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ABSTRACT: Low birth weight and catch-up growth predict in-
creased adiposity in children and adults. This may be due in part to
leptin resistance, as adults who were born small exhibit increased
plasma leptin concentration relative to adiposity. Placental restriction
(PR), a major cause of intrauterine growth restriction, reduces size at
birth and increases feeding activity and adiposity by 6 wk in sheep.
We hypothesized that PR would increase plasma leptin concentration
and alter its relationship with feeding activity and adiposity in young
lambs. Body size, plasma leptin, feeding activity, adiposity, leptin,
and leptin receptor gene expression in adipose tissue were measured
(12 control, 12 PR). PR reduced size at birth and increased adiposity.
Plasma leptin concentration decreased with age, but to a lesser extent
after PR and correlated positively with adiposity similarly in control
and PR. PR increased plasma leptin concentration and perirenal
adipose tissue leptin expression. Feeding activity correlated nega-
tively with plasma leptin concentration in controls, but positively
after PR. PR increases adipose tissue leptin expression and plasma
leptin concentration, however, this increased abundance of peripheral
leptin does not inhibit feeding activity (suckling event frequency),
suggesting PR programs resistance to appetite and energy balance
regulation by leptin, leading to early onset obesity. (Pediatr Res 67:
603–608, 2010)

Restriction of substrate supply and growth in utero, evident
as low birth weight and its associated accelerated infant

growth, each predict obesity in children and adults (1,2).
Leptin is a peptide hormone secreted primarily by adipocytes
that regulates energy intake, storage, and expenditure (3).
Plasma leptin concentration correlates with body mass index
and body fat mass in newborn infants and adults (4,5) and acts
at the hypothalamus to signal satiety and reduce the sensation
of hunger. Leptin also increases thermogenesis and energy
expenditure (6) and has other peripheral actions. Infants born
small for gestational age undergo catch-up growth in the first
few months of life and have greater body fat mass and higher
circulating leptin concentrations as adults, than those of nor-
mal birth weight (7). Furthermore, for any given level of
obesity in adult humans, plasma leptin concentration increases

with decreasing birth weight (7). Altered regulation of food
intake by leptin may therefore contribute to perinatal program-
ming of obesity by prenatal restriction (8–10).
Consistent with this, maternal feed restriction in the rat

advances the neonatal leptin surge from around 16 to 10 d and
increases appetite, despite increased plasma leptin concentra-
tions, and exacerbates high fat diet-induced obesity, with signs
of central leptin resistance in offspring (11,12). In contrast, in
the sheep, which is more mature at birth than rodents, low
birth weight due to maternal feed restriction or spontaneous
variation in litter size does not alter plasma leptin in the fetus,
neonate, or later in postnatal life, despite increased appetite
and fatness in lambs who were small at birth (13–16).
A major cause of low birth weight and IUGR in humans and

other species is placental insufficiency, which restricts deliv-
ery of oxygen and nutrients to the fetus (17). We have shown
that placental restriction (PR) in the sheep induces hyperpha-
gia in offspring after birth, during their catch-up growth, and
increases central adiposity by 6 wk (18). We therefore hy-
pothesized that PR would increase adipose leptin expression,
plasma leptin concentrations in absolute terms, and relative to
fat mass, and that feeding activity would be inversely related
to plasma leptin concentrations in control but not PR sheep.

