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Abstract

Puberty is a time of rapid change, including a marked increase in fat consumption and body fat
accrual, particularly in females. The mechanisms underlying these changes are unknown. Building
on results obtained in adult rats, the present study in pubertal rats focused on the orexigenic peptides,
galanin (GAL) and enkephalin (ENK), in the paraventricular nucleus (PVN) and medial preoptic
nucleus (MPN), which are known to be responsive to female steroids and have a role in both energy
balance and reproductive function. This study examined female rats maintained on pure
macronutrient diets from before weaning (day 15) to day 70. After an initial burst in protein intake
(days 21-35), the rats showed an increase specifically in preference for fat, from 15% to 30%. In rats
examined at different ages before (day 30) and after (days 45 and 60) puberty, this rise in fat intake
was associated with a marked increase, from days 30 to 45, in levels of oestradiol and progesterone
and in GAL and ENK mRNA or peptide levels specifically in the PVN and MPN, but not other
hypothalamic areas examined. This positive relationship with increased fat intake, steroids and
peptides across ages was also observed when comparing pubertal rats that naturally preferred fat
(>25% of total diet) to those consuming little fat (<15%) or rats that reached puberty at an early age
(days 30-34) to those that were late (days 37-40). These rats with early puberty onset exhibited a
strong fat preference 3-4 days before vaginal opening, which was positively related to steroid levels,
GAL, fat intake and body fat accrual after puberty. These findings suggest that, in addition to
providing a signal for puberty onset, early fat ingestion acting through mechanisms involving the
steroids and orexigenic peptides may be related to long-term patterns of eating and body weight
regulation.
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Introduction

Puberty is a time of dramatic and sudden change in energy balance as well as reproductive
function, particularly in females. There is a marked increase in secretion of gonadotrophin
releasing-hormones and the steroid, oestradiol (E») (1), and also in preference for dietary fat
and body fat accrual (2,3). Studies suggest that increased nutrition before puberty as well as
elevated weight gain and body fat may affect reproductive maturation and trigger the early
onset of puberty (4,5). These parameters in prepubertal females may also be risk factors for
obesity and diabetes later in life (4,6). The brain mechanisms involved in these relationships,
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between early nutrition, reproductive processes and long-term body weight regulation, remain
to be characterized.

The tight link known to exist between energy homeostasis and reproduction (7) leads us to
focus on brain peptides and brain areas that control both functions. Two such candidates are
the orexigenic peptides, galanin (GAL) and enkephalin (ENK), which are heavily expressed
in two nuclei, the paraventricular nucleus (PVN) and medial preoptic nucleus (MPN)
immediately rostral to the PVN, that project to the external zone of the median eminence (ME)
(8-10). These peptides modulate hormone secretion from the anterior pituitary (AP) (11-13)
and also have effects on mating behavior (13-16). With puberty characterized by a marked
increase in preference for a fat-rich diet and body fat accrual (2,3,17), a specific role for GAL
and ENK in pubertal animals is suggested by evidence that these peptides preferentially
stimulate ingestion of a fat-rich diet, which enhances fat deposition, and that their receptor
antagonists produce the opposite (18-23). Moreover, consumption of a fat-rich diet or injection
of a lipid emulsion further stimulates these peptides, suggesting that they function within a
positive feedback loop that promotes further ingestion of fat (24-26). This effect of dietary fat
on orexigenic peptides is site specific, occurring in the PVN and MPN as well as ME of female
rats, although not in the MPN of male rats, and absent in other areas of the hypothalamus or
medial preoptic area (MPOA). This evidence supports a role for these two peptides and nuclei
in coordinating functions related to feeding and reproduction in female rats, possibly around
puberty.

This hypothesis is further supported by evidence linking GAL and ENK in the PVN and MPN
to the female steroids, E; and progesterone (P4), which like the peptides are found to be affected
by the consumption of a fat-rich diet. Neurons expressing GAL and ENK in these nuclei contain
the steroid receptors or concentrate E, (8,27-30), and the expression of these peptides in the
PVN and MPN is stimulated by administration of the steroids (31-35). Further, females show
elevated peptide expression and fat preference when compared to males (2,8,32,36,37), and
these measures peak during the proestrous phase of the female cycle when E; and P4 levels
are elevated (36,38,39). In addition to stimulating GAL peptide, these steroids modulate GAL-
R1 receptors, which are dense in the PVN and MPN and possibly mediate GAL's feeding-
stimulatory effect (40,41). They also have effects of their own on feeding behavior (7), with
P4 in Ex-primed rats preferentially stimulating intake of a fat-rich diet (42,43), and they are
increased in the circulation by ingestion of a high-fat diet (36,42,44). A role for these steroids
in the positive relationship between dietary fat and orexigenic peptides in females is
underscored by the finding that ovariectomy greatly attenuates the stimulatory effect of a fat-
rich diet on GAL (42). Together, these findings support the possibility that the peptide-
expressing neurons in the PVN and MPN, which project to the ME and are responsive to both
fat and steroids, may be involved in functions of energy homeostasis closely related to
reproduction, particularly around puberty when increased consumption of a fat-rich diet and
body fat accrual are essential for reproduction.

