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Nutritional deprivation or malnutrition suppresses immune function in humans and animals, thereby conferring higher susceptibility to
infectious diseases. Indeed, nutritional deprivation induces atrophy of lymphoid tissues such as thymus and spleen and decreases the number of
circulating lymphocytes. Leptin, a major adipocytokine, is exclusively produced in the adipose tissue in response to the nutritional status and
acts on the hypothalamus, thereby regulating energy homeostasis. Although leptin plays a critical role in the starvation-induced T-cell-mediated
immunosuppression, little is known about its role in B-cell homeostasis under starvation conditions. Here we show the alteration of B-cell
development in the bone marrow of fasted mice, characterized by decrease in pro-B, pre-B, and immature B cells and increase in mature B cells.
Interestingly, intracerebroventricular leptin injection was sufficient to prevent the alteration of B-cell development of fasted mice. The alteration
of B lineage cells in the bone marrow of fasted mice was markedly prevented by oral administration of glucocorticoid receptor antagonist RU486
(11�-[p-(dimethylamino)phenyl]-17�-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one). It was also effectively prevented by intracerebroventric-
ular injection of neuropeptide Y Y1 receptor antagonist BIBP3226 [(2R)-5-(diaminomethylideneamino)-2-[(2,2-diphenylacetyl)amino]-N-[(4-
hydroxyphenyl)methyl]pentanamide], along with suppression of the otherwise increased serum corticosterone concentrations. This study
provides the first in vivo evidence for the role of central leptin signaling in the starvation-induced alteration of B-cell development. The data of
this study suggest that the CNS, which is inherent to integrate information from throughout the organism, is able to control immune function.

Introduction
Nutritional deprivation or malnutrition results in neuroendo-
crine dysfunction, decrease in reproductive and thyroid hor-
mones, and activation of the hypothalamus–pituitary–adrenal
axis (Ahima et al., 1996; Chan and Mantzoros, 2005). Such neu-
roendocrine alteration represents an adaptive response to energy
deficiency. It is also known that nutritional deprivation or mal-
nutrition suppresses immune function in humans and animals,
thereby conferring higher susceptibility to infectious diseases
(Cason et al., 1986; Chandra, 1991). For instance, nutritional
deprivation induces atrophy of lymphoid tissues such as thymus

and spleen and decreases the number of circulating T and B cells
(Chandra, 1991; Lord et al., 1998; Chan et al., 2006).

Leptin, a major adipocyte-derived bioactive substance, is pro-
duced in response to the nutritional status and acts directly on the
hypothalamus, thereby regulating food intake and energy expen-
diture (Friedman and Halaas, 1998; Ogawa et al., 1999; Cone,
2006). The leptin receptor is expressed not only in the hypothal-
amus but also in a variety of peripheral tissues (Friedman and
Halaas, 1998). There is considerable evidence that leptin plays a
role in the pathophysiology of acute and chronic inflammatory
diseases, such as bacterial infection, atherosclerosis, and tissue
fibrosis (La Cava and Matarese, 2004; Bodary et al., 2007; Tanaka
et al., 2010).

It is known that leptin-deficient ob/ob mice exhibit the immu-
nological changes similar to those induced by starvation, i.e.,
thymic atrophy and decreased maturation of T and B cells (How-
ard et al., 1999; Claycombe et al., 2008; Lam et al., 2010). Because
serum leptin concentrations are rapidly lowered by starvation
(Ahima et al., 1996), it is conceivable that leptin plays a role in the
starvation-induced immunodeficiency. Indeed, leptin prevents
the starvation-induced immunosuppression, which is mediated
by T cells (Lord et al., 1998). There is also in vitro evidence sug-
gesting that leptin can activate cytokine signaling pathway in T
cells, thereby regulating their proliferation and apoptosis (Lord et
al., 1998; Palmer et al., 2006). Conversely, little is known about
the role of leptin in B-cell development and function. In this
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regard, ob/ob mice exhibit impaired humoral as well as cellular
immune responses to experimental arthritis (Busso et al., 2002).
ob/ob mice also show impaired B lymphopoiesis in the bone mar-
row, which is reversed by intraperitoneal injection of leptin, sug-
gesting the role of leptin in B-cell development (Claycombe et al.,
2008). However, it is currently unknown whether leptin signaling
is involved in B lymphopoiesis under starvation conditions and,
if so, how leptin regulates B-cell development in vivo.

