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Leptin actions on the reproductive
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There is a growing literature on the role of leptin in appetite and neuro-
endocrine regulation in domestic ruminants. Circulating leptin concen-
tration is higher in fat than in thin sheep, is reduced by chronic under-
feeding and is higher in sheep subjected to long-day rather than short-day
photoperiods. Leptin is reduced acutely by fasting and increases after
meals so that there are long- and short-term components to the sys-
temic leptin signal. Nutritional stimulation of reproductive neuroendo-
crine output is associated with increased circulating concentrations of
leptin; peripheral leptin administration restores LH secretion in fasted
sheep, and leptin is permissive (although not a trigger) for puberty. In-
tracerebroventricular (i.c.v.) pharmacological leptin infusion stimulates
LH in underfed but not in well-fed sheep, and reduces food intake
in well-fed sheep. A single i.c.v. pharmacological injection or physio-
logical infusion of leptin stimulates LH in well-fed sheep, with or without
a concomitant decrease in appetite. Furthermore, these appetite and
LH responses are differentially affected by photoperiod, indicating that
different neuronal pathways may mediate the two responses. Hypo-
thalamic leptin receptors co-localize with orexigenic and anorexigenic
neurones, some of which contact Gn RH cells, but the confluence of leptin
signalling with photoperiod (melatonin) signalling remains unresolved.
Photoperiod-entrained sheep provide potential models of altered central
leptin sensitivity, in which downstream mechanisms regulating appetite
and GnRH may be dissociated.

Introduction

It is now accepted dogma across the species that circulating leptin is broadly sensitive to

nutritional status, and that leptin acts on target sites within the hypothalamus to modify

appetite and energy balance (Ahima et al., 2000). Leptin was discovered as the gene product
deficient in obese ob/ob mutant mice and has since revolutionized clinical obesity research.
These mutants are not only obese, but also express multiple neuroendocrine disorders and
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are infertile. As leptin restores fertility to ob/ob mice, its actions as a metabolic signal to

the reproductive axis have also received attention. Although early studies on leptin were

originally conducted in laboratory rodent species, it was recognized at the last symposium in

this series that leptin could be playing a key role in nutritional modulation of reproduction

in domestic ruminants (Keisler et al., 1998). Subsequently, there have been many reports

on leptin secretion and actions in farm animal species. The purpose of this review is to

assess recent evidence from studies with sheep for the feedback role of leptin in reproductive

neuroendocrine regulation.

Leptin expression and the systemic leptin signal

Partial cloning of genes for ovine leptin (Dyer et al., 1997a) and the signalling form of the ovine

leptin receptor (OB-Rb; Dyer et al., 1997b) allowed initial investigations of gene expression

for the leptin system in sheep. However, studies on the biology of leptin in domestic ruminants

were hampered by the lack of homologous assays to measure circulating leptin concentrations.

Initial estimates using a commercial 'multi-species' radioimmunoassay designed to measure

human leptin were not validated and were subsequently found to underestimate plasma

leptin in sheep and cattle (Ehrhardt et al., 2000; Chilliard et al., 2001), despite the close

similarity between human and ruminant leptin in terms of amino acid sequence (Dyer et al.,

1997a). Once biologically active recombinant ovine and bovine leptins were available and

antibodies could be raised against them, homologous immunoassays could be developed.

Several radioimmunoassays have been validated, all within the last two years, providing

the necessary breakthrough to allow characterization of the systemic leptin signal in sheep

(Blache et al., 2000a; Delavaud et al., 2000; Ehrhardt et al., 2000; Marie et al., 2001).

Leptin is produced mainly in white adipose tissue in domestic ruminants and is secreted

into circulating blood at concentrations influenced by genetic, nutritional, physiological and

environmental factors (for a review, see Chilliard et al., 2001). Both gene expression and

circulating plasma leptin concentrations are reduced in sheep by undernutrition (Bocquier

et al., 1998; Blache et al., 2000a; Delavaud et al., 2000; Marie et al., 2001) and fasting (Marie

et al., 2001; Adam et al., 2002; Daniel et al., 2002). An additional effect of photoperiod has

been reported in sheep, with higher leptin secretion in sheep subjected to long-day as opposed

to short-day photoperiods (Bocquier et al., 1998; Marie et al., 2001) (Fig. 1). However, this is

likely to reflect photoperiod-driven changes in intake and adiposity, as food restriction in long

days reduces leptin concentrations to approximately short-day values (Marie et al., 2001), and

melatonin administration has no effect on plasma leptin concentrations in ewes subjected to

long day photoperiods (Delavaud et al., 2002).

Sexual dimorphism in circulating leptin is reported for sheep: males have consistently

lower values than females, in common with other species. Thus, prepubertal ewe lambs have

higher plasma leptin concentrations than age and nutritionally matched ram lambs (Ehrhardt

et al., 2000); and adult ewes in the study of Blache et a/. (2000a) had higher values than both

intact and castrated rams. However, in both sexes leptin is similarly influenced by plane of

nutrition and adiposity (Blache et al., 2000a; Ehrhardt et al., 2000).