To test this idea, measurements were taken of feeding patterns and nutrient preferences around
puberty, in addition to circulating steroids and orexigenic peptides. Rats were raised since
before weaning on pure macronutrient diets and thus allowed to express their natural preference
for fat. Measurements of fat intake, steroid levels, and peptides were recorded and related at
different ages before and after puberty. They were also examined in individual animals that
differed in their preference for fat or precise age of puberty onset as determined by day of
vaginal opening (VO). The results of these experiments, focusing on GAL and ENK in the
PVN and MPN, consistently demonstrate a close, positive relationship between these measures
in pubertal animals and reveal exaggerated patterns in rats that naturally prefer fat or reach
puberty at an early age
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Materials and methods

Animals

Diets

Time-pregnant, Sprague-Dawley rats (210-240g) from Charles River Breeding Laboratories
(Hartford, CT) were delivered to the animal facility on embryonic day 5 (E5). The dams were
individually housed in plastic cages and maintained on standard lab chow, in a fully accredited
AAALAC facility (22°C, with a 12:12-h light-dark cycle with lights off at 2 pm), according
to institutionally approved protocols as specified in the NIH Guide to the Use and Care of
Animals and also with approval of the Rockefeller University Animal Care Committee. At
birth, the litters were culled to 10 each by removing primarily males, with the 24 h period after
birth designated as day 1. The dams and offspring at 15 days of age (day 15) were given ad
libitum access to 3 pure macronutrient diets (see below), in addition to lab chow. The pups
were then weaned on day 21, individually housed, and maintained on the pure macronutrient
diets without chow. Over the course of the experiments, nutrient intake and body weight were
measured 2-3 times per week, except in Experiment 5 when daily measurements were taken
during the period before VO, which ranged from days 30-40.

The 3 pure macronutrients, fat, carbohydrate and protein, were presented simultaneously in 3
separate jars, as described (45). With macronutrient composition calculated as percent of total
kcal, the protein diet (3.7 kcal/g) consisted of 93% casein (Bioserv) mixed with 4% minerals
(USP XIV Salt Mixture Briggs, 1.C.N. Pharmaceuticals), 2.97% vitamins (Vitamin Diet
Fortification Mixture, 1.C.N. Pharmaceuticals), and 0.03% cysteine (L-cysteine hydrochloride,
I.C.N. Pharmaceuticals). The carbohydrate diet (3.7 kcal/g) was composed of 28% dextrin,
28% cornstarch (I.C.N. Pharmaceuticals) and 37% sucrose (Domino) mixed with 4% minerals
and 3% vitamins, while the fat diet (7.7 kcal/g) consisted of 66% lard (Armour) and 20% corn
oil (Mazola) mixed with 8% minerals and 6% vitamins.

Test procedures

Five experiments were conducted. The ages examined in these experiments, including days
30, 45, 60 and 70, were chosen based on our previously published study (2), which showed a
rise in fat intake from before puberty (day 30) to after puberty (day 45) and a peak in fat intake
2-3 weeks later (days 60-70). In the analyses of steroids and brain peptides as they relate to
patterns of macronutrient intake, the post-pubertal rats were sacrificed randomly across the 4
stages of the estrous cycle. While these parameters may show changes across these different
stages (36), a recent study of adult rats (42) demonstrates that their close, positive relationship
can still be seen at a single stage and independently of sacrifice time, leading us to follow the
same protocol in the present study of examining the pubertal rats randomly across the cycle.
They were sacrificed by rapid decapitation, after which their brains were removed, trunk blood
was collected, and fat pads were dissected.

Experiment 1—Female rats (n=32) raised on the macronutrient diets from 15 days of age
(day 15) to day 70 were examined with frequent measurements after weaning (day 21) of body
weight, body weight gain, total caloric intake, intake of the pure macronutrients, and preference
for these macronutrients as determined by % of total daily intake.

Experiment 2—Female rats (n=42) were similarly raised on the 3 macronutrient diets but
were sacrificed at 3 different ages (n=14/age), before puberty (day 30), shortly after puberty
(day 45) and at maturity (day 60). Body weight, total caloric intake, and intake of the pure
macronutrients were monitored in the same manner as Experiment 1. At the time of sacrifice,
unilateral body fat from 3 regions (gonadal, retroperitoneal and inguinal tissue) as well as the
mesenteric fat pad were dissected and weighed, with the body fat measure reflecting the sum
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of the individual fat pads. Trunk blood was collected for analysis of circulating levels of the
hormones, E, and P4 as well as insulin and leptin, and the brains were dissected for
measurements of peptide levels via radioimmunoassay (RIA), as described below.

Experiment 3—Similar to Experiment 2, female rats (n=30) were raised on the 3
macronutrient diets with frequent measurements taken of body weight and nutrient intake, and
they were sacrificed on days 30, 45 and 60 (n=10/age) by rapid decapitation. After sacrifice,
the brains were dissected for analysis of peptide gene expression using real-time quantitative
PCR (see below).

