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ABSTRACT

At present it is not clear which factors are responsible for the
diurnal pattern of plasma leptin levels, although the timing of food
intake and circulating hormones such as glucocorticoids and insulin
have both been proposed as independent determinants. In this study
we show that ablation of the biological clock by thermal lesions of the
hypothalamic suprachiasmatic nucleus (SCN) completely eliminates
the diurnal pattern of plasma leptin levels. By contrast, removal of the
diurnal corticosterone signal by adrenalectomy and corticosterone
replacement did not affect diurnal plasma leptin levels. More impor-

tantly, removal of the nocturnal feeding signal by submitting the
animals to a regular feeding schedule of six meals per day did not
abolish the diurnal plasma leptin levels. However, both SCN lesions
and the regular feeding schedule did cause an increase in the 24-h
mean plasma leptin levels. As neither rhythmic feeding, insulin, or
corticosterone signals can completely explain the diurnal plasma lep-
tin rhythm, we conclude that biological clock control of the sympa-
thetic input to the adipocyte is essential for regulation of the daily
rhythm in leptin release. (Endocrinology 142: 2677-2685, 2001)

LEPTIN IS SECRETED by adipose tissue and circulates as

a hormone in the blood in proportion to the amount of
body fat. Moreover, in addition to its role as a lipostatic signal
contributing to body weight regulation, recent energy intake
is another determinant of circulating leptin levels (1-3). The
discovery of the food intake-reducing properties of leptin (4,
5) boosted the research into the (neural) pathways underly-
ing leptin signaling. It became clear that the lipostatic, be-
havioral, neuroendocrine, and autonomic effects of leptin are
predominantly mediated by the brain through binding of
leptin to its hypothalamic receptors (6—8). Despite the major
interest in afferent leptin signaling to the brain, efferent sig-
nals from the central nervous system that mediate leptin
release have not been elucidated.

Blood levels of leptin follow a diurnal rhythm in healthy
lean, obese, and type II diabetic subjects (9-12). The genesis
of this diurnal pattern of leptin levels has not been eluci-
dated. In fact, it is not even clear whether, like many other
hormonal rhythms, the diurnal plasma leptin rhythm is un-
der direct control of the biological clock or, conversely,
whether it is a mere consequence of circadian rhythms in
hormone release and/or behavior. Meal shifts entrain the
diurnal rhythm of leptin secretion, suggesting that daytime
feeding contributes to the nocturnal increase in plasma leptin
levels (13-16). This feeding effect would be in accordance
with the acute effect of fasting and insulin on leptin secretion
(1, 17). On the other hand, diurnal leptin release was main-
tained during prolonged hyperinsulinemia in normal human
subjects (18), indicating that factors other than feeding be-
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havior must also be involved. The inverse relationship be-
tween diurnal rhythms of leptin, on the one hand, and ACTH
and cortisol, on the other, was apparent from the discovery
of leptin (9, 19) and led to the suggestion that the circadian
changes in cortisol might account for the circadian rhythm in
leptin release (20, 21). However, experiments employing hy-
drocortisone infusions and observations in patients with
Cushing’s syndrome showed persistent leptin rhythms de-
spite constant (high or low) levels of cortisol (22, 23). Another
argument against a predominant role of either endogenous
hormone or feeding rhythms in the control of diurnal leptin
rhythmicity is that in both rodents and humans the highest
leptin levels are found at night despite the fact that these
species have contrasting patterns of feeding and adrenal
activity.

In mammals (including humans) the biological clock is
located at the base of the anterior hypothalamus in the su-
prachiasmatic nuclei (SCN) (24, 25). The SCN plays a key role
in the induction, synchronization, and entrainment to the
environmental light/dark cycle of circadian rhythms in be-
havioral, metabolic, and endocrine functions (24, 26). Dis-
appearance, however, of the diurnal leptin rhythm after ab-
lation of the SCN does not prove a direct clock control of
leptin release, because in these SCN-ablated animals other
rhythmic signals (e.g. feeding and glucocorticoids) have also
become arrhythmic. Therefore, to investigate separately the
respective roles of the SCN, adrenal glucocorticoids, and
feeding rhythms in the control of leptin rhythmicity, we
determined daily plasma leptin rhythms in four experimen-
tal groups of rats, i.e. unoperated intact animals, SCN-
lesioned animals, adrenalectomized animals that had re-
ceived a chronic corticosterone-releasing pellet, and animals
on a regular feeding schedule.
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Materials and Methods
Animals