Although plasma concentrations of leptin are positively correlated with adiposity in sheep

(Blache et al., 2000a; Daniel et a/., 2002), there are additional short-term factors that can

have an acute effect irrespective of adiposity. For example, fasting reduces plasma leptin to

basal values in sheep within 24 h and low amplitude post-prandial concentration peaks are

observed (Fig. 1; Marie et al., 2001). Furthermore, high food intake is associated with high

circulating leptin, and an increase in intake in relatively thin sheep increases plasma leptin

before any increase in adiposity (Archer et al., 2002a). It therefore appears that leptin does
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Fig. 1. Plasma leptin profiles over 48 h from sheep fed ad libitum, illus-
trating higher concentrations of leptin after 16 weeks in (a) sheep sub-
jected to long-day rather than (b) short-day artificial photoperiods (note
scale difference), and influence of meal times (vertical lines) and food
deprivation (after vertical arrow in (a)). Solid horizontal bars indicate the
periods of darkness. (Data from Marie et al., 2001).

not serve simply as a basic lipostatic signal, as originally proposed, but rather it is a composite

signal reflecting both long-term nutritional status and short-term metabolic changes.

Nutritional regulation of GnRH— LH: mediation by leptin?

Reproductive neuroendocrine function is clearly influenced by nutrition, and leptin is emer-




ging as a potential mediator of this response. The potential role of leptin in the onset of
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puberty is of particular interest as this manifestation of the primary activation of the GnRH

pulse generator relates closely to body size in lambs (Foster and Nagatani, 1999). Although

studies of temporal changes in endogenous leptin in sheep during puberty have not been

performed, the assumption is made that larger, fatter, pubertal lambs have higher circulating
leptin concentrations than do smaller, thinner lambs of the same age that remain prepubertal.

However, in adult sheep, it is noteworthy that constantly higher versus lower adiposity is not

stimulatory to LH (Rhind et al., 1989) and not to GnRH by inference given the close temporal
relationship between them (Clarke and Cummins, 1982). Archer et al. (2002a) repeated this

observation in steroid-replaced castrates and found that plasma leptin concentrations were

higher in fatter (body condition score 3, scale 0-5) than in thinner (body condition score 2)

sheep. This finding indicates that relatively high leptin concentrations per se do not stimulate

GnRH—LH. However, increased food intake is stimulatory to GnRH—LH ('flushing') (Rhind
et al., 1985) and concomitantly increases circulating leptin (Blache et al., 2000b; Archer

et al., 2002a). Archer et al. (2002a) found that although the magnitude of the leptin signal

was similar in constantly fatter sheep and in sheep with increased food intake, GnRH—LH was

stimulated only in the latter scenario. This finding implies that the reproductive neuroendo-
crine axis can detect an acute increase in nutritional status, perhaps mediated by changes in

the leptin signal. Conversely, an acute fall in circulating leptin in response to fasting in sheep

(Marie et al., 2001; Adam et al., 2002) is associated with a decrease in LH pulse frequency
(Nagatani et al., 2000), indicating that the reproductive neuroendocrine axis may also be able

to detect acute decreases in nutritional status, perhaps mediated by leptin.

The foregoing correlative data are challenged by the apparent anomalies shown in the
seasonal (photoperiod) cycles of sheep. Plasma leptin concentrations are higher in sheep

subjected to long- rather than short-day photoperiods (Bocquier et al., 1998; Marie et al.,
2001), yet sheep are reproductively active in short- but not in long-day photoperiods. Higher

LH pulse frequencies have been measured in freely feeding rams exposed to short-day rather
than long-day photoperiods, but higher plasma leptin was found in sheep subjected to long-

day rather than to short-day photoperiods (C. L. Adam, P. A. Findlay and Z. A. Archer,

unpublished). Thus, a high leptin signal does not override photoperiodic inhibition of the

reproductive neuroendocrine axis in long days, and likewise low leptin in freely feeding
sheep does not inhibit the photoperiodic drive to the reproductive neuroendocrine axis in

short days. Therefore, it is surmised that, with photoperiod providing the main drive to seasonal
reproductive changes, leptin serves as a permissive threshold nutritional signal that is normally

exceeded in satiated animals subjected to short-day photoperiods.

In the above scenarios of altered nutritional status, other metabolic hormones, notably
insulin, are also affected and the observed responses cannot be attributed to leptin alone.

Therefore, specific responses to leptin are assessed by exogenous administration experiments,

although interaction with other metabolic cues cannot be ruled out.

