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Leptin regulates feeding behavior and energy metabolism by
affecting hypothalamic neuromodulators. The present study
was designed to examine hypothalamic neuronal histamine, a
recently identified mediator of leptin signaling in the brain, in
genetic obese animals. Concentrations of hypothalamic hista-
mine and tele-methylhistamine (+-MH), a major histamine me-
tabolite, were significantly lower in obese (ob/ob) and diabetic
(db/db) mice, and Zucker fatty (fa/fa) rats, leptin-deficient and
leptin-receptor defective animals, respectively, relative to lean
littermates (P < 0.05 for each). A bolus Infusion of leptin (1.0 pg)
into the lateral ventricle (ilvt) significantly elevated the turnover
rate of hypothalamic neuronal histamine, as assessed by par-
gyline-induced accumulation of +-MH, in ob/ob mice compared
with phosphate-buffered saline (PBS) infusions (P < 0.05). How-
ever, this same treatment did not atfect hypothalamic histamine
turnover in db/db mice. In agouti yellow (A*/a) mice, animals
defective in pro-oplomelanocortin (POMC) signaling, normal
levels of histamine, and +-MH were seen in the hypothalamus at
4 weeks of age when obesity had not yet developed. These
amine levels In A¥/a mice showed no change until 16 weeks of
age, although the mice were remarkably obese by this time.
Infusions of corticotropin releasing hormone (CRH), one of neu-
ropeptide related to leptin signaling, into the third ventricle
(i3vt) increased histamine turnover in the hypothalamus of
Wistar King A rats (P < 0.05 versus PBS infusion). Infusion of
neuropeptide Y (NPY) or a-melanocyte stimulating hormone
(MSH), a POMC-derived peptide failed to increase histamine
turnover. These results indicate that lowered activity of hypo-
thalamic neuronal histamine in ob/ob and db/db mice, and fa/fa
rats may be due to insufficiency of leptin action in the brains of
these animals. These results also suggest that disruption of
POMC signaling in A¥/a mice may not impact on neuronal his-
tamine. Moreover, CRH but neither POMC-derived peptide nor
NPY may act as a signal to neuronal histamine downstream of
the leptin signaling pathway. Exp Biol Med 228:1132-1137, 2003
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strated to act as a fat tissue-derived hormone to regu-

late appetite and energy metabolism (1-3). Periph-
eral injections of recombinant leptin have been shown to
reduce food intake, body weight, and adiposity of ob/ob
mice (1-3). Leptin is also active when administered cen-
trally (3) indicating that the brain is a major target for the
leptin action. In the hypothalamus, leptin receptors have
been localized to the ventromedial hypothalamic nucleus
(VMH), the dorsomedial hypothalamic nucleus (DMH), the
paraventricular nucleus (PVN), the arcuate nucleus (ARC),
and the ventral premammillary nucleus (PMV) (4). These
nuclei, excepting the PMV, have been implicated in the
regulation of energy balance. In particular, corticotropin re-
leasing hormone (CRH) in the PVN, neuropeptide Y (NPY),
and pro-opiomelanocortin (POMC)-derived peptide in ARC
have been shown to be involved in the leptin signaling
processes that regulate feeding behavior (5, 6). In geneti-
cally obese animals, abnormal expression of these feeding-
related peptides, caused by disruption of leptin signaling,
has been shown to induce obesity and hyperphagia. For
example, hypothalamic NPY mRNA expression was el-
evated in ob/ob as well as diabetes (db/db) mice and Zucker
fatty (fa/fa) rats (7, 8).