Male Wistar rats were obtained from a commercial supplier (Harlan,
Horst, The Netherlands) and housed in a temperature-controlled envi-
ronment (20—22 C) on a 12-h light/12-h dark schedule (lights on at
0700 h). Before the start of the experiments animals were allowed to
acclimatize to the lighting schedule for several weeks with four animals
in a cage. At least 1 week before the experiments started animals were
moved to individual cages (38 X 26 X 16 cm). Water was available ad
libitum. Food was available ad libitum too, except for the animals on the
six meals per day feeding schedule. Postoperative care was provided
after each surgical procedure by sc injection of Temgesic (Reckitt &
Colman, Kingston-upon-Hull, UK; 0.3 ml/kg) after the animals awak-
ened from anesthesia. The body weights of the animals were registered
on a regular basis. Blood sampling was performed in four experimental
groups of animals: 1) unoperated control animals, 2) SCN-lesioned an-
imals, 3) adrenalectomized animals provided with corticosterone pel-
lets, and 4) animals on a regular feeding schedule. All of the following
experiments were conducted under the approval of the animal care
committee of the Royal Netherlands Academy of Sciences.

SCN lesions

For SCN lesions 36 animals, 180-200 g, anesthetized with Hypnorm
(Duphar, The Netherlands; 0.6 ml/kg, im), were mounted with their
heads in a David Kopf Stereotact (Tujunga, CA) with the toothbar set at
+5.0 mm, and sustained a bilateral lesion of the SCN (coordinates: 1.4
mm rostral to bregma; 1.1 lateral to the midline; 8.3 mm below the brain
surface) using bilateral lesion electrodes, 0.2 mm in diameter, with
temperature set at 85 C for 1 min (lesion generator, Radionics, Burling-
ton, MA). This temperature was found empirically to result in lesions
large enough to eliminate the SCN bilaterally, but small enough to leave
surrounding hypothalamic brain structures, such as the paraventricular
(PVN) and supraoptic (SON) nuclei intact. A drawback of this restricted
lesion size is the limited yield of completely lesioned animals (i.e. ~30%).
To restrict the number of (false positive) animals to be operated upon,
initially the effectiveness of the lesions was checked by measuring daily
water intake. After a rest period of 2 weeks to recover from the trauma
of anesthesia and brain trauma, the daily water intake of the animals was
measured during the middle 8 h of the light period. Only animals
showing a daytime water intake of more than 30% of the total daily
intake (in intact control animals this value is typically <10%) were
assumed to have complete lesions of the SCN until the final immuno-
cytochemical analysis and were allowed to enter the experiment. After
the experiments, SCN lesions were checked histologically by immuno-
cytochemical staining of hypothalamic sections for the presence of va-
sopressin (VP) and/or vasoactive intestinal polypeptide-containing cell
bodies or fibers in the SCN area. If animals had cell bodies that stained
positively for either VP or vasoactive intestinal polypeptide at the border
of the lesion, or for immunoreactive fibers in SCN target areas such as
the PVN, they were excluded from the data analysis (27-29).

Adrenalectomy (ADX)

Before ADX (via the flank approach) animals were anesthetized with
a combination of Hypnorm and Dormicum (Roche, Mydrecht, The Neth-
erlands; 0.4 ml/kg, sc). Together with bilateral adrenalectomy the an-
imals received a jugular vein catheter (see below), and 100-mg slow
release corticosterone pellets (Innovative Research of America, Sarasota
Beach, FL) were implanted sc. The corticosterone pellets provided stable
plasma concentrations of corticosterone for up to 60 days. Adrenalec-
tomized animals (i.e. ADX+Cort animals) had free access to fresh water
and 0.9% saline to compensate for mineral loss.

Regular feeding

For the rats entrained to the six meals per day feeding schedule (i.e.
regular-fed animals) food pellets were available in metal food hoppers.
A rat could gnaw off pieces of food through vertical stainless steel bars.
Access to food could be prevented by a sliding door situated in front of
the food hopper. Door opening and door closing were activated by an
electrical motor and controlled by a clock. The rats were entrained to a
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feeding schedule of six 10-min meals spaced equally over the day-night
cycle. Food became available at zeitgeber time (ZT) 2, ZT6, ZT10, ZT14,
ZT18, and ZT22 (ZT12 being defined as the onset of the dark period).

Door-opening time was determined empirically in previous experi-
ments, i.e. with longer door-opening times animals would start to skip
one or more of the daytime meals. Animals did not save food for
consumption during the 4-h intermeal period. Adaptation was consid-
ered completed when animals had learned to consume approximately
3 g at every meal. Despite the equally distributed feeding activity,
general (locomotor) activity still showed a clear day-night rhythm, with
the major part of activity occurring during the dark period. During the
light period animals would wake up, eat, and resume sleeping. No
anticipatory activity was observed. Diurnal glucose, insulin, and corti-
costerone profiles as a result of this feeding pattern have been reported
previously (27, 30).

