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Stimulation of phagocytosis in mouse peritoneal macrophages by orexin-B 
and orexin-A
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ABSTRACT
To defi ne the effects of feeding and sleep regulating peptides, orexins, in immunocompetent cells, 
the effects of orexin-A and orexin-B on phagocytosis in mouse peritoneal macrophages were ex-
amined. Orexin-B induced an enhancement of phagocytosis in a dose-dependent manner. Orexin-A 
is less effective than orexin-B. Even in Ca2+-free solutions, phagocytosis was enhanced by orex-
in-B. The potassium channel blocker quinine inhibited the enhanced phagocytosis by orexin-B; 
4-aminopyridine and tetraethylammonium suppressed phagocytosis less effectively. These results 
suggest that orexins can enhance the phagocytosis of macrophages mediated by potassium chan-
nels. 

　Two homologous peptides, orexin-A and orexin-B 
(also called hypocretin-1 and -2) were originally 
discovered as appetite stimulating peptides in the 
course of identifying the endogenous ligands to or-
phan receptors (23). These have been identifi ed in 
genomic research as two of a large number of 
cDNA sequences for G protein-coupled cell surface 
receptors without known endogenous ligands, i.e., 
‘orphan’ receptors. Orexin-A is a 33-residue peptide 
with two intramolecular disulfi de bonds, while orex-
in-B is a linear 28-residue peptide. The amino acid 
sequences of the two peptides is similar, especially 
in their C-terminal region. The peptides are local-
ized in the lateral hypothalamus (5), a feeding cen-
ter, and stimulate food intake when administered 
into the cerebral ventricles in rats (23). Later studies 
have demonstrated that canine narcolepsy is caused 
by a mutation in orexin receptor 2 gene and that 
orexin knock out mice display episodes of narcolep-
tic attacks (22), suggesting an important role of the 
orexin-orexin receptor 2 system in the regulation of 

sleep and wakefulness. However, little is known 
about the function of orexins in the immune system. 
　Macrophages play key roles in host defense and 
the initiation of humoral and cellular immune re-
sponses, i.e., phagocytosis, subsequent degradation 
of foreign or invading pathogens, antigen presenta-
tion to T-cells, and generation of immunoregulatory 
compounds such as interleukin-1 and tumor necrosis 
factor (25). It is known that there is a functional re-
lationship between the nervous and the immune sys-
tems (3, 26). In fact, macrophage function and ion 
channel activity is modulated by neuropeptides (2, 4, 
13). We previously reported that orexin-A and orex-
in-B activated a calcium-dependent potassium cur-
rent (11). To extend our previous observations, we 
examined effects of orexin on the phagocytic activi-
ty of mouse peritoneal macrophages. The present 
study suggests that orexins, which are known as 
feeding and sleep-wakefulness regulators, are also 
immunoregulators of macrophages. 

MATERIALS AND METHODS

Preparation of cells. Macrophages were prepared by 
the method of Gallily and Feldman (8). The perito-
neal cells were harvested by intraperitoneal lavage 
with Hanks’ salt solution from BALB/cA Jcl mice 
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bis(b-aminoethylether)-N, N, N’, N’-tetraacetic acid 
(EGTA) from Sigma, St. Louis, MO. Trypsin was 
from Difco Lab., Detroit, MI; penicillin G was from 
Sigma; streptomycin was from Meiji Seika, Tokyo; 
fetal bovine serum was from Boehringer Mannheim 
GmbH, Mannheim; thioglycollate, PBS, Hanks and 
RPMI 1640 medium were from Nissui Pharmacal, 
Tokyo.

RESULTS

Flow cytometric analysis of phagocytosis
　The effect of orexin on macrophage phagocytosis 
was analysed by fl ow cytometry. In Fig. 1, the left 
column through the right column are density plots 
of phagocytic cells showing forward scattering (FS) 
vs. side scattering (SS), density plots of phagocytic 
cells showing relative fl uorescence intensity (FITC) 
vs. FS, and histograms exhibiting FITC intensity vs. 
distribution of cell numbers. In the center column, 
the left cluster within the square line represents the 
population that does not ingest any beads and the 
right cluster represents the bead-ingesting macro-
phages. Comparing the upper and the bottom densi-
ty plots in the middle column, the area and density 
of the non-ingesting population were decreased and 
those of the bead-ingesting population were in-
creased. As shown in the histogram of FITC vs. cell 
numbers, orexin-B decreased the number of non-in-
gesting cells and the number of cells which ingested 
one or more beads was increased, indicating that 
orexin from 10−8 to 10−6 M enhanced the phagocyto-
sis of latex particles in mouse peritoneal macro-
phages. 