Histamine-positive cell bodies are present in the tubero-
mammillary nucleus (TMN) in the posterior hypothalamus,
which has been shown to be involved in a variety of physi-
ologic functions. These functions include: central control of
neuroendocrine responses, cardiovascular regulation, eme-
sis and motion sickness, control of the sleep-wake cycle,
and thermoregulation (9~12). Our previous work has dem-
onstrated the importance of hypothalamic neuronal hista-
mine in the regulation of feeding behavior and energy me-
tabolism. Neuronal histamine has been shown to suppress
food intake via H, receptor in the VMH and the PVN (13).
In addition, an increase in hypothalamic histamine levels
has been demonstrated to raise peripheral glucose concen-
trations (14, 15), accelerate lipolysis in adipose tissue (16,
17), and increase mRNA expression of uncoupling protein
(UCP) in peripheral tissue (18). Together, these data suggest
that the histaminergic neurons of the hypothalamus play an

I eptin, the ob gene (ob) product, has been demon-
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important role in the regulation of energy intake and expen-
diture as well as adiposity. Moreover we have determined
that histaminergic neurons play an important role in leptin
signaling in the hypothalamus, which controls feeding be-
havior (19). Central administration of leptin increased his-
tamine turnover, as assessed by accumulation of fele-
methylhistamine (+-MH), a major metabolite of neuronal
histamine. Leptin-induced suppression of feeding was at-
tenuated in histamine-depleted rats using a-fluoromethyl-
histidine (FMH), a suicide inhibitor of the histamine-
synthesizing enzyme, histidine decarboxylase (HDC), and
in histamine H, receptor knockout mice (19, 20).

In the present study, we aimed to clarify the change in
hypothalamic neuronal histamine in genetic obese animals
known to have abnormal leptin signaling due to leptin de-
ficiency, leptin receptor abnormality, or a defect in POMC
signaling, one of the important downstream pathways of
leptin action.

Materials and Methods

Animals and Diet. The following animals were
used: 12-week old male C57BL/6J ob/ob mice weighing 40
+ 2 g and their lean littermates (+/+) weighing 20 + 1 g,
12-week old male C57BL/KsJ db/db mice weighing 40 + 2
g and their lean littermates (+m/+m) weighing-20 + 1 g, 12-
week old male fa/fa rats weighing 664 + 12 g and their lean
littermates (+/+) weighing 450 = 11g, 4- and 16-week male
C57BL/6J agouti yellow (A*/a) obese mice weighing 16 £ 1 g,
38 + 1 g and their lean littermates (a/a) weighing 14 £ 1 g, 27
+0.5 g, respectively, and Wistar King A (WKA) rats weighing
333.4 = 4.3 g. Animals were housed in a sound-proof room
illuminated daily from 0700 h to 1900 h (a 12:12 h light-dark
circle) and maintained at 21 + 1°C with humidity at 55 + 5%.
They were allowed free access to standard solid rodent chow
and tap water. Body weight was measured weekly in A>/a mice
and their lean littermates. All studies were conducted in ac-
cordance with the Oita Medical University Guidelines based
on the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Reagents. Pargyline hydrochloride (Sigma, St. Louis,
MO), an inhibitor of monoamine oxidase B, was dissolved in
phosphate-buffered saline (PBS) toa concentration of 9.9 mM;
recombinant murine leptin (Pepro Tech EC Ltd., London,
England) was dissolved in PBS at 1.0 g /ul. Corticotropin
releasing hormone (CRH), neuropeptide Y (NPY), or a-me-
lanocyte stimulating hormone (MSH) was dissolved in PBS
at 1.05 nM, 2.6 nM, and 6.0 nM, respectively. Each solution
was freshly prepared on the day of its administration. The
pH of each solution was adjusted to a range of 6.4 to 7.2.

Surgery. Under sodium pentobarbital anesthesia (1
mg/kg), a stainless steel cannula (29 ga for mice; 23 ga for
rats) was chronically implanted into the lateral ventricle
(ilvt) of ob/ob and db/db mice and into the third ventricle
(i3vt) of WKA rats at least 1 week before the onset of
infusions. A stainless steel wire stylet was inserted in the
guide cannula to prevent leakage of the cerebrospinal fluid
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and to prevent obstruction of the cannula. Details of the
surgical procedure have been described elsewhere (21).

