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Abstract. The ewe shows a marked seasonal variation in the effects of
ovarian steroids on pulsatile GnRH secretion. In the breeding season,
progesterone inhibits GnRH pulse frequency, while estradiol suppresses
pulse amplitude. In anestrus, both steroids inhibit pulse frequency. The
effects of progesterone in both seasons are mediated by endogenous opioid
peptides (EOP) that act in the preoptic area (POA) and medial basal
hypothalamus (MBH). However, knife cut studies indicate that actions in
the MBH are most important. Moreover, blockade of EOP receptors
activates (e.g., induces Fos) GnRH perikarya in the MBH, but not those in
the POA. Thus interactions between EOP and GnRH neurons within the
MBH may be critical for progesterone negative feedback. The neural
systems mediating estradiol suppression of GnRH pulse amplitude in the
breeding season are largely unknown, although a-adrenergic neurons may
be involved. The seasonal variation in inhibition of GnRH pulse frequency
by estradiol is postulated to be mediated by a group of dopaminergic (DA)
neurons that have three important properties: (1) they inhibit GnRH pulse
frequency; (2) their activity is stimulated by estradiol; and (3) they are
functional in anestrus, but not the breeding season. Recent work examining
the effects of lesions of DA neurons and the ability of estradiol to induce
Fos in DA cells strongly suggests that DA neurons in the retrochiasmatic
area (A15) and POA (A14) have all three characteristics. We thus propose
that these DA neurons are responsible for the seasonal variation in the
ability of estradiol to inhibit GnRH pulse frequency.
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INTRODUCTION

The existence of a negative feedback loop be-
tween pituitary gonadotropins and ovarian hor-
mones was first proposed in 1932 (Moore and
Price). In the intervening 60 years, reproductive en-
docrinologists have: (1) identified the two pituitary
gonadotropins, luteinizing hormone (LH) and fol-
licle-stimulating hormone (FSH) and described in
detail the effects of each of these on the ovary; (2)
isolated and determined the structures of the pri-
mary ovarian steroids, estradiol (E2) and proges-
terone and determined their mechanism of action;
(3) recognized the difference between tonic and
surge secretion of LH, that the former controls ste-
roidogenesis while the latter induces ovulation, and
that ovarian steroids have markedly different ef-
fects on these two modes of secretion (e.g., Ez in-
hibits tonic LH secretion, but induces the LH
surge); (4) realized that the brain controls anterior
pituitary function, identified gonadotropin-releas-
ing hormone (GnRH), determined the distribution
and innervation of GnRH neurons, and recognized
the importance of episodic GnRH release; (5) de-
scribed the control mechanisms responsible for the
ovarian cycle in a number of species; and (6) de-
scribed the changes in control of gonadotropins and
GnRH that are responsible for the suppression of
ovarian function prior to puberty and annually in
seasonal breeders. Despite this impressive list of ac-
complishments, we still know very little about some
aspects of the negative feedback relationship be-
tween the ovarian steroids and LH. As noted above,
we know that this feedback loop involves tonic LH
secretion and understand the mechanisms by which
tonic LH secretion controls ovarian production of
E> and progesterone. On the other hand, the mech-
anisms by which ovarian steroids feedback inhibit
tonic LH secretion remain largely unknown. For
example, whether gonadal steroids produce any in-
hibitory effects on tonic GnRH secretion in the rat
(Kalra and Kalra 1989) or the monkey (Nakai et al.
1978) remains controversial. In contrast, in the ewe,
direct measurement of GnRH in hypophyseal portal
blood has unequivocally demonstrated that both E

and progesterone inhibit tonic GnRH secretion
(Clarke et al. 1987, Karsch et al. 1987, Moenter et
al. 1991, Evans et al. 1994, Goodman et al. 1995b).
GnRH neurons, however, contain few, if any, steroid
receptors in the ewe (Herbison et al. 1993, Lehman
and Karsch 1993) or other species (Silverman et al.
1994). Thus, any inhibitory actions of E; and pro-
gesterone on GnRH secretion must be mediated by
other neural systems. In this article, I will review
our current knowledge of the neural systems me-
diating the negative feedback actions of ovarian ste-
roids in the ewe. Because of space considerations
and earlier reviews (Martin 1984, Karsch 1987,
Goodman 1994), this article will focus on more re-
cent work addressing this issue.