Enhancement of phagocytosis by orexins
　As shown in Fig. 2, orexin-B enhanced phagocy-
tosis of latex particles in a dose-dependent manner 
up to 10−6 M. The threshold concentration of orex-
in-B may be lower than 10−9 M. The enhancement of 
phagocytosis at 10−6 M was refl ected in a 2.4-fold 
increase in PP and a 3.2-fold increase in PI, com-
pared with unstimulated control phagocytosis. The 
relative potencies of orexin-A and orexin-B were 
examined, as shown in Fig. 3. Orexin-A was less ef-
fective than orexin-B between concentrations of 10−8 
and 5 × 10−7 M. Because orexin-B was more effec-
tive in stimulating phagocytic enhancement than 
orexin-A, the characteristics of phagocytosis were 
analysed using orexin-B in the remaining studies.

Dependency of extracellular Ca2+

　The effect of extracellular Ca2+ concentration on 

(Nihon Clea, Tokyo) of either sex (10–25 weeks 
old) 5 days after intraperitoneal injection of 4 ml 
thioglycollate medium, and were washed three times 
by centrifugation. The cells were plated onto dishes 
(Falcon 3001; Becton Dickinson, Oxnard, CA) at a 
density of 5 × 105 cells per dish and cultured in 
RPMI 1640 medium containing 10% fetal bovine 
serum, 100 μg/ml streptomycin and 100 units/ml 
penicillin G in a CO2 incubator at 37°C. Macro-
phages were allowed to adhere for 2 h in the CO2 
incubator, washed twice with cold Dulbecco’s phos-
phate buffer solution (PBS), and cultured in RPMI 
1640 medium. 

Assay for phagocytosis. To measure phagocytic 
activity, ingestion of fluorescein isothiocyanate 
(FITC)-labeled latex particles was analysed by fl ow 
cytometry, as described previously (14). Latex bead 
(2 μm in diameter, no. 18338; Polysciences, War-
rington, PA) solutions were sonicated for 3 min. 
Macrophage monolayers were incubated with latex 
beads at a density of 107 beads per dish for 30–50 
min in normal external solution containing 140 mM 
NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 
mM HEPES, pH 7.5. The monolayers were washed 
six times with cold PBS to eliminate non-ingested 
and freely floating beads. The cells in each dish 
were then incubated in 1 ml PBS containing 0.25% 
trypsin for 3 h at 37°C to detach the cells from dish. 
The suspended cells in each dish were transferred to 
plastic tubes (Falcon 2008). Flow cytometric analy-
ses were performed by using a FACStar (Becton 
Dickinson Immunocytometry System, Mountain 
View, CA) to measure the number of beads per cell 
and total number of beads ingested into cells. The 
percentage of phagocytic cells (PP) was defi ned as 
the percentage of macrophages that ingested one or 
more particles. The phagocytic index (PI) was de-
fi ned as the average number of particles ingested 
per macrophage and was calculated by dividing the 
total number of ingested beads by the total number 
of macrophages (10,000 cells). Because phagocytic 
activities indicated by PP and PI were dependent on 
phagocytic incubation time, ratio of beads/cells and 
days of culture (14), experimental data were collect-
ed from the same trial when relative potencies of 
phagocytosis were compared to one another. 