Effects of leptin administration

The role of reduced leptin in fasting-induced suppression of LH was powerfully demonstrated

by the restoration of pulsatile LH secretion in fasted adult sheep by s.c. injections of leptin

(Nagatani et al., 2000). However, in a preliminary report, the same treatment administered to
well-nourished lambs at puberty produced a variable response, and LH pulse frequency was

stimulated only in lambs that had already initiated LH pulses at the start of leptin treatment

(Jackson et al., 2001). Furthermore, an i.v. infusion of leptin for 10 days which increased
plasma concentrations ninefold in prepubertal lambs did not stimulate LH pulsatility (Morrison

et al., 2002). Therefore, leptin is unlikely to be a metabolic trigger for puberty, but can stimulate
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GnRH once the pulse generator has been activated (by another mechanism) and provides a

permissive threshold for GnRH output in adults.

Leptin has many peripheral metabolic effects that could potentially influence the GnRH-LH
response to peripheral leptin administration. Therefore, the specificity of the actions of leptin

within the hypothalamus has been addressed in sheep by central (i.c.v.) administration studies

conducted by four independent research groups. As the classic i.c.v, action of leptin in rodents

is to decrease appetite drive, actions on both appetite and reproductive neuroendocrine

output have been recorded in studies in sheep. The variable results from these administration

studies have been summarized (Table 1) and a systematic appraisal of these findings provides
information on the actions of leptin on these two important physiological axes. Although the

different administration studies used different recombinant peptides, this was thought unlikely

to explain the different responses observed (Table 1). Ovine, bovine and human leptins show

as much as 95-99% similarity in amino acid sequence (Dyer et al., 1997a) and human and
ovine recombinant leptins show similar biological activity in vitro in stimulating BAF/3 cells

transfected with the human leptin receptor (Gertler et al., 1998).
An i.c.v. infusion of leptin reduced food intake but did not affect LH secretion in ovari-

ectomized ewes fed ad libitum, and restored LH secretion in food-restricted ovariectomized

ewes without affecting food intake (Henry et al., 1999, 2001a). Morrison et al. (2001) too

found that central leptin infusion reduced food intake in adequately nourished, but not in
food-restricted ovariectomized, ewes, but no effect on LH secretion was observed in either

group. Both groups carried out their studies in short days, either in natural photoperiod

(Henry et al., 1999, 2001a) or artificial photoperiod (Morrison et al., 2001) (Table 1). A
plausible reason for the different response might be the different dose rate of leptin used,

which was lower in the studies by Henry et al. (1999, 2001a) (Table 1). Meanwhile, a third

research group found that central leptin administration decreased both food intake and LH

secretion in adequately nourished, intact rams that were fed a maintenance diet (Blache et al.,
2000c) (Table 1). The first two research groups carried out their studies in gonadectomized

sheep with no gonadal steroid replacement and the different LH response reported by Blache

et al. (2000c) may have been due to the presence of gonadal steroids. In addition, although
the infusion dose rate of Blache et al. (2000c) was similar to that of Henry et al. (2001a), it

was administered for 5 days rather than 3 days allowing time for a secondary effect of the

decreased food intake to reduce LH output. This interpretation was confirmed by the inclusion
of a group of rams pair-fed to the leptin-infused rams which also had reduced LH (Blache

et al., 2000c).

The previous studies had failed to demonstrate GnRH-LH stimulation by i.c.v. admin-

istration of leptin in adequately fed sheep, but had shown the ability of leptin to restore
GnRH-LH secretion in undernourished, and presumably leptin-deficient, animals. Although

experimental conditions differed in these studies, they all used i.c.v. infusion and the dif-

ferent leptin dosages were all in the 'pharmacological' range. However, in two contrasting
paradigms, LH stimulation was observed in adequately fed steroid-replaced castrates in re-

sponse to either a single 'pharmacological' i.c.v. injection of leptin or a 'physiological' i.c.v.
leptin infusion (Miller et al., 2002). The 'physiological' infusion dose for sheep was calculated

from known cerebrospinal fluid (CSF) turnover rates and accounted for CSF concentrations

of leptin in sheep, which are about 0.3-1.2 ng m1-1 (C. L. Adam and M. Marie, unpublished

using the assay of Marie et al., 2001). These values are about 10% of those for plasma leptin,

and are in agreement with findings by Blache et al. (2000a). The infusion rate (8 ng h')

was several orders of magnitude lower than that used in the previous infusion studies (0.04-

50.0 11-1) (Table 1). Such an infusion carried out in the spring specifically increased LH

pulse frequency with no concomitant effect on appetite. However, a single 'pharmacological'



T
ab

le
1.