Blood sampling

For undisturbed blood sampling intact, regular-fed, SCN-lesioned,
and ADX+Cort animals were provided with a permanent silicon heart
cannula (id, 0.5 mm; od, 1.0 mm) at the entrance of the right atrium (vena
cava) via an external jugular venotomy as described previously (27). The
cannula was externalized and fixed on top of the skull with three screws
and dental cement. Animals were operated on when their body weight
was more than 325 g. After the operation a 10-day recovery period was
included to allow complete reinstatement of circadian rhythms in ac-
tivity, body temperature, and plasma corticosterone. During this period
animals became accustomed to the experimental conditions in the Plexi-
glass cages designed to allow blood sampling under unrestrained con-
ditions. All experiments were performed in the animal’s own home cage.
Tubings were threaded through a stainless steel support spring that was
attached to the dental cement on the skull. The entire assembly was
suspended from the animal by a counterbalanced beam and did not
influence the animal’s posture or motion. Daily changes in the plasma
levels of leptin and corticosterone were assessed in three experimental
sessions of 8 or 10 h, each 1 week apart, by taking a 0.6-ml blood sample
every 2 h. Within one session sampling was initiated at different ZT’s for
the different animals.

Hormone assays

Blood samples were collected in heparinized tubes, placed on ice, and
centrifuged, and plasma was stored at —20 C until assay. Plasma cor-
ticosterone was measured directly, without extraction, using a RIA from
ICN Biomedicals, Inc. (Costa Mesa, CA), with iodinated corticosterone.
From the samples 10 ul plasma were taken and diluted in 4 ml assay
buffer. The interassay coefficient of variation for corticosterone was less
than 4%, and the detection limit was 1 ng/ml. Plasma leptin concen-
trations were determined by RIA (Linco Research, Inc., St. Charles, MO)
in 100 ul plasma. The detection limit was 0.5 ng/ml, and inter- and
intraassay coefficients were 6% or less. The samples of the intact and
SCN-lesioned animals were analyzed in one assay, as were the samples
of the ADX+Cort and regular-fed animals.

RNA isolation and quantification

Experimental animals were killed at either ZT2 or at ZT14. Material
from the regular-fed groups was lost. In a follow-up experiment, six
groups of control rats (n = 8-10) were killed at 4-h intervals through a
24-h period starting at ZT2. From all animals epididymal fat depots were
removed, snap-frozen in liquid N,, and stored at —80 C. Total RNA was
purified using TriPu; from this complementary DNA was synthesized
using AMV reverse transcriptase and random primers (Roche). Leptin
messenger RNA (mRNA) was quantified using real-time PCR in a Light-
Cycler (SYBRgreen format, Roche). The primers used were 5'-gtgcctatc-
cacaaagtccag-3' (forward) and 5'-tcagcattcagggctaaggtc-3' (reverse),
giving a fragment of 441 bp. The homologous fragment was used as a
standard. All mRNA levels were corrected for B-actin expression mea-
sured with the LightCycler as well, using the primer sequences
5'-gggtcagaaggattcctatg-3’ (forward) and 5'-ggtctcaaacatgatctggg-3’
(reverse).

20z Iudy 61 U0 1s9nB Aq ££/6862//.92/9/Z1 1 /9101ME/0PUS/ULI0d"dNO"0IWBPEDE//:SARY WO} PAPEOIUMOQ



SCN CONTROL OF THE DAILY PLASMA LEPTIN RHYTHM

Statistics

The mean * sEm were calculated for plasma leptin, plasma corticos-
terone, and adipocyte mRNA concentrations for each sampling point.
ANOVA with repeated measures was used to test for significant effects
of ZT, group, or ZT vs. group interaction. ANOVA was followed by
Student’s t test (paired) to establish which time points differed signif-
icantly from trough values. The diurnal rhythm of each leptin profile
was quantitatively described by cosinor analysis, as described previ-
ously (10, 11). In short, a cosine curve with a fixed period of 24 h (because
of the 12-h light, 12-h dark schedule) was fitted through all data, and the
following chronobiological parameters were obtained: acrophase (time
of peak value), amplitude (half of the total predictable change in a
rhythm), and mesor (the average value of a cosine curve fitted to the
data; the mesor and 24-h mean leptin concentration are equivalent).
Because of a considerable individual variation in the 24-h means of
SCN-lesioned and regular-fed animals, leptin levels were first normal-
ized by calculating the absolute change at different time points in re-
lation to the 24-h mean. Due to its nonuniform distribution leptin mRNA
values were compared using the nonparametric Kruskal-Wallis test. P <
0.05 was considered significant.