Materials. Orexin-A (mouse) and orexin-B (mouse) 
were purchased from Peptide Institute, Inc., Osaka, 
Japan; 4-aminopyridine (4-AP) and tetraethylammo-
nium (TEA) from Wako, Osaka; quinine hydrochlo-
ride from Nacalai Tesque, Kyoto; ethylene glycol 
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phagocytosis was examined, as shown in Fig. 4. 
When extracellular calcium was eliminated by add-
ing 1 mM EGTA to Ca2+-free solution, unstimulated 
phagocytosis was reduced to 85.4% (PP) and 75.9% 
(PI) of control phagocytosis in normal external solu-
tion. However, the enhancement of PP by orexin-B 
in normal solution and Ca2+-free solution was 190.4 
and 197.4%, respectively. Similarly, the enhance-
ment of PI by orexin-B in normal and Ca2+-free so-
lution was 243.4 and 269.1%, respectively. These 
data indicate that phagocytic activity is reduced in 
the divalent cation-defi cient solution, but the magni-
tude of the enhancement is not suppressed by the 
elimination of external Ca2+ cation.

Effect of potassium channel blockers on phagocyto-
sis
　Because potassium channel blockers suppressed 
an orexin-induced potassium current (11), the effects 
of potassium channel blockers on the enhancement 
of phagocytosis by orexin-B was examined, as 
shown in Fig. 5. Quinine (0.5 mM) suppressed the 
phagocytic activity of macrophages from 34 to 26% 
for PI and from 0.97 to 0.67 for PI (open circles in 
Fig. 5). In addition, quinine signifi cantly suppressed 
the enhancement of phagocytosis induced by orex-
in-B close to the phagocytic level suppressed by 
quinine (0.5 mM) in the absence of orexin-B, that 
is, from 49 to 30% for PP and from 1.62 to 0.83 for 

Fig. 1　Effects of orexin on fl ow cytometric profi les. Left column, A cell-density plot based on forward scattering (FS) ver-
sus side scattering (SS). Each dot shows a cell having measured parameters in the axis of abscissa and ordinate. Center 
column, A cell-density plot based on relative fl uorescence (FITC) intensity and forward scattering (FS). Right column, Histo-
gram of cells based upon FITC intensities from the rectangular square in the center column. Non-ingested, 1 bead-ingested 
and 2 beads-ingested cell populations are the fi rst, second and third peaks from the left, respectively. Lowest row, Density 
plots and histogram in the control solution. The fi rst, second and third rows show plots and histogram in the presence of 10–6, 
10–7 and 10–8 M orexin-B, respectively. Note that the height of non-ingested cells decreased and those of beads-ingested 
cells increased depending on the orexin concentrations, indicating that orexin stimulates phagocytosis of fl uorescent-beads.
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PI (closed circles in Fig. 5). Another potassium 
channel blocker, 5 mM 4-AP suppressed the control 
phagocytosis from 26.0% of PP and 0.63 of PI to 
22.7% of PP and 0.49 of PI (data not shown). The 
same concentration of 4-AP suppressed the orexin-
enhanced phagocytosis from 40.5% for PP and 1.09 
for PI to 28.6% for PP and 0.66 for PI. On the other 
hand, 20 mM TEA did not suppress the control 
phagocytosis in the absence of orexin, and slightly 
suppressed the orexin-enhanced phagocytosis to 
92.7% for PP and 89.0% for PI (data not shown). 

DISCUSSION

　Orexins are localized in neurons within the lateral 
hypothalamus and are involved in different aspects 
of feeding behavior, stimulating appetite and food 
consumption (23). Therefore, orexins are recognized 
as potent orexigenic peptides. In addition to effects 
on feeding, centrally administered orexins have been 
demonstrated to have sympathetic and cardiovascu-
lar actions (24), play a key role in the regulation of 
the pathophysiology of narcolepsy (22), and activate 
the hypothalamo-pituitary-adrenal axis (18). There-
fore, orexins are important regulators in the control 
of feeding, sleep-wakefulness, neuroendocrine ho-
meostasis and autonomic regulation (6, 27). We 
previously reported that orexins could modulate 
peritoneal macrophage functions through the activa-
tion of calcium-dependent potassium channels (11). 
In the present study, we showed that orexins acti-
vate phagocytosis of mouse peritoneal macrophages, 
which is one of the main functions of macrophages. 
The present data indicate that the peptides may also 
have roles in the immune systems. 