Measurement of Histamine and its Turnover
Rate. To assess histamine basal levels and turnover rate,
both hypothalamic histamine and +-MH were assayed in
genetically obese animals and lean littermates. Transmeth-
ylation of histamine into -MH catabolyzed by histamine
N-methyltransferase and subsequent deamination by mono-
amine oxidase B is the major metabolic breakdown pathway
of histamine in the brain (11, 12, 22). Pretreatment with
pargyline induces accumulation of +-MH in extraneuronal
space as a major metabolite of released neuronal histamine
(22). Assays of hypothalamic histamine and -MH in 0b/ob
mice, db/db mice, fa/fa rats, A*/a mice, and lean littermates
were performed without pargyline pretreatment to estimate
basal levels of both amines in each of the obese animal
models. Using other ob/ob mice, db/db mice, and lean litter-
mates, pargyline (80 mg/kg) or PBS pretreatment was given
10 min before infusion of the test solution to analyze the
change in histamine turnover in these obese animals, Leptin
(1 pg/mouse or the same volume of PBS) was infused ilvt
of mice through implanted cannula at a rate of 0.1 wl/min
for 10 min. WKA rats were also pretreated with pargyline
(80 mg/kg) or PBS before i3vt infusion of CRH, NPY, and
MSH at doses of 1.05 nmol, 2.6 nmol, and 6.0 nmol, re-
spectively. These test solutions were infused i3vt through
the injector (29 ga) at a rate of 1 pl/min for 10 min. The
dose and the infusion speed were selected on the basis of
previous results, including a dose-response relationship be-
tween doses of leptin or other neuropeptide and food intake.
Histamine turnover was estimated from the accumulation of
+MH over a 70-min period after pargyline treatment. All
animals were decapitated at 12:00 hr. The time was 60 min
after the onset of the ilvt infusion for animals used for
turnover assay. The hypothalamus was dissected on an ice
plate according to the method of Glowinski and Inversen
(23). The tissue was immediately frozen on dry ice and
stored at ~80°C until the assays. Histamine and +~MH con-
centrations were measured by the method of Oishi ef al.
(24). Homogenates of the brain were centrifuged at 1000 x
8, and the clear deproteinized supernatants containing the
amine extracts were assayed by high performance liquid
chromatography. Details of the amine assays have been de-
scribed elsewhere (25).

Blood Sampling. Using a different set of rats and
mice than those used for high performance liquid chroma-
tography (HPLC) assays, blood samples were collected
from a chronically indwelling silicone catheter implanted in
the right external jugular vein with its end at a point just
outside of the atrium (26). Surgical catheterizations were
performed under diethylether anesthesia. Blood samples
were taken at 11:50 hr to 12:00 hr and immediately frozen
at —20°C until humoral factor levels were measured.

Assays of Blood Humoral Factors. Serum insu-
lin levels were quantitated using an insulin radioimmuno-
assay ‘(RIA) kit (Rat insulin [*?°1] assays system, Amer-
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sham, Little Chalfont, UK). Serum glucose concentrations
were measured with a commercially available kit (Merck-
auto Glucose, Kant Chemical, Tokyo). Serum leptin con-
centrations were quantitated using an RIA kit (Linco, Inc.,
St. Louis, MO).

Statistical Analysis. All data were expressed as
means + SE. The statistical analyses were carried out using
the unpaired Mann-Whitney U test.

Results

Basal Concentration of Hypothalamic Hista-
mine and -MH in ob/ob, db/db Mice, and fa/fa Rats.
Figure 1 shows basal concentrations of histamine and +-MH
without pargyline pretreatment in ob/ob mice. Cuncentra-
tions of hypothalamic histamine and +-MH were lower in
ob/ob mice compared with their lean littermates (P < 0.05
for each). Histamine and t-MH concentrations in ob/ob mice
were decreased by 73.9 + 5.6% and 44.3 + 3.3%, respec-
tively, relative to those in their lean littermates. Lowered
levels of hypothalamic histamine and -MH were also ob-
served in db/db mice (Fig. 2A) and fa/fa rats (Fig. 2B).
Histamine and -MH concentrations were decreased by
58.4 + 3.4% and 32.9 x 10.7%, respectively, in db/db mice,
and by 86.5 + 5.1% and 71.2 * 3.3%, respectively, in fa/fa
rats (relative to relevant lean littermates; P < 0.01 for each).