METHODS

Animals and surgery. All procedures were approved by the University of
Adelaide Animal Ethics Committee. The animals used in this study are a
subset of a previously described cohort in which feeding activity was assessed
(18). PR was induced by the removal of endometrial implantation sites
(caruncles) from the uterus of the ewe before mating. The removal of
endometrial caruncles restricts blood flow and the delivery of oxygen and
nutrients to the fetus and hence restricts fetal growth (19,20). PR reduces birth
weight by �25% and is followed by neonatal catch-up growth and perturbed
endocrine function (18,21,22). Ewes were housed in individual pens and fed
lucerne chaff twice daily ad libitum, with water ad libitum. Control ewes
delivered 12 singleton lambs (6M, 6F) and PR ewes delivered 12 singleton
lambs (7M, 5F). Lambs were housed with the ewe, consumed milk and had
access to the ewe’s ration of lucerne chaff from birth. Catheters were inserted
into the femoral artery and vein of the lamb under general anesthesia, induced
and maintained by Halothane inhalation anesthetic (d5), as previously de-
scribed (21). Fed blood samples were collected on d5, 10, 15 (before fasting
for the feeding activity experiment), 20, 25, 35, and 40, and fasted samples
were collected on d8, 15 and 30 (after a 1 h fast).
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Measurement of growth. At birth (d0) and at 5 d intervals up to d40 and
at postmortem, weight, and crown-rump length (CRL) were measured. Body
mass index was calculated as weight/CRL2 (kg/cm2), whereas ponderal index (PI)
was calculated as weight/CRL3 (kg/cm3). Absolute growth rate (AGR) was
calculated by linear regression as the slope of the relationship between age and
each size parameter within an individual sheep. Fractional growth rate (FGR) was
calculated as the AGR divided by the size of the parameter at birth.

Feeding activity. Feeding activity was characterized in lambs (12 controls,
12 PR) at 15 � 1 d as described previously (18). Briefly, lambs were fasted
for 1 h (adjacent and visible to ewe), with water ad libitum, then returned to
the ewe and observed for 1.5 h to measure the total number of suckling events
(suckling event frequency, number of times the lamb attached to the udder and
was observed to be swallowing per 1.5 h) and the total suckling time (sum of
lengths of suckling events during 1.5 h). Feed and water were removed from
the pen during the observation period so that only milk could be consumed by
the lamb.

Analysis of plasma glucose, free fatty acids, insulin, and leptin. Fasting
plasma glucose (Roche, Australia) and free fatty acids (FFA) (Wako Pure
Industries, Japan) were measured on a Hitachi 912 automated analyzer.
Fasting plasma insulin was measured by a double antibody, solid phase RIA
(Abacus ALS). Plasma leptin was measured by ovine-specific leptin RIA
using antibodies raised against bovine leptin (23). Intra and interassay coef-
ficients of variation were �5%.

Postmortem. Lambs were killed at 43 � 2 d by i.v. administration of
sodium pentobarbitone (Virbac Australia Pty Ltd, NSW, Australia). Fat
depots that could be accurately dissected (retroperitoneal, perirenal, and
omental) were weighed, with visceral fat weight calculated as the sum of these
depots.

RNA extraction and RT-PCR analysis of adipose tissue leptin expression.
Total RNA was isolated from 100 mg of frozen perirenal fat, using Trizol
(Invitrogen, Australia). DNase treatment of RNA and quantitative real time PCR
was performed as previously described (24,25). Forward and reverse primer
sequences, amplicon size, and GenBank ID for leptin, leptin receptor, and �-actin
(housekeeper) were leptin (5�-ccaaaaccctcatcaagacaatt-3�, 5�-gtggagcccagggat-
gaagt-3�, 109, NM_173928), leptin receptor (all forms) (5�-aaacaggtgcaaactggaa-
catac-3�, 5�-taacacgtcaagcagaacatataaaaga-3�, 132, NM_001012285.2) and Ovine
�-actin (5�-atgtaccctggcatcgca-3�, 5�-atccacatctgctggaaggtgg-3�, 157, U39357).
Data were analyzed using Rotor-Gene software v1.7 and the standard curve
method of quantitation. Expression of leptin and leptin receptor was normalized
against �-actin, which was unaltered by PR.

Statistical analysis. For single measures of each lamb (size at birth, growth
rate, body composition, glucose, FFA, and insulin), effects of PR and sex were
analyzed by ANOVA (SPSS v15). The effects of PR, sex, and age on plasma
leptin were assessed by repeated measures ANOVA (SPSS v15). Because of
the interaction between age and PR in the initial analysis, we then analyzed

effects of PR on fed plasma leptin concentrations separately at each age
(ANOVA). Only significant effects (p � 0.05) are reported throughout the
results section. Associations between parameters were assessed by Pearson
correlation or multiple linear regression analysis (SPSS v15).

