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Abstract

Leptin is thought to regulate energy balance through effects
on food intake and thermogenesis. In addition, leptin may
serve as a mediator of the neuroendocrine response to star-
vation, and may modulate the stress response and the tim-
ing of puberty. A role for leptin in development is suggested
by the presence of neuroendocrine and structural neuronal
abnormalities in ob/ob mice with genetic leptin deficiency.
Here, we sought to determine the ontogeny of leptin expres-
sion and its relationship to the developing neuroendocrine
axis. Leptin increased 5-10-fold in female mice during the
second postnatal week independent of fat mass, and de-
clined after weaning. The rise in leptin preceded the estab-
lishment of adult levels of corticosterone, thyroxine, and es-
tradiol. In contrast to adult mice, leptin was not acutely
regulated by food deprivation during the early postnatal pe-
riod. Circadian rhythms of leptin, corticosterone, and thy-
roxine were regulated by food intake in adult mice. When
ad libitum feeding was restricted to the light cycle, peak cor-
ticosterone levels were shifted to the beginning of the light
cycle and coincided with the nadir of leptin. The inverse re-
lationship between leptin and corticosterone was main-
tained such that a rise in leptin after feeding was associated
with a decline in corticosterone. To determine whether
changes in corticosterone during food restriction are medi-
ated by leptin, we compared the patterns of corticosterone
levels among ob/ob, db/db, and lean mice. Despite their
higher basal levels of corticosterone, leptin deficiency in ob/
ob mice did not prevent the nocturnal rise in corticosterone.
In contrast, the nocturnal surge of corticosterone was blunted
in db/db mice. Therefore, it is likely that factors in addition
to leptin are involved in the regulation of the circadian
rhythm of corticosterone. The temporal relationship be-
tween leptin and other hormones in neonatal and adult
mice suggests that leptin is involved in the maturation and
function of the neuroendocrine axis. (J. Clin. Invest. 1998.
101:1020-1027.) Key words: ob protein  corticosterone « thy-
roxine « development « diurnal rhythm
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Introduction

The adipose-derived hormone leptin is thought to regulate en-
ergy homeostasis by stimulating coordinated changes in en-
ergy intake and expenditure in response to changes in energy
stores (1-3). The importance of this function is evident in ob/
ob mice, where total lack of leptin due to mutation of the lep-
tin gene produces severe obesity from persistent hyperphagia
and decreased energy expenditure (1-3). Although these find-
ings created the expectation that leptin would be shown to
function primarily as an antiobesity adipostatic hormone, re-
cent research has suggested additional functions for this hor-
mone. Among these roles are signaling the neuroendocrine re-
sponse to starvation (4-6), the timing of puberty (7-9), and
regulation of the hypothalamic—pituitary-adrenal (HPA)' axis
(10-13).

Two aspects of leptin biology that have received relatively
little attention involve possible roles in early postnatal develop-
ment and coordination of daily rhythms of hormone secretion.
Regarding leptin and development, ob/ob mice with complete
leptin deficiency have evidence for developmental defects, in-
cluding the failure to undergo sexual maturation (14, 15), as
well as structural neuronal abnormalities and impaired myeli-
nation in the brain (16-18). These findings suggest that leptin
may be involved in various aspects of central nervous system
development. Maturation of neuronal pathways by leptin might
require basal leptin levels or an increase in leptin at some criti-
cal period, independent of its later role as a sensor of energy
stores. Since recent studies have shown that leptin treatment
can accelerate puberty in normal prepubertal mice (7, 8), and
that leptin levels increase before puberty in humans (19-21),
we sought to characterize the pattern of leptin expression be-
fore initiation of sexual maturation in normal mice. Regarding
leptin and circadian hormone secretion, studies in spontane-
ously feeding rodents and humans have revealed an inverse re-
lationship between the levels of leptin and glucocorticoids (4,
22, 23). Several lines of evidence suggest that leptin can regu-
late the HPA axis at the level of hypophysiotrophic corticotro-
pin-releasing hormone and the adrenal gland (10-13). Since
the circadian rhythm of the HPA axis is affected by feeding
(24, 25), and diurnal levels of leptin are also influenced by food
intake (4, 26), we sought to determine whether the inverse re-
lationship between leptin and corticosterone would be re-
tained in a restricted feeding paradigm, in a manner support-
ing a role for leptin as a modulator of the circadian rhythm of
the HPA axis.