INTERACTION OF SEASON AND
STEROIDS IN THE CONTROL OF
PULSATILE GnRH SECRETION

Two important characteristics of the hypothala-
mo-hypophyseal-ovarian axis in the ewe need to be
kept in mind when considering the negative feed-
back actions of ovarian steroids. First, reproductive
function in the ewe shows a seasonal variation. In
most breeds of sheep, ewes will show regular 16-17
day estrous cycles in the fall and winter, but will be
anovulatory (or anestrous) during the spring and
summer. As reviewed in detail elsewhere (Karsch et
al. 1984, Goodman 1994), this annual cycle in re-
productive function is controlled by the external
photoperiod, acting via melatonin secretion from
the pineal gland. The pattern of melatonin secretion,
in turn, controls ovarian function by producing a
seasonal variation in the response to E; negative
feedback: during the breeding season, physiologi-
cal E2 levels produce only a modest suppression of
tonic LH secretion, while in anestrus the same E> le-
vels markedly inhibit LH release (Legan et al. 1977).
Thus, any discussion of the mechanisms mediating E>
negative feedback must consider this photoperiod-
-controlled alteration in the inhibitory effects of Es.

The other important characteristic of the hypo-
thalamo-hypophyseal-ovarian axis is that GnRH is




usually released from the hypothalamus in an epi-
sodic pattern (Moenter et al. 1992b), with each
pulse of GnRH producing a corresponding brief
episode of LH release from the anterior pituitary. As
a result, peripheral LH concentrations show a pul-
satile pattern (see Fig. 1), with each LH pulse char-
acterized by an abrupt, brief increase in LH
concentrations followed by a prolonged exponen-
tial decay as LH is removed from the circulation. It
should be noted that during the LH surge, GnRH se-
cretion occurs continuously, at least in the ewe
(Moenter et al. 1992b). Nevertheless, it is clear based
on LH pulse patterns that tonic GnRH and LH secre-
tion occurs episodically in a wide variety of species
and under virtually all endocrine conditions.
Although tonic GnRH and LH secretion is al-
ways episodic, the characteristics of the pulse pat-
tern varies, depending on the endocrine condition
of the animal. This variability largely reflects the
negative feedback actions of ovarian steroids,
which changes with stage of the estrous cycle and
with season. This interaction between season and
steroids to control LH pulse patterns is illustrated
in Fig. 1. During the breeding season, E2 and pro-
gesterone both decrease tonic LH secretion
relative to untreated ovariectomized (OVX) ewes,
but they do so by different mechanisms: proges-
terone inhibits LH pulse frequency, while E> in-
hibits LH pulse amplitude (Goodman and Karsch
1980). E» also produces a slight increase in LH
pulse frequency, but the physiological signific-
ance of this effect remains unclear (Karsch et
al.1983). In contrast, during the anestrous season
(Fig. 1) both E; and progesterone inhibit LH pulse
frequency (Goodman et al. 1982, Martin et al.
1983). It is important to note that this seasonal
variation in the effects of E; on LH pulse fre-
quency correlates with the variation in E» negative
feedback described above. During the breeding
season, when E; is a weak inhibitory steroid, it in-
hibits LH pulse amplitude but cannot inhibit pulse
frequency; during anestrus, when E; produces a
potent suppression of tonic LH secretion it does so
by inhibiting LH pulse frequency. Moreover, it is
now clear that this seasonal variation in the effects
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of E2 on LH pulse frequency is controlled by photo-
period (Robinson et al. 1985) and can account for
the seasonal alterations in ovulation in ovary-in-
tact ewes (Goodman and Karsch 1981).

In light of these differences in the negative
feedback actions of ovarian steroids, it is useful
to consider separately the neural systems mediat-
ing each of them. Thus, in the remainder of this
review, I will consider the neural systems in-
volved in: (1) the inhibition of LH pulse fre-
quency by progesterone; (2) the inhibition of LH
pulse amplitude by E; in breeding season ewes;
and (3) the inhibition of LH pulse frequency by
E> in anestrous ewes.
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Fig. 1. LH pulse patterns from representative OVX (top pa-
nels), Ex-treated OVX (middle panels), and progesterone-
treated OVX (bottom panels) ewes during the breeding (left
panels) and anestrous (right panels) seasons. Solid circles de-
pict peaks of LH pulses. Data redrawn from Goodman and
Karsch 1980 and Goodman et al. 1982.
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NEURAL SYSTEMS MEDIATING
PROGESTERONE NEGATIVE
FEEDBACK