RESULTS

Effects of PR on size at birth, postnatal growth, and
adiposity. PR did not alter gestational age at delivery (Control:
150.7 � 1.8 d; PR: 151.2 � 2.1 d, p � 0.87). PR reduced
weight (p � 0.05), but not CRL at birth (Table 1). PR
increased FGR in terms of weight (p � 0.05, Table 1).
Females were smaller than males at birth, and males grew
faster after birth in absolute terms (p � 0.05, Table 1). PR did
not alter weight, CRL, or body mass index at d43, but females
remained lighter than males (Table 1). PR lambs were fatter in
terms of perirenal, retroperitoneal, and visceral fat as a per-
centage of body weight compared with controls (Table 1).
Visceral fat as a percentage of body weight correlated nega-
tively with birth weight in PR females only (r � �0.95, n �
5, p � 0.007).
Effects of PR on plasma glucose, insulin, and FFA. PR

did not alter fasting plasma glucose, FFA, or leptin concen-
trations (d15). At d30, PR increased plasma glucose (control:
5.86 � 0.27 mM; PR: 6.78 � 0.29 mM, p � 0.004), and
altered plasma insulin differently in males and females (con-
trol males: 15.8 � 3.8 ng/mL; PR males: 18.7 � 4.0 ng/mL;
control females: 8.2 � 4.8 ng/mL; PR females: 33.0 � 6.2
ng/mL; PR: p � 0.009; sex: p � 0.048; PR*sex: p � 0.033),
such that PR increased plasma insulin in females (p � 0.031)
but not in males (p � 0.12).
Effects of PR on plasma leptin concentration. Plasma

leptin concentrations in fed lambs decreased with age until
d20 (repeated measures, age; p � 0.014, Fig. 1) and changed
differently with age in PR compared with controls [repeated

Table 1. Effect of PR on size at birth, postnatal growth rate, and post-mortem size in sheep

Male Female p value (ANOVA)

Control (6) PR (7) Control (6) PR (5) PR S PR � S

Birth phenotype
Weight (kg) 5.71 � 0.46 4.72 � 0.43 4.60 � 0.43 3.50 � 0.47 0.037 0.020 NS
Crown-rump length (cm) 53.6 � 1.7 51.1 � 1.6 50.6 � 1.7 47.0 � 1.8 NS 0.050 NS
Body mass index (kg/m2) 19.8 � 1.1 18.1 � 1.0 17.4 � 1.0 15.9 � 1.1 NS 0.047 NS

Postnatal growth
Weight (kg/d) 0.36 � 0.02 0.34 � 0.02 0.28 � 0.02 0.28 � 0.02 NS 0.002 NS
Weight (%/d) 6.8 � 0.5 7.5 � 0.5 6.8 � 0.5 8.5 � 0.5 0.042 NS NS

Postmortem size (d43)
Weight (kg) 20.1 � 0.8 19.2 � 0.9 16.2 � 1.0 15.6 � 1.1 NS 0.001 NS
Crown-rump length (cm) 79.6 � 2.4 79.7 � 2.4 77.9 � 2.8 80.7 � 3.4 NS NS NS
Body mass index (kg/m2) 30.5 � 1.2 28.0 � 1.2 27.9 � 1.4 27.2 � 1.7 NS NS NS

