectomized, un

primed rats stimulated in the SCN showed elevated blood

LH levels, the lack of complete inhibition during those

cases of SCN-induced suppression may result from simul

taneous activation of this excitatory pathway. Although

the stimulatory effect is overridden, it tends to reduce

the extent of the LH inhibition. It is noteworthy then

that SCN stimulation in the unprimed rat significantly

+rn creased LH release only during the initial half of

= timulation, while in those cases of suppressed LH dis

S-Flarge this occurred during the latter half of stimulation.

Although mean control blood LH levels were signifi

S- =rtly different in unprimed, SCN-stimulated animals

5**owing excitation of LH secretion and those showing

***Epression, previous reports from this laboratory have
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clearly indicated that the control blood LH level does not

determine the direction of the LH response to brain stimu

lation. As demonstrated during arcuate nucleus activa

tion (Gallo and Moberg, 1977; Gallo, 1978), blood LH

levels do not have to be low prior to stimulation for

stimulation to increase LH release. Moreover, inhibition

of episodic LH release still occurred during dorsal raphe

stimulation despite lowered control blood LH levels due

to SCN lesions (Study III). Suppressions of episodic LH

release were produced by stimulation in the caudal third

of the SCN. The difference in control blood LH levels

between the two groups of unprimed rats with SCN electrodes

could therefore be due to destruction of more LHRH neurons,

or some excitatory input to these neurons, by electrode

placement in the anterior rather than the posterior portion

of this nucleus. Electrode placement in the more caudal

part of the SCN might also damage some portion of the

pathway inhibitory to episodic LH release which originates

in the dorsal raphe nucleus and passes to or through the

retrochiasmatic area. This would result in higher control

blood LH levels than with more rostral SCN electrode loca

tions. It should be pointed out, however, that all of these

electrode placements are within an extremely small nuclear

region. Although the above suggestions are offered as

possible explanations for this difference in control LH

levels, further study would be necessary to determine any
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possible importance of this observed difference relative to

the forebrain modulation of episodic LH release.

Since MPOA stimulation in unprimed rats increased

LH secretion, while stimulation of the more caudal peri

SCN region inhibited it, this may suggest that the

"funneling" of neuronal input influencing LH release from

the MPOA to the medial basal hypothalamus, as proposed by

Everett et al. (1964), may circumvent the peri-SCN region.

Alternatively, and more likely, MPOA input may pass di

rectly through the peri-SCN region. Peri-SCN stimulation

would then involve simultaneous activation of both this

excitatory input, as well as a more dominant inhibitory

neuronal mechanism, the net result being an inhibition

of episodic LH release. What could be the nature of this

inhibitory pathway in the peri-SCN region? The results

from several studies (Daly et al., 1974; Fuxe and Jonsson,

1974; Palkovits et al., 1977b) suggest that a prominent

serotoninergic neuronal system originates in the dorsal

raphe nucleus of the midbrain and innervates the SCN-arcuate

nucleus region. In this regard, it was shown in Study II

that dorsal raphe stimulation inhibits episodic LH re

lease by a serotoninergic mechanism. Whether or not

peri-SCN induced inhibition is mediated by some portion of

this serotonin input from the dorsal raphe will be a

subject of further study in our laboratory.

As already mentioned, not all areas capable of modu
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lating episodic LH release in the absence of ovarian

estrogen do so in the inhibitory manner characteristic

of the arcuate nucleus, dorsal raphe nucleus, peri-SCN

region, and to some extent the SCN. Elevated blood LH

levels occurred consistently during MPOA stimulation,

and in most instances of SCN activation, although the

former response was greater. While the excitatory res

ponse of blood LH levels to MPOA activation has previously

been well established (Everett and Radford, l961; Cramer

and Barraclough, l07l; Kalra et al., 1971; Kalra and

McCann, 1973b; Fink and Aiyer, l074), all of these stimula

tion-induced increases in blood LH levels were observed in

animals treated with or producing estrogen. Furthermore,

although Brown-Grant and Raisman (1977) found that SCN

lesions result in a lower rise in blood LH levels after

ovariectomy, the involvement of the SCN as an area genera

ting an excitatory input relative to LH or LHRH release

derives mainly from experiments in rats with their ovaries

intact (Clemens et al., 1976; Chiappa et al., 1977). The

present studies indicate, however, that ovarian estrogen

is not absoluely necessary for MPOA or SCN input to

increase LH secretion.