Experiment 4—An additional set of female rats (n=24) was similarly raised on the 3
macronutrient diets but were sacrificed at a single age, on day 50. These rats were subgrouped
(n=8/group) based on their average fat preference from days 45-50, designated “high-fat eaters”
consuming >25% fat or “low-fat eaters” consuming <15% fat. Trunk blood was collected for
analysis of circulating steroid levels, while the brains were removed for measurement of peptide
expression using in situ hybridization (see below).

Experiment 5—Similar to Experiments 1, female rats (n=24) were raised on the 3
macronutrient diets from day 15 to day 70, with frequent measurements taken of body weight
and nutrient intake. To determine the precise days of puberty onset, the rats were examined
daily for VO, from days 29-40. They were subgrouped (n=8/group) based on the day of VO,
designed “early VO if it occurred between days 30 and 34 or “late VO if it occurred between
days 37 and 40. To further characterize these groups, they were sacrificed on day 70, trunk
blood was collected for analysis of circulating hormones, and brains were removed for
measurements of peptide gene expression using in situ hybridization (see below).

Hormone Assays

Both serum 17pB-oestradiol (E,) and progesterone (P4) were assayed using commercially
available radioimmunoassay kits from MP Biomedical (Costa Mesa, CA). Serum levels of
insulin and leptin were assayed using RIA kits from Linco Research Inc, MO. The hormone
assays were performed at different times for different experiments. The sensitivity of the assays
is as follows: 7.2 pg/ml for E5, 0.03 ng/ml for P4, 0.1 ng/ml for insulin, and 0.5 ng/ml for leptin.
The intra- and the inter-assay coefficients of variation (%) are: 7.2 and 9.0 for E5; 6.9 and 8.0
for P4, 4.1 and 3.0 for leptin, and 4.3 and 8.5 for insulin.

Brain areas examined

Nine brain areas, each with a dense concentration of GAL and ENK neurons, were examined
using RIA, real-time quantitative PCR, and in situ hybridization, as previously described
(26,42). For measurements of peptide mMRNA and peptide levels in dissected tissue, the rats
were sacrificed by rapid decapitation, their brains were immediately placed in a matrix with
the ventral surface facing up, and three 1.0 mm coronal sections were made, with the anterior
border of the optic chiasm as the anterior boundary. The sections were then placed on a glass
slide and the following areas rapidly microdissected bilaterally under a microscope, using the
anterior commissure, fornix and third ventricle as landmarks. With coordinates according to
the atlas of Paxinos and Watson (46), these areas at 4 anterior-posterior levels were: 1) medial
preoptic nucleus (MPN) in the caudal region of the MPOA, at the level of and posterior to the
anterior commissure and <0.5 mm immediately anterior to the PVN (Bregma -0.4 to -0.92
mm); 2) suprachiasmatic nucleus (SCN) (Bregma -0.92 to -1.4mm; 3) paraventricular nucleus
(PVN) and supraoptic nucleus (SON) (Bregma -0.92 to -2.1 mm); and 4) arcuate nucleus
(ARC), ventromedial hypothalamus (VMH), dorsomedial nucleus (DMN), lateral
hypothalamus (LH) and median eminence (ME) (Bregma -2.56 to -2.8 mm). These dissections
were immediately frozen in liquid nitrogen and stored at -80° C until processed. For analysis
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of peptide mRNA using in situ hybridization, the brains were rapidly removed and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4° C for 3 days and cryoprotected in
25% sucrose-phosphate buffer at 4° C for a further 72-96 h. They were then frozen at -80° C
until day of use.

Radioimmunoassay (RIA)

The dissected tissue was homogenized in 1 mL of 0.1 M acetic acid and centrifuged at 14,000
x g for 15 min at 4° C. All of the supernatant was removed, boiled for 10 min and frozen at
-80° C until use. Levels of GAL in different brain areas were measured as described elsewhere
(36,47).

Real-time quantitative PCR analysis

Real-time quantitative PCR was used to measure GAL and ENK mRNA levels in the PVN and
MPN, as described (48). Briefly, total RNA from n=10-14 microdissected samples from each
age or diet group was pooled and extracted with Trizol reagent, and cDNA was synthesized
with oligo-dT primer. Real-time quantitative PCR was run with SYBR Green core reagents kit
(ABI, CA) and g-actin as an endogenous control. The levels of target gene expression were
quantified relative to the level of g-actin by standard curve method. Each study consisted of
4-6 independent runs of PCR in triplicate, and each run included a standard curve, non-template
control, and negative RT control. In addition, the specificity of the quantitative PCR was
verified with an anatomical negative control by using the corpus callossum in the same brain.
No signals above threshold of the two targeted genes were detected by quantitative PCR in all
of the controls.

In situ hybridization histochemistry

As previously described (48), digoxigenin-labeled antisense RNA probes and 30 um free-
floating cryostat sections were used for in situ hybridization histochemistry. AP-conjugated
sheep anti-digoxigenin Fab fragments (1:1000, Roche) and NBT/BCIP (Roche) were used to
visualize the signal. Gene expression level was measured by semiquantification with Image-
Pro Plus software (Version 4.5, Media Cybernetics Inc., Silver Spring, MD), as reported
(42), and was expressed as cells/mm?, reflecting density of mMRNA containing cells. In all
analyses, the cell number was counted only on one plane in each section, and only those cells
containing a nucleus in the plane (>10 um?) were counted, thereby excluding fractions of cells.
The average cell density in each nucleus or area for the different groups was compared and
statistically analyzed, with the analyses performed by an observer blind to the identity of the
animals.