Postmortem fat depots (d43)
Perirenal fat (g) 109.6 � 8.3 140.4 � 9.6 114.3 � 12.1 127.6 � 12.2 NS NS NS
Perirenal fat (% body weight) 84.6 � 7.3 127.9 � 7.8 141.2 � 9.5 163.4 � 9.9 0.029 0.034 NS
Retroperitoneal fat (g) 76.5 � 7.4 98.2 � 8.8 84.4 � 11.0 103.4 � 11.1 NS NS NS
Retroperitoneal fat (% body weight) 58.4 � 7.4 89.1 � 7.6 103.8 � 9.7 129.3 � 10.2 0.049 0.026 NS
Omental fat (g) 169.7 � 12.2 177.9 � 13.1 144.1 � 14.1 144.1 � 17.5 NS NS NS
Omental fat (% body weight) 136.2 � 9.7 157.2 � 9.8 179.5 � 11.1 194.4 � 13.9 NS NS NS
Visceral fat (g) 356.3 � 26.1 416.6 � 29.7 348.1 � 35.2 354.6 � 36.1 NS NS NS
Visceral fat (% body weight) 284.6 � 21.5 373.8 � 21.6 428.7 � 26.4 471.6 � 31.2 0.046 0.023 NS

Values expressed as means � SEM and number of animals within parentheses.
PR, placentally restricted; S, sex; NS, not significant.
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measures, age*PR; p � 0.001 (cubic), Fig. 1]. PR increased
fed plasma leptin concentrations at d5 (Control: 1.58 � 0.17
ng/mL; PR: 2.18 � 0.15 ng/mL, p � 0.008) and d40 (Control:
1.54 � 0.14 ng/mL; PR: 1.88 � 0.13 ng/mL, p � 0.046). PR
also increased fed plasma leptin concentrations regardless of
age (p � 0.049). Fasted plasma leptin concentrations were not
altered by PR or sex, and fed and fasted plasma leptin
concentrations did not differ between males and females from
d5 to d40 (data not shown). Fasting plasma leptin concentra-
tions were lower at d30 (1.55 � 0.11 ng/mL) compared with
d8 (1.89 � 0.13 ng/mL) (p � 0.005). Plasma leptin concen-
trations (d5–30) and average fed and fasted plasma leptin
concentrations each correlated negatively with birth weight in
PR female lambs only (r � 0.78 to 0.92, n � 5, p � 0.05).
Relationships among plasma leptin concentration, insulin,

perirenal leptin, and leptin receptor gene expression and fat
mass. PR increased perirenal expression of leptin (p � 0.013,
Fig. 2A), but not leptin receptor (Fig. 2B), in perirenal fat (d43).
Perirenal adipose expression of leptin and leptin receptor did not
differ between males and females (Fig. 2A and B). Fed plasma
leptin concentrations (d40) correlated positively with perirenal
expression of leptin in control and PR lambs (control: r � 0.73,

n � 8, p � 0.02; PR: r � 0.54, n � 11, p � 0.043). Fed plasma
leptin concentrations (d40) correlated positively with perirenal
expression of leptin receptor in PR lambs only (control: NS; PR:
r � 0.63, n � 11, p � 0.019).
Perirenal expression of leptin and leptin receptor did not

correlate with perirenal fat mass, but perirenal expression of
leptin correlated positively with visceral fat mass in control
lambs (control: r � 0.54, n � 12, p � 0.036; PR: r � 0.17,
n � 10, NS; Fig. 3A) and with visceral fat mass as a percent-
age of body weight in PR lambs (control: r � 0.42, n � 12,
NS: PR: r � 0.55, n � 10, p � 0.048; Fig. 3B). Perirenal
leptin receptor expression correlated positively with visceral
fat mass (control: r � 0.04, n � 12, NS; PR: r � 0.59, n �
10, p � 0.044; Fig. 3D) and with visceral fat as a percentage
of body weight (control: r � 0.14, n � 12, NS; PR: r � 0.73,
n � 10, p � 0.008; Fig. 3E) in PR lambs only.
Fasting plasma insulin concentration (d30) correlated pos-

itively with perirenal leptin expression in PR lambs (control:
r � 0.32, n � 10, NS; PR: r � 0.66, n � 7, p � 0.037, Fig.
3C) and leptin receptor expression in control lambs (control:
r � 0.91, n � 11, p � 0.001; PR: r � 0.60, n � 7, p � 0.1,
Fig. 3F).
Plasma leptin concentration (d40) correlated positively with