Here, we show the alteration of B-cell development in the
bone marrow of both fasted mice and ob/ob mice. Notably, such
alterations are reversed by central leptin administration. Our data
also suggest that corticosterone is involved in the starvation-
induced alteration of B-cell development. This study highlights
the role of central leptin signaling in B-cell development under
starvation conditions, thereby suggesting that the CNS, which is
inherent to integrate information from throughout the organ-
ism, is able to control immune function.

Materials and Methods
Reagents. All reagents were purchased from Sigma-Aldrich or Nacalai
Tesque unless otherwise noted. Allophycocyanin (APC)-conjugated
anti-B220 (clone RA3– 6B2) and biotin-conjugated anti-IgD (clone 11-
26) antibodies and phycoerythrin (PE)-conjugated streptavidin were
purchased from eBioscience. PE-conjugated anti-CD43 (clone S7) and
FITC-conjugated anti-IgM (clone R6-60.2) were purchased from BD
Biosciences Pharmingen.

Animals. Eight-week-old male C57BL/6J-ob/ob and wild-type mice
were purchased from Charles River Japan. They were maintained in a
temperature-, humidity-, and light-controlled room (12 h light/dark cy-
cles) and allowed ad libitum access to water and standard chow (CE-2;
CLEA Japan) unless otherwise noted. All animal experiments were con-
ducted according to the guidelines of the Tokyo Medical and Dental
University Committee on Animal Research (publications 0090058,
100098, and 0110003A).

Intraperitoneal injection experiments. Eight-week-old male C57BL/6J
wild-type mice were divided into three groups. One group was allowed
ad libitum access to chow and received an intraperitoneal injection of 0.2
ml of PBS at 10:00 A.M. and 7:00 P.M. for 48 h. Two groups were fasted
for 48 h, when they received an intraperitoneal injection of 0.2 ml of
recombinant mouse leptin (1 �g/g initial body weight) or PBS at 10:00
A.M. and 7:00 P.M.

Intracerebroventricular injection experiments. Eight-week-old male
C57BL/6J wild-type mice were anesthetized with isoflurane, and a can-
nula was implanted into the lateral ventricle (C315GS-2; Plastics One).
Five days after the intracerebroventricular cannulation, mice were di-
vided into three groups. One group was allowed ad libitum access to chow
and received an intracerebroventricular injection of 0.5 �l of artificial CSF
(aCSF) at 10:00 A.M. and 7:00 P.M. for 48 h. Two groups were fasted for 48 h,
when they received an intracerebroventricular injection of 0.5 �l of recom-
binant mouse leptin (0.5 �g), neuropeptide Y Y1 receptor (NPY Y1R)
antagonist BIBP3226 [(2 R)-5-(diaminomethylideneamino)-2-[(2,
2-diphenylacetyl)amino]-N-[(4-hydroxyphenyl)methyl]pentanamide] (10
nmol; Tocris Bioscience), or aCSF at 10:00 A.M. and 7:00 P.M. for 48 h.

Intracerebroventricular injection of leptin to ob/ob mice was per-
formed as described (Satoh et al., 1998; Tanaka et al., 2010). In brief, mice
were anesthetized with isoflurane, and a cannula was implanted into the
lateral ventricle (Brain infusion kit 3; Durect Corporation). The cannula
was connected to the micro-osmotic pump (model 1002; Durect Corpo-
ration) placed in the dorsal subcutaneous space of mice. The rate of
delivery was 5 ng/h recombinant mouse leptin or aCSF. Seven days after
the intracerebroventricular cannulation, mice were subjected to addi-
tional analysis.

Adrenalectomy and implantation of corticosterone pellet. Eight-week-
old male C57BL/6J wild-type mice were anesthetized with isoflurane, and
a cannula was implanted into the lateral ventricle. One week after the
intracerebroventricular cannulation, mice were anesthetized with pento-
barbital (30 mg/kg) and adrenalectomized and implanted with a 7.5 mg

corticosterone pellet (Innovation Research of America) or were sham
operated. One week after the operation, the mice were subjected to ad-
ditional experiments.

Blood glucose and serum analysis. Blood was sampled from the tail vein
before being killed. Blood glucose concentrations were determined by
the blood glucose test meter (Glutest PRO R; Sanwa-Kagaku). Serum
leptin and corticosterone concentrations were determined by the com-
mercially available enzyme-linked immunoassay kits (R & D Systems and
Assaypro, respectively).