Results
Control animals

Complete 24-h plasma leptin profiles (i.e. 12 samples) were
obtained in 7 intact control animals. Plasma leptin profiles
showed a clear diurnal rhythm, with peak levels attained
shortly after lights off (Fig. 1A). During the remainder of the
dark period plasma leptin concentrations slowly decreased,
but remained elevated compared with mean daytime levels
(i.e. 1.3 £0.2vs. 1.9 £ 0.2 ng/ml; light vs. dark, respectively).
The diurnal trough occurred during the first half of the light
period. ANOVA showed a very significant effect of time
[F(11,66) = 9.9; P < 0.001]. Plasma corticosterone values in
intact control animals varied between 5.1 * 0.1 (at dawn) and
109.8 * 40.0 ng/ml (at dusk).

Effect of SCN-lesions on diurnal plasma leptin levels

Thermal ablation of the SCN resulted in the absence of a
diurnal drinking pattern in 12 of the 35 operated animals (1
animal died shortly after the operation). During the middle
8 h of the light period mean water intake in these animals was
39 = 2% and 40 *= 1% of the total 24-h water intake during
the third and fourth weeks after their operation, respectively.
The 12 effectively SCN-lesioned animals were provided with
jugular cannulas.

Complete 24-h plasma leptin profiles were obtained from
10 SCN-lesioned animals. Upon histological verification (Fig.
2) one more animal of the SCN-lesioned group had to be
discarded due to an incomplete lesion. Mean plasma leptin
concentrations in the 9 remaining SCN-lesioned animals
ranged between 2.6 = 0.2 and 3.7 = 0.4 ng/ml (Fig. 1A), with
individual samples varying between 0.5 and 5.4 ng/ml.
ANOVA did not detect a significant effect of time [F(11,88) =
1.4; P = 0.185]. The lack of a significant diurnal fluctuation
is also reflected in the absence of a day/night difference, i.e.
mean day and night values were 3.3 * 0.3 and 2.9 = 0.2
ng/ml, respectively. When comparing SCN-lesioned and
control animals, ANOVA indicated clear effects of group and
time X group [F(1,14) = 22.89; P < 0.001 and F(11,154) = 3.54;
P < 0.001], confirming the overall higher mean levels in
SCN-lesioned animals and the changed diurnal profile, re-
spectively. Plasma corticosterone values in SCN-lesioned an-

2679

A,4_ T

Leptin (ng/ml)

@

Leptin (ng/ml)

Zeitgeber time (h)

FiG. 1. Diurnal plasma leptin profiles in different experimental con-
ditions. The diurnal plasma leptin profile (mean * SEM) of nonoper-
ated control animals (n = 7; O) is compared with that in SCN-lesioned
(n = 9; @ A) or ADX+Cort (n = 8; A) and regular-fed (n = 6; W)
animals (B). Asterisks indicate plasma leptin values significantly
different (P < 0.01) from trough values between ZT0 and ZT6. In B,
the shaded area indicates the mean * SEM for the nonoperated control
animals.

imals varied between 13.7 = 2.1 and 187.0 = 50.7 ng/ml; the
overall 24-h mean value (80.3 * 10.8 ng/ml) was almost
twice as high as that in control animals (39.5 + 3.4 ng/ml; P <
0.005).

Effect of feeding behavior on diurnal leptin levels

The daily food intake in the animals subjected to the six
meals per day feeding schedule was 20.7 = 0.6 g, which is
approximately 80% of the daily food intake in control ani-
mals (i.e. 24.8 = 0.8 g). Food intake was equally distributed
over the six feeding opportunities offered; mean intakes dur-
ing the ZT2, ZT6, and ZT10 meals were 3.6 = 0.1, 3.2 = 0.1,
and 3.5 = 0.2 g, respectively. Nocturnal intake was 11.2 *
0.4 g, i.e. about 3.7 g/meal. Spillage was about 0.1 g/meal.
During the six meals per day schedule, nocturnal food intake
varied between 49-55% of the total food intake. When ad
libitum feeding was reinstated at the end of the experiments,
nocturnal feeding rapidly returned to approximately 85% of
the total food intake.