Data Analysis

Results

All values are expressed as mean + SEM. With a standard statistical package (SPSS), statistical
analyses comparing the different measures (food intake, body weight, hormone levels and
peptides) for the subgroups were performed using a one-way ANOVA, followed by a
Bonferroni post-hoc test for multiple comparisons between groups, or an unpaired Student's
t-test when appropriate. Within-group measures of macronutrient intake, hormones and
peptides were related using a Pearson's product moment correlation. The criterion for use of
the term “significant” in the text is that the probability value for a given test is p<0.05.

These experiments examined female rats before and after puberty, to determine whether their
natural preference for fat and associated body fat accrual were related to changes in circulating
hormones and orexigenic peptides in specific brain areas.
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Experiment 1: Age-related changes in macronutrient intake

Female rats (n=32) raised on the 3 pure macronutrient diets showed a steady increase with age
in their total daily caloric intake until 56 days of age, when it stabilized at approximately 80
kcal (Fig. 1). During the first two weeks after weaning (days 21-35), protein intake increased
markedly from 9 to 33 kcal/day, with preference for protein (% of total diet) peaking at 47%
on day 35 (p<0.01). After day 35, fat intake showed a significant rise, from 7 to 22 kcal/day,
with preference for this macronutrient increasing from 17% to 30% by 70 days of age (p<0.01).
Body weight rose steadily with age (Fig. 1). Before puberty (days 25-35), weight gain was
positively correlated with the ingestion of protein (r=+0.58, p<0.01) but not fat or carbohydrate,
while after puberty it was positively related to intake specifically of fat (r=+0.67, p<0.01).
These results reveal two dynamic changes in nutrient preferences across age, a rise in protein
preference after weaning followed by a rise in fat preference after day 35.

Experiment 2: Age-related changes in hormones and GAL in relation to macronutrient intake

To investigate the relationship of these eating patterns to changes in circulating hormones and
the orexigenic peptide GAL, a second set of female rats (n=42) similarly raised on
macronutrient diets was sacrificed and examined at one of 3 ages (n=14/age), either before
puberty (day 30), shortly after puberty (day 45), or at maturity (day 60). As in Experiment 1,
these rats exhibited an initial increase in preference for protein, evident on day 45, that was
followed by a significant rise in fat intake and fat preference (26% of total diet) by day 60
(Table 1). As in Experiment 1, body weight was strongly, positively correlated with protein
intake on day 30 (r=+0.71, p<0.01) and day 45 (r=+0.57, p<0.05) but only with fat intake on
day 60 (r=+0.64, p<0.02). The weight of the dissected fat pads, when expressed relative to
body weight (% body fat), increased significantly only after puberty, from days 45 to 60 (Table
1), when it was positively correlated with preference for fat on day 45 (r=+0.56, p<0.05) and
day 60 (r=+0.74, p<0.01) but not protein or carbohydrate. These age-related shifts in
macronutrient intake, body weight and body fat accrual were accompanied by a rise in
circulating hormones (Table 1). Levels of E; increased significantly from days 30 to 45 (+32%)
but not thereafter, while P4 increased both from days 30 to 45 (+67%) and from days 45 to 60
(+140%). Smaller or more gradual changes were seen in the measure of insulin, which
increased only on day 45, and of leptin, which reached significantly higher levels only on day
60 when % body fat also increased. The rise in both steroids from days 30 to 45 was
accompanied by a marked increase in GAL peptide levels in the PN and MPN, as well as the
ME to which the GAL neurons project (Fig. 2), but little change in the ARC or other
hypothalamic areas examined (Table 2). Significant, positive correlations (ranging from r=
+0.59 to r=+0.75, p<0.05) on days 45 and 60 were consistently detected between PVN and
MPN GAL and the measures of fat intake and P4, substantiating a close relationship between
these parameters in pubertal females.

Experiment 3: Age-related changes in GAL and ENK mRNA in pubertal female rats

Building on the results showing marked changes in GAL peptide levels in the PVN and MPN
around puberty, this experiment used real-time quantitative PCR to measure age-related
changes in gene expression of GAL in these nuclei and also of the opioid peptide, ENK, which
is similar to GAL in its relation to dietary fat and ovarian steroids (see Introduction). Similar
to results in Experiments 1 and 2, the rats (n=30) tested on macronutrient diets and sacrificed
at 30, 45 and 60 days of age (n=10/age) exhibited a significant increase in preference for fat
from 16% to 29% (p<0.01), a relatively stable preference for protein (40-45%) after day 30,
and a small decline in carbohydrate preference from 42% to 32%. As with GAL peptide, the
levels of GAL mRNA increased markedly from days 30 to 45 in both the PVN and MPN (Fig.
3). A similar age-related increase, even larger in magnitude, was observed in the expression
of ENK in these nuclei, while both GAL and ENK mRNA subsequently declined by day 60.
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In contrast to the PVN and MPN, these peptides in the ARC remained stable or declined across
ages (Fig. 3). These measurements of peptide mMRNA substantiate the changes in GAL peptide
observed in Experiment 2 and suggest that ENK may function similarly to GAL in pubertal
animals.