Flow cytometry analysis. Flow cytometry analysis was performed to
evaluate the B lineage cells in the bone marrow, mononuclear cells in the
circulating blood, and splenocytes as described (Hashimoto et al., 2007;
Kim-Saijo et al., 2008) using a FACSCalibur HG (BD Biosciences). The
data were analyzed with BD CellQuest Pro (BD Biosciences). B cells were
identified by anti-B220 –APC, and their subpopulations were deter-
mined as follows: pro-B (CD43 �, IgM �), pre-B (CD43 �, IgM �), im-
mature B (IgM �, IgD low), and mature B (IgM �, IgD high) cells
(Claycombe et al., 2008).

Quantitative real-time PCR. Total RNA was extracted from the bone using
Sepasol reagent, and quantitative real-time PCR was performed with an ABI
Prism 7000 Sequence Detection System using PCR Master Mix Reagent
(Applied Biosystems) as described (Suganami et al., 2005; Tanaka et al.,
2010). Primers used to detect mRNAs are as follows: interleukin-7 (IL-7),
forward, 5�-GGCACACAAACACTGGTGAACT-3� and reverse, 5�-TG-
CATCATTCTTTTTCTGTTCCTT-3�; stromal cell-derived factor-1
(SDF-1), forward, 5�-AGCCAACGTCAAGCATCTGA-3� and reverse, 5�-
TCGGGTCAATGCACACTTGT-3�; adiponectin, forward, 5�-ATG-
GCAGAGATGGCACTCCT-3� and reverse, 5�-CCTTCAGCTCCTGT-
CATTCCA-3�; and 36B4, forward, 5�-GGCCCTGCACTCTCGCTTTC-3�
and reverse, 5�-TGCCAGGACGCGCTTGT-3�. Levels of mRNA were nor-
malized to those of 36B4 mRNA.

Statistical analysis. Data are presented as the mean � SEM, and p �
0.05 and p � 0.01 were considered statistically significant. Statistical
analysis was performed using one-way ANOVA followed by Tukey–
Kramer test.

Results
Starvation-induced alteration of B-cell development in the
bone marrow
To investigate the effect of nutritional deprivation on B-cell
development, we analyzed B lineage cells in the bone marrow
of fasted mice. Food deprivation for up to 48 h significantly
reduced body weight and blood glucose concentrations in
C57BL/6J mice (Fig. 1 A, B). Serum leptin concentrations were
markedly reduced after 24 h of food deprivation and almost
undetectable at 48 h (Fig. 1C). FACS analysis revealed that the
proportion of B220-positive cells (the whole B-cell compart-
ment) in bone marrow cells tends to be decreased at 48 h, but
this trend did not reach statistical significance (Fig. 1 D). In
parallel with the decrease in serum leptin concentrations, the
proportion of B lineage cells were markedly altered in the bone
marrow of fasted mice; pro-B, pre-B, and immature B cells
were decreased, whereas mature B cells were increased (Fig.
1 E). The proportion of B220-positive cells (mostly bone
marrow-derived mature B cells) in splenocytes and mononu-
clear cells of the circulating blood tended to be decreased in
fasted mice relative to ad libitum fed mice (Table 1). These obser-
vations together suggest that nutritional deprivation leads to the
alteration of B-cell development in the bone marrow.

Peripheral leptin administration prevents the starvation-
induced alteration of B-cell development
To explore the role of hypoleptinemia in the starvation-induced
alteration of B-cell development in the bone marrow, C57BL/6J
mice were administered intraperitoneally with recombinant
mouse leptin twice daily during the starvation period. Intraperi-
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toneal injection of leptin did not affect body weight and tended to
reduce blood glucose concentrations in fasted mice (Fig. 2A,B).
In this study, serum leptin concentrations peaked at 1 h after the
intraperitoneal injection of leptin and thereafter went down to
the levels equivalent to those in mice fed ad libitum (Fig. 2C).
There was no significant difference in serum leptin concentra-
tions at 48 h between the fasted mice receiving leptin and PBS
(Fig. 2D). The alteration of B lineage cells in the bone marrow of
fasted mice was markedly prevented by peripheral leptin admin-
istration (Fig. 2E). These observations suggest that leptin plays a
critical role in the starvation-induced alteration of B-cell devel-
opment in the bone marrow.