total visceral fat mass (control: r � 0.63, n � 8, p � 0.025;
PR: r � 0.67, n � 10, p � 0.017, Fig. 4A) and total visceral
fat mass as a percentage of body weight (control: r � 0.69,
n � 8, p � 0.029; PR: r � 0.60, n � 10, p � 0.034, Fig. 4B)
in males and females combined.
Postnatal growth and plasma leptin concentration. Plasma

leptin concentration (d5–15, d25–40) correlated positively
with FGR of CRL (r � 0.55 to 0.71, p � 0.05), and AGR and
FGR of abdominal circumference (r � 0.50 to 0.73, p � 0.05)
in controls. Mean fed and fasted plasma leptin concentration
correlated positively with AGR and FGR of CRL and abdom-
inal circumference (fed: r � 0.53 and 0.57; fasted: r � 0.50
and 0.63, respectively; p � 0.05) in controls, and with FGR
weight (fed: r � 0.59; fasted: r � 0.50; p � 0.05) in PR
lambs. Plasma leptin concentrations (d5–30) correlated posi-
tively with FGR weight (r � 0.47 to 0.66, p � 0.05) in PR
lambs. Plasma leptin concentration (d10–20) correlated posi-
tively with FGR abdominal and thoracic circumferences (r �
0.61 to 0.66, p � 0.05) in PR lambs.
Relationships between feeding activity and plasma leptin

concentration. The total number of suckling events (number
per 1.5 h observation period, d15), correlated negatively with
plasma leptin concentration (d15) in control lambs, but posi-
tively in PR lambs (control: r � �0.52, n � 12, p � 0.038;
PR: r � 0.56, n � 11, p � 0.044, Fig. 5). Total suckling time
(d15) correlated positively with plasma leptin concentrations
in PR lambs, but not controls, at d5 (control: r � �0.23, n �
12, NS; PR: r � 0.49, n � 11, p � 0.05), d8 (control: r �
�0.12, n � 12, NS; PR: r � 0.56, n � 11, p � 0.05), and d25
(control: r � �0.26, n � 12, NS; PR: r � 0.52, n � 11, p �
0.05). The total number of suckling events corrected for body
weight correlated negatively with plasma leptin concentration
(d15) in control lambs, but positively in PR lambs (control:
r � �0.56, n � 12, p � 0.05; PR: r � 0.54, n � 11, p �
0.05). Total suckling time (d15) corrected for body weight did

Figure 1. PR increases plasma leptin in young lambs. Fed plasma leptin
concentrations (controls: n � 12; PR: n � 12) were analyzed by repeated
measures ANOVA for effects of treatment and time. Plasma leptin concen-
trations were reduced with age (p � 0.014) and in a cubic fashion with
treatment (p � 0.001). Values are mean � SEM. Control (E), PR (●).

Figure 2. PR increases expression of leptin but not leptin receptor in peri-
renal fat at postmortem (d43). Perirenal fat leptin expression was increased at
postmortem in PR lambs (p � 0.013). Values are mean � SEM.
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not correlate with plasma leptin concentrations in control or
PR lambs (control: r � 0.22, n � 12, NS; PR: r � 0.07, n �
11, NS).

DISCUSSION

We have shown for the first time that PR increases perirenal
expression and circulating leptin in the first month of life in
the young lamb. Increased plasma leptin concentration in the
young PR lamb is consistent with similar observations in
human infants aged 1 y following IUGR (26). We also report
for the first time that in the normal lamb, feeding activity,
measured as suckling event frequency, is negatively related to
plasma leptin concentration at 2 wk, suggesting that the role of
leptin in central regulation of appetite and satiety is estab-
lished by this age in the sheep. Crucially, PR abolishes this
inverse relationship of plasma leptin concentration with feed-
ing activity, in terms of the number and total duration of