We show here that there is a discrete surge in leptin be-
tween 7 and 10 d in neonatal mice which is independent of fat
mass or food intake, unlike the situation in adult mice (4, 27—
30). This temporal pattern of neonatal leptin, taken together

1. Abbreviation used in this paper: HPA, hypothalamic—pituitary—
adrenal.



with the previous demonstration of leptin effects on the HPA,
thyroid, and gonadal axes, is consistent with the possibility that
leptin plays a role in the poorly understood neuroendocrine
events that occur at that time, such as the stress hyporespon-
sive period and the initiation of puberty. Results of the re-
stricted feeding experiment confirm that leptin rhythms are in-
fluenced by feeding and are temporally related to alterations
in the rhythms of corticosterone and thyroxine. However, the
nocturnal rise in corticosterone was maintained in ob/ob mice
but blunted in db/db mice, indicating that factors apart from
leptin contribute the nocturnal rise of corticosterone in ad libi-
tum—fed mice. These findings reveal previously unknown as-
pects of the regulation of leptin expression, and suggest that
leptin may have developmental and neuroendocrine actions
distinct from those related to energy homeostasis.

Methods

Ontogeny of leptin and relation to the adrenal, gonadal, and thyroid
axes. Litters of female C57BL/6J and BALB/c mice (The Jackson
Laboratory, Bar Harbor, ME) were housed (n = 5 per mother) in
metal cages with constant environmental conditions, temperature
22°C, and 12-h light (0600-1800) and 12-h dark (1800-0600) cycles.
The experimental procedures were in accordance with guidelines of
the Institutional Animal Care and Use Committee. The pups suckled
ad libitum, and handling was limited to cage cleaning. They were
weaned on regular laboratory chow at 21 d. At various ages, groups
of mice (n = 10) were weighed and killed by decapitation between
0900 and 1100 h, and truncal blood was obtained for measurement of
plasma leptin, insulin, corticosterone, thyroxine, and estradiol with
RIA kits from Linco Research, Inc. (St. Charles, MO) and ICN Bio-
medicals, Inc. (Costa Mesa, CA) as described previously (4, 8).
Plasma triglycerides were measured with an enzyme assay (Sigma
Chemical Co., St. Louis, MO). Since the pups had little visible in-
traabdominal fat, subcutaneous white adipose tissue was dissected,
and total RNA was extracted for measurement of ob mRNA by
Northern blot (29). Percent body fat was determined by carcass anal-
ysis as described previously (30, 31).

To determine the effect of maternal and food deprivation on lep-
tin and corticosterone during the early postnatal period, 8-d-old pups
were separated from their mothers for 3 and 12 h, respectively (n = 5
per group). For comparison, 12-wk-old female mice (n = 5) were
food-restricted for 12 h. The mice were killed by decapitation be-
tween 1000 and 1100 h of the light cycle, and truncal blood was ob-
tained for measurement of plasma leptin and corticosterone (4). The
data were analyzed by ANOVA and Fisher protected least significant
difference test.

Effect of feeding and leptin on the circadian rhythm of corticoster-
one. The effect of food restriction on the circadian rhythm of corti-
costerone and the corresponding changes in leptin, thyroxine, and in-
sulin was studied in female C57BL/6J mice age 10 wk. They were
housed as described above, and handling was limited. After initial
weights were measured, the mice were divided into two groups (n =
40). One group was fed ad libitum, and the other was allowed access
to chow for 4 h of the light cycle (1100-1500). Body weight and
amount of chow consumed were measured between 0900 and 1000 h.
After 2 wk, groups of mice (n = 8) were killed by decapitation at
0600, 1000, 1600, 2000, and 2400 h, and plasma leptin, corticosterone,
thyroxine, and insulin were measured by RIA (4).