Central leptin administration prevents the starvation-
induced alteration of B-cell development
Leptin is produced in the adipose tissue and is considered to
regulate food intake and energy expenditure through the CNS,
although the leptin receptor is expressed in a variety of peripheral
tissues, including B cells (Papathanassoglou et al., 2006). To ad-
dress whether leptin is capable of regulating B-cell development

Figure 2. Effect of peripheral leptin administration on B lineage cells in the bone marrow of fasted
mice. Mice were divided into three groups: one group was allowed ad libitum access to chow with
twice-a-day intraperitoneal injection of PBS, and two groups were deprived of chow for 48 h with
twice-a-day intraperitoneal injection of recombinant mouse leptin (1 �g/g initial body weight) or
PBS. A, B,Bodyweight(A)andbloodglucoseconcentrations(B)at48h. C,Timecourseofserumleptin
concentrations after intraperitoneal injection of recombinant mouse leptin. D, Serum leptin concen-
trations at the time the animals were killed. E, FACS analysis on the B lineage cells in the bone marrow.
Data in all graphs are mean � SEM. n.s., Not significant. *p � 0.05, **p � 0.01; n � 6 – 8.

Figure 3. Effect of central leptin administration on B lineage cells in the bone marrow of fasted
mice. Mice were divided into three groups: one group was allowed ad libitum access to chow with
twice-a-day intracerebroventricular injection of aCSF, and two groups were deprived of chow for 48 h
with twice-a-day intracerebroventricular injection of recombinant mouse leptin (0.5 �g/0.5 �l) or
aCSF. A–C, Body weight (A) and blood glucose (B) and serum leptin (C) concentrations at the time the
animals were killed. D, FACS analysis on the B lineage cells in the bone marrow. Data in all graphs are
mean � SEM. n.s., Not significant. *p � 0.05, **p � 0.01; n � 6 – 8.

Figure 1. Effect of starvation on B lineage cells in the bone marrow. Mice were deprived of
chow for up to 48 h. A–C, The effect of starvation on body weight (A) and blood glucose (B) and
serum leptin (C) concentrations. D, E, FACS analysis on the whole B-cell compartment (D) and B
lineage cells (E) in the bone marrow. Data in all graphs are mean � SEM. n.s., Not significant.
*p � 0.05, **p � 0.01; n � 5.

Table 1. The proportion of B cells in the spleen and circulating blood of fasted mice
and ob/ob mice

Proportion of B220-positive cells

% of splenocytes
% of mononuclear cells of
the circulating blood

Wild type
Ad libitum 56.6 � 1.2 54.0 � 1.0
Fasting 50.4 � 2.1 49.0 � 4.7

ob/ob
Ad libitum 44.7 � 0.9* 42.3 � 2.7*

The proportion of the B220-positive cells in splenocytes and mononuclear cells of the circulating blood of ad libitum-
fed wild-type, fasted wild-type, and ad libitum-fed ob/ob mice. Data are mean � SEM. *p � 0.05 versus ad
libitum-fed wild-type mice; n � 4.
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in the bone marrow via a central mechanism, we examined the
effect of intracerebroventricular injection of recombinant mouse
leptin on B lineage cells in the bone marrow. Intracerebroventric-
ular injection of leptin did not affect body weight and signifi-
cantly reduced blood glucose concentrations in fasted mice (Fig.
3A,B). Serum leptin concentrations were unaffected by intrace-
rebroventricular injection of leptin (Fig. 3C), suggesting no sub-
stantial leakage of exogenous leptin into the systemic circulation.
Importantly, the alteration of B lineage cells in the bone marrow
of fasted mice was markedly prevented by central leptin admin-
istration (Fig. 3D). These observations suggest that leptin is ca-
pable of affecting B-cell development in the bone marrow via a
central mechanism.

Central leptin administration reverses the alteration of B-cell
development in ob/ob mice
To elucidate the long-term effect of leptin on B-cell development,
we used leptin-deficient ob/ob mice. As reported previously
(Friedman and Halaas, 1998), 8-week-old male ob/ob mice exhib-
ited marked obesity (50.3 � 0.2 g) and mild hyperglycemia
(266.5 � 22.4 mg/dl) (n � 4). In this study, the proportion of
B220-positive cells in the splenocytes and circulating mononu-
clear cells was significantly reduced in ob/ob mice relative to wild-
type C57BL/6J mice (Table 1).