How might stimulation of the MPOA or SCN increase LH

release? Activation of either area may involve direct

stimulation of LHRH neurons, which are reported to be

located in the rat MPOA (Wheaton et al., 1975; Kalra, l076)
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and the SCN (Setalo et al., 1976). Moreover, antidromic

activation studies have indicated the existence of neurons

projecting from either the MPOA (Moss, 1976) or the SCN

(Makara et al., 1972) directly to the median eminence,

and therefore lying in close proximity to the portal

vessels. Whether or not these are LHRH neurons remains

to be determined. However, a more likely explanation

for the MPOA-induced increase would involve activation of

some excitatory input, perhaps noradrenergic, synapsing

with LHRH-containing neurons, since Kalra and McCann

(l973e) showed that the elevation in blood LH levels

seen during MPOA stimulation in proestrous rats could be

eliminated by prior interference with brain noradrenergic

function.

In a previous report (Gallo and Osland, l976),

activation of the arcuate nucleus inhibited episodic LH

release in the absence of ovarian estrogen while stimula

ting the release of this hormone when estrogen was present.

This idea that the steroidal environment of the animal

is a critical factor in defining the LH response to

brain stimulation is further amplified in the present

study. Activation of the MPOA, the peri-SCN region, and

the SCN all consistently and markedly increased LH secre

tion in ovariectomized, estrogen-primed rats. Estrogen

prolonged the LH increase occurring during MPOA stimula

tion, completely reversed the inhibitory LH response to
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peri-SCN stimulation, and both reversed any possible inhi

bitory response to SCN stimulation, or greatly increased

the magnitude and duration of the increase elicited in

the unprimed rat during activation of this nucleus. These

marked modulatory effects of estrogen could involve l) an

estrogen-induced increase in the portal blood concentra

tion of LHRH during brain stimulation as has been sug

gested to occur during MPOA activation by Fink and Jamei

son (1976); 2) an increase in the sensitivity of the

pituitary gland to LHRH (Arimura and Schally, l971),

and/or 3) an estrogen-induced modification in brain neuro

transmitter function. The relative importance of each

of these possibilities in explaining the action of estrogen

in increasing the magnitude and/or prolonging the increased

LH secretion already occurring during brain stimulation,

or in reversing an inhibitory response to such stimulation,

may differ. With respect to the third of these possibili

ties, the action of estrogen in reversing the LH res

ponse to peri-SCN stimulation may involve some modifica

tion of the serotoninergic neuronal system possibly pas

sing through this region as it projects to the SCN-arcuate

nucleus region (Daly et al., 1974; Fuxe and Jonsson, 1974;

Palkovits et al., 1977b). Estrogen has been shown to

decrease brain serotonin turnover in ovariectomized

monkeys (Gradwell et al., 1975). Furthermore, electrical

stimulation of the arcuate nucleus, another region which
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contains serotoninergic nerve fibers (Saavedra et al.,

1974a), also inhibited episodic LH release in the ovariecto

mized, un primed rat and this response was completely re

reversed by administering estrogen (Gallo and Moberg,

l977). Whether or not estrogen reverses the inhibitory LH

response to peri-SCN stimulation by altering brain sero

toninergic function is therefore a possibility that will

be explored further in our laboratory.

In summary, the present study indicates a high

degree of anatomical localization and specialization

relative to the ability of rostral forebrain areas to

alter episodic LH release, and the critical importance of

estrogen in determining the direction, magnitude and

duration of the LH response to a localized brain stimulus.

An elucidation of the mechanism (s) of action underlying

these pronounced effects of estrogen on LH secretion may

prove fruitful in increasing our understanding of how steroids

act, in general, to modify brain function.



STUDY V:

APOMORPHINE-INDUCED INHIBITION OF

EPISODIC LH RELEASE IN OVARIECTOMIZED

RATS WITH COMPLETE HYPOTHALAMIC DEAFFERENTATION
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INTRODUCTION

Our laboratory recently reported that apomorphine,

a drug that stimulates dopamine receptors, caused a transient

(50 - 60 min) but marked inhibition of the episodic pattern

of LH release normally observed in ovariectomized rats

(Drouva and Gallo, l076; Drouva and Gallo, l977). This

effect is mediated by activation of dopamine receptors since

pimozide and d-butaclamol, agents which block these receptors,

prevent the inhibitory effect (Drouva and Gallo, 1976;

Drouva and Gallo, 1977). Study V was designed to determine

if this inhibition is mediated by an initial activation of

dopamine receptors within the hypothalamic-pituitary unit

(Fields et al., 1977; Cronin et al., 1977), or outside of

it in some other region of the brain with a significant

dopaminergic input, such as the neostriatum (Fields et al.,

1977). Therefore, the effects of apomorphine on episodic

LH release were determined in ovariectomized rats previously

subjected to complete hypothalamic deafferentation, in

order to isolate the medial basal hypothalamus (MBH) -

pituitary unit from the rest of the brain.