S
um

m
ar

y
of

re
po

rt
ed

ef
fe

ct
s

of
le

pt
in

ad
m

in
is

tr
at

io
n

on
ap

pe
tit

e
an

d
LH

se
cr

et
io

n
in

sh
ee

p

B
re

ed
G

en
de

r
S

ea
so

na
D

ie
t

Le
pt

in
do

sa
ge

h
A

pp
et

ite
re

sp
on

se
LH

re
sp

on
se

R
ef

er
en

ce

C
or

rie
cl

al
e

O
va

rie
ct

om
iz

ec
l

ew
es

B
re

ed
in

g
se

as
on

A
d

lib
itu

m
(3

V
)

hL
ep

D
ec

re
as

e
N

o
ef

fe
ct

H
en

ry
et

al
.,

19
99




20

jig
lif

or
3

cl
ay

s



 M
er

in
o

R
am

U
ns

pe
ci

fie
d

A
d

lib
itu

m
(3

V
)

bL
ep

D
ec

re
as

e
D

ec
re

as
e

B
la

ch
e

et
al

.,
20

00
c




0.

04
,

0.
4

or
4.

0
jig

h-
fo

r
5

da
ys



 C
or

rie
da

le
O

va
rie

ct
or

ni
ze

cl
ew

es
N

ov
em

be
r

(b
re

ed
in

g
se

as
on

)
A

d
lib

itu
m

(3
V

)
hL

e
3

4
jig

h
-1

fo
r

3
da

ys
D

ec
re

as
e

N
o

ef
fe

ct
H

en
ry

et
al

.,
20

01
a




N
ov

em
be

r
R

es
tr

ic
te

d




N
o

ef
fe

ct
In

cr
ea

se




C
ro

ss
br

ed
O

va
rie

ct
om

iz
ec

l e
w

es
14

w
ee

ks
10

L:
14

D
C

M
ai

nt
en

an
ce

(L
V

) o
Le

p
D

ec
re

as
e

N
o

ef
fe

ct
M

or
ris

on
et

a/
.,

20
01




0-

1.
25

jig
kg

-h
I

ov
er

8
da

ys





14

w
ee

ks
10

L:
14

D
C

R
es

tr
ic

te
d




N
o

ef
fe

ct
N

o
ef

fe
ct




R
om

ne
y

M
ar

sh
O

va
rie

ct
om

iz
ed

ew
es

La
te

S
ep

te
m

be
r

A
d

lib
itu

rn
(3

V
)

hL
ep

N
o

ef
fe

ct




C
la

rk
e

et
al

.,
20

00
a




2,

4
an

d
th

en
8

jig
hI

fo
r

co
ns

ec
ut

iv
e






3

cl
ay

pe
rio

ds






Ja
nu

ar
y

A
d

lib
itu

m




La
rg

e
de

cr
ea

se





C
as

tr
at

ed
m

al
es

La
te

S
ep

te
m

be
r

A
d

lib
itu

m




N
o

ef
fe

ct





Ja
nu

ar
y

A
d

lib
itu

m




D
ec

re
as

e




N
ot

sp
ec

ifi
ed

P
re

pu
be

rt
al

ew
es

A
rt

ifi
ci

al
12

L
12

D
C

A
d

lib
/tu

rn
(i.

v.
)

oL
ep

N
o

ef
fe

ct
N

o
ef

fe
ct

M
or

ris
on

et
al

.,
20

02





0-
0.

5
m

g
h

ov
er

10
da

ys



 S
uf

fo
lk

cr
os

sb
re

d
P

os
tp

ub
er

ta
l

ye
ar

lin
g

m
al

e
ca

st
ra

te
s

w
ith

oe
st

ra
di

ol
im

pl
an

ts

B
re

ed
in

g
se

as
on

F
as

te
d

(s
.c

.)
hL

ep
50

p,
g

kg
-

I
ev

er
y

8
8

fo
r

78




R
es

to
re

d
N

ag
at

an
i

et
al

.,
20

00

S
uf

fo
lk

P
re

pu
be

rt
al

m
al

e
B

re
ed

in
g

se
as

on
A

d
lib

itu
rn

(s
.c

.)
hL

ep




In
cr

ea
se

(in
Ja

ck
so

n
et

al
.,

20
01

cr
os

sb
re

d
ca

st
ra

te
s

w
ith

oe
st

ra
di

ol
im

pl
an

ts




50
jig

kg
-

I
ev

er
y

8
8

fo
r

78




la
m

bs
al

re
ad

y
pu

ls
in

g)
(A

bs
tr

ac
t)

S
uf

fo
lk

cr
os

sb
re

d
P

os
tp

ub
er

ta
l

ye
ar

lin
g

m
al

e
ca

st
ra

te
s

w
ith

oe
st

ra
cl

io
l

Im
pl

an
ts

N
ov

em
be

r
M

ai
nt

en
an

ce
(3

V
)

oL
ep

0.
5,

1.
0,

1.
5

m
g

si
ng

le
in

je
ct

io
n

D
ec

re
as

e
In

cr
ea

se
M

ill
er

et
al

.,
20

02




M
ar

ch
-A

pr
il

M
ai

nt
en

an
ce

1.
0

m
g

si
ng

le
in

je
ct

io
n

N
o

ef
fe

ct
La

rg
e

in
cr

ea
se





M
ar

ch
-A

pr
il

M
ai

nt
en

an
ce

8
ng

hI
,

12
h

N
o

ef
fe

ct
In

cr
ea

se




cl
ay

-
I

fo
r

4
cl

ay
s

aC
al

en
da

r
m

on
th

s
gi

ve
n

fo
r

N
or

th
er

n
H

em
is

ph
er

e.

b
R

ec
om

bi
na

nt
hu

m
an

(h
Le

p)
,

bo
vi

ne
(b

Le
p)

or
ov

in
e

(o
Le

p)
le

pt
in

ad
m

in
is

te
re

d
in

to
th

ird
ve

nt
ric

le
(3

V
),

la
te

ra
l

ve
nt

ric
le

(L
V

)
i.v

.
or

s.
c.