We next infused recombinant mouse leptin intracerebroven-
tricularly to ob/ob mice for 7 d using a micro-osmotic pump to
examine the effect of central leptin administration on B lineage
cells in the bone marrow. As reported previously (Friedman and
Halaas, 1998), intracerebroventricular injection of leptin effec-
tively decreased body weight and blood glucose concentrations in
ob/ob mice (Fig. 4A,B). The proportion of B220-positive cells in
the bone marrow was significantly de-
creased in ob/ob mice relative to wild-type
mice (Fig. 4C). In this study, ob/ob mice
exhibited the alteration of B lineage cell
proportion in the bone marrow, which is
similar to that in fasted wild-type mice
(Figs. 1E, 4D). Such alteration in ob/ob
mice was almost completely reversed by
intracerebroventricular injection of leptin
(Fig. 4D), when there was no significant
difference in the proportion of B220-
positive cells between the ob/ob mice re-
ceiving leptin and aCSF (Fig. 4C). These
observations together suggest that central
leptin administration reverses the altera-
tion of B-cell development in the bone
marrow of leptin-deficient ob/ob mice.

IL-7, SDF-1, and adiponectin do not
play a major role in the starvation-
induced alteration of B-cell
development
To obtain insight into the mechanism un-
derlying the starvation-induced alteration
of B-cell development in the bone mar-
row, we examined mRNA expression of IL-7, SDF-1 (also called
CXCL12), and adiponectin in the bone. IL-7 and SDF-1 are
known to be derived from osteoblasts, thereby regulating B-cell
development in the bone marrow (Tokoyoda et al., 2004). It is
also known that adiponectin, a major adipocytokine, potently
inhibits B-cell development (Yokota et al., 2003). In this study,
we did not observe significant differences in IL-7, SDF-1, and

adiponectin mRNA expression between ad libitum-fed wild-type,
fasted wild-type, and fasted wild-type receiving intraperitoneal
injection of leptin (Fig. 5A). We also observed no significant
differences in IL-7, SDF-1, and adiponectin mRNA expression
among ad libitum-fed wild-type, fasted wild-type, and ad libitum-
fed ob/ob mice (Fig. 5B).

Figure 4. Effect of central leptin administration on B lineage cells in the bone marrow of
ob/ob mice. Mice received continuous intracerebroventricular (icv) injection with leptin (5 ng/h)
or aCSF for 7 d. A, Time course of body weight change. B, Blood glucose concentrations at day 7.
C, D, FACS analysis on the whole B-cell compartment (C) and B lineage cells (D) in the bone
marrow. Data in all graphs are mean � SEM. WT, Wild type; n.s., not significant. *p � 0.05,
**p � 0.01; n � 6.

Figure 5. IL-7, SDF-1, and adiponectin mRNA expression in the bone of fasted mice and ob/ob mice. A, Effect of intraperitoneal
leptin injection on IL-7, SDF-1, and adiponectin mRNA expression of in the bone of wild-type mice. B, IL-7, SDF-1, and adiponectin
mRNA expression of in the bone of ob/ob and wild-type mice. Mice were deprived of chow for 48 h or fed ad libitum. Data in all
graphs are mean � SEM. WT, Wild type; n.s., not significant. n � 4.

8376 • J. Neurosci., June 8, 2011 • 31(23):8373– 8380 Tanaka et al. • Central Leptin and B-Cell Development



Corticosterone plays a role in the starvation-induced
alteration of B-cell development
Because starvation increases corticosterone production as a phys-
iologic adaptation to energy deprivation through the activation
of the hypothalamus–pituitary–adrenal axis (Ahima et al., 1996;
Chan and Mantzoros, 2005), we examined the role of corticoste-
rone in the starvation-induced alteration of B-cell development.
In this study, intracerebroventricular injection of leptin signifi-
cantly prevented the increase in serum corticosterone concentra-
tions in fasted mice and ob/ob mice (Fig. 6A,B). To explore the
functional significance of corticosterone, we examined the effect
of RU486 (11�-[p-(dimethylamino)phenyl]-17�-hydroxy-17-
(1-propynyl)estra-4,9-dien-3-one), a glucocorticoid receptor
antagonist, on the starvation-induced alteration of B-cell devel-
opment. Oral administration of RU486 did not affect body
weight and blood glucose and serum corticosterone concentra-
tions during the starvation period (Fig. 6C–E). Similar to the
previous report that RU486 administration suppresses the other-
wise increased phosphoenolpyruvate carboxykinase (PEPCK)
mRNA expression in the liver of db/db mice with leptin receptor

defect (Liu et al., 2005), the starvation-induced PEPCK mRNA
expression was effectively suppressed by RU486 (Fig. 6F). In this
setting, the alteration of B lineage cell proportion in the bone
marrow of fasted mice was markedly prevented by RU486 admin-
istration (Fig. 6G).