MATERIALS AND METHODS

Adult female Sprague-Dawley rats (Simonsen Laboratories,

Gilroy, CA) weighing 260 – 280 g were maintained as in Study

I - Deafferentation of the MBH was performed with a small

double-edged Halasz-type knife (Halasz and Pupp, 1965) of

bayonet shape (dimensions: vertical 2.0 mm, radius l. 6 mm).
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Under sodium pentobarbital anesthesia (35 mg/kg BW), the

animal's head was placed in a stereotaxic instrument with

the ear bars 2.4 mm above the level of the tooth bar. After

drilling a hole in the skull, the knife was lowered through

the superior sagittal sinus to the base of the skull 8.3 mm

anterior to the interaural line. The knife was first rotated

to the right 900, and then 180° to the left (to maximize the

probability for completeness of the anterior section of the

cut. The blade was next sterotaxically moved 3 mm poster

iorly, and then rotated 180° to the right. It was then

moved anteriorly 3.3 mm (to assure completeness). Finally,

the blade was rotated 90° to the starting position, and

removed from the brain at the point of entry. Following

deafferentation, vaginal smears were taken for 3 to 6 weeks

after which time only those rats having shown either con

stant estrous or constant dies trous smear patterns for

three weeks or more were ovariectomized.

Six weeks following ovariectomy, a polyethylene cannula

was inserted into the external jugular vein for use in

collecting blood samples the following day. An additional

cannula was placed subcutaneously in the animal's back for

later drug administration. The next day, after an i.v.

injection of 200 units herparin, unanesthetized, unrestrained

animals were bled continuously through a piece of flexible

tubing, one end of which was connected to the animal's

cannula and the other end through a peristaltic pump to a

microliter syringe kept on ice for the collection of blood

samples. Fifty Or 100 ul whole blood were collected every
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5 or lo min, respectively, and added directly to assay

tubes (kept in an ice bath) containing 400 or 450 ul of

phosphate buffered saline with 0.1% gelatin. After

collecting blood samples for l 1/2 – 2 h control period,

animals were injected with apomorphine hydrochloride (a

selective stimulator of dopamine receptors (Anden et al.,

1967; Ernst, 1967), Merck Chem. , Rahway, N.J., l. 5 mg/kg

in saline) through the indwelling scº cannula. Bleeding

was then continued for an additional l – l 1/2 h period.

Whole blood samples were analyzed for LH as in Study II.

Following experimentation, rats were perfused with loš

formalin plus 1% calcium chloride. The extent of hypothal

amic deafferentation was determined both by visual

examination of the cut at the base of the brain as well as

by close histological examination after sectioning brains

at 50 um in the transverse plane and staining with Nissl's

stain using basic fuchsin.

RESULTS

Forty-five of 53 animals (85%) showed persistently

leucocytic (constant diestrous) vaginal smear patterns for

at least 3 weeks following hypothalamic surgery. The

remaining 8 rats (15%) exhibited persistent vaginal cornifi

cation (constant estrus ) during this same period of time.

No hypothalamic necrosis was observed in the great majority

of animals subjected to deafferentation and later used for

experimentation. The necrosis that was seen in a few rats
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involved only the extreme rostral or caudal sections of the

deafferented tissue and never involved the arcuate nucleus

- median eminence region. The pituitary glands of all

experimental animals were not damaged by the knife. Ad

ditionally, no apparent histological differences with regard

to the extent of deafferentation were discernible between

Constant estrous and constant diestrous animals (see Fig. 25).

The deafferented tissue included all of the arcuate nucleus

and median eminence, much of the ventromedial nucleus, and

variable amounts of the dorsomedial nucleus. The posterior

part of the suprachiasmatic nucleus was included within

one side of the hypothalamic island in 2 of 8 constant

estrous and 3 of l.2 constant diestrous rats.