C
l O

L:
14

D
,

10
h

lig
ht

:
14

h
da

rk
.

12
L:

12
D

,
12

h
lig

ht
:

12
h

da
rk

.

lew
ep

e

-7.3



Leptin and reproductive neuroendocrine axis 289

i.c.v. leptin injection at this time of year produced a surge-like release of LH (that is, in-
creased pulse amplitude), which had no effect on appetite (Table 1). This finding highlights
the difference in the nature of the GnRH—LH response to 'physiological' rather than to 'phar-
macological' administration.

Perhaps our most intriguing finding was that, unlike in the spring, the single 'pharmaco-
logical' i.c.v. leptin injection specifically stimulated LH pulse frequency (and decreased pulse
amplitude) and simultaneously decreased appetite when applied to the same sheep in the
late autumn (Miller et al., 2002) (Table 1, Fig. 2). This finding indicates that there are seasonal
changes in sensitivity to leptin by both the appetite and reproductive neuroendocrine axes.
Meanwhile, Clarke et al. (2000a) have also reported seasonal differences in sensitivity of the
appetite axis to i.c.v. administration of leptin in sheep. In apparent contrast to our findings,
their study with gonadectomized sheep (without steroid replacement) found that intake was
inhibited by leptin infusion in the spring but not in the autumn. However, in both studies,
the appetite-depressing effect of leptin was greatest at the time of year when the measured
voluntary intake was at its lowest. The 'autumn' and 'spring' treatments in both studies equated
to different calendar months (Table 1) and may not be strictly comparable, and the disparity
may be resolved when such studies are conducted in controlled artificial photoperiods rather
than in natural photoperiods. Nonetheless, it appears that the ovine hypothalamic appetite
axis is more sensitive to inhibition by leptin in shorter days (late November in our study;
January (Northern hemisphere equivalent) in Clarke et al., 2000a) than in longer days (March—
April in our study; late September in Clarke et al., 2000a). This interpretation is supported
by findings from studies of a seasonal rodent, the Siberian hamster. Similar to sheep, the
Siberian hamster has increased circulating leptin in long days, when appetite and body
weight increase, and decreased concentrations in short days, when appetite and body weight
decrease (Atcha etal., 2000; Klingenspor etal., 2000). Relative leptin insensitivity in long days
may be necessary to prevent the increased leptin concentrations causing reduced appetite
and, thereby, counteracting the photoperiod-driven increases in intake and body weight. In
support of this, loss of body weight induced by peripherally administered leptin in Siberian
hamsters is apparently greater in short days than in long days (Atcha et al., 2000; Klingenspor
et al., 2000).

A plausible explanation for the seasonal change in the nature or magnitude of the GnRH—
LH response to leptin is that photoperiod is the main cue for GnRH pulsatility in sheep,
as discussed earlier with respect to endogenous leptin. Nutritional stimulation in the non-
breeding season (summer) cannot overcome photoperiodic inhibition of the reproductive
neuroendocrine axis, but in the breeding season (autumn—winter) it can facilitate or increase
GnRH output. Within the breeding season, receptivity to nutritional stimulation (mediated in
part by leptin) varies with the photoperiod cycle with a greater response observed as the day
lengths increase in spring, when photoperiod support is waning.

An additional sex difference in the appetite inhibition response to i.c.v. administration of
leptin has been reported in sheep: gonadectomized females are apparently more sensitive
than gonadectomized males (Clarke et al., 2000a). This higher sensitivity could relate to the
normally higher systemic leptin signal in females than in males (Blache et al., 2000a; Ehrhardt
et al., 2000), and sexual dimorphism may also exist in the reproductive neuroendocrine
response to leptin, as observed in humans (Bouvattier et al., 1998). The role of gender and
gonadal steroids in the GnRH response to leptin in sheep has yet to be resolved.