The role of leptin in the circadian rhythm of corticosterone was
studied in female ob/ob and db/db mice (The Jackson Laboratory),
ages 8 and 20 wk, respectively. The mice were housed as described
above, fed ad libitum, and were allowed free access to water. Groups
of mice (n = 4) were killed by decapitation at 0600, 1200, 1800, and
2400 h, and plasma leptin and corticosterone were measured by RIA.
To further characterize the interrelationship between leptin and hor-

mones involved in energy homeostasis, we compared the acute effect
of leptin on corticosterone, insulin, and thyroxine. Groups of female
oblob mice (n = 5 per group) were injected intraperitoneally (i.p.)
with either 100 ng recombinant murine leptin (Eli Lilly and Co., Indi-
anapolis, IN), in 100 pl saline i.p., or three doses of leptin 6 h apart, or
saline vehicle alone. The mice were killed 6 h later, and plasma corti-
costerone, leptin, and thyroxine were measured by RIA. The data
were analyzed by ANOVA and Fisher protected least significant dif-
ference test.

Results

Fig. 1, A-F illustrates the changes in body weight, body fat,
leptin, and other hormones in C57BL/6J mice during the post-
natal period. Body weight increased linearly (Fig. 1 A); how-
ever, percent body fat was not altered significantly (Fig. 1 B).
Plasma leptin increased 5-10-fold to a peak level of 5010 ng/ml
in 10-d-old mice and decreased to adult levels after weaning
(Fig. 1 A). The rise in plasma leptin (Fig. 1 A) coincided with a
6-10-fold increase in ob mRNA in dorsal white adipose tissue
(Fig. 1 B). Similarly, plasma leptin increased in female BALB/c
mice independent of percentage of body fat (data not shown).
Peak plasma leptin, 356 ng/ml, was detected in 10-d-old
BALB/c mice. Plasma triglycerides were elevated slightly in
the first week (107+14 mg/dl) compared with the postweaning
period (88=7 mg/dl); however, the difference was not statisti-
cally significant. In contrast to leptin, there was no significant
change in plasma insulin (Fig. 1 D). The leptin surge preceded
the establishment of adult levels of corticosterone, estradiol,
and thyroxine. Corticosterone levels were low in the second
week and increased to adult levels after day 18 (Fig. 1 C). Es-
tradiol was undetectable until day 14 and increased progres-
sively to adult levels by day 34 (Fig. 1 E). Thyroxine was low in
the first week, increased nearly twofold to a peak of 11.2+0.75
pg/dl on day 12, and decreased to adult levels after weaning
(Fig. 1 F).

Leptin and corticosterone were not altered significantly
in neonatal mice deprived of food for 12 h (Fig. 2,A and B). In
contrast, leptin decreased by 40%, and corticosterone in-
creased sixfold in adult mice (Fig. 2, C and D). Restriction of
ad libitum feeding in adult mice to 4 h of the light cycle (1100~
1500 h) resulted in a 17% decrease in body weight by day 4
(Fig. 3 A). Food intake decreased to 50% by the second day of
food restriction and increased thereafter, leading to normaliza-
tion of body weight after day 8 (Fig. 3 B). There was a recipro-
cal relation between diurnal levels of corticosterone and leptin
in ad libitum—fed mice. Corticosterone peaked at 2000-2400 h
during the dark cycle and decreased to a nadir at the beginning
of the light cycle (Fig. 4 A). Conversely, plasma leptin de-
creased during the light cycle and peaked late in the dark cycle
(Fig. 4 B). After 2 wk during which ad libitum feeding was re-
stricted to the light cycle, corticosterone decreased to a nadir 1 h
after feeding (1600 h), increased during the rest of the light
and dark cycles, and peaked at the beginning of the next light
cycle (Fig. 4 A). In contrast, leptin surged after feeding and de-
creased shortly thereafter (Fig. 4 B). Peak plasma leptin coin-
cided with the nadir of corticosterone (Fig. 4, A and B). Insulin
and thyroxine were higher during the dark and light cycles, re-
spectively, in ad libitum—fed mice (Fig. 4, C and D). As with
corticosterone and leptin, there was a parallel shift in diurnal
levels of insulin and thyroxine after 2 wk of restricted feeding.
Peak insulin levels shifted to the light cycle (1600 h) (Fig. 4 C),
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Figure 1. Ontogeny of leptin in female C57BL/6] mice (filled circles) and relationship to (A) growth curve, (B) body fat, (C) corticosterone, (D)
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while the zenith for thyroxine shifted to the dark cycle (2400—
0600 h) (Fig. 4 D).