We further examined the connection between central leptin sig-
naling, corticosterone, and B-cell development using adrenalecto-
mized mice with implantation of corticosterone pellet (Fig. 7A). In
this study, serum corticosterone concentrations were mostly com-
parable with those in fasted mice (Figs. 6A,E, 7B). Starvation and
central leptin administration did not affect serum corticosterone
and blood glucose concentrations and body weight (Fig. 7B–D). In
this setting, the adrenalectomized mice showed B lineage cell pro-
portion in the bone marrow, which is similar to those in fasted mice
(Figs. 1E, 7E). Moreover, we observed no significant difference in B
lineage cells among the three groups with adrenalectomy: ad libitum-
fed mice, fasted mice, and fasted mice with intracerebroventricular
leptin injection. These observations together suggest that corticoste-
rone plays an important role in the regulation of B-cell development
under starvation conditions.

NPY plays a role in the starvation-induced alteration of
B-cell development
Because it is known that NPY, when increased in the hypothala-
mus under starvation conditions, contributes to increased corti-

Figure 7. Effect of leptin in the starvation-induced alteration of B-cell development in the bone
marrow of adrenalectomized mice. A, Experimental protocol. Adrenalectomized mice with subcuta-
neous implantation of corticosterone pellet (7.5 mg/pellet per mouse) were deprived of chow for 48 h
with twice-a-day intracerebroventricular injection of recombinant mouse leptin (0.5 �g/0.5 �l) or
aCSF. B–D, Serum corticosterone (B) and blood glucose (C) concentrations and body weight (D) at the
time the animals were killed. E, FACS analysis on the B lineage cells in the bone marrow. ADX, Adre-
nalectomy; CORT, corticosterone pellet; icv, intracerebroventricular; n.s., not significant. Data in all
graphs are mean � SEM. *p � 0.05, **p � 0.01; n � 4 –5.

Figure 6. Role of corticosterone in the starvation-induced alteration of B-cell development in the
bone marrow. A, B, Effect of intracerebroventricular leptin injection on serum corticosterone concen-
trations in fasted mice (A) and ob/ob mice (B). Mice were deprived of chow for 48 h with twice-a-day
intracerebroventricular injection of recombinant mouse leptin (0.5 �g/0.5 �l) or aCSF (A). Mice re-
ceived continuous intracerebroventricular injection with leptin (5 ng/h) or aCSF for 7 d (B). C–G, Effect
of RU486, a glucocorticoid receptor antagonist, on B lineage cells in the bone marrow of fasted mice.
Mice were deprived of chow for 48 h with twice-a-day oral administration of RU486 (25 �g/g initial
body weight) or vehicle. C, Body weight; D, blood glucose concentration; E, serum corticosterone
concentrations. F, PEPCK mRNA expression in the liver. G, FACS analysis on B lineage cells in the bone
marrow. WT, Wild type; veh, vehicle; RU, RU486; n.s., not significant. Data in all graphs are mean �
SEM. *p � 0.05, **p � 0.01; n � 4 – 6.
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costerone production (Luque et al., 2007), we next examined the
effect of BIBP3226, a Y1R antagonist, on the regulation of B-cell
development. Intracerebroventricular injection of BIBP3226 sig-
nificantly reduced serum corticosterone concentrations in fasted
mice, whereas there were no significant changes in blood glucose
concentrations and body weight (Fig. 8A–C). In this setting, the
alteration of B lineage cell proportion in the bone marrow of
fasted mice was markedly prevented by intracerebroventricular
BIBP3226 injection (Fig. 8D). These observations suggest that
the NPY–Y1R pathway plays a role in the starvation-induced hy-
percorticosteronemia and alteration of B-cell development.