Experiment 4: Steroids and peptides in relation to natural preferences for fat after puberty

onset

Building on the results of Experiments 1-3, this experiment in a larger set of pubertal rats at a
single age (n=24) investigated whether the close association between fat, steroids and peptides
seen with a rise in fat preference across the 3 ages is similarly detected in rats with naturally
different fat preferences at the same age. These rats examined on day 50 were subgrouped
(n=8/group) as “high-fat eaters” that consumed >25% fat and “low-fat eaters” that consumed
<15% fat. The high-fat eaters, while consuming 8.7 kcal more fat and slightly less protein and
carbohydrate than the low-fat eaters, remained similar to this group in their total caloric intake
and measures of leptin, body weight and body fat pad weights (Table 3). These groups differed,
however, in their measures of E, and P4, which were significantly elevated in the high-fat
eaters, and of GAL mRNA levels in the PVN and MPN measured by in situ hybridization (Figs.
4 and 5), which were also higher in the high-fat eaters and consistently, positively correlated
(ranging from r=+0.61 to r=+0.72, p<0.01) with the rats' preference for fat. No group
differences in GAL mRNA were evident in the ARC (Fig. 4) or any of the other hypothalamic
areas examined in Experiment 2 (data not shown). These analyses at a single age around
puberty, when rats exhibited differential increases in fat preference, reveal the same fat-steroid-
GAL relationship that was detected across the 3 ages in Experiments 2 and 3.

Experiment 5: Fat intake, steroids and peptides in relation to day of puberty onset

This experiment focused on events that occur prior to puberty and might impact on the day of
its onset, as well as on long-term feeding patterns and body fat accrual. Published studies
demonstrate that consumption of a high-fat diet elevates female steroids, advances puberty
onset, and increases body weight at maturity (see Introduction). In the present report, we tested
whether similar phenomena can occur in a free-choice paradigm that allows animals to express
their natural macronutrient preferences. Female rats (n=24) were examined on the 3
macronutrient diets, and their precise day of VO was recorded and related to their preference
for fat before, during and after this day and also to their measures of steroids, GAL and body
fat accrual after puberty, on day 70. The animals were subgrouped (n=8/group) based on their
day of VO, with “early VO rats” reaching puberty on days 30-34 and “late VO rats” on days
37-40. While the early VO rats were slightly heavier than the late VO rats on days 40-50 and
consumed less protein, these subgroups were similar in body weight before and after puberty
and in their measures of total caloric intake and carbohydrate intake at all ages (Table 4). Only
fat intake was significantly higher in the early VO rats, with their preference for this
macronutrient almost double that of the late VO rats (37% vs 20%, p<0.01). With the data
plotted in relation to day of VO, this greater fat intake was evident up to 4 days before, inversely
correlated with day of VO across the entire group (r=-0.63, p<0.01), and it continued well after
puberty onset (Fig. 6). A possible relationship of this stronger fat preference and underlying
mechanisms at puberty to different phenomena occurring at maturity was suggested by the
unusually strong, positive correlations (ranging from r=+0.76 to r=+0.84, p<0.001) detected
between fat intake before or at VO and fat intake on day 70. Consistent with results in
Experiment 4, this stronger fat preference of the early VO rats was accompanied by elevated
levels of E, and P4 and higher GAL mRNA in the PVN and MPN (Fig. 6). While only 129
heavier in body weight, these early VO rats on day 70 had significantly heavier fat pad weights
and higher leptin levels (Fig. 6), measures that across the entire group were negatively
correlated with the day of VO (r=-0.67 and r=-0.62, respectively, p<0.01). Thus, early puberty
onset as indicated by the day of VO (days 30-34) is temporally linked to an increase in fat
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preference before puberty, which in turn is positively associated with higher steroids and GAL
after puberty, in addition to greater fat intake and body fat accrual.

Discussion

These results show a close relationship between dietary fat, female steroids and orexigenic
peptides in the PVN and MPN, as a function of age around puberty, preference for dietary fat,
and day of puberty onset.

Age-related changes in feeding, nutrient preferences and body weight

The results, revealing a surge in protein intake from weaning (day 21) until day 35 followed
by an increase in fat preference from 15% around puberty onset (day 35) to 30% by day 70,
are consistent with the findings of prior studies in female rats (2,3). In addition, they
demonstrate that the pups' body weight and daily weight gain are closely, positively related to
their intake of protein before puberty, in contrast to their intake of fat after puberty as preference
for this macronutrient increased to >25% of total diet. These findings demonstrate a clear shift
with age in the body's patterns of ingesting and presumably metabolizing the different
macronutrients. The critical transition period is detected at puberty onset, around day 35, when
preference for fat starts to rise.