There is now general agreement that the negative
feedback action of progesterone is mediated, at least
in part, by endogenous opioid peptides (EOP). This
consensus is based on numerous reports that EOP
agonists, including B-endorphin, inhibit pulsatile
LH secretion when progesterone is absent (Brooks
etal. 1986b, Curlewis etal. 1991b) and that EOP an-
tagonists increase LH pulse frequency in luteal-
phase ewes and in progesterone-treated OVX
(OVX+P) ewes (Brooks et al. 1986b, Trout and
Malven 1987, Whisnant and Goodman 1988, Yang
etal. 1988). Since these antagonists have little, if any,
effect on LH pulse frequency in the absence of proges-
terone (Trout and Malven 1987,Whisnant and
Goodman 1988, Yang et al. 1988), progesterone ap-
pears to be acting by increasing EOP tone, which then
inhibits LH pulse frequency. Further, since the ef-
fects observed were on LH pulse frequency, it was
inferred that progesterone and EOP antagonists
were altering GnRH pulse frequency, a conclusion
that has since been confirmed by direct measurements
of GnRH (Clarke et al. 1987, Horton et al. 1987,
Karsch et al. 1987, Moenter et al. 1991). It is also in-
teresting to note that these EOP systems are present in
anestrous ewes, although (in the absence of corpora
lutea at this time of year) they are only active if exogen-
ous progesterone is provided (Brooks et al. 1986a).

While itis clear the EOP systems play an import-
antrole in progesterone negative feedback, the spe-
cific EOP neurons involved remain to be identified.
The effects of local administration of EOP antagon-
ists to different hypothalamic areas suggest that
EOP can act in both the preoptic area (POA) and
medial basal hypothalamus (MBH) to inhibit LH
pulse frequency in luteal-phase ewes (Malven et al.
1990, Whisnant et al. 1991, Conover et al. 1993). A
similar study using antisera to EOP led to the con-
clusion that B-endorphin acts in the POA, while
met-enkephalin acts in the MBH (Weesner and
Malven 1990); but it is also clear that B-endorphin

can act in the median eminence to inhibit GnRH
pulse frequency (Conover et al. 1993). Finally, pro-
gesterone treatment of OVX ewes increases mRNA
levels for the precursor to B-endorphin in the MBH,
so that this steroid may stimulate 3-endorphin perika-
ryain the region of the arcuate (Whisnant et al. 1993).

While these studies suggest that EOP can act in
both the POA and MBH to mediate the negative
feedback action of progesterone, we have recently
obtained two lines of evidence that the MBH is
more important. In the first experiment, we exam-
ined the effects of anterior deafferentation between
the POA and MBH on the negative feedback actions
of progesterone (Whisnant and Goodman 1994).
These knife cuts had no effect on either the ability
of progesterone to inhibit LH pulse frequency in
OVX ewes or the ability of an EOP antagonist to in-
crease LH pulse frequency in OVX+Pewes (Fig. 2).
In contrast, these cuts completely blocked the nega-
tive feedback action of E during anestrus (Whisnant
and Goodman 1994). It thus appears that connec-
tions between the POA and MBH are not essential
for progesterone to inhibit GnRH pulse frequency
via EOP. This agrees with previous studies in which
similar knife cuts had no obvious effect on the feed-
back loop controlling progesterone secretion in lu-
teal phase ewes (Pau et al. 1982). In the second
experiment, we attempted to identify the GnRH
neurons inhibited by EOP during the luteal phase.
This was done by monitoring expression of the
early immediate gene product, Fos, in GnRH peri-
karya after injection of an antagonist to block EOP
inhibition of GnRH. Fos has been used extensively
as an index of neuronal activation (Dragunow and
Faull 1989) because it can be co-localized with spe-
cific neurotransmitters using a dual immunocyto-
chemical procedure (Lehman et al. 1996). In this
study, Fos and GnRH were examined in tissues col-
lected two hours after iv injection of an EOP anta-
gonist to luteal phase ewes (Goodman et al. 1995a).
As expected this antagonist increased LH pulse fre-
quency. There was a corresponding increase in Fos
expression in MBH GnRH neurons; 32 + 15% of
GnRH neurons in the MBH contained Fos in the an-
tagonist-treated ewes, compared to 8 + 6% in con-
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Fig. 2. Effect of anterior deafferentation on progesterone negative feedback. Experimental protocol (top portion): knife cuts
were performed in OVX ewes and, after recovery, blood samples were collected (boxes) before, and 7 days after, sc insertion
of a progesterone implants (horizontal bar). On day 7, the EOP antagonist, WIN 44,441-3 (WIN), was injected iv at 3 h. Bottom
panels depict LH pulse patterns (left) in represent control (top panel) and knife cut (bottom panel) ewes. Bars on the right depict
mean (+SEM) LH pulse frequency in OVX (open bars), OVX+P (lightly shaded bar), and OVX+P+WIN (darkly shaded bar)
ewes. *P<0.05 vs. OVX. Data redrawn from Whisnant and Goodman 1994.