To determine whether changes in the patterns of cortico-
sterone associated with food intake in adult mice were medi-
ated in part by leptin, we measured corticosterone levels in ad
libitum—fed ob/ob and db/db mice. Basal corticosterone levels
were 85% higher in 8-wk-old ob/ob and 5-10-fold higher in 20-
wk-old db/db mice compared with lean controls (Fig. 5, A and
B). As with normal mice, there was a rise in corticosterone
during the dark cycle in ob/ob mice (Fig. 5 A). In contrast, the
nocturnal surge of corticosterone was blunted in db/db mice
(Fig. 5 B). Acute effects of leptin on metabolic hormones were
studied further in ob/ob mice. Plasma insulin decreased by
48% from 14.1%2.04 to 7.3£1.6 ng/ml 6 h after a single leptin
injection, and by 73% after three injections. In contrast, corti-
costerone and thyroxine were not altered significantly by a sin-
gle injection of leptin. After three injections of leptin, cortico-
sterone decreased by 44%, from 345+52 to 190*+18 ng/ml, and
thyroxine increased by 48%, from 2.4+0.2 to 3.6+0.3 pg/dl
(Fig. 5 C).

Discussion

These studies provide new insight into the ontogeny of leptin
and its relationship to the neuroendocrine axis during the neo-
natal period and after weaning. We have demonstrated in two
mouse strains that plasma leptin and ob mRNA increase

Figure 2. Effect of food
deprivation on plasma
leptin and corticosterone
in 8-d-old (A and B) and
adult (C and D) female
C57BL/6J mice. Values
represent means*=SEM;
n=2>5,*%P <0.05 com-
pared with fed mice.
Cont, Controls.

Cont

markedly during the early postnatal period in female mice and
then fall rapidly to adult levels after weaning. The regulation
of leptin during the early postnatal period is distinct from that
observed in adult mice in a number of respects. First, while
leptin levels are known to increase in proportion to adiposity
in fed mice (27, 28), the percentage of body fat was stable dur-
ing the neonatal period during which the leptin surge was ob-
served. Second, in contrast to adult mice (4, 29), the postnatal
leptin surge was not blunted or prevented acutely by food dep-
rivation. Studies published subsequent to our submission
have also demonstrated a rise in leptin in neonatal mice and
rats (32, 33). Devaskar et al. (32) detected a two- to fivefold in-
crease in ob mRNA and a fourfold rise in plasma leptin in
BALB/c mice between 2 and 7 d of age, with a decline in leptin
after day 14. We observed a greater increase in ob mRNA and
plasma leptin in both C57BL/6J and BALB/c mice between 7
and 10 d in this study. While both studies agree that leptin lev-
els are higher during the neonatal period independent of body
weight, differences in the timing and magnitude of peak leptin
levels in neonatal mice may depend on the strain of mice as
well as the age at which samples are obtained. Devaskar et al.
(32) suggested that increased leptin levels in neonatal mice
may reflect the high fat content of milk diet during suckling.
However, this is unlikely, since we did not detect a significant
rise in plasma triglyceride levels or body fat in the early post-
natal period.

A rise in leptin during the postnatal period has also been

Ontogeny of Leptin in Mice 1023
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demonstrated in obese (fa/fa) rats and lean littermates (33). As
with mice in this study, leptin levels were highest during the
second postnatal week in fa/fa and normal rats. Baseline leptin
levels were higher in leptin resistant fa/fa compared with nor-
mal rats, and a second surge in leptin coincident with the obese
phenotype was observed after weaning. While the functional
significance of the increase in leptin in neonatal mice and rats
is not known, a possible mechanism underlying the rise in lep-
tin is decreased leptin receptor sensitivity. The detection of
higher basal leptin levels in fa/fa rats before the development
of obesity is consistent with this view; however, the leptin
surge suggests the involvement of other factors apart from lep-
tin receptors. Although glucocorticoids and insulin are known
to be positive regulators of leptin expression (26, 34-37), the
rise in leptin in neonatal mice is unlikely to have been stimu-
lated by insulin or glucocorticoids, since we found no signifi-
cant change in insulin, and the surge in leptin preceded the rise
in corticosterone. Further studies will be needed to better
understand the mechanisms underlying the postnatal leptin
surge.