Age-related changes in circulating hormones

This age-related increase in preference for fat occurred simultaneously with a marked change
in circulating levels of the ovarian steroids. Both E, and P4 increased significant from days 30
to 45, while a further increase in P4 occurred from days 45 to day 60, consistent with prior
studies (49). The measures of insulin and leptin revealed a more gradual or delayed rise, as
previously described (50-53). Insulin showed only a small increase from days 30 to 45, while
the rise in leptin was statistically significant only on day 60, when it was positively related to
body fataccrual as reported in post-pubertal rats (54). With these multiple measures, the present
study allowed us to relate the steroids and peptide hormones to the macronutrients ingested by
the pubertal rats. The main finding was a significant, positive correlation between levels of P4
and the rats' intake specifically of fat. This association is consistent with the evidence in adult
female rats, showing fat-preferring animals to have elevated levels of P4 (36,42). It is further
supported by the additional finding that administration of P4 preferentially stimulates the
ingestion of a fat-rich diet (42). Together, these results suggest that the natural rise in P4
occurring at puberty is causally related to the simultaneous increase in fat intake.

Age-related changes in GAL in the brain

The most dramatic change in endogenous GAL, a 3-fold increase in peptide levels, was seen
from just before puberty (day 30) to shortly after puberty (day 45). This effect was seen in the
MPN and ME, consistent with earlier studies of the MPOA and ME (55,56). It was also detected
in the PVN, but not in 6 other hypothalamic areas examined, the ARC, VMN, DMN, LH, SCN
and SON, where GAL remained stable across ages. These results provide clear evidence for
the anatomical specificity of this marked increase in GAL peptide around puberty. This site-
specific change in peptide levels from days 30 to 45 was substantiated by the measurements
of GAL mRNA, which showed peak expression in the PVVN and MPN on day 45. This change
in GAL mRNA and peptide occurred at the same age as the increase in ovarian steroids and
the intake and preference for fat, as carbohydrate and protein intake remained stable or declined.
This relationship around puberty is consistent with results observed in adult female rats, which
reveal a close, positive association between PVN and MPN GAL and individual patterns of fat
intake (42) and a marked rise in these parameters during proestrous (36,38). It also agrees with
evidence obtained in adult GAL knockout mice, which demonstrates a marked reduction in fat
consumption and a reversal of this effect with central GAL injection (57). These similar

J Neuroendocrinol. Author manuscript; available in PMC 2009 November 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leibowitz et al.

Page 9

findings in the MPN and PV N, possibly reflecting a close anatomical connection between these
two nuclei (9), clearly contrast with those obtained in the ARC, where steroid receptors exist
(58,59), but the steroids as well as dietary fat have little effect on or sometimes suppress GAL
expression (25,42,60). Further support for the positive association between fat ingestion,
steroids and GAL in the PVN and MPN has been obtained in studies of gender comparisons.
This evidence demonstrates that adult female rats have higher PVN and MPN GAL than males
and exhibit a stronger preference for fat that contributes to their greater adiposity (2,42). A
recent study in ovariectomized adult rats (42) provides support for a causal relationship
between the ovarian steroids, dietary fat, and GAL expression in the PVN and MPN.

Age-related changes in ENK in the brain

In addition to GAL, measurements of the opioid peptide, ENK, showed a similar age-related
change in gene expression around puberty. The mMRNA levels of ENK in the PVN and MPN
increased dramatically from days 30 to 45, during the period of puberty onset, and then declined
by day 60. This is in contrast to the ARC, where ENK mRNA like GAL remained stable or
showed a decline across ages. These findings agree with an earlier study that observed an
increase in ENK immunoreactive fibers in the MPOA of female rats around day 40 (32).
Further, similar to GAL, ENK shows gender differences that are consistent with the positive
relationship between steroids, peptide and fat intake, with adult females having higher ENK
in the POA compared to males (31,32) while exhibiting a stronger preference for fat (42). These
results support a close relationship between mechanisms involving the ovarian steroids and
opioid peptides that control macronutrient preferences in pubertal animals. Similar results
might be expected from analyses of another orexigenic peptide, orexin, in the perifornical
lateral hypothalamus, which is similar to GAL and ENK in its relationship to the steroids and
dietary fat (25,61-63). However, neuropeptide Y in the arcuate nucleus differs from GAL, ENK
and orexin, in being suppressed by fat consumption (64) and having a negative as well as
positive relationship with the steroids (36,65).

Changes in steroids and peptides in relation to fat preference in pubertal females

These close associations between the fat intake, ovarian steroids, and orexigenic peptides
observed in relation to age and gender were confirmed in pubertal female rats examined as a
function of their natural preference for fat. Rats that consumed more fat shortly after puberty
(onday 50) had higher levels of E; and P4 compared to low-fat eaters and elevated GAL peptide
specifically in the PVN and MPN. These differences were evident even when these subgroups
were equal in caloric intake and body weight, thus dissociating the fat-steroid-GAL relationship
from these parameters. This relationship around puberty was confirmed by the strong, positive
correlations detected between the measures of fat intake, P4 levels, and GAL peptide. Studies
in adult female rats have revealed similar patterns in fat-preferring rats (2,32,36,37,42,66) and
specifically during the proestrous phase of the female cycle when fat is the preferred
macronutrient (36). The involvement of ovarian steroids in this relationship between dietary
fat and GAL is underscored by the finding that ovariectomy attenuates the stimulatory effect
of fat consumption on this orexigenic peptide (42).