trol animals who had no endogenous LH pulses. Im-
portantly, this increase in Fos expression was
limited to the MBH, no Fos was observed in GnRH
perikarya in the POA or other areas in the rostral
diencephalon. These data thus suggest that interac-
tions between EOP and GnRH neurons within the
MBH may be sufficient to account for the inhibition
of GnRH pulse frequency by progesterone during
the luteal phase.

NEURAL SYSTEMS MEDIATING
ESTRADIOL NEGATIVE
FEEDBACK DURING THE
BREEDING SEASON

The neural systems mediating E; inhibition of
GnRH pulse amplitude have not been as extensively

study as those involved in progesterone negative
feedback. Since E clearly has inhibitory effects at
the anterior pituitary (Clarke and Cummins 1984,
Goodman 1994), it has not been clear whether its in-
hibition of LH pulse amplitude in breeding season
ewes involved actions in the central nervous sys-
tem. However, recent studies measuring GnRH in
hypophyseal portal blood have demonstrated that
E> does suppress the amount of GnRH released in
each pulse (Evans et al. 1994, Goodman et al.
1995b).

A number of studies have reported that EOP an-
tagonists increase LH pulse amplitude in the
presence of, but not in the absence of, E2 and have
led to the hypothesis that EOP mediate the negative
feedback action of this steroid (Brooks et al. 1986b,
Trout and Malven 1987, Whisnant and Goodman
1988, Yang et al. 1988). This hypothesis, however,
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remains controversial because stimulatory effects
were not always observed, and an indirect index of
GnRH secretion was used in all these studies (Trout
and Malven 1987, Yang et al. 1988). Therefore, we
directly tested this hypothesis by monitoring GnRH
pulse patterns before and during infusion of the
EOP antagonist, naloxone, in OVX and E; -treated
OVX (OVX+E) ewes (Goodman et al. 1995b). As
illustrated in Fig. 3, naloxone did increase GnRH
pulse size in the OVX+E ewes, but this antagonist
had an identical effect in the absence of E>. Unex-
pectedly, we also observed in this study that nalox-
one prolonged each GnRH pulse and increased
GnRHrelease between pulses, effects that were also
independent of E> (Goodman et al. 1995b). Thus,
although these results are not consistent with the hy-
pothesis that EOP mediate E; negative feedback,
they raise the possibility that EOP tone plays an im-
portant role in synchronizing the activity of the
GnRH neurons driving episodic LH secretion.
Because EOP do not appear to mediate the in-
hibition of LH pulse amplitude, we have begun to

GnRH (pg/min)

TIME (hr)

Fig. 3. Effect of naloxone (horizontal bar) on GnRH pulse pat-
terns (left panels) and GnRH pulse size (right panels) in OVX
(top panels) and OVX+E (bottom panels) ewes. Open bars are
pre-treatment; solid bars during naloxone treatment. *P<0.05
vs. pre-treatment. Redrawn from Goodman et al. 1995b.