Effects of ilvt Infusion on Hypothalamic Hista-
mine Turnover in ob/ob and db/db Mice. Figure 3
shows leptin-induced change in histamine turnover rate in
ob/ob and db/db mice. Ilvt infusion of leptin increased par-
gyline-induced accumulation of -MH in 0b/ob mice to
123.8 + 6.6% of control PBS infusion (P < 0.05). Ilvt in-
fusion of leptin induced no remarkable change in pargyline-
induced accumulation of +MH in db/db mice compared
with the PBS infusion.

Basal Concentration of Hypothalamic Hista-
mine and #-MH in A¥/a Mice. Figure 4 shows basal con-
centration of histamine and -MH at 4- and 16-week-old
A’/a mice. Hypothalamic concentrations of histamine and
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Figure 1. Percent difference in hypothalamic histamine and +MH
concentrations in ob/ob mice. Values are mean + SE (n =7 each for
ob/ob mice and controls). *P < 0.05 compared with lean littermates.
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Figure 2. Percent differences in hypothalamic histamine and +MH
concentration in (A) db/db mice and (B) fa/fa rats. Values are mean
+ SE (n =7 each for db/db mice and controls; n=7 each for fafarats
and controls). *P < 0.01 compared with lean littermates.
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Figure 3. Effects of ilvt leptin infusion on pargyline-induced accu-
mulation of &-MH in the hypothalamus of ob/ob mice and db/db mice.
Values are mean + SE (n = 7 each for leptin and contrals). *P < 0.05
compared with PBS controls.

t-MH showed no remarkable differences compared with
those in lean littermates at these developmental time points
in A”/a mice.
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Figure 4. Percent difference in hypothalamic histamine and +-MH
concentrations in (A) 4-week-old A*/a mice and (B) 16-week-old A%/a
mice. Values are mean + SE (n = 7 each for 4-week-old A*/a mice
and controls; n = 7 each for 16-week-old A”/a mice and controls).

Body Weight, Serum Glucose, Insulin, and Lep-
tin Levels in Obese Animal Models. Table I shows the
body weight, serum glucose, and insulin levels in the obese
animal models used in the present study. Hyperglycemia
and hyperinsulinemia was observed in all obese animals,
except fa/fa rats, which showed normal serum glucose
levels.

Effects of i3vt Infusion of Feeding-Related Neu-
ropeptides on Hypothalamic Histamine Turnover in
WKA Rats. Figure 5 shows changes in histamine turnover
rate in WKA rats in response to i3vt infusion of neuropep-
tides. I3vt infusion of CRH at a dose of 1.05 nmol/rat in-
creased pargyline-induced accumulation of +-MH to 180.0 +
9.4% relative to control PBS infusion (P < 0.001; Fig. 5).
However, i3vt infusion of NPY at a dose of 2.6 nmol/rat or
MSH at a dose of 6.0 nmol/rat did not affect pargyline-
induced tMH accumulation in the hypothalamus.

HYPOTHALAMIC HISTAMINE IN OBESE ANIMALS

Table I. Body Weight, Serum Glucose, and Insulin
Levels in Genetically Obese Animals

Weight Glucose Insulin
(@ (mg/dl) (PU/mi)

++ 20 £1 125.3 £ 19.7 56.1+7.5
ob/ob 40+ 2% 3495+ 15.07 4250+ 1257
+m/+m 201 102.4 + 8.5 44147
dab/db 4029 4086x221% 72.1+9.0%
++ 450+ 11 1078z 2.1 344140
faffa 664 + 127 107.3 +10.3¢% 838.0 + 100.4°
ala 27+05 1253x19.7 56.1+7.5
A¥/a (16 wks) 3819 228.6+22.17 128.1+9.8°

Note. Data are means + SE. Body weight, serum glucose, and insulin
significantly increased in genetically obese animals except glucose
in fa/fa rats.