Recent studies on the ontogeny of leptin in humans also
raise the possibility that leptin has a developmental role. A

1024  Ahima et al.

positive correlation between birth weight and neonatal leptin
concentration has been described (20). Leptin concentration in
cord blood of full-term infants in one study was severalfold
higher than previously reported levels in nonobese adults (21,
38). A longitudinal study in boys has also demonstrated a pre-
pubertal rise in leptin levels (19). As with the current study in
mice, the increased level of leptin in boys was independent of
adipose mass and did not appear to be regulated by adrenal
steroids (19). In contrast to humans, a prepubertal rise in lep-
tin was not observed in rhesus monkeys (39). The temporal as-
sociation between the timing of the leptin surge and changes in
levels of adrenal, thyroid, and gonadal hormones does not di-
rectly establish a role for leptin in these neuroendocrine
changes. However, given the ability of leptin administration to
both ob/ob and normal animals to regulate the HPA, gonadal,
and thyroid axes in the direction observed in postnatal mice
(4-13, 40), it is reasonable to hypothesize that increased leptin
expression during the early postnatal period serves as one fac-
tor producing the observed postnatal changes in the neuroen-
docrine axis. Additional experiments will be required to fur-
ther test this hypothesis.

Taken together with the presence of neuroendocrine (41),
autonomic (42), structural neuronal abnormalities (16, 17) and
impaired myelination (18) in ob/ob mice with genetic leptin
deficiency, it is possible that leptin exerts a developmental
role. Since hypothermia, hyperadrenalism, and hypogonadism
in adult ob/ob mice can be reversed by leptin treatment (2, 14,
15, 40), it appears that the autonomic and neuroendocrine tar-
gets of leptin in the brain retain the ability to respond even
when leptin exposure is delayed. There are precedents for hor-
mones with both activational and organizational actions on the
brain during the postnatal period and in adults. For example,
glucocorticoids, estrogen, and thyroid hormones regulate the
synthesis and release of neurotransmitters as well as neurogen-
esis and neuronal plasticity in postnatal and adult brains (43).
Hormones can also influence the development of other neu-
roendocrine systems during the neonatal period. For example,
in addition to its well-known role in myelination (44), thyrox-
ine modulates neonatal pituitary and adrenocortical function
(45). The expression of high levels of leptin in the placenta (46,
47) and several fetal tissues (47) and demonstration that leptin
regulates the differentiation of hemopoietic cells (48, 49) are in
agreement with developmental roles for this hormone.

This study also provides new information on the interrela-
tionships among food intake, leptin, and other metabolic hor-
mones in the neonatal period and after weaning. In normal
adult mice housed under 12-h light and 12-h dark cycles and
fed ad libitum, maximum food intake occurs during the dark
cycle (4). Glucocorticoids increase early in the dark cycle, co-
inciding with the onset of feeding, and decrease to a nadir at
the beginning of the light cycle (4, 24, 25). Conversely, plasma
leptin peaks late in the dark cycle and decreases during the
light cycle (4, 26). A reciprocal relation between diurnal levels
of leptin and glucocorticoids has also been described in hu-
mans (22, 23). Plasma leptin levels appear to be pulsatile and
circadian (23), and leptin peaks early in the dark cycle, whereas
cortisol peaks before wakefulness (22, 23). In agreement with
previous studies (4, 29), fasting resulted in a decrease in leptin
and an increase in corticosterone in adult mice. In contrast,
leptin and corticosterone were not altered after 12 h of mater-
nal and food deprivation in 8-d-old pups. The reasons for this
age-dependent difference in the response of leptin and the



280
—~ 240
"E" ]
“8b 2001
) ]
g 160
(]
2
2 1201
Q
.U
£ 801
o ]
Q
40-
DARK ! LIGHT ! DARK
0 T 14 1] L3 1 T 14 T L4 1 T L]
2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
3.2
2.81
- 24
o
g
b 2.0-
&
g 1.6
&
2
@ 121
oy
0.81
0.4-
00 DARK LIGHT 1 DARK
T 2 4 6 8 10 12 14 16 18 20 22 2
Time (h)