examine other possible neural systems. One possi-
bility, based on previous work (Goodman et al.
1995c¢), is an a-adrenergic system that acts in the
POA. Therefore, we examined the effects of im-
planting the a-adrenergic antagonist, phenoxyben-
zamine, into the POA on LH pulse amplitude
(Goodman et al. 1996). Local administration of this
antagonist to the POA of OVX+E ewes during the
breeding season increased LH pulse amplitude,
whereas the same treatment in OVX ewes had no ef-
fect (Fig. 4). Moreover, a similar stimulatory effect
was observed with the oij-adrenergic receptor anta-
gonist, prazosin (Goodman et al. 1996). It should be
noted, however, that the effects of these antagonists
were fairly modest. Specifically, only a 50% in-
crease in LH pulse amplitude was observed (Fig. 4),
although this may reflect a much more robust in-
crease in GnRH pulse size (Goodman et al. 1995b).
Interpretation of these data is further complicated
because iv injection of phenoxybenzamine actually
decreased LH pulse amplitude in both OVX and
OVX+E ewes (Goodman et al. 1996), an effect con-
sistent with earlier studies in the ewe (Jackson 1977,
Meyer and Goodman 1986). The difference be-
tween the effects of peripheral and central adminis-
tration of phenoxybenzamine probably reflects
multiple sites of action of alpha-adrenergic neu-
rons, some stimulatory and some inhibitory to
GnRH release. Similar stimulatory and inhibitory
effects have been postulated to occur in the rat
(Kalra and Kalra 1983). In light of these caveats,
further work is clearly needed to adequately test the
hypothesis that o-adrenergic neurons mediate the
inhibition of GnRH pulse amplitude by Ea.
Finally, as noted above, E; also increases LH
pulse frequency in the breeding season (Karsch et
al. 1983), and a similar stimulatory effect of this ste-
roid has recently been observed on GnRH pulse fre-
quency (Evans et al. 1994, Goodman et al. 1995b).
However, the neural mechanisms responsible for
this effect are completely unknown. Specifically,
neither naloxone (Goodman et al. 1995b) nor o-
adrenergic antagonists (Fig. 4, Goodman et al.
1996) altered GnRH or LH pulse frequency in
OVX+E ewes. Thus both the physiological signific-
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Fig. 4. Effect of implantation of an ai-adrenergic antagonist into the POA (horizontal bars) of OVX (bottom panels) and OVX+E
(top panels) breeding season ewes. Panels on left are representative LH pulse patterns; bars on the right depict mean (+SEM)
LH pulse amplitude (AMPL) and frequency (FREQ) before (open bars), and after (shaded bars), insertion of implants. *P<0.05

vs. pre-treatment value. Reprinted from Goodman et al. 1996.

ance and the neural systems involved in this action
of E> remain obscure.

NEURAL SYSTEMS MEDIATING
ESTRADIOL NEGATIVE
FEEDBACK IN ANESTRUS

The neural systems responsible for E; negative
feedback in anestrous ewes are postulated to have
an unusual characteristic, in addition to being re-
sponsive to Ep and inhibiting GnRH pulse fre-
quency. Namely, it has been proposed that they are
controlled by photoperiod so that they are active in
anestrus, but not functional during the breeding sea-
son (Goodman and Meyer 1984). The seasonal vari-
ation in the functioning of this system accounts for
the seasonal alteration in the ability of E; to inhibit
LH pulse frequency (Fig. 1). Despite this compli-
cating factor (or perhaps because of it) more is know
about the system mediating E» negative feedback in
anestrous ewes than the other neural systems de-
scribed previously. It should also be noted that since
this system inhibits LH pulse frequency, it has been

assumed that it affects GnRH pulse frequency, an
assumption that has recently been validated by di-
rect measurement of GnRH in hypophyseal portal
blood (Barrell al. 1992).

The initial step in identifying the neural systems
involved in E2 negative feedback in anestrus, was
an examination of the effects of a number of neuro-
transmitter receptor antagonists on LH secretion
(Meyer and Goodman 1985). In this study, the do-
paminergic (DA) antagonist, pimozide (PIM), and
the «-adrenergic (NE) antagonist, phenoxyben-
zamine, increased LH pulse frequency in ovary-in-
tact anestrous ewes, but antagonists to six other
receptors did not. This led to the hypothesis that DA
and/or NE neurons are holding LH pulse frequency
in check in ovary-intact anestrous ewes. Since these
antagonists did not alter LH secretion during the
breeding season or in OVX ewes during anestrus,
we inferred that these catecholaminergic neurons
may be responsible for the seasonal variation in the
ability of E; to inhibit GnRH pulse frequency
(Meyer and Goodman 1985, 1986). Based on pe-
ripheral administration of DA and NE agonists and
antagonists, it was suggested that these systems are
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organized "in series", with the NE neurons stimu-
lating a group of DA neurons, which then inhibits
GnRH pulse frequency (Goodman 1989).