Discussion
It is known that nutritional deprivation or malnutrition leads to
immune suppression in humans and animals (Cason et al., 1986;
Chandra, 1991; Lord et al., 1998; Chan et al., 2006). Here, we
provided evidence that B-cell development in the bone marrow is
altered by nutritional deprivation in parallel with decreased se-
rum leptin concentrations. Importantly, intraperitoneal injec-
tion of recombinant leptin effectively prevented the alteration of
B-cell development in the bone marrow of fasted mice. In this
regard, Claycombe et al. (2008) reported that ob/ob mice exhibit
impaired B lymphopoiesis in the bone marrow relative to wild-
type mice. These observations together suggest that hypoleptine-
mia plays a critical role in the starvation-induced alteration of
B-cell development. This discussion is consistent with the previ-
ous report by Chan et al. (2006) that 72 h fasting significantly
reduces the B-cell population in the circulating blood of healthy
humans, which is partly prevented by subcutaneous injection of
recombinant human leptin (Chan et al., 2006). Unlike fasted
mice, ob/ob mice exhibited marked obesity and high blood glu-
cose concentrations, although they both developed the alteration

of B-cell development. Moreover, leptin did not affect body
weight and blood glucose concentrations in fasted mice, which is
consistent with a previous report (Ahima et al., 1996). These
observations suggest that leptin regulates B-cell development and
energy metabolism via different mechanisms. Conversely, evi-
dence has suggested the role of leptin in the starvation-induced
thymic atrophy and T-cell apoptosis (Lord et al., 1998; Howard et
al., 1999). Because leptin is produced in the adipose tissue in
response to the nutritional change, the data of this study support
the concept that leptin acts as a nutritional sensor to regulate the
acquired immune system. Thus, the leptin-mediated alteration of
B-cell development may be relevant to the immune dysfunction
in energy-deprivation states, such as anorexia nervosa, malnutri-
tion, or cachexia.

Because leptin receptor is expressed in a variety of central and
peripheral tissues and cells including T and B cells, it is important
to know whether leptin can regulate B-cell development in the
bone marrow via central and/or peripheral mechanisms. It is
reported that B cells from mouse spleen are protected from Fas-
mediated apoptosis in vitro when treated with recombinant lep-
tin (Palmer et al., 2006). Leptin also promotes survival of B cells
from the spleen via induction of B-cell CLL/lymphoma (Bcl-2)
and cyclin D1 (Lam et al., 2010). Conversely, there is considerable
in vivo evidence that central leptin signaling is sufficient for its
effect on energy and glucose homeostasis and even locomotor
activity (Coppari et al., 2005; de Luca et al., 2005). In this study,
we demonstrated for the first time that central leptin administra-
tion effectively prevents the alteration of B-cell development in
the bone marrow of fasted mice and ob/ob mice. This is reminis-
cent of our recent observation that central leptin administration
in ob/ob mice reverses the otherwise reduced macrophage infil-
tration in a mouse model of renal injury (Tanaka et al., 2010).
Similarly, Tschöp et al. (2010) reported that central leptin admin-
istration increases survival during sepsis in ob/ob mice as well as
wild-type mice. Although our data do not rule out the possibility
that leptin acts directly on B cells to regulate their development, it
is likely that central leptin signaling plays a major role in B-cell

Figure 9. Potential mechanism of the leptin-mediated regulation of B-cell development in
the bone marrow under starvation conditions. Under starvation conditions, activation of the
NPY–Y1R pathway in the CNS as a result of hypoleptinemia plays an important role in the
alteration of B-cell development in the bone marrow, at least partly through increased produc-
tion of corticosterone. Central leptin administration effectively reverses the starvation-induced
alteration of B-cell development, probably through suppressing the NPY–Y1R pathway and
corticosterone production. HPA axis, Hypothalamus–pituitary–adrenal axis.

Figure 8. Effect of central administration of Y1R antagonist on B lineage cells in the bone
marrow of fasted mice. Mice were deprived of chow for 48 h with twice-a-day intracerebroven-
tricular injection of the Y1R antagonist BIBP3226 (10 nmol/0.5 �l) or aCSF. A–C, Serum corti-
costerone (A) and blood glucose (B) concentrations and body weight (C) at the time the animals
were killed. D, FACS analysis on the B lineage cells in the bone marrow. BIBP, BIBP3226; n.s., not
significant. Data in all graphs are mean � SEM. *p � 0.05, **p � 0.01; n � 4 –5.
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development in the bone marrow in vivo under starvation
conditions.