Twelve of the 45 rats displaying a persistently

leucocytic smear pattern following hypothalamic deafferenta

tion were randomly selected for bleeding 6 weeks after

Ovariectomy. In all l2 animals pulsatile LH release was

absent and LH levels were very low ( × 28 to < ll0 ng/ml).

The rat in constant dies trus , depicted in Fig. 25, had

< 28 ng LH/ml whole blood during a 3 h bleeding period.

Of the 8 completely deafferented, constant estrous animals

bled 6 weeks after ovariectomy, 5 exhibited pulsatile LH

release during a l l/2 - 2 h control period of bleeding

(Fig. 26), though at somewhat reduced levels when compared

with pulsatile LH release normally seen in ovariectomized

rats. In the remaining 3 rats, problems occurred during the
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A)

B)

Figure 25. Representative sagittal reconstructions
indicating the extent of complete hypo

thalamic deafferentation in rats subsequently
showing constant estrous or constant di
estrous vaginal smear patterns. Actual
brain cross sections for each of these
animals are shown to the left. The arrows
indicate the extent of the knife cuts.

Constont diestrus
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Figure 26. Three examples of the effect of apomor
phine (APO; l. 5 mg/kg sc) on episodic
LH release in ovariectomized rats with
complete deafferentation of the medial
basal hypothalamus.

i

3OO

2OO

| OO

5 OO

4 OO

3OO

2OO

|OO

4OO

3OO

|-

Complete deqfferentation
(Constant estrus)

2 OO

|OO |-

I

- |

Time (hours)

l
|
|
|
|
|
|

O



170

bleeding procedure in one, while the other 2 animals dis

played either non-episodic, low blood LH levels or only one

LH pulse in the control period.

Apomorphine caused a stereotyped gnawing behavior

pattern in ovariectomized rats with complete hypothalamic

deafferentation, much as it does in intact or ovariectomized

animals not subjected to hypothalamic surgery (Drouva and

Gallo, l976; Drouva and Gallo, 1977; Anden et al., 1967).

This agent was administered to 8 rats with complete hypotha

lamic deafferentation which previously had shown constant

estrous smear patterns before ovariectomy. In the 5 rats

having well defined episodic LH release patterns during the

control period, apomorphine caused an inhibition (4 rats) or

reduction (l rat) of pulsatile LH secretion lasting at

least 40 - 90 min in all 5. Three examples are given in

Fig. 26. The extent of the cut in the middle animal repre

sented in Fig. 26 is shown in the top of Fig. 25. The

response to apomorphine could not be determined in the

remaining 3 rats because of the reasons cited above.

DISCUSSION

Study V demonstrates that apomorphine, a specific

dopamine receptor stimulating agent (Anden et al., 1967;

Ernst, 1967) can exert an inhibitory effect on episodic LH

release in ovariectomized rats previously subjected to Com

plete hypothalamic deafferentation. We have previously

observed this inhibition in ovariectomized animals not sub



171

ject to complete hypothalamic deafferentation (Drouva and

Gallo, 1976; Drouva and Gallo, l977) and have shown that the

sc injection of saline (Drouva and Gallo, l976) or distilled

water (Drouva and Gallo, 1977) into ovariectomized rats had

no effect on episodic LH release. Furthermore, the scº in

jection of apomorphine into animals with hypothalamic deaf

ferentation was accomplished through the use of an indwelling

sc cannula connected to a sufficient length of flexible

tubing to extend out of the animal's cage. Thus, the animals

were unaware of any injection procedure. It appears from

these and our previous data that the inhibition of episodic

LH release caused by apomorphine is a result of activation

of dopamine receptors within the medial basal hypothalamus

(MBH) and/or pituitary gland, and not outside this region.

The post-synaptic dopamine receptors responsible for

inhibition of episodic LH release are probably associated

with neurons innervated either by dopaminergic neurons orig

inating in the arcuate nucleus or within the substantia

nigra, and both these areas send axonal projections to the

median eminence (Fuxe, l965; Bjorklund et al., 1973;

Palkovits et al., 1974a; Kizer et al., 1976). In this

regard, the median eminence contains high concentrations

of LHRH (Palkovits et al., 1974b; Wheaton et al., 1975),

apparently within the terminals of LHRH neurons. It is

possible that activation of dopamine receptors on these

LHRH neurons may result in an inhibition of LHRH release.
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A hypothalamic site of action for apomorphine is suggested

by the evidence that portal vein infusion of dopamine had

no effect on LH release (Kamberi et al., 1970), while the

in vitro pituitary secretion of LH was inhibited by dopamine

only when the median eminence was included in the incubation

(Miyachi et al., 1973). Alternatively, a pituitary site of

action cannot be ruled out since dopamine receptors are

present there (Cronin et al., 1977).