We next examined where in the hypothalamus
these two systems were acting by determining the
effects of local administration of these antagonists
to ovary-intact ewes. The results of this study sug-
gested that NE acted in the POA, while DA acted
inthe MBH, to inhibit GnRH pulse frequency (Havern
etal. 1991). Taken together the latter two studies led
to the prediction that local administration of NE to
the POA should inhibit LH pulse frequency, and
that this effect should be blocked by PIM placed in
the MBH. To test this prediction, drugs were im-
planted in the appropriate area via guide tubes
chronically placed in OVX anestrous ewes and LH
pulses monitored for 3 h before and 6 h after implan-
tation. NE alone, PIM alone, and NE+PIM were im-
planted in 9 ewes using a Latin square design.
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Fig. 5. Effect of implantation of NE in the POA (top panels),
PIM in the MBH (middle panels), and PIM+NE (bottom pa-
nels) on LH pulse patterns (left) and LH pulse frequency
(right) in OVX anestrous ewes. Bars on right depict mean
(n=9) LH pulse frequency for the 3 h before and 6 h after NE
implantation, divided into 3 h bins. PIM was implanted 24 min
before NE; controls received blank implants plus NE or PIM.
*P<0.05 vs. first 3 h.

Implantation of NE into the POA inhibited LH
pulse frequency in 6 of the 9 ewes, and pulse fre-
quency was significantly decreased in this group
(Fig. 5). The variability in the effects of NE could
largely be accounted for by the site of implantation;
most of the effective sites were more ventral (within
2 mm of the optic chiasm) than the ineffective sites.
PIM implants alone in the MBH had no effect on
pulse frequency, but these implants completely
blocked the ability of NE to inhibit LH pulse fre-
quency (Fig. 5). Thus these early studies were large-
ly consistent with the hypothesis that both NE and
DA neurons mediate E» negative feedback in anes-
trus, with the NE neurons acting in the POA to
stimulate a group of DA neurons, which then acts
in the MBH to inhibit GnRH pulse frequency.

If this model is correct, the NE component most
likely arises from the brain stem because the ovine
POA receives extensive NE innervation (Lehman et
al. 1988, Tillet and Thibault 1989) from the locus
coeruleus (A6/A7 groups) and the A1 group in the
ventro-lateral medulla (Tillet et al. 1993). It should
be noted, however, that recent work has called into
question a role for NE in mediating E> negative
feedback in anestrus. First, administration of NE to
the POA of anestrous ewes can have stimulatory ef-
fects on LH secretion (Scott et al. 1992). Second,
peripheral E; administration decreased NE levels in
the POA of OVX anestrous ewes, although the ste-
roid may also have increased the episodic release of
this neurotransmitter (Goodman et al. 1995¢). Thus,
at this time the importance of NE neurons to E3 in-
hibition of GnRH pulse frequency in anestrus is
unclear.

In contrast, most recent work has confirmed an
inhibitory role for DA, acting via D3 receptors, dur-
ing anestrus (Curlewis et al. 1991a, Tilbrook and
Clarke 1992, LeCorre and Chemineau 1993a), al-
though there is some conflicting data (Kao et al.
1992). In light of the strong evidence implicating
DA in E; negative feedback during anestrus, wor-
kers began to determine which specific DA neurons
are involved in this system. Early lesion studies had
suggested that structures in the retrochiasmatic
(RCh) area exert an inhibitory effect on reproduc-




tive function during anestrus since lesions in this
area induced ovulatory cycles in anestrous ewes
(Przekop 1978, Pau et al. 1982). Martin and Thiery
also (1987) observed that multiunit electrical activ-
ity in the lateral RCh area decreased before an en-
dogenous LH pulse, and electrical stimulation of
this area inhibited LH secretion in OVXewes. Since
the lateral RCh contains DA perikarya (the A15 DA
group) in the ewe (Lehman et al. 1988, Tillet and
Thibault 1989, Tillet et al. 1990), Thiery et al.
(1989) postulated that these DA neurons mediate E;
negative feedback in anestrous ewes. Consistent
with this hypothesis, the injection of the neurotoxin,
6-hydroxy-dopamine, into the region of the A15 de-
creased (but did not completely block) the ability of
E» to inhibit LH pulse frequency in anestrous ewes
(Thiery et al. 1989). However, the neurotoxin did
not significantly alter the number of DA neurons in
the A15 in this study.