Overall, the assorted leptin administration trials in sheep have together provided invaluable
information on the neuroendocrine feedback role of this hormone (Table 1). A repeated finding
was a positive dose dependence of the appetite inhibition response (Blache et al., 2000c;
Clarke et al., 2000a; Miller et al., 2002) across 'pharmacological' i.c.v. doses of leptin,
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Control Autumn Spring

Fig. 2. (a) LH and (b) appetite responses in adequately nourished sheep
to intracerebroventricular administration of leptin (vertical arrow) as a phar-
macological single injection in the autumn (•) or the spring (0). Appetite
was measured as the ad libitum intake during 2 h immediately after injec-
tion. *Autumn significantly different from spring and control measurements
(P < 0.05). (Data from Miller et al., 2002).

with no evidence forthcoming that 'physiological' concentrations of leptin induce such a


response. Therefore, it is questionable whether the appetite-inhibiting action of leptin plays a

major physiological role in normal animals. Furthermore, in contrast to i.c.v. administration

studies, increasing the concentration of circulating leptin in lambs by i.v. infusion had no

effect on voluntary food intake in the study of Morrison et al. (2002). However, the seasonal

dependence of the appetite response to i.c.v. administration of leptin reveals the ability
of the hypothalamus to adjust sensitivity to leptin by mechanism(s) that could potentially
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be elucidated in photoperiod-entrained sheep. There was also seasonal dependence in the

GnRH—LH response, with the magnitude greater in spring than in autumn in contrast to the

appetite response. This finding strongly indicates that responses to leptin by the two axes are

mediated by distinct mechanisms. Considering all of the studies, there is apparent negative

dose dependence of the LH pulsatile response; thus, in contrast to the appetite response, a

modest increase in intracerebral leptin appears more stimulatory to the frequency of GnRH

pulses than is a large increase in leptin. Large increases in leptin induced a surge-like release of
LH, had no effect, or caused a secondary inhibition of LH through food intake inhibition. These

administration studies by different groups with different sheep models have also indicated a

potential role of gonadal steroids, as leptin-stimulated GnRH—LH in adequately-fed sheep has

been seen only in the presence of oestradiol (Miller et al., 2002). Therefore, oestradiol may be

required to facilitate leptin actions in the brain, as appears to be the case for rodents (Kimura
et al., 2002).

Sites of leptin action: neuroendocrine target sites

Central leptin receptors

Leptin exerts its actions by binding to and activating leptin receptors. Following on from

the pioneering rodent studies, central leptin receptors were localized in the ovine hypo-

thalamus by iodoleptin binding studies, in situ hybridization detection of gene expression and
immunocytochemical detection of receptor protein (Dyer et al., 1997b; Gertler et al., 1998;

Williams et al., 1999; lqbal et al., 2001a). Specifically, the signalling form of the receptor

(OB-Rb) is localized within the hypothalamus largely in the arcuate (ARC) and ventromedial

(VMH) nuclei, but also in the dorsomedial hypothalamic nucleus (DMH), lateral hypothalamic
region, and in the preoptic area (POA, Williams et al., 1999). In the ovine anterior pituit-

ary gland, gene expression has been detected by RT—PCR (Dyer et al., 1997b), but not by

in situ hybridization (Williams et al., 1999). However, immunoreactivity was reported to be
widespread across all types of cell, including gonadotrophs (lqbal et al., 2000); this extended

to the pars tuberalis of the pituitary gland, where we have also found high gene expression

(Z. A. Archer, P. A. Findlay and C. L. Adam, unpublished).

The leptin receptor is present in different isoforms arising from mRNA splice variants. The
signalling form (OB-Rb) with its long intracellular domain is the predominant form in the

hypothalamus, and this is the only form studied to date in the ruminant brain. However,

although the systemic signal may reach regions of the ARC and mediobasal hypothalamus
outside the blood brain barrier (BBB), it is assumed to some extent that leptin must also pass

through the BBB or enter the CSF to act on its central targets. Short isoforms of the leptin

receptor, present in the choroid plexus and neural capillaries, are implicated in transport
of leptin into the brain (Ahima et al., 2000). It is thought to be a saturable process con-

tributing to the development of 'leptin resistance' and obesity in humans, but this aspect has

not been addressed in sheep. Interestingly, an interaction with another metabolic signalling

hormone, insulin, has been demonstrated in sheep in which i.c.v. insulin infusion decreased
the expression of hypothalamic OB-Rb (Daniel et al., 2000).

Leptin—GnRH neuronal interaction

Results from studies in vitro support a role for leptin in reproductive neuroendocrine regu-

lation. Thus, leptin stimulates GnRH release from rat hypothalamic explants (Yu et al.,

1997; Lebrethon et al., 2000) and from immortalized murine GnRH neurones (Magni

et al., 1999). In support of the conclusions emerging from i.c.v. leptin administration studies



292 C. L. Adam et al.

Fig. 3. Autoradiographs of gene expression for (a) leptin receptor (03-Rb), (b) neuropeptide Y
(NPY), (c) agouti-related peptide (AGRP), (d) pro-opiomelanocortin (POMC), (e) cocaine- and
amphetamine-regulated transcript (CART) and (f) orexin in adjacent sections through an ovine
hypothalamus (from Adam et al., 2002). 3V: third ventricle; ARC: arcuate nucleus; LHA: lat-
eral hypothalamic area; ME: median eminence; VMH: ventromedial hypothalamus. Scale bar
represents 3.5 mm.