Complete 24-h profiles of plasma leptin were obtained in
six animals in the regular-fed group. Plasma leptin levels
varied between 4.0 = 0.4 and 6.0 = 0.6 ng/ml (Fig. 1B), with
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F1G. 2. Microphotographs of coronal rat brain sections at the level of the SCN stained for VP. Middle (A and B) and caudal (C and D) regions
of the SCN are shown for nonoperated control (A and C) and SCN-lesioned (B and D) animals. Note the relatively small size of the SCN lesion,
leaving the VP-containing supraoptic and paraventricular nuclei intact (B). Also at the caudal end of the SCN collateral damage is limited,
leaving intact the (leptin receptor-containing) retrochiasmatic area (C). III, Third ventricle; OC, optic chiasm.

individual data varying between 2.2-10.3 ng/ml. ANOVA
detected a significant effect of time [F(14,70) = 3.87; P <
0.001]. When comparing the 24-h plasma leptin profiles of the
regular-fed animals with those of intact and SCN-lesioned
animals, ANOVA indicated significant differences for both
comparisons [intact: F(11,121) = 2.83; P = 0.002 and F(1,11) =
44.64; P < 0.001; SCN lesion: F(11,143) = 2.32; P = 0.012 and
F(1,13) = 17.70; P = 0.001; effects of group vs. time and group,
respectively]. Plasma corticosterone values in the regular-fed
animals varied between 5.0 + 0.1 and 153.5 = 46.2 ng/ml;
24-h mean values (39.5 * 2.1 ng/ml) were comparable to
those in control animals.

Effect of (the lack of) diurnal changes in plasma
corticosterone on plasma leptin levels

In the adrenalectomized animals complete 24-h plasma
corticosterone and leptin profiles were obtained in eight of
the nine animals. Plasma corticosterone values in the
ADX+Cort animals varied between 13.8 = 3.2 and 23.2 = 6.0
ng/ml, with no apparent diurnal rhythmicity. Thus, 24-h
plasma corticosterone levels in ADX+Cort animals were
higher than the trough levels in control animals, but were

well below the daily peak values, as also indicated by their
lower 24-h means (17.8 = 3.8 ng/ml). Mean plasma leptin
levels varied between 1.1 £ 0.5 and 2.3 + 0.5 ng/ml (Fig. 1B),
with individual values varying between 0.5 and 6.1 ng/ml.
In the ADX+Cort group ANOVA detected a significant effect
of time [F(13,91) = 10.00; P < 0.001] for plasma leptin levels.
The overall plasma leptin levels in the ADX+Cort animals
differed from those in SCN-lesioned and regular-fed ani-
mals, but not from those in the control animals [F(1,13) =
0.11; P = 0.75]. However, ANOVA did indicate a significant
interaction of group vs. time [F(11,143) = 4.19; P < 0.001],
probably due to the earlier nocturnal decline in plasma leptin
levels in the ADX+Cort group.

Diurnal rhythmicity

All groups, except that with SCN lesions, showed trough
leptin levels during the first part of the light period and an
acrophase during the light/dark transition (Figs. 1 and 3).
Cosinor analysis of the data from the SCN-intact group con-
firmed a clear daily rhythm (explaining 73% of the variation;
P < 0.01), with an acrophase at ZT16.5 and an amplitude of
42%. Cosinor analysis of the data from SCN-lesioned animals
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Fic. 3. Individual (normalized) plasma leptin and corticosterone values and the cosine fits for the different treatment groups. The cosine curve
corresponds to the best-fit significant model obtained by the population mean cosinor. Data were normalized by expressing each of the 12 data
points of an animal as the difference from the 24-h mean (i.e. the mean of the 12 samples) of that animal. Only significant cosine fits are shown.
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did not produce a significant correlation (P > 0.05); intro-
ducing a daily rhythmicity could at best explain 28% of the
variation. On the other hand, cosinor analysis of the data
from the regular-fed and ADX+Cort animals produced sig-
nificant fits (P < 0.01), and the daily rhythmicity could ex-
plain 48% and 60% of the variation, respectively. In both
groups the acrophase was slightly phase-advanced com-
pared with that in intact animals (ZT13% and ZT12Y%, re-
spectively). Whereas ADX+Cort animals also showed an
approximately 40% amplitude, the (relative) amplitude was
clearly reduced in the regular-fed animals, i.e. about 10%, due
to the higher 24-h means of this group. Expressed as absolute
deviations from the 24-h means, however, all three groups
showed very similar daily variations in their plasma leptin
levels, with the difference between trough and peak values
amounting to approximately 1.3 ng/ml. Cosinor analysis of
the plasma corticosterone data of the intact animals also
produced a significant fit that explained 68% of the variation.
No significant fits were detected in the corticosterone data of
the three remaining groups, although the normal circadian
corticosterone pattern could be recognized in the data of the
regular-fed group (Fig. 3).