We therefore extended this study, using radiofre-
quency lesions in either the A 15 or the ventromedial
portion of the A14 (a group of DA neurons located
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Fig. 6. Effect of lesions in the A14 or A15 areas on Ez negative
feedback in anestrous ewes. Experimental protocol (top por-
tion): lesions (or sham lesions in controls) were done in OVX
ewes and, after recovery, blood samples were collected
(boxes) before, and 3 and 10 days after, insertion of E2 im-
plants sc. PIM was inject iv on day 3. Bars depict mean LH
pulse frequency before Ez (open); on day 3 of E3 treatment,
before PIM (lightly shaded) and after PIM (darkly shaded);
and on day 10 (black) of E3 treatment. *P<0.05 vs. pre-treat-
ment values. Redrawn from Havern et al. 1994.
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in the POA, just dorsal to the optic chiasm). These
lesions decreased the number of DA perikarya by
50to 65% inthe A14 and A 15, respectively (Havern
et al. 1994), and, as illustrated in Fig. 6, partially
blocked the ability of E; to inhibit, and PIM to
stimulate, LH pulse frequency in OVX anestrous
ewes. In contrast, these lesions had no effect on the
ability of E to inhibit LH pulse amplitude during
the breeding season (Havern et al. 1994). These re-
sults strongly suggest that cells in both the A14 and
A15 play arole in the inhibition of GnRH pulse fre-
quency by Ez in anestrus and that seasonal shifts in
the activity of these DA neurons may be responsible
for the seasonal variation in response to E2 negative
feedback.

While these neurotoxic and radiofrequency le-
sions have implicated the A14 and A15 DA neurons
in Ez negative feedback in anestrus, they do not pro-
vide any evidence on whether E; stimulates these
neurons or these neurons act on another system that
is responsive to E. Therefore, we determined if E2
could stimulate these DA neurons, using Fos as an

No E
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Fig. 7. Camera lucida drawing of coronal sections in the re-
gion of the A14 (top sections) and A15 (bottom sections) of
an untreated OVX anestrous ewe (sections A,B) and an OVX
anestrous ewe treated with E2 for 7 days (sections C,D). Open
circles represent TH-positive neurons without Fos; closed cir-
cles, TH-positive neurons containing Fos. Dotted ovals depict
areas lesioned in previous experiment. Reprinted from
Lehman et al. 1996.
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index of neuron activation (Lehman et al. 1996).
The expression of Fos in DA neurons was moni-
tored in OVX and OVX+E ewes in both seasons,
using a dual immunocytochemical procedure for
Fos and tyrosine hydroxylase (TH), the rate limiting
enzyme in catecholamine biosynthesis. As ex-
pected, E> treatment suppressed LH pulse fre-
quency in anestrous, but not breeding season, ewes
(Lehmanetal. 1996). This action in anestrus was as-
sociated with an increase in Fos expression in both
the A14 and A15 areas (Figs. 7-8). This increase in
Fos was not seen in other DA cell groups in anes-
trus, and was not observed in any DA neurons in the
breeding season (Fig 8). The functional signific-
ance of the E -induced increase in Fos is unclear.
However, since Fos (in combination with another
early intermediate gene product, Jun) can control
the TH gene (Icard-Liepkalns et al. 1993), it could
be a mechanism for the E> -induced increase in TH
bioactivity that occurs in the A15 area of anestrous
ewes (Gayrard et al. 1994). Regardless of the biol-
ogical role of Fos, these data provide strong support
for the hypothesis that DA neurons in the A14 and
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Fig. 8. Percentage of TH-positive cells containing Fos in 4 hy-
pothalamic areas (A12, A13, Al14, A15) in OVX (open bars)
and OVX+E (black bars) ewes. Data from anestrus (An) and
breeding season (BrS) are shown. *P<0.05 vs. OVX group.
Redrawn from Lehman et al. 1996.
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A1S5 areas mediate E; negative feedback in anestrus
and that there is a seasonal change in the responsive-
ness of these neurons to E».