2 P < 0.05 compared with each lean littermate.
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Figure 5. Effects of i3vt infusion of CRH, NPY, or MSH on pargyline-
induced accumulation of +MH in the hypothalamus of WKA rats.
Values are mean + SE (n = 5 each for CRH and controls; n = 5 each

for NPY and controls; n = 5 each for MSH and controls). *P < 0.001
compared with PBS controls.

Discussion

The present results demonstrate that hypothalamic his-
tamine and its metabolite, +-MH, are decreased in geneti-
cally obese animals such as ob/ob and db/db mice, and fa/fa
rats. Each animal model of obesity in the present study
showed hyperglycemia and/or hyperinsulinemia. These ab-
normalities in serum glucose or insulin levels, however, are
unlikely to underlie the abnormatl histamine and +-MH con-
centrations in obese animals, as neither hyperglycemia nor
insulin have been shown to affect histamine turnover in the
hypothalamus (15). In fact, the hypothalamic concentrations
of histamine and -MH were not decreased in rats with
sucrose loading diet-induced obesity (19), or in A”/a mice
(present study), both of which showed hyperglycemia and
hyperinsulinemia. These results indicate that factors other
than glucose and insulin may contribute to the change in
hypothalamic histamine and its metabolite in genetically
obese ‘animals.
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Recently, we identified hypothalamic neuronal hista-
mine as a mediator of leptin action in the brain (19). Central
administration of leptin has been shown to increase hista-
mine turnover, as assessed by +-MH accumulation after par-
gyline treatment in WKA rats. It has also been observed that
leptin-induced suppression of feeding is partially attenuated
in histamine-depleted rats or in histamine H, receptor
knockout mice (19, 20). We conclude from these results that
leptin promotes the release of histamine, thereby suppress-
ing food intake. The modulation of feeding behavior by
neuronal histamine has been investigated in our previous
studies, which have shown that neuronal histamine sup-
presses food intake through the H, receptor in the VMH and
the PVN, two known satiety centers (13). In the present
study, histamine and t-MH concentrations were lowered in
ob/ob mice, a model of leptin deficiency, and ilvt infusion
of leptin increased histamine turnover in these mice, which
were consistent with our previous study (16). These results
indicate that leptin deficiency may cause the lowering of
both amine levels in the hypothalamus of ob/ob mice. How-
ever, leptin infusion had no effect on histamine turnover in
db/db mice, a model of leptin receptor defect (3). These
results indicate that intact leptin receptors are necessary for
leptin-induced activation of histamine turnover. Moreover,
fa/fa rats, another model of leptin receptor defect (27), also
showed lower levels of histamine and ~MH. Taken to-
gether, it can be concluded that insufficient leptin action in
the hypothalamus due to leptin deficiency or leptin receptor
defect may result in reduced histaminergic activity in ob/ob,
db/db mice, and fa/fa rats.

Pro-opiomelanocortin—derived peptides such as MSH,
as well as its receptor, melanocortin 4-receptor (MC4-R),
have received much attention in studies of the leptin signal-
ing pathway, which controls feeding behavior. Leptin has
been shown to increase POMC mRNA in the ARC (6), and
administration of MSH or an MC4-R agonist induces inten-
sive feeding suppression (28). In A’/a mice, ectopic expres-
sion of agouti protein, which antagonizes MC4-R, induces
obesity (29). These mice have been shown to be both hy-
perleptinemic and insensitive to exogenous leptin treatment,
which suggests leptin resistance in this obese animal model
(30). These findings indicate that leptin signaling is im-