It should be emphasized that the inhibition of episodic

LH release by apomorphine could only be tested in those few

hypothalamic-deafferented animals showing a constant estrous

vaginal smear pattern, since only in these rats was episodic

LH release present after ovariectomy. The vast majority of

deafferented rats (85%) exhibited a constant diestrous smear

pattern, and in this type animal LH levels were very low

and nonpulsatile after ovariectomy. Blake and Sawyer (1974)

indicated that 5 of ll animals subjected to complete

deafferentation of the MBH had constant estrous vaginal

Smear patterns and episodic LH release after ovariectomy.

These authors suggested on the basis of these animals that

pulsatile LH secretion may possibly be inherent to the MBH

pituitary unit. In only a small percentage of the rats in

the present report was the deafferented hypothalamic tissue

capable of maintaining episodic LH secretion. In agreement

with Blake and Sawyer (1974), complete MBH deafferentation

also had produced constant vaginal cornification in these

rats. Inclusion of the suprachiasmatic nucleus within the
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deafferented region has been suggested to account for the

persistence of LH secretion and this constant estrous smear

pattern (Hayashi et al., 1975). In the present study the

suprachiasmatic nucleus was anterior to, or destroyed by the

knife cut in the large majority of rats in both groups.

Moreover, even when a portion of this nucleus was included

within the deafferented hypothalamic tissue in a few

constant diestrous rats, very low, non-episodic blood LH

levels still resulted. Thus, the reason why some rats should

continue to show episodic LH release while others do not,

when the extent of hypothalamic deafferentation appears

similar in both groups, is not clear at present. The absence

of pulsatile LH secretion following MBH deafferentation may

be due to severing the axons of LHRH neurons whose cell

bodies lie outside the MBH and/or interrupting fibers stim

ulating LHRH synthesis and/or release. Complete deaffer

entation results in a large decrease in LHRH content in the

rat MBH (Weiner et al., 1975; Brownstein et al., 1976).

Furthermore, norepinephrine has been suggested to play an

excitatory role in the regulation of LH secretion (Drouva

and Gallo, 1976; Sawyer et al., 1947; Ojeda and McCann,

l973; Kalra and McCann, 1974; Krieg and Sawyer, 1976) and

the content of norepinephrine in the MBH is totally depleted

by deafferentation (Weiner et al., 1972). Nevertheless,

afferent input to the MBH seems to be required in the great
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majority of rats to sustain episodic LH secretion. More

over, dopamine receptors within the MBH-pituitary region seem

responsible for mediating the inhibitory effect of

apomorphine on pulsatile LH secretion.
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GENERAL DISCUSSION

Several studies have shown that the mechanism under

lying the generation of pulsatile LH release in ovari

ectomized animals most likely originates in the brain

(Bremner and Paulsen, 1974; Osland et al., 1975; Carmel

et al., 1976), and appears to be due to the episodic

release of LHRH from the hypothalamus (Carmel et al., 1976).

Further evidence for brain modulation of pulsatile LH

release is provided by investigations showing that electri

cal stimulation of the hypothalamic arcuate nucleus can

have marked influences on pulsatile LH levels in the blood

(Gallo and Osland, l976; Gallo and Moberg, 1977). Further

more, neural structures outside the hypothalamus have

been shown to play either a necessary role (i.e. the medial

preoptic area) or a potential modulatory role (the amygdala,

hippocampus, and midbrain) in normal gonadotrophic func

tion. Can some of these extrahypothalamic areas also

modulate the pulsatile release of LH present in ovariecto

mized rats? In the present experiments, techniques invol

Ving brain electrical stimulation, pharmacological agent

administration, and hypothalamic deafferentation were used

to further investigate the neural control of pulsatile

+H release, especially those facets of this control origi

nating from outside the hypothalamus.
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Electrical stimulation of the hypothalamic arcuate

nucleus has been shown to inhibit episodic LH release in

unanesthetized, ovariectomized rats (Gallo and Osland,

l976) and serotonin was found to be involved, in part, in

mediating this response (Gallo and Moberg, l077). Since

a prominent serotoninergic pathway originates in the midbrain

dorsal raphe nucleus and innervates various regions of

the rat forebrain, including the arcuate nucleus (Palkovits

et al., 1977b), an attempt was initially made to deter

mine the effects of stimulation within the dorsal raphe

nucleus on pulsatile LH release in unanesthetized rats.