Changes in fat intake, steroids and peptides in relation to early puberty onset

Animal studies demonstrate that pre-pubertal nutrition, in addition to weight gain and body
fat, affects reproductive maturation and promotes early puberty onset (4,5). Female rats forced
to consume a diet rich in fat, which increases caloric intake as well as body weight, show
puberty onset around days 32-33, as compared to days 37-39 for rats on a low-fat diet
(67-69). The present study, using a different feeding paradigm that provides a free choice of
pure macronutrient diets, allowed rats to exhibit their natural nutrient preferences around
puberty while maintaining normal daily intake. With frequent monitoring of macronutrient
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intake and day of VO, the results showed that fat intake prior to puberty onset, up to 4 days
before, was inversely correlated with the day of VO, while positively related to fat intake days
and weeks after puberty. These results demonstrate that natural patterns of fat intake are
established early and suggest that greater fat consumption in a free-choice feeding paradigm
provides a signal for triggering early puberty onset similar to that caused by a single, fat-rich
diet (67-69). Whereas there is evidence that total caloric intake and body weight are also
involved in initiating puberty (4,5), the signal related specifically to dietary fat in a free-choice
situation appears to act independently of these parameters, which were not significantly altered
in the early VO rats. With strong, positive correlations detected between the amount of fat
consumed before puberty and intake at maturity, it is likely that the mechanisms underlying
this behavioral pattern at these different stages of life may be similar, involving elevated
steroids and peptide expression in the PVVN and MPN as detected in the early VO rats on day
70. These endocrine and neurochemical mechanisms may also contribute to the increase in
body fat accrual exhibited by the early VO rats at maturity, indicating that the increased
preference for fat before puberty, in addition to being an early determinant of puberty onset,
may also be a predisposing factor that stimulates weight gain long after puberty.

Possible causal relationships between fat intake, steroids and peptides at puberty

Through measurements of fat intake, steroids and peptides, this study revealed similar changes
in all parameters as a function of age before and after puberty, individual preferences for fat
around puberty, and precise day of VO. These results demonstrate close, positive associations
between fat intake, ovarian steroids, and both GAL and ENK in the PVN and MPN, suggesting
their involvement in balancing processes of energy balance and reproductive functions in
pubertal females. Published literature (see Introduction) supports a causal relationship between
these different parameters, with dietary fat increasing levels of the steroids and both fat and
the steroids stimulating orexigenic peptides specifically in the PVN and MPN. With fat intake
rising up to 4 days before VO in the early VO rats that overeat fat as adults, this evidence leads
us to propose that this early burst in fat intake, possibly triggered by genetic or early
environmental factors, is an initial step in a cascade of events with long-term consequences.
The ingestion of fat may enhance the rise in levels of E,, which is necessary for puberty onset
and together with fat may stimulate GAL and ENK in the P\VN and MPN. Functioning within
a positive feedback loop, this series of events, starting earlier in fat-preferring rats, may
continue to cycle into adulthood. In addition to affecting reproductive function, these peptides
may cause a further increase in fat intake, which after puberty may involve a rise in P4 in
addition to E, and contribute to greater body fat accrual at maturity. While optimal for functions
of reproduction, these phenomena may ultimately put females at greater future risk, particularly
on a fat-rich diet, for disorders such as obesity and diabetes (4,6).
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Figure 1.

Measures of total intake, body weight and macronutrient intake and preference (% of total diet)
across ages, from weaning (day 21) to maturity (day 70), in female rats maintained on 3 diets
consisting of pure fat, protein and carbohydrate (Experiment 1). Given are means + SEM.
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Figure 2.

Galanin (GAL) peptide levels in different areas showing significant differences as a function
of age, shortly before puberty (day 30), after puberty (day 45), and at maturity (day 60)
(Experiment 2). Given are means + SEM. On day 45, female rats showed a dramatic increase
in GAL peptide levels in the paraventricular nucleus (PVN), medial preoptic nucleus (MPN),
and median eminence (ME), but not in other hypothalamic areas shown in Table 2. *, p<0.05
for direct comparisons between GAL levels on days 45 or 60 and on day 30.
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Galanin (GAL) and enkephalin (ENK) mRNA levels (measured by real-time quantitative PCR)
in the paraventricular nucleus (PVN) and medial preoptic nucleus (MPN) showing significant
differences as a function of age, measured shortly before puberty (day 30), after puberty (day
45), and at maturity (day 60) (Experiment 3). Given are means + SEM. Female rats on day 45
showed a marked increase in GAL and ENK mRNA in the PVN and MPN but not arcuate

nucleus (ARC). *, p<0.05 for direct comparisons between GAL or ENK mRNA on days 45 or

60 and on day 30.
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Figure 4.

Measurements of circulating levels of 173-oestradiol (E,), progesterone (P4) and galanin
(GAL) mRNA (measured via in situ hybridization) in different brain areas of post-pubertal rats
(day 50) subgrouped as high-fat or low-fat eaters (Experiment 4). Given are means + SEM.
Female rats that exhibit a preference for fat at puberty had significantly higher E, and P4 levels
and also GAL mRNA in the paraventricular nucleus (PVVN) and medial preoptic nucleus (MPN)
but not arcuate nucleus (ARC). *, p<0.05 for direct comparisons between measures in high-
fat compared to low-fat eaters.
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Figure 5.