“paired by defect in the POMC signaling pathway in agouti
mice. This led us to hypothesize that leptin’s influence on
histaminergic neurons may be disrupted in A’/a mice. To
clarify this possibility, we investigated changes in the amine
levels using young non-obese, as well as obese A’/a mice.
Results showed that hypothalamic histamine and -MH lev-
els were normal in young non-obese A”/a mice. It is well
known that A’/a mice show late onset of obesity and hy-
perleptinemia (29). Thus, it was not surprising that the
amine levels were normal in these mice. However, the
amine levels were also normal in obese A*/a mice, which
showed remarkable obesity and hyperleptinemia. These re-
sults indicate that defects in POMC signaling due to agouti
protein do not affect histaminergic neurons, in spite of im-
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paired leptin signaling. Furthermore, in the present study,
administration of MSH did not affect histamine turnover. It
can thus be concluded that leptin may modulate histamin-
ergic neurons independently of the leptin-POMC-MC4-R
pathway.

If agouti protein dose not directly affect histaminergic
neurons, acquired leptin resistance and/or hyperleptinemia
in agouti obese mice must be considered as other possible
factors influencing hypothalamic histamine. Hyperlep-
tinemia per se was expected to increase concentrations of
hypothalamic histamine and +-MH, since administration of
leptin increased histamine turnover in ob/ob mice and WKA
rats (19). In fact, our previous study demonstrated that su-
crose-loading obese rats, which showed hyperleptinemia,
have increased hypothalamic neuronal histamine and :-MH
(19). However, the present results showed that hyperlep-
tinemia did not increase the concentration of hypothala-
mic histamine and ~-MH in A”/a obese mice. However,
leptin resistance may induce inhibitory effects on histamin-
ergic neurons. Taken together, these findings indicate that
leptin signaling via histaminergic neurons may be partially
disrupted in A*/a obese mice due to their acquired leptin
resistance.

Leptin receptors in the hypothalamus are localized to
the VMH, DMH, PVN, ARC, and PMV but not to the TMN,
where histaminergic cell bodies are present (31). This indi-
cates that leptin affects histamine neurons through interme-
diary leptin responsive sites. Among leptin responsive re-
gions in the hypothalamus, the DMH and/or the PMV are
highly probable sites for mediating leptin signaling, as di-
rect neuronal projections from these nuclei to the TMN have
been identified in neuroanatomical studies (32, 33). The
present study provides further evidence for leptin signal
transduction in histaminergic neurons. I3vt infusion of CRH
but not NPY or MSH increased histamine turnover in the
present study. These three neuropeptides are identified as
major targets of leptin action in the brain based on the fact
that administration of leptin increases CRH or POMC
mRNA expression and decreases NPY mRNA expression
(5, 6, 34). The present study indicates that CRH is one of the
mediators of leptin action that activates neuronal histamine.
This hypothesis is supported by a retrograde tracer study
demonstrating a projection from the PVN, site of CRH con-
taining neurons, to the TMN (35). As described previously,
neither defective POMC signaling in A’/ obese mice, nor
MSH administration affected neuronal histamine. These re-
sults indicate that leptin may affect histaminergic neurons
via a pathway other than POMC-MC4-R. Therefore, CRH
may be involved in a leptin-related but POMC-MC4-R in-
dependent pathway, which affects histaminergic neurons.

We recently demonstrated that hypothalamic neuronal
histamine regulates adiposity and energy expenditure. In
that study, we found that central administration of histamine
or thioperamide, a histamine H; antagonist that activates
endogenous histamine release, accelerated lipolysis in adi-
pose tissue (17). Neuronal histamine also increased mRNA
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expression of UCP in BAT and WAT, which plays an im-
portant role in thermogenesis and energy expenditure (18).
These newly identified histaminergic functions led us to
hypothesize that reduced neuronal histamine activity in ge-
netically obese animals may contribute to their obesity via
modulation of not only feeding but also peripheral adiposity
and energy metabolism. Furthermore, other important his-
taminergic functions such as regulation of the sleep-wake
cycle, neuroendocrine systems, and thermoregulation (11,
12) may also contribute to abnormalities observed in ge-
netically obese animals.
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