　Bidirectional communication between the immune 
and neuroendocrine systems was proposed. In that 
communication, the systems share a similar group 
of receptors for cytokines and neuropeptides (3, 26). 
Though receptors to orexins in macrophages have 
not been reported, it may be suggested by the pres-
ent study that macrophage responded to orexin-B 
via a specifi c orexin receptor. Because macrophage 
function is modulated by neuropeptides (2, 4, 13), 
receptors to the neuropeptide are also suggested. We 
showed that adrenocorticotropic hormone, ACTH re-
ceptor was expressed in the cultured macrophages 
(15). 
　Orexins, which regulate feeding and sleeping be-
havior, are exclusively localized in neurons within 
the lateral hypothalamus and neural fibers of the 
brain (5, 23). Function of the peptide in peripheral 
tissues is not yet defi ned. Because the presence of 
orexin was also detected in testis, gut and adrenal 
medulla by the later studies (17, 19, 23), function of 
macrophages such as phagocytosis may be activated 
by orexin in these tissues based on the present 
study. In another possibility, exudated macrophages 
from the circulatory system and/or brain macro-
phages, microglia in inflammatory region of the 
brain may be activated by the peptides. 
　PP and PI of unstimulated phagocytosis in Ca2+-
free solutions were reduced to 85% and 76% of the 
control PP and PI in normal solution, as shown in 
Fig. 4. Therefore approximately 15% of the phago-
cytosis in the normal solution is dependent on extra-
cellular divalent cations. However, the magnitudes 
(197 and 269%) of the enhancement in PP and PI 

Fig. 2　Concentration-response curves showing the en-
hancement of phagocytosis in peritoneal macrophages by 
orexin-B (OX-B). Data are mean ± standard error of the 
mean (S.E., n = 8). The left and the right graphs show the 
enhancement of phagocytosis, indicated by the percentage 
of phagocytic cells (PP) and the phagocytic index (PI), re-
spectively.

Fig. 3　Orexin-A (33-amino acid peptide, OX-A) and orex-
in-B (28-amino acid peptide, OX-B) differ in their effi cacy in 
inducing enhancement of phagocytosis. The left and right 
graphs (open circles, orexin-A; open squares, orexin-B) 
show relative PP and PI values compared to control values 
(closed circles), which are normalized to 1.0. Data are 
means ± S.E. (n = 5).
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by orexin-B in the Ca2+-free solution were the same 
as those (190 and 243%) in normal solution. These 
results suggest that phagocytic activity in the pres-
ent study consists of extracellular calcium cation de-
pendent- and independent-phagocytosis, and that 
orexin-B mainly enhanced the Ca2+-independent 
phagocytosis. Though several types of phagocytic 
receptors have been reported (1, 9), little is known 
about which type of phagocytosis involved Ca2+-de-
pendent processes. Extracellular calcium promotes a 
binding of latex particles to pulmonary macrophages 
through a trypsin-sensitive receptor (21). Fc-receptor 
mediated phagocytosis is slightly suppressed and 
nonspecifi c phagocytosis is markedly suppressed in 
Ca2+-free solution (10). On the other hand, scaven-
ger receptor might be involved in Ca2+-independent 
phagocytosis, because a monoclonal antibody to 
scavenger receptor inhibits Ca2+-independent macro-
phage adhesion (7). So the phagocytic enhancement 
by orexin might be mediated by the scavenger re-
ceptor or by the same characteristic receptor, but not 
by the Fc-receptor. 
　We previously reported that an outward potassium 
current induced by orexin-B was effectively sup-
pressed by quinine and partially inhibited by TEA 
(11). So, orexins activate calcium-dependent 
potassium channels. Consistent with previous elec-
trophysiological measurements, phagocytic enhance-
ment by orexin was inhibited by the channel 
blockers. Therefore phagocytic enhancement may be 
correlated to potassium channel activation by the 
peptides. Other correlations between channel activa-
tion and phagocytic enhancement have been report-
ed. Platelet activating factor and the neuropeptide, 
neuromedin C, stimulate phagocytosis in peritoneal 
macrophages (4, 14) and activate an outward potas-
sium current (12, 13). Furthermore, the physiologi-
cal function of ion channels in macrophages has 