Figure 3. PR alters relationships between visceral fat mass and plasma insulin and leptin and leptin receptor gene expression in young lambs. Leptin gene
expression correlated positively with (A) visceral fat in controls (control: r � 0.54, n � 12, p � 0.036; PR: r � 0.17, n � 10, NS), and (B) visceral fat as a
percentage of body weight in PR lambs (control: r � 0.42, n � 12, NS: PR: r � 0.55, n � 10, p � 0.048). Leptin receptor gene expression correlated positively
with (D) visceral fat in PR lambs (control: r � 0.04, n � 12, NS; PR: r � 0.59, n � 10, p � 0.044) and (E) visceral fat as a percentage of body weight in PR
lambs (control: r � 0.14, n � 12, NS; PR: r � 0.73, n � 10, p � 0.008). Fasting plasma insulin concentrations correlated positively with (C) leptin expression
in PR lambs (control: r � 0.32, n � 10, NS; PR: r � 0.66, n � 7, p � 0.037) and (F) leptin receptor expression in control lambs (control: r � 0.91, n � 10,
p � 0.001; PR: r � 0.60, n � 7, p � 0.1). Control (E), PR (●).

Figure 4. Plasma leptin concentration cor-
relates positively with visceral fat mass in
young lambs. Fed plasma leptin concentra-
tions (d40) correlated positively with (A)
total visceral fat mass (control: r � 0.63, n�
8, p � 0.025; PR: r � 0.67, n � 10, p �
0.017) and (B) total visceral fat mass as a
percentage of body weight (control: r �
0.69, n � 8, p � 0.029; PR: r � 0.60, n �
10, p � 0.034). Control (E), PR (●).

Figure 5. PR reverses the relationship between appetite and plasma leptin
concentration in young lambs. Fasting plasma leptin (d15) correlated nega-
tively with the number of suckling events in control (r � �0.52, n � 12, p �
0.038) but positively in PR (r � 0.56, n � 11, p � 0.044) lambs. Control (E),
PR (●).
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feeding events, suggesting that restriction of growth before
birth may impair central leptin action after birth, contributing
to their hyperphagia (Fig. 6).
We have shown that plasma leptin concentration in the

young lamb decreases after birth until d20 then plateaus. This
is consistent with previous studies in lambs where plasma
leptin concentration increased from birth to d5 and then
declined to d47 (27), while in humans, plasma leptin concen-
tration decreases in boys from 6 to 20 y (28). Plasma leptin
concentration correlated with total and relative visceral fat
mass in lambs at 6 wk, suggesting that higher leptin in PR
lambs in part reflects their greater fat mass. Given that PR
lambs have reduced absolute perirenal fat mass in late gesta-
tion (29), their elevated leptin at d5 is, however, unlikely to
reflect increased fat mass. In humans, plasma leptin concen-
tration also correlates positively with circulating levels of
insulin independent of body fat mass, in lean and obese
children, and in adults remains increased several days after
insulin infusion, and may be a predictor of insulin resis-
tance (30–33). In this study, plasma leptin concentration
similarly correlated with fasting plasma insulin concentra-
tion. We have previously observed that PR enhances insulin
suppression of circulating FFA in young lambs postnatally
(21), suggesting increased insulin sensitivity of adipose tissue,
and increased insulin action on adipocytes may therefore also
contribute to increased circulating leptin after PR. These
findings suggest that PR alters plasma leptin concentration in
part by programming of altered insulin action and body com-
position (9,12,34).
Leptin has been proposed to act as a growth promoter in

early life (26). Here, we show that plasma leptin concentration
predicted accelerated growth in terms of CRL and abdominal
circumference in controls, whereas in PR lambs plasma leptin
concentration was predictive of catch-up growth of soft tis-
sues, evident as increased FGR of weight and abdominal
circumference. IUGR also increases fat deposition in human
infants (1,2), whose plasma leptin concentration increases
above that of normal birth weight infants during the first year
of life (26). These findings may however reflect common
underlying drivers of both growth and plasma leptin concen-
tration following IUGR rather than altered leptin action on
growth.
In this study, we have established that plasma leptin con-

centration and suckling event frequency after fasting are in-
versely related in the normal lamb at 2 wk. Elements of the
appetite and feeding regulatory networks in the brain are