It is also important to understand how central leptin signaling
regulates B-cell development. Leptin plays a critical role in the
neuroendocrine response to fasting such as the hypothalamus–
pituitary–adrenal axis (Ahima et al., 1996; Chan and Mantzoros,
2005). Laakko and Fraker (2002) previously reported that subcu-
taneous implantation of corticosterone pellets into wild-type
mice results in the alteration of B-cell development in the bone
marrow, which is similar to that in fasted mice. These findings led
us to speculate the role of corticosterone in the starvation-
induced alteration of B-cell development. In this study, we ob-
served that serum corticosterone concentrations are markedly
increased short and long term of leptin deficiency (correspond-
ing to fasted wild-type mice and ob/ob mice, respectively), which
is effectively suppressed by central leptin administration as re-
ported previously (Ahima et al., 1996; Huang et al., 1998). Im-
portantly, administration of a glucocorticoid receptor antagonist
to fasted mice markedly prevented the alteration of B-cell devel-
opment in the bone marrow. Moreover, we confirmed that the
proportion of B lineage cells in the bone marrow is not affected by
starvation and central leptin administration in adrenalectomized
mice, when serum corticosterone concentrations are unaltered.
These observations support the concept that corticosterone plays
an important role in the alteration of B-cell development under
starvation conditions. Although central leptin signaling regulates
bone formation via the sympathetic nervous system, in which
�2-adrenargic receptor (adrb2) expressed on osteoblasts may
play an important role (Elefteriou et al., 2005), we observed no
significant difference in B lineage cells in the bone marrow be-
tween adrb2-deficient and wild-type mice (M. Tanaka, T. Soga-
nami, and Y. Ogawa, unpublished observations). Additional
studies are required to elucidate the involvement of humoral and
neuronal mechanisms in the alteration of B-cell development in
the bone marrow under starvation conditions.

It is known that NPY, when increased in the hypothalamus
under starvation conditions, stimulates potently food intake
mainly through Y1R (Pedrazzini et al., 1998; Kanatani et al., 2000;
Lin et al., 2004). The NPY–Y1R pathway in the CNS also plays a
role in the regulation of blood pressure and the hypothalamus–
pituitary–adrenal axis (Pedrazzini et al., 1998; Dimitrov et al.,
2007). In this study, we demonstrated that intracerebroventricu-
lar injection of a Y1R antagonist significantly prevents the
starvation-induced hypercorticosteronemia and alteration of
B-cell development in the bone marrow. Of note, the starvation-
induced upregulation of NPY in the hypothalamus is effectively
suppressed by leptin injection (Ahima et al., 1999; Shimizu-
Albergine et al., 2001; Jovanovic et al., 2010). It is, therefore,
conceivable that the NPY–Y1R pathway is involved in the leptin-
mediated regulation of B-cell development in the bone marrow,
at least partly through increased production of corticosterone.
Additional studies are required to elucidate the role of the NPY–
Y1R pathway in B-cell development independent of the hypo-
thalamus–pituitary–adrenal axis. In this study, the proportion of
B cells in splenocytes and circulating blood mononuclear cells
was not statistically decreased after 48 h fasting, which may be, at
least in part, attributable to the long (5– 6 weeks) half-life of
mature B cells (Abbas and Lichtman, 2003). Indeed, ob/ob mice
exhibited a marked decrease in the proportion of B cells in the
spleen and circulating blood relative to wild-type mice, suggest-
ing that the long-term nutritional deprivation leads to the de-
crease in the B-cell population in the spleen and circulating
blood. It is known that early B-cell development (pro-B, pre-B,

and immature B cells) is confined to the bone marrow (Hardy et
al., 1991). Some immature B cells then leave the bone marrow to
mature in the spleen, whereas others remain in the bone marrow
for maturation (Cariappa et al., 2007). It is also known that ma-
ture B cells in the spleen recirculate into the bone marrow (Cari-
appa et al., 2005; Cinamon et al., 2008). In this study, we observed
that the proportion of mature B cells in the bone marrow is
significantly elevated in fasted mice and ob/ob mice, which is in
contrast to that in spleen. Because mature B cells in the bone
marrow can participate in humoral immune responses to mi-
crobes similar to those in the spleen (Cariappa et al., 2005), it
would be interesting to know the functional difference of B cells
between the bone marrow and spleen under leptin-deficient
conditions.

In conclusion, this study provides the first in vivo evidence for
the role of central leptin signaling in the starvation-induced al-
teration of B-cell development in the bone marrow (Fig. 9). The
data of this study suggest that the CNS, which is inherent to
integrate information from throughout the organism, is able to
control immune function.
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