™=

Leptin (ng/ml)

DARK
2 T 1

' LIGHT ! DARK
2 4 6

T LI LA A | 1

8 10 12 14 16 18 20 22 2
Time (h)

w

7.0'}
6.5
6.0
5.5
5.0

4.51

Thyroxine (ug/dl)

4.0

3.51

DARK
3.0 rmvr

i
2 4 6

LIGHT :

T 1 T T 1

8 10 12 14 16 18 20 22 2

DARK

Time (h)

Figure 4. Comparison of circadian patterns of (A) corticosterone, (B) leptin, (C) insulin, and (D) thyroxine between ad libitum-fed (filled cir-
cles) and food-restricted mice (open circles). Inset box, Period of food restriction (1100-1500 h). Values represent means=SEM; n = 6-8.

HPA axis to starvation are not known. Possible mechanisms
may include immaturity of feedback mechansims for leptin
and glucocorticoids, as well as differences in the rates of syn-
thesis, secretion, or clearance of these hormones. The blunted
response of the HPA axis to various stressors during the stress
hyporesponsive period in neonates is well-known (50) and is
thought to result in part from immaturity of feedback mecha-
nisms (50). Similarly, it is possible that the persistence of
higher levels of leptin in pups after 12 h of food deprivation is
reflective of the absence of fully functional leptin receptors.

In agreement with previous studies (24, 25), the circadian
rhythm of corticosterone in adult mice was regulated by feed-
ing. After 2 wk of restriction of feeding to the light cycle, corti-
costerone decreased to a nadir after feeding, increased during
the rest of the light and dark cycles, and peaked before the

next meal. The reciprocal relation between leptin and gluco-
corticoids was maintained, and there was a parallel shift of the
timing of peak levels of corticosterone and leptin. Leptin is ca-
pable of altering corticosterone acutely; however, since a circa-
dian rhythm of corticosterone is present in ob/ob mice, it is
likely that other factors mediate changes in corticosterone lev-
els associated with feeding. As with obese Zucker rats (51),
leptin resistance in db/db mice was marked by high baseline
corticosterone levels and absence of a circadian rhythm. In
contrast, Saito and Bray (52) observed a nocturnal increase in
corticosterone in both ob/ob and db/db mice. The discrepancy
between our findings and those of the previous study (52)
could have arisen from the age difference between the ani-
mals. Our db/db mice were older, and this may have altered
the response of the HPA axis.

Ontogeny of Leptin in Mice 1025
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Along with the changes in leptin and corticosterone, there
were significant alterations in the levels of thyroxine and insu-
lin as a result of food restriction in adult mice. In agreement
with a previous study (53), we detected peak thyroxine levels
during the light cycle in ad libitum—fed adult mice. The peak
thyroxine level shifted from the light to dark cycle during food
restriction. Peak leptin levels preceded the rise in thyroxine
during food restriction; however, we did not determine the di-
rect role of leptin in the alteration of thyroxine levels. Based
on previous studies on the ability of leptin to restore thyroid
hormones in fasted rodents (4, 5), and to acutely increase thy-
roxine in ob/ob mice, we hypothesize that leptin may be a me-
diator of changes in the thyroid axis during food restriction.
Changes in the thyroid hormones could contribute to energy
homeostasis through regulation of thermogenesis. The ability
of adult mice eventually to normalize and maintain body
weight despite a shorter feeding period is likely the result of a
complex interaction between peripheral signals such as insulin,
leptin, and glucocorticoids and brain centers involved in the
regulation of feeding behavior and energy expenditure.

In summary, the temporal relationship between leptin and
other hormones suggests that leptin hyperexpression in the
early postnatal period may play a role in the development and
function of the neuroendocrine axis that is independent of its
later role as a signal that transduces information regarding en-
ergy stores and balance to the brain. This putative role of lep-
tin requires that its expression be regulated in a manner dis-
tinct from its regulation in postweaning life. During the
postweaning period, leptin likely cooperates with other pe-
ripheral signals such as insulin and glucocorticoids to provide
important signals that link the availability of energy stores to
neural targets in the brain.
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