been examined by using the same potassium chan-
nel blockers. Ca2+-activated K+ channels may be 
related to chemiluminescence and leukotrienes B4 
(LTB4) release from alveolar macrophages (16), 
and production of TNF by alveolar macrophages 
(20). Consistent with the effects of channel block-
ers, phagocytic efficacy sensitivities to orexin-A 
and orexin-B were the same as the previous study. 
Namely, orexin-B induced larger outward current 
than orexin-A (11) and phagocytosis was enhanced 
more effectively by orexin-B than orexin-A in the 
present study, as shown in Fig. 3. The present re-
sults suggest that orexins can modulate some phys-
io log ica l  func t ions  o f  mouse  per i tonea l 
macrophages, which may be mediated by the acti-
vation of potassium channels. Therefore, ion chan-
nel activation may be related to phagocytosis and 
other physiological functions such as proliferation 
and differentiation of the macrophages. 

Acknowledgments 

We thank Drs. D.J. McAdoo and G.T. Nagle of 
The University of Texas Medical Branch at 
Galveston for critical reading the manuscript, and 
Ms. Y. Takeda, Ms. H. Arauchi and Mr. K. Na-
gashima for technical assistance.

REFERENCES

Fig. 4　Effects of extracellular Ca2+ on the enhancement of 
phagocytosis induced by orexin-B (1.5 × 10–7 M). Data are 
means ± S.E. (n = 4). The right two columns in the PP and 
PI graphs are data obtained in Ca2+-free solution containing 
1 mM EGTA.

Fig. 5　Effects of quinine on phagocytosis in control solu-
tion (open circles) and in 1.5 × 10–7 M orexin-B containing 
solution (closed circles). Data are mean ± S.E. (n = 6). Note 
that quinine suppressed the magnitudes of phagocytosis in 
both solutions, where the enhanced phagocytosis induced 
by orexin-B was signifi cantly reduced compared to that of 
the control solution.

 1. Aderem A and Underhill DM (1999) Mechanisms of phago-
cytosis in macrophages. Annu Rev Immunol 17, 593–623. 

 2. Ahmed AA, Wahbi A-H and Nordlind K (2001) Neuropep-



M. Ichinose et al.254

tides modulate a murine monocyte/macrophage cell line ca-
pacity for phagocytosis and killing of Leishmania major 
parasites. Immunopharmacol Immunotoxicol 23, 397–409. 

 3. Blalock JE (1994) The syntax of immune-neuroendocrine 
communication. Immunology Today 15, 504–511. 

 4. De La Fuente M, Del Rio M, Ferrandez MD and Hernanz A 
(1991) Modulation of phagocytic function in murine perito-
neal macrophages by bombesin, gastrin-releasing peptide and 
neuromedin C. Immunology 73, 205–211. 

 5. De Lecea L, Kilduff TS, Peyron C, Gao X-B, Foye PE, Dan-
ielson PE, Fukuhara C, Battenberg ELF, Gautvik VT, Bartlett 
II FS, Frankel WN, Van den Pol AN, Bloom FE, Gautvik 
KM and Sutcliffe JG (1998) The hypocretins: hypothalamus-
specific peptides with neuroexcitatory activity. Proc Natl 
Acad Sci USA 95, 322–327. 

 6. De Lecea L and Sutcliffe JG (1999) The hypocretins/orexins: 
novel hypothalamic neuropeptides involved in different phys-
iological systems. Cell Mol Life Sci 56, 473–480. 

 7. Fraser I, Hughes D and Gordon S (1993) Divalent cation-in-
dependent macrophage adhesion inhibited by monoclonal an-
tibody to murine scavenger receptor. Nature 364, 343–346. 

 8. Gallily R and Feldman M (1967) The role of macrophages in 
the induction of antibody in X-irradiated animals. Immunolo-
gy 12, 197–206. 

 9. Greenberg S (2001) Diversity in phagocytic signalling. J Cell 
Sci 114, 1039–1040. 

10. Hishikawa T, Cheung JY, Yelamarty RV and Knutson DW 
(1991) Calcium transients during Fc receptor-mediated and 
nonspecifi c phagocytosis by murine peritoneal macrophages. 
J Cell Biol 115, 59–66. 