in sheep described earlier, the responses in vitro were negatively related to leptin dose rate

(Yu et al., 1997; Magni et al., 1999). However, although leptin receptors have been iden-

tified in immortalized GnRH cells derived from mice (Magni et al., 1999), they were not

found in GnRH neurones of monkeys (mRNA, Finn et al., 1998) or rats (immunoreactivity,

Hakansson et al., 1998). No co-localizations have been reported in sheep, but OB-Rb gene

expression is seen in the POA in which GnRH cell bodies are also found (Williams et al.,

1999). Nonetheless, it is likely that leptin may not act directly on GnRH neurones but via

intermediary neurones to evoke the response. In addition, direct effects at the pituitary gland

are possible as leptin can stimulate LH release from rat pituitary explants (Yu et al., 1997) and

leptin receptor immunoreactivity has been detected in ovine pituitary gonadotrophs (lqbal

et al., 2000).

Neu ropeptide targets

The actions of leptin on appetite and energy balance are transduced by neuronal popula-

tions within the ARC that express the leptin receptor, notably neuropeptide Y (NPY)/agouti-

related peptide (AGRP) and pro-opiomelanocortin (POMC)/cocaine- and amphetamine-

regulated transcript (CART) neurones (Ahima et al., 2000). These neuropeptides may also be

implicated in transducing leptin actions on GnRH. Gene expression for these neuropeptides,

and their sensitivity to negative energy balance, has been confirmed in the ovine ARC (Adam

et al., 2002) (Fig. 3). Co-expression of OB-Rb and NPY has been demonstrated in sheep

(Williams et al., 1999), i.c.v. leptin reduced NPY gene expression in ovariectomized ewes

(Henry et al., 1999) and i.c.v. administration of NPY inhibited GnRH in sheep (McShane
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et al., 1992). There is good anatomical evidence in sheep that NPY neurones contact GnRH

neurones (Tillet et al., 1989) and, furthermore, we have shown that nutritionally 'flushed',

lupin-fed rams with increased pulsatile LH secretion have reduced NPY gene expression in

the ARC (D. Blache and C. L. Adam, unpublished). It is therefore possible that leptin stimulates

GnRH by removing inhibition by NPY.

AGRP is downregulated by leptin, thereby contributing to the anorexigenic response to

leptin in laboratory species (Ahima et al., 2000). Apart from a study in rats demonstrating

GnRH stimulation by AGRP (Stanley et al., 1999), there is little evidence to link AGRP with

the GnRH response to leptin. AGRP gene expression in the ARC was reduced in fat compared

with thin sheep in studies by Henry et al. (2001b) and Archer et al. (2002a). In the latter

study, circulating leptin was higher in fatter than thinner sheep but there was no difference

in LH output. AGRP acts to antagonize hypothalamic actions of the melanocortins produced

from the POMC precursor, and the role of the melanocortin system in reproduction has been

reviewed by Schioth and Watanobe (2002). The putative involvement of melanocortins in

mediating actions of leptin on GnRH in sheep remains speculative. Differences in POMC

gene expression in the ARC have not been found between sheep of differential adiposity

(Henry et al., 2000, Archer et al., 2002a), but neither are there differences in LH secretion in

these animals (Archer et al., 2002a).

Leptin upregulation of CART may be a mechanism for leptin stimulation of GnRH in

rodent models (Lebrethron et al., 2000), and anatomical evidence indicates close apposition

between CART and GnRH neurones (Leslie et al., 2001). In support of this mechanism in

sheep, we have found increased CART gene expression in the ARC of nutritionally flushed,

lupin-fed rams with high circulating leptin and stimulated GnRH—LH output (D. Blache and

C. L. Adam, unpublished). However, conversely, CART gene expression was increased in

the ARC of fat sheep with high leptin compared with thin sheep with low leptin, without

correlated differences in LH (Archer et al., 2002a).

Recently, a novel mechanism has been proposed by which orexin could be involved in

regulation of GnRH by leptin. Orexin gene expression is localized in the lateral hypothalamus

(Fig. 3). Orexin neurones were shown to express leptin receptor immunoreactivity in sheep,

and retrograde labelling showed a subpopulation of orexin cells projecting to the POA where

GnRH cell bodies reside (lqbal et al., 2001b). In addition, orexin administered i.c.v. stimulated

LH secretion in rams (Blache et al., 2002). However, no difference in hypothalamic orexin

gene expression was found in nutritionally flushed rams with increased circulating leptin and

stimulated LH output (D. Blache and C. L. Adam, unpublished).

The observation of seasonal differences in response to i.c.v. leptin administration indic-

ates that there may be an interaction between leptin and photoperiod (melatonin) signalling.