Correlative analysis

The mean body weights of the four treatment groups
showed no significant differences [F(3,32) = 0.69; P = 0.57].
The body weight of the individual animals in the four treat-
ment groups combined was positively, but weakly, related to
the 24-h mean plasma leptin values (Fig. 4A; r = 0.37; P =
0.04), with 24-h mean plasma leptin levels increasing by 2
ng/mlwith every 100 g in body weight. This positive relation
was not found when the different treatment groups were
analyzed separately. Therefore, SCN-lesioned and, even
more so, regular-fed animals show higher 24-h mean plasma
leptin levels compared with control and ADX+Cort animals
despite comparable body weights.

The 24-h mean plasma corticosterone values of the treat-
ment groups differed significantly [F(3,32) = 15.15; P <
0.001], with SCN-lesioned animals showing significantly
higher (80.3 = 10.8 ng/ml) and ADX+Cort animals showing
significantly lower (17.8 = 3.8 ng/ml) means compared with
intact and regular-fed animals (39.5 = 3.4 and 39.5 = 2.1
ng/ml, respectively). Comparing the 24-h mean plasma cor-
ticosterone and 24-h mean plasma leptin levels of individual
animals again indicated the distinct position of the regular-
fed animals (Fig. 4B). Taking together the data from the
intact, ADX+Cort, and SCN-lesioned animals showed a very
significant positive relation between plasma corticosterone
and plasma leptin levels (P < 0.0001), indicating that the
differences in 24-h mean plasma corticosterone levels could
explain 73% of the variation in 24-h mean plasma leptin
levels. Although the grouping of intact, ADX+Cort, and
regular-fed animals resulted in a positive relation (P = 0.03),
in this case the changes in corticosterone levels could explain
only 47% of the variation in plasma leptin levels. Analyzing
the different treatment groups separately or taking together
the data from all four treatment groups did not produce a
significant linear regression.
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Fic. 4. The relation between body weight (A) or 24-h mean corticos-
terone concentrations (B) and 24-h mean leptin concentrations in
individual animals of the four different treatment groups.

Adipocyte leptin mRNA

Leptin expression in the epididymal fat depots of none of
the three experimental groups used for the blood-sampling
experiments (i.e. intact, ADX+CORT, and SCN-lesioned)
showed a significant light/dark difference. The mean values
of the three groups also did not differ (2.3 = 0.4, 4.3 = 0.9,
and 3.5 * 0.5 relative arbitrary units for intact, ADX+CORT,
and SCN-lesioned groups, respectively; P = 0.165). As the
absence of significant differences was probably due to the
limited number of time points sampled (i.e. two), we per-
formed an additional experiment. With more frequent sam-
pling a diurnal difference in leptin mRNA levels in ad libitum-
fed control animals just escaped significance (P = 0.068; Fig.
5). Excluding the two outliers at ZT22, however, produced a
very significant diurnal difference (P = 0.003). Trough values
were found during the end of the dark period and the be-
ginning of the light period, as also observed previously (31).
Leptin mRNA values in SCN-lesioned animals showed less
variation and were restricted to the median ranges of control
animals.

Discussion

The present study provides the first clear evidence for a
direct control of the mammalian biological clock, located in
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Fic. 5. Diurnal variation of leptin mRNA levels in adipocyte tissue
of the different experimental groups (A) and a group of control ani-
mals (B). Values of the SCN-lesioned animals show little variation
and are restricted to the intermediate range of control animals (i.e.
dashed lines in B represent upper and lower values of the SCN-
lesioned group). The box represents the interquartile range, which
contains 50% of the values. The “whiskers” are lines that extend from
the box to the highest and lowest values, excluding outliers (outliers
being defined as values more than three box lengths from the upper
or lower edge of the box; i.e. the two circles at ZT22). The line across
the box indicates the median. Numbers in brackets denote the number
of animals. Note the different scales of the y-axes in A and B.

the SCN, on the diurnal rhythm of plasma leptin levels in the
rat. Contrary to the two main explanations that were put
forward shortly after the discovery of leptin, the diurnal
rhythm of plasma leptin is not merely a consequence of
diurnal rhythms in circulating glucocorticoids or feeding
behavior. The present data demonstrate that the biological
clock controls the diurnal rhythm of plasma leptin levels
directly, independently of other clock-controlled rhythms. It
is shown that the plasma leptin rhythm in adrenalectomized
animals with constant corticosterone release pellets is iden-
tical to that observed in control animals with a diurnal cor-
ticosterone peak. Moreover, modification of the normal noc-
turnal feeding pattern of animals by introducing a fixed 24-h
feeding schedule (i.e. one meal every 4 h) does not remove
the diurnal cyclicity of plasma leptin levels, although it
causes a pronounced increase in mean 24-h values. Only
ablation of the locus of the biological clock, i.e. SCN lesions,
eliminated the diurnal rhythmicity of circulating plasma lep-
tin levels.