Photomicrographs of GAL mRNA in the paraventricular nucleus (PVN) or medial preoptic
nucleus (MPN) (magnification 100x) of low-fat and high-fat eaters. (See data presented in
Figure 4).
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Fat Intake and Vaginal Opening
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Figure 6.

Daily fat intake (kcal) from 4 days before and 30 days after vaginal opening (V0), with
measurements of fat preference, 17B-oestradiol (E,) and progesterone (P4), galanin (GAL)
mMRNA in the paraventricular nucleus (PVVN) and medial preoptic nucleus (MPN), body fat and
leptin levels on day 70. Given are means + SEM. The early VO rats had significantly greater
fat intake from 4 days before VO. This measure of intake before puberty was positively
correlated with fat intake at maturity (day 70), when the early VO rats exhibited elevated levels
of E; and P4, higher GAL mRNA in the PVN and MPN, and greater body fat and leptin levels.
*, p<0.05 for direct comparisons between early and late VO rats.
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Table 1
Nutrient intake, body weight and hormones in female rats at 30, 45, and 60 days of age (Experiment 2).
Day 30 Day 45 Day 60

Nutrient intake (kcal) . -
Protein 129+24 31.6+2.7 353+4.0
Fat 72%22 142+13" 216429
Carbohydrate 16.2+35 245+31" 263+52° "
Total 36.3+33 703+1.9" 832£37
Nutrient preference (% of total intake) .
Protein 355+5.1 45.0+ 3.6 42447
Fat 19.8+3.0 202+24 26.0+26
Carbohy_drate 446+6.7 349+49 316+7.8
Body weight (g) 57+52 143455 209+83,
Body weight gain (g/day) 40+04 58+0.7 41+1.0
Total body fat (g) 1.8+0.1 42+ 0_4* 82+ 0.7*
% body fat (g/g body weight) 3.2+0.1 3.0+0.2 30+02 "
17p-Oestradiol (pg/ml) 152+1.1 20.0 + 2_5* 218+ 3_9**
Progesterone (pg/ml) 10129 169+3.1" 405+7377
Insulin (ng/ml) 0.97+0.1 1.36 + 0_3* 153+ 0_3**
Leptin (ng/ml) 1.96+0.3 2.44+0.3 320406

*
p < 0.05 for direct comparisons between days 45 and 30 or days 60 and 45

**
p < 0.05 for direct comparisons between days 60 and 30

Fok

3
p < 0.05 for direct comparisons between day 60 and days 45 and 30
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Table 2

Galanin peptide levels (ng/mg protein) in hypothalamic areas showing no changes as a function of age
(Experiment 2).

Day 30 Day 45 Day 60
ARC 152+3.0 20.3+5.7 178+35
VMH 72+23 81+22 9.4+28
DMN 66.5+9.5 70.5+8.1 65.0+8.1
SCN 38.8+6.0 50.4 £5.6 499+89
SON 115+23 13.2+20 15.6+1.9
LH 35+0.6 49+16 4708

Abbreviations: ARC, arcuate nucleus; VMH, ventromedial hypothalamus; DMN, dorsomedial nucleus; SCN, suprachiasmatic nucleus; SON,
suprachiasmatic nucleus; SON, supraoptic nucleus; LH, lateral hypothalamus.
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Measures in pubertal female rats subgrouped (Day 50) as High-fat eaters (>25%) and Low-fat eaters (<15%)

(Experiment 4).

Low-fat eaters

High fat-eaters

Fat Intake (kcal)

Protein Intake (kcal)
Carbohydrate Intake (kcal)
Total Intake (kcal)

Leptin (ng/ml)

Body Weight (g)

Body Fat (g)

123+24
36.2+15
27.0+£55
755+15
174+04
147 £ 6.7
5015

*
21.0£35
33.6+38
23.2+28
77.8+28
2.63+0.6
156 + 3.8
76+18

*
p < 0.05 for direct comparisons between high-fat and low-fat eaters.
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Body weight and nutrient intake at different ages in female rats subgrouped as late VO (Days 37-40) or early VO

(Days 30-34) rats (Experiment 5).

Late VO Early VO

Body Weight (g)

Days 25-30 50+ 3.5 55+ 3.§

Days 40-50 134 +4.7 147 5.1

Days 60-70 219+6.3 231+72
Total Intake (kcal)

Days 25-30 34+64 40+6.1

Days 40-50 74+75 74+9.7

Days 60-70 84+6.9 81+7.6
Fat Intake (kcal) .

Days 25-30 6+15 11+1.8

Days 40-50 17417 28+32"

Days 60-70 18+3.7 30+38"
Protein Intake (kcal)

Days 25-30 12+£26 15+ 2.§

Days 40-50 35+23 27+3.7

Days 60-70 47+42 35446
Carbohydrate Intake (kcal)

Days 25-30 16+2.3 14+17

Days 40-50 22+35 19+£3.2

Days 60-70 19+24 16 +£3.1

*
p < 0.05 for direct comparisons between early VO and late VO rats.
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