Several studies have attempted to determine
where these DA neurons act to inhibit GnRH re-
lease. Although close contacts between catecho-
lamine terminals and GnRH cell bodies are
observed in the preoptic area (POA) of the ewe
(Lehman et al. 1988, Tillet et al. 1989), this input
does not appear to come from the A14 or A15 (Tillet
et al. 1993). In addition, as noted above, DA does
not appear to act in the POA to hold LH pulse fre-
quency in check in anestrous ewes (Havern et al.
1991). On the other hand, there is good evidence
that DA acts in the median eminence (ME) region
to inhibit LH pulse frequency. Specifically, local
administration to the ME of either PIM (Havern et
al. 1991), or the catecholamine synthesis inhibitor,
o-methyl-paratyrosine (Viguie et al. 1996), in-
creases pulsatile LH secretion in E; -treated anes-
trous ewes. It should be noted, however, that it is
difficult to rule out diffusion to adjacent structures
in the MBH after administration of these drugs to
the ME (Havern et al. 1991). DA neurons synapse
on GnRH terminals in the ME (Kuljis and Advis
1989) and some A15 DA neurons appear to project
to the ME (Gayrard et al. 1995), but these projec-
tions are not to the external zone of the ME, where
GnRH terminals are located. Finally, DA content
and the bioactivity of TH are higher in the ME of
ewes exposed to inhibitory long days than in those
exposed to short days, but these effects are inde-
pendent of E; treatment (Thiery 1991, Viguie et al.
1996). Thus while there is strong evidence that DA
perikarya in the A15 (and probably the A14) play
an important role in E2 inhibition of GnRH pulse
frequency in the anestrous ewe, the site of action of
these inhibitory neurons is less clear.

The mechanisms by which Ej stimulates the A14
and A1S5 neurons in anestrus also remains to be
determined. Since DA perikarya in these areas do
not contain E; receptors (Lehman and Karsch 1993,
Blache 1994), it seems reasonable to assume that
another neural system conveys the E; signal to these
DA cells. A NE system is one possibility, but Ep



does not increase NE release in the POA (Goodman
etal. 1995¢) and NE perikarya do not appear to con-
tain E; receptors in the ewe (Lehman et al. 1993).
There is indirect evidence that neurons in the ante-
rior hypothalamic area (Hileman et al. 1994) or the
rostral POA (Adrian et al. 1995) may be involved,
but the role of these areas has not been conclusively
tested. Thus, although DA neuronsinthe A14 and A15
appear to play a major role in the seasonal variation in
response to E; negative feedback in ewes, other
components of this system remain to be identified.

CONCLUSION

In summary, while the systems involved in E»
negative feedback in the breeding season remain to
be firmly established, those involved in other nega-
tive feedback actions are beginning to be identified.
Specifically, there is strong evidence that EOP neu-
rons mediate progesterone negative feedback in the
breeding season and that DA neurons in the A14
and A15 are responsible for E; negative feedback in
anestrus. It is interesting to note that EOP and cate-
cholaminergic neurons may also be involved in
control of the preovulatory GnRH surge (Domanski
et al. 1991, Robinson et al. 1991, Conover et al.
1993). Whether these are same or different neurons
remains to be determined, but given the marked dif-
ferences in the neuroendocrine control of tonic and
surge secretion of GnRH it seems likely that differ-
ent neural systems regulate them. It is also import-
ant to recognize that the work reviewed here does
not rule out a role for other neural systems in me-
diating steroid negative feedback. There is some
evidence that gamma-aminobutyric acid (GABA)
may also be involved: GABA agonists inhibit epi-
sodic LH secretion in the ewe (Scott and Clarke
1993a,b); GABA neurons contain E» receptors in
the ovine hypothalamus (Herbison et al. 1993); and
E» and progesterone can increase GABA release in
the POA (Robinson et al.1991, Robinson and
Kendrick 1992). However a direct link between
GABA and steroid negative feedback has not yet
been demonstrated. There is also some evidence
that serotonin may be involved in E2 negative feed-
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back in anestrous ewes (Gayrard et al. 1992, LeCorre
and Chemineau 1993a,b), but the inhibitory effects
of this indoleamine in anestrus may be independent
of E» (Meyer and Goodman 1986, Whisnant and
Goodman 1990). Finally, the role of a myriad of
other neural systems (e.g., neuropeptide Y, ace-
tylcholine, NO) remain to be examined in the ewe.

Clearly much more work is needed before we un-
derstand the mechanisms by which ovarian steroids
control pulsatile GnRH secretion. For example, the
neural circuitry involved in this control remains
unclear. Indeed, the specific GnRH neurons respon-
sible for tonic gonadotropin secretion have yet to be
identified. Nevertheless, it is equally clear that con-
siderable progress has been made in identifying the
systems involved in the negative feedback actions
of E» and progesterone in the ewe, progress that will
enable us to address these important questions in the
future.
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