Receptors for melatonin and leptin have not been co-localized, yet their presence has been

independently reported in similar hypothalamic regions, such as VMH (Chabot et al., 1998

and Dyer et al., 1997b, respectively) and DMH (Morgan and Mercer, 2001 and Williams

et al., 1999, respectively) and, intriguingly, in the pars tuberalis (PT) of the pituitary gland

(Morgan and Mercer, 2001; Z. A. Archer, P. A. Findlay and C. L. Adam, unpublished, respect-

ively). Although this finding may provide potential anatomical evidence for direct interactions

between melatonin and leptin, it is perhaps more likely that the interaction lies downstream,

with photoperiod (melatonin) altering the sensitivity of neuronal targets for leptin. Evidence

for seasonally altered expression of leptin-sensitive hypothalamic pathways in sheep is emer-

ging. No effect of photoperiod on OB-Rb and NPY gene expression has been found in the

ARC of steroid-implanted castrates (Archer et al., 1999) or rams (C. L. Adam, P. A. Findlay and

Z. A. Archer, unpublished); however, Clarke et al. (2000b) report seasonal changes in natural

photoperiod for NPY gene expression in the ARC of ovariectomized ewes. Steroid-implanted
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Fig. 4. Hypothetical schema showing potential brain pathways in sheep for interaction
between photoperiod (melatonin) and leptin feedback on the appetite axis (left-hand
side) and on GnRH output (right-hand side). The phenotype of neurones expressing
melatonin receptors in the suprachiasmatic nucleus (SCN), dorsomedial hypothalamus
(DMH) and ventromedial hypothalamus (VMH) is unknown. Likewise, the identity of the
critical neurones expressing leptin receptors in the DMH, VMH, paraventricular hypo-
thalamic nucleus (PVN) and preoptic area (POA) is unknown. However, leptin is known
to act on neuropeptide Y (NPY)/agouti-related peptide (AGRP) and pro-opiomelanocortin
(POMC)/cocaine- and amphetamine-regulated transcript (CART) neurones in the arcuate
nucleus (ARC), and on orexin (ORX) neurones in the lateral hypothalamic area (LHA).
There are key neuronal projections from the SCN, DMH and ARC to the PVN, a critical
regulatory centre for appetite control, through which melaton in and leptin feedback may
thereby be coordinated. Acute actions of leptin on GnRH release at the median eminence
(ME) may be mediated by neurones in the ARC, such as NPY neurones. Furthermore,
photoperiod-sensitive actions of leptin on GnRH may be mediated via ORX neurones in
the LHA projecting to GnRH cell bodies in the POA, or via unidentified interneurones
in the VMH or POA projecting to GnRH neurones.

castrates show upregulated hypothalamic orexin gene expression in short days (Archer et al.,

2002b), whereas rams show downregulated orexin in short days (C. L. Adam, P. A. Findlay

and Z. A. Archer, unpublished). However, rams subjected to short-day photoperiods show

upregulated POMC and CART and downregulated AGRP gene expression compared with

rams subjected to long-day photoperiods (C. L. Adam, P. A. Findlay and Z. A. Archer, unpub-

lished). These data are consistent with increased activity of melanocortin and CART pathways

in short-day photoperiods, but it is open to speculation as to whether these changes contribute

to the increased hypothalamic sensitivity to leptin in short-day photoperiods.

Conclusion

Leptin is clearly implicated in communicating nutritional status to the reproductive neuro-




endocrine axis in sheep. In permissive photoperiod, a low systemic leptin signal inhibits
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GnRH—LH, and a threshold level acts permissively for normal GnRH pulsatile output. Leptin

does not trigger GnRH pulsatility but within the brain an acute increase in leptin can in-

crease pulse frequency or pulse amplitude during the breeding season; however, chronically

high leptin concentration is not stimulatory. Leptin also decreases appetite. The magnitude of

(stimulatory) GnRH—LH and (inhibitory) appetite responses is differentially influenced by the

time of year, indicating interaction with photoperiod (melatonin) and distinct mechanisms of

leptin action on the two axes (Fig. 4). Interaction with other nutritional or metabolic cues
within the brain is also highly probable. The GnRH response seems to be negatively dose-

dependent and the appetite response positively dose-dependent. Unresolved issues include
the impact of gender and gonadal steroids on central actions of leptin, transport into the

brain and neural pathways of leptin action. The differential seasonal and dose sensitivity of

the two axes challenges the assumption that neural mechanisms are shared between appetite
and GnRH axes. Although orexigenic and anorexigenic leptin targets in the hypothalamus

are well characterized, mediators of leptin actions on GnRH are not known. It is proposed

that photoperiod-entrained sheep may provide a useful model to elucidate the distinct mech-
anisms.

Work undertaken by the authors described in this review was supported by the Scottish Executive En-
vironment and Rural Affairs Department. The authors are grateful to A. Gertler of the Hebrew University of

Jerusalem for the gift of ovine recombinant leptin.
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