However, marked behavioral effects occurred during mid

brain stimulation in unanesthetized rats. Therefore, the

potential usefulness of pentobarbital-anesthetized rats for

study of the possible modulation of pulsatile LH release by

the midbrain was explored by characterizing the effects

of pentobarbital on pulsatile LH release.

The central nervous system depressant, pentobarbital,

has been found to inhibit pulsatile LH release in the rat

(Blake, l074) without affecting pituitary sensitivity to

LHRH (Blake and Sawyer, l072; Blake, 1974). This inhi

bition was reported to last about 50 minutes (Blake, l974),

followed by a resumption of episodic LH release. In the

present study, pentobarbital administration initially

inhibited pulsatile LH release for l l/4 – l l/2 hours

(in basic agreement with Blake [1974] ), after which episo
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dic LH secretion returned. The pattern of pulsatile LH

release observed during pentobarbital-induced anesthesia

was characterized by decreased mean blood LH levels, which

were caused by a decreased rate and magnitude of elevation

in blood LH levels for individual episodes, and a lengthened

periodicity between pulses. These pentobarbital-induced

effects may be due to a decrease in the excitatory neuronal

input influencing presumed LHRH neurons, or to a direct

suppression by pentobarbital on the firing rate of LHRH

neurons themselves. The end result is a decrease in LHRH

release, and a reduction in episodic LH release. How

ever, although reduced, episodic LH release remained stable

and easily measurable despite the continued influence of

anesthesia. Because of this stability, all ensuing dorsal

raphe stimulation studies were conducted in pentobarbital

anesthetized rats.

Electrical stimulation of the dorsal raphe nucleus

in such pentobarbital-anesthetized, ovariectomized rats

resulted in an inhibition of episodic LH release during

the entire period of stimulation. Moreover, experiments

involving inhibition of brain serotonin synthesis with

PCPA, repletion of brain serotonin levels with 5-HTP, and

blockade of serotonin receptors with metergoline all

strongly suggest that the inhibition produced by dorsal

raphe stimulation is mediated by serotonin. However,

the inability of PCPA or metergoline alone to alter pulsa
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tile LH discharge suggests that, under steady state physio

logical conditions, serotonin may not play a role in the

modulation of episodic LH release.

As mentioned earlier, the serotoninergic neuronal

pathway originating in the dorsal raphe nucleus inner

vates several forebrain areas, including the suprachias

matic and arcuate nuclei (Palkovits et al., 1977b). The

present study showed that small lesions involving part

or most of the retrochiasmatic area (i.e. the region between

the suprachiasmatic and arcuate nuclei) completely block

the dorsal raphe-induced inhibition of pulsatile LH secre

tion, indicating that the neuronal pathway mediating

this inhibition projects to or through the retrochiasmatic

area. Furthermore, discrete suprachiasmatic nucleus

lesions were found to be ineffective in preventing the LH

response to dorsal raphe nucleus activation, indicating

that neuronal input to the suprachiasmatic nucleus is not

necessary for the inhibition to occur. What neuronal

pathways that project to or through the retrochiasmatic

area could mediate this inhibition? One possibility is

that projections from the ascending serotoninergic path

way to the arcuate - suprachiasmatic nucleus region may

pass through the retrochiasmatic area. Moreover, these

ascending serotoninergic fibers could well mediate the

inhibition of pulsatile LH release previously demonstrated

during electrical stimulation of the arcuate nucleus (Gallo
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and Moberg, 1977), although further study will be neces

sary to answer this question.

Although lesions of the suprachiasmatic nucleus did

not prevent the inhibition of episodic LH release induced

by dorsal raphe stimulation, some interference with LHRH

neurons and/or an excitatory input to these neurons did

result, since mean blood LH levels were lower following

suprachiasmatic rather than retrochiasmatic area lesions,

and pulsatile LH release was reduced, although present,

in several suprachiasmatic-lesioned animals. This indi

cates that the neuronal pathway activating episodic LH

release involves, but is not restricted solely to, the

suprachiasmatic nucleus, and supports previous reports

indicating that this nucleus is excitatory to LH release

(Barraclough, 1966; Brown-Grant and Raisman, 1977; Nunez

and Stephan, 1977).