2683

The diurnal rhythm of plasma leptin and leptin mRNA
levels described in the present study corresponds with the
rhythms described recently in three other reports (31-33),
with a daytime trough and peak levels in the early dark
period. The recent descriptions of plasma leptin rhythms in
the rat clearly show the similarity between leptin rhythms in
rodents and humans. The similar phasing of the leptin
rhythm in humans and rodents despite their opposite, i.e.
nocturnal vs. daytime, feeding patterns indicates that it is
unlikely that the rhythmic features of 24-h plasma leptin
levels are the sole consequence of their feeding behavior.
Nevertheless, a number of experiments have indicated that
changes in the daily pattern of food intake can affect plasma
leptin levels (1, 13, 14, 16, 17). For instance, it was shown that
a 6.5-h phase delay in the timing of the meals also induces
a phase delay in the nocturnal leptin peak (14). In addition,
Ahima et al. (16) showed that mice on a feeding schedule
consisting of one daytime meal restricted to 4 h, exhibited an
extra leptin surge during the daytime. However, during con-
tinuous enteral feeding in humans the plasma leptin rhythm
remained intact (13). Together with our present results, these
data indicate that in addition to food intake, other factors are
involved in the diurnal regulation of leptin secretion.

Soon after the discovery of the pronounced diurnal rhyth-
micity of plasma leptin levels (9, 12), a number of reports
indicated a stimulatory effect of glucocorticoids on leptin
release (20, 21, 34, 35). In combination with the inverse re-
lationship between plasma leptin levels and adrenal glu-
cocorticoid activity (9, 19), the above-mentioned results led
to the proposition that the diurnal rhythm in plasma leptin
levels might be due to a 12-h lag in the stimulatory effect of
circulating glucocorticoids on the fat cell (22). In the mean-
time, however, a number of observations in humans have
indicated that the circadian rhythm in plasma leptin levels
cannot be accounted for by the diurnal variations in circu-
lating plasma cortisol levels (9, 22, 23). In accordance with
that observation, in our experiments in rats the absence of a
diurnal fluctuation in circulating corticosterone levels in the
ADX+Cort animals did not prevent a clear diurnal variation
in plasma leptin levels comparable to that in intact control
animals. Therefore, the present experiments provide further
evidence for control of the daily leptin rhythm indepen-
dently of the hypothalamo-pituitary-adrenal axis. Further-
more, the persistence of diurnal leptin rhythms in patients
with perinatal stalk transsection syndrome also makes it
unlikely that other pituitary hormones are involved in the
diurnal control of plasma leptin levels (36).

Our finding of increased mean 24-h plasma leptin levels
but unchanged daily rhythmicity of plasma leptin in the
regular-fed animals is very much in line with the recent
observations by Boden et al. (18) during 72-h euglycemic-
hyperinsulinemic clamp studies. Although these prolonged
euglycemic-hyperinsulinemic clamps caused a dose-depen-
dent increase in serum leptin levels, the circadian rhythmic-
ity remained intact. Therefore, data from our regular-fed
animals and the results of Boden et al. (18) clearly show that
arhythm in insulin release cannot be the primary cause of the
diurnal leptin rhythm. As the six meals per day feeding
schedule does not result in increased body weight or in-
creased plasma insulin levels (27, 30, 37), it is not clear what
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causes the increased plasma leptin levels in our regular-fed
group. In fact, as these animals are slightly food-deprived, a
lowering of plasma leptin levels would be expected. As it has
been suggested that leptin acts as a sensor of nutrient flux in
adipose tissue (38, 39), we are currently testing the hypoth-
esis that the aberrant feeding schedule causes an increased
flux of nutrients through the adipocyte, resulting in in-
creased leptin release. Indeed, it has been reported that rats
on a food restriction schedule develop high rates of lipolysis
in adipose tissue and liver (40).