11. Ichinose M, Asai M, Sawada M, Sasaki K and Oomura T 
(1998) Induction of outward current by orexin-B in mouse 
peritoneal macrophages. FEBS Lett 440, 51–54. 

12. Ichinose M, Hara N, Sawada M and Maeno T (1992) Activa-
tion of K+ current in macrophages by platelet activating fac-
tors. Biochem Biophys Res Commun 182, 372–378. 

13. Ichinose M, Hara N, Sawada M and Maeno T (1992) The 
neuropeptide, neuromedin C, activates a potassium current in 
mouse macrophages. FEBS Lett 314, 458–460. 

14. Ichinose M, Hara N, Sawada M and Maeno T (1994) A fl ow 
cytometric assay reveals an enhancement of phagocytosis by 
platelet activating factor in murine peritoneal macrophages. 
Cell Immunol 156, 508–518. 

15. Ichinose M, Nagle GT, Asai M and Sawada M (2000) Mela-
nocortin-1 and melanocortin-5 receptors are expressed in cul-
tured mouse peritoneal macrophages. Biomed Res 21, 169–
172. 

16. Kakuta Y, Okayama H, Aikawa T, Kanno T, Ohyama T, Sa-
saki H, Kato T and Takishima T (1988) K channels of hu-
man alveolar macrophages. J Allergy Clin Immunol 81, 460–
468. 

17. Kirchgessner AL and Liu M (1999) Orexin synthesis and re-
sponse in the gut. Neuron 24, 941–951

18. Kuru M, Ueta Y, Serino R, Nakazato M, Yamamoto Y, 
Shibuya I and Yamashita H (2000) Centrally administered 
orexin/hypocretin activates HPA axis in rats. NeuroReport 11, 
1977–1980. 

19. Lopez M, Senaris R, Gallego R, Garcia-Caballero T, Lago F, 
Seoane L, Casanueva F and Dieguez C (1999) Orexin recep-
tors are expressed in the adrenal medulla of the rat. Endocri-
nology 140, 5991–5994. 

20. Murayama N, Kakuta Y, Yamauchi K, Ohkawara Y, Aizawa T, 
Ohrui T, Nara M, Oshiro T, Ohno I, Tamura G, Shimura S, 
Sasaki H, Takishima T and Shirato K (1994) Qunine inhibits 
production of tumor necrosis factors-a from human alveolar 
macrophages. Am J Respir Cell Mol Biol 10, 514–520. 

21. Parod RJ and Brain JD (1983) Uptake of latex particles by 
pulmonary macrophages: role of calcium. Am J Physiol 245, 
C227–C234. 

22. Reilly CE (1999) I. Mutation in the hypocretin (orexin) re-
ceptor 2 gene causes canine narcolepsy. J Neurol 246, 985–
986. 

23. Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, 
Tanaka H, Williams SC, Richardson JA, Kozlowski GP, Wil-
son S, Arch JRS, Buckingham RE, Haynes AC, Carr SA, 
Annan RS, McNulty DE, Liu W-S, Terrett JA, Elshourbagy 
NA, Bergsma DJ and Yanagisawa M (1998) Orexins and 
orexin receptors: a family of hypothalamic neuropeptides and 
G protein-coupled receptors that regulate feeding behavior. 
Cell 92, 573–585. 

24. Shirasaka T, Nakazato M, Matsukura S, Takasaki M and 
Kannann H (1999) Sympathetic and cardiovascular actions of 
orexins in conscious rats. Am J Physiol 277, R1780–R1785. 

25. Unanue ER and Allen PM (1987) The basis for the immuno-
regulatory role of macrophages and other accessory cells. 
Science 236, 551–557. 

26. Weigent DA and Blalock JE (1995) Associations between the 
neuroendocrine and immune systems. J Leukoc Biol 57, 137–
150. 

27. Yamanaka A, Beuckmann CT, Willie JT, Hara H, Tsujino N, 
Mieda M, Tominaga M, Yagami K, Sugiyama F, Goto K, 
Ynanagisawa M and Sakurai T (2003) Hypothalamic orexin 
neurons regulate arousal according to energy balance in 
mice. Neuron 38, 701–710. 