Current concepts relating the role of the medial

preoptic - suprachiasmatic nucleus region to the regula

tion of LH secretion have consistently indicated an excita

tory role for this forebrain area in LH modulatory processes

(Everett and Radford, 1961; Cramer and Barraclough, l07l;

Kalra et al., 1971; Kalra and McCann, 1973b; Fink and Aiyer,

l974; Clemens et al., 1976; Chiappa et al., 1977). The

present study, investigating the effects of electrical

stimulation of this region on pulsatile LH release, extends
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and modifies this concept by indicating that discrete

areas within the medial preoptic - suprachiasmatic nucleus

region can have strikingly different effects on LH secre

tion in the absence of ovarian estrogen, and that estrogen

can greatly modify these effects. Electrical stimulation

of the ventral medial preoptic area in ovariectomized,

pentobarbital-anesthetized rats consistently increased LH

release. In contrast, stimulation of the region immediately

caudal to the medial preoptic area, and lateral and dorsal

to but not within the suprachiasmatic nucleus (i.e. the

peri-SCN region), uniformly inhibited pulsatile LH secre

tion. Direct activation of the suprachiasmatic nucleus

elevated blood LH levels in most unprimed animals tested,

but suppression of episodic LH release occasionally

occurred during stimulation within the caudal l/3 of this

nucleus. The fact that stimulation of immediately adjacent

forebrain areas in the ovariectomized, unprimed rat pro

duced exactly opposite effects on LH release emphasizes not

only the regional differentiation existing with respect

to forebrain regulation of LH release, but also the high

degree of current localization achieved in the present

studies. Furthermore, pretreatment with estrogen resulted

in increased LH secretion in response to stimulation of

each of these three regions (i.e. the medial preoptic area,

peri-SCN region, and the SCN itself).
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The peri-SCN region, and in certain instances the supra

chiasmatic nucleus, may now be added to the hypothalamic

arcuate nucleus (Gallo and Osland, l976; Gallo, l978)

and midbrain dorsal raphe nucleus (in the present study)

as being areas containing mechanisms that can be acti.

vated by brain stimulation which then result in an inhibi—

tion of pulsatile LH release in the ovariectomized, non

estrogen treated rat. What could be the nature of this

inhibitory pathway in the peri-SCN region? One possibi—

lity is that the peri-SCN induced inhibition of episodic

LH release is mediated by activation of the prominent

serotoninergic neuronal system originating in the dorsal

raphe nucleus and innervating the suprachiasmatic - arcuate

nucleus region (Fuxe and Jonsson, l974; Palkovits et al.,

1977b). In this regard, the present study has shown that

dorsal raphe nucleus stimulation inhibits pulsatile LH

release through a serotonin-mediated mechanism. Whether

or not the peri-SCN induced inhibition is mediated by some

portion of this serotonin input from the dorsal raphe

should be further investigated.

Since elevated blood LH levels occurred consistently

in ovariectomized, unprimed rats during medial preoptic

area stimulation and in most instances of suprachiasmatic

activation, not all brain areas capable of modulating

pulsatile LH release do so in an inhibitory manner. Fur

thermore, the present studies indicate that ovarian estrogen
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is not absolutely necessary for medial preoptic or supra

chiasmatic nucleus activation to increase LH secretion.

However, estrogen pretreatment was found to prolong the LH

increase occurring during medial preoptic stimulation, and

also to greatly increase the magnitude and duration of

the increase elicited by direct suprachiasmatic nucleus

activation in the unprimed rat. Therefore, lesions of

the suprachiasmatic nucleus reduce LH release while stimu

lation of this nucleus increases LH secretion, supporting the

excitatory function of this nucleus in LH release. As

has previously been shown to be the case with arcuate nucleus

stimulation (Gallo and Osland, l076), estrogen pretreat

ment completely reversed the consistent inhibition of

episodic LH release induced by peri-SCN stimulation or

the occasional suppressions produced by suprachiasmatic

stimulation. Therefore, estrogen is critically impor

tant in determining the direction, magnitude, and duration

of the LH response to a localized brain stimulation.