The question then remains which SCN-generated mech-
anism is responsible for the diurnal rhythm in plasma leptin
levels if it is not the rhythm in feeding behavior or in the
activity of the hypothalamo-pituitary-adrenal axis. Bearing
in mind the reports that glucose metabolism regulates insu-
lin-mediated leptin expression and secretion by adipocytes
(38), the meal-independent circadian rhythm of leptin could
also result from daily fluctuations in adipocyte glucose uti-
lization via changes in insulin sensitivity (18). Both glucocor-
ticoids and GH are known to reduce insulin-mediated glu-
cose uptake, but in view of the evidence presented
previously (36) it is unlikely that the rhythmic release of
either of these hormones is responsible for a (insulin sensi-
tivity-mediated) leptin rhythm. A number of experiments
have indicated an important role for the autonomic nervous
system in the regulation of leptin secretion. Reduction of
noradrenaline release from sympathetic nerve endings by
administration of a-methyl-p-tyrosine or 6-hydroxydopa-
mine induces hyperleptinemia (41, 42). Conversely, -
adrenergic receptor agonists decrease plasma leptin levels
and leptin mRNA expression (43, 44). This regulation of
leptin secretion by sympathetic activity resembles the reg-
ulation of melatonin release by the pineal gland. The pro-
nounced day/night rhythm of plasma melatonin levels is
due to the nocturnal release of noradrenaline from the sym-
pathetic nerve endings in the pineal gland (45). Another
appealing similarity between leptin and melatonin rhythms
is the nocturnality of its acrophase, i.e. peak levels of both
leptin and melatonin are found at night, independently of the
diurnal or nocturnal preference of a species. Both anatomical
and (electro)physiological techniques have demonstrated
that the SCN controls the sympathetic input to the pineal
gland by contacting those PVN neurons that possess de-
scending projections to the preganglionic neurons in the
spinal cord (46-49). We hypothesize that a similar neural
pathway underlies the circadian control of plasma leptin
levels. This idea is fully supported by the observation that
retrograde virus tracing from the white adipose tissue labels
neurons in spinal cord, PVN, and SCN (50), and the fact that
insulin sensitivity can be changed via the autonomic nervous
system (51).

Finally, SCN-lesioned animals showed increased 24-h
mean plasma leptin levels compared with intact control an-
imals. In view of the restricted size of our lesions we are
confident that this increase is not due to collateral damage to
other brain areas, such as the paraventricular, ventromedial,
or arcuate nuclei (52, 53). Moreover, in these lesion models
the increased plasma leptin levels are accompanied by obe-
sity, which is certainly not the case in our SCN-lesioned
animals. At present, however, we cannot completely exclude
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some additional effects of damage to the medial preoptic area
on the observed changes. The preoptic area has been impli-
cated in glucose metabolism (54-56), but we are not aware
of any data on the effects of lesions in the preoptic area on
plasma leptin levels. Therefore, it is possible that, similar to
the rhythm in melatonin release, SCN control of leptin re-
lease is mainly inhibitory (46, 57), and thus removal of this
inhibitory SCN control results in increased leptin levels.
However, at least two other explanations cannot be excluded
at present. First, the SCN-lesioned animals also show a reg-
ular feeding pattern somewhat comparable to that of the
regular-fed animals. Therefore, if the regular feeding pattern
itself induces increased plasma leptin levels, similar changes
might be expected in SCN-lesioned animals, although the
effect is more pronounced in the regular-fed group. A second
alternate explanation is found in the positive relation be-
tween 24-h mean leptin and 24-h mean corticosterone levels.
This correlation is in agreement with several previous ob-
servations (20, 21, 34, 35) and indicates that the higher plasma
leptin levels in the SCN-lesioned animals might be due to the
higher corticosterone levels in these animals. Future exper-
iments using SCN transmitter (ant)agonist administration at
the level of the PVN, SCN-lesioned animals with an enforced
nocturnal feeding pattern, and SCN lesions combined with
ADX+CORT, respectively, will allow further investigation
of these possibilities. In addition, the data from the SCN-
lesioned animals indicate an effect on leptin release and not
so much leptin synthesis. Previous experiments have also
shown differential effects on leptin release and synthesis (3,
32, 35). Although the present data suggest that leptin secre-
tion can be stimulated from a preexisting intracellular pool,
more information about the cellular and molecular biology
of leptin is needed before a justified interpretation can be
made.

In conclusion, the present study shows that the SCN di-
rectly orchestrates the diurnal changes in plasma leptin lev-
els. This study therefore indicates the presence of an efferent
pathway, probably mediated by the autonomous nervous
system, between the central nervous system and the adipose
tissue involved in the control of leptin secretion.
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