present before birth in the sheep, nonhuman primate and the
human fetus (35–37). In the nonhuman primate and the sheep,
structural development of the appetite regulatory network
occurs during the third trimester of pregnancy (37,38). Our
findings suggest that increased circulating leptin decreases
appetite, at least measured by suckling event frequency, im-
plying that these pathways are functional by 2 wk in the sheep.
In the rat, central pathways of appetite regulation develop
from d14.5 gestation, but are not functional until 2 wk after
birth, suggesting that although the rat is atricial, onset of
regulation of feed intake occurs at least by the same time as
the precocial sheep (35,39). Previously, we reported that PR
lambs have increased feeding activity in terms of increased
suckling time (18). We now have evidence that PR abolishes,
and indeed reverses, the association of plasma leptin concen-
tration and suckling time and number of suckling events in the
2-wk-old lamb. Furthermore, the PR lamb becomes hyperin-
sulinaemic by this age (18,21). Normally, increased plasma
leptin and insulin concentrations act to suppress appetite (40),
but we have shown that plasma insulin and plasma leptin are
increased in PR lambs in conjunction with increased feeding
activity, suggesting PR may alter central sensitivity to these
hormones and/or the activity of other appetite-regulating hor-
mones. Contributions of milk yield and composition to altered
feeding behavior in the PR lamb cannot, however, be excluded
in this study. In the rat, bilateral uterine artery ligation in late
pregnancy decreases milk intake of pups in early postnatal
life, measured by the weigh-suckle-weigh technique, although
milk calcium and protein contents are not altered (41). Further
studies are required to differentiate effects of PR on milk yield
(supply) and appetite (demand). Suckling event frequency and
total suckling time correlated positively with relative growth
rates in these lambs (18), however, suggesting that these do
reflect nutrient intake. In the present cohort, we investigated
responses to endogenous leptin and insulin only, and studies
of food intake, appetite, and energy balance responses to
chronic infusions of leptin and/or insulin are needed to pro-
vide direct evidence for central resistance. It has been sug-
gested that leptin promotes the formation of neural projections
from the arcuate nucleus to the hypothalamus which may
control food intake and adiposity later in life, and defects in
these projections may reduce leptin signaling (9). In rats,
leptin deficiency in early life, particularly during the postnatal
surge in leptin, can modify the numbers of these projections
and are implicated in onset of later leptin resistance (8,42).
Certainly, the PR fetal sheep exhibits leptin deficiency in late

Figure 6. PR alters the relationship of
plasma leptin concentration to feeding ac-
tivity in the young lamb. We propose that
PR causes central leptin resistance which
disregulates satiety or appetite, thereby in-
creasing appetite and food intake, resulting
in continued expansion of adipose tissue
and further increases in leptin, in contrast
to the control lamb with intact central neg-
ative feedback of appetite by leptin.
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gestation in terms of reduced adipose tissue leptin expression,
although plasma leptin concentration is unaltered (29). Here
we saw no evidence for leptin deficiency in PR lambs at d5
(Fig. 1), but did not examine earlier ages. Thus, key questions
for the future are how PR modifies circulating leptin before
and after birth, and whether leptin resistance and increased
adiposity apparent in PR lambs by 6 wk might in part reflect
abnormal neuronal organization or decreased hypothalamic
leptin receptor expression, resulting in diminished responsive-
ness of these neurons to leptin and contributing to increased
feeding activity and adiposity postnatally.
We conclude that PR increases plasma leptin concentration

in young progeny and is associated with catch-up growth of
soft tissues, increased feeding activity and central obesity.
Importantly, we have shown for the first time that plasma
leptin predicts reduced feeding activity (measured as suckling
event frequency) after fasting in the young control lamb and
that this is reversed by PR. This is consistent with placental
programming of central leptin resistance, which may contrib-
ute to hyperphagia, onset of central obesity and later metabolic
dysfunction which develop in the PR sheep postnatally
(18,21).
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