The mechanisms responsible for mediating the modula

tory effects of estrogen remain to be elucidated. This

steroid has been shown to increase the sensitivity of

the pituitary gland to LHRH (Arimura and Schally, l07l)

and has been suggested to increase the portal blood concen

tration of LHRH during medial preoptic stimulation (Fink

and Jameison, 1976). Additionally, estrogen may bring

about modifications in brain neurotransmitter function.
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With respect to the latter possibility, the action of

estrogen in reversing the LH response to peri-SCN

stimulation may involve some modification of the serotonin

ergic neuronal system possibly passing throgh this region

as it projects to the SCN-arcuate nucleus region (Daly

et al., l'974; Fuxe and Jonsson, 1974; Palkovits et al.,

l977b). Furthermore, electrical stimulation of the arcuate

nucleus, another region which contains serotoninergic

nerve fibers (Saavedra et al., 1974a), also inhibited

episodic LH release in the ovariectomized, unprimed rat

and this response was completely reversed by administering

estrogen (Gallo and Osland, l076) or by depleting brain

serotonin levels (Gallo and Moberg, l977). Whether or not

estrogen reverses the inhibitory LH response to peri-SCN

stimulation by altering brain serotoninergic function is

therefore a possibility that should be explored further.

In any event, an elucidation of the mechanisms underlying

the pronounced effects of estrogen found in the present

studies will prove fruitful in increasing our understanding

of the actions of this steroid on brain function relative

to LH release.

The ability of the hypothalamus to maintain, by itself,

the pulsatile pattern of LH release seen in ovariectomized

rats has been a subject of controversy. After isolation

of the hypothalamus from the rest of the brain, pulsatile

LH release still occurs in monkeys (Krey et al., 1975)
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and in rats exhibiting a constant estrous vaginal smear

pattern prior to ovariectomy (Blake and Sawyer, 1974),

indicating that, at least in these animals, the hypothala

mus is capable of sustaining episodic LH release. In

the present study, a vast majority (85%) of rats subjected

to complete hypothalamic deafferentation exhibited a con

stant diestrous vaginal smear pattern prior to ovariectomy

and very low, nonpulsatile levels of LH after ovariectomy.

In only a small percentage (15%) of rats in the present

study was the deafferentated hypothalamic tissue capable of

maintaining episodic LH secretion. In agreement with Blake

and Sawyer (1974), complete hypothalamic deafferentation

produced constant vaginal cornification in these rats prior

to ovariectomy. The reason why some rats should continue

to show pulsatile LH release while most others do not,

when the extent of hypothalamic deafferentation appears

similar in both groups, is not clear at present.

The present study also shows that apomorphine, a

specific dopamine receptor stimulating agent, can exert

an inhibitory effect on the episodic pattern of LH release

present in ovariectomized rats previously subjected to com

plete hypothalamic deafferentation and exhibiting a con

stant estrous vaginal smear pattern prior to ovariectomy.

This inhibition has been previously observed in ovariecto

mized rats not subjected to complete hypothalamic deaf
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ferentation (Drouva and Gallo, 1976; Drouva and Gallo, 1977).

These results indicate that dopamine receptors within the

medial basal hypothalamus – pituitary region are respon

sible for mediating the inhibitory effect of apomorphine

on pulsatile LH secretion.

In summary, these experiments demonstrate that, first,

pulsatile LH release in ovariectomized rats is present

and stable after the first l 1/4 - 1 1/2 hours of pento

barbital-induced anesthesia, and that the pentobarbital

anesthetized rat is a suitable preparation for studying

the influence of various brain regions on episodic LH

release when these studies cannot be done in the unanesthe

tized rat due to behavioral and current level problems;

second, activation of the midbrain dorsal raphe nucleus is

capable of inhibiting episodic LH release through a sero

toninergic mechanism; third, the inhibitory pathway activ

vated during dorsal raphe stimulation projects to or

through the retrochiasmatic area, but not the suprachias

matic nucleus; fourth, the suprachiasmatic nucleus is part

of the neural pathway activating episodic LH release;

fifth, adjacent areas within the medial preoptic - supra

chiasmatic nucleus region can have very different effects

on pulsatile LH release, and estrogen is critically impor

tant in determining the direction, magnitude, and duration

of these responses; sixth, input from outside the medial

basal hypothalamus is required in most rats for the occur
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rence of pulsatile LH release; and finally, activation of

dopamine receptors within the medial basal hypothalamus -

pituitary unit is responsible for the inhibition of pul

satile LH release observed after apomorphine administration.

In conclusion, the present studies demonstrate that extrahypo

thalamic regions are important for the occurrence of pulsa

tile LH release and that these areas can have profound

modulatory influences on the mechanisms responsible for

LH secretion.
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