Oishi R., Itoh Y., Nishibori M. and Saeki K. (1987) Feeding-related
circadian variation in tele-methylhistamine levels of mouse and rat
brains. J. Neurochem. 49, 541-547.

Paxinos G. and Watson C. (1986) The Rat Brain in Stereotaxic
Coordinates. Academic Press, New York.

Pissios P., Bradley R. L. and Maratos-Flier E. (2006) Expanding the
scales: the multiple roles of MCH in regulating energy balance and
other biological functions. Endocr. Rev. 27, 606-620.

Prasad C., Jacobs J. J. and Wilber J. F. (1980) Immunological blockade
of endogenous thyrotropin- releasing hormone produces
hypothermia in rats. Brain Res. 193, 580-583.

Price C. J., Hoyda T. D., Samson W. K. and Ferguson A. V. (2008)
Nesfatin-1 influences the excitability of paraventricular nucleus
neurons. J. Neuroendocrinol. 20, 245-250.

Richard D., Huang Q. and Timofeeva E. (2000) The corticotropin-
releasing hormone system in the regulation of energy balance in
obesity. Int. J. Obes. Relat. Metab. Disord. 24, S36-S39.

Sakata T., Fujimoto K., Kurata K., Etou H., Fukagawa K., Okabe Y. and
Ookuma K. (1981) Feeding and hyperglycemia induced by 1,
5-anhydroglucitol in the rat. Physiol. Behav. 27, 401-405.

Shimizu H., Oh-I S., Okada S. and Mori T. (2009) Nesfatin-1: an
overview and future clinical application. Endocr. J. 56, 537-543.

Stengel A., Goebel M., Wang L., River J., Kobelt P., Monnikes H.,
Lambrecht N. W. and Tache Y. (2009a) Central nesfatin-1 reduces
dark-phase food intake and gastric emptying in rats: role of
corticotropin-releasing factor 2 receptor. Endocrinology 150,
4911-4919.

Interaction in hypothalamus to regulate feeding behavior | 99

Stengel A., Goebel M., Yakubov I., Wang L., Witcher D., Coskun T.,
Tache Y., Sachs G. and Lambrecht N. W. (2009b) Identification
and characterization of nesfatin-1 immunoreactivity in endocrine
cell types of the rat gastric oxyntic mucosa. Endocrinology 150,
232-238.

Stengel A., Goebel M., Wang L. and Tache Y. (2010) Ghrelin, des-acyl
ghrelin and nesfatin-1 in gastric X/A-like cells: role as regulators of
food intake and body weight. Peptides 31, 357-369.

Sun Y., Zupan B., Raaka B. M., Toth M. and Gershengom M. C. (2009)
TRH-receptor-type-2-deficient mice are euthyroid and exhibit
increased depression and reduced anxiety phenotypes.
Neuropsychopharmacology 34, 1601-1608.

Uehara Y., Shimizu H., Ohtani K., Sato N. and Mori M. (1998)
Hypothalamic corticotropin-releasing hormone is a mediator of the
anorexigenic effect of leptin. Diabetes 47, 890-893.

Yamada M., Saga Y., Shibusawa N. eral (1997) Tertiary
hypothyroidism and hyperglycemia in mice with targeted
disruption of the thyrotropin-releasing hormone gene. Proc. Natl
Acad. Sci. USA 94, 10862-10867.

Yoshimatsu H., Itateyaya E., Kondou S., Tajima D., Himeno K., Hidaka
S., Kurokawa M. and Sakata T. (1999) Hypothalamic neuronal
histamine as a target of leptin in feeding behavior. Diabetes 48,
2286-2291.

Zeng H., Schinpf B. A., Rohde A. D., Paviova M. N., Gragerov A. and
Bergmann J. E. (2007) Thyrotropin-releasing hormone receptor
1-deficient mice display increased depression and anxiety-like
behavior. Mol. Endocrinol. 21, 2795-2804.

© 2012 International Society for Neurochemistry, J. Neurochem. (2013) 124, 90-99



ORIGINAL ARTICLE

Journal of Neuroendocrinology, 2013, 25, 302-311

© 2012 British Society for Neuroendocrinology

Hypothalamic Brain-Derived Neurotrophic Factor Requlates Glucagon

Secretion Mediated by Pancreatic Efferent Nerves
K. Gotoh, T. Masaki, S. Chiba, H. Ando, K. Fujiwara, T. Shimasaki, K. Mitsutomi, I. Katsuragi, T. Kakuma, T. Sakata and

H. Yoshimatsu

Department of Internal Medicine 1, Faculty of Medicine, Oita University, Yufu, Japan.

Journal of
Neuroendocrinology

Correspondence to:

Koro Gotoh, Department of internal
Medicine 1, Faculty of Medicine, Oita
University, Yufu, Oita 879-5593, Japan
(e-mail: gotokoro@oita-u.ac.jp).

Understanding the molecular mechanism of the regulation of glucagon secretion is critical for
treating the dysfunction of o cells observed in diabetes. Glucagon-like peptide (GLP)-1 analogues
reduce plasma glucagon and are assumed to contribute to their action to lower blood glucose.
It has previously been demonstrated that the central administration of brain-derived neuro-
trophic factor (BDNF) improves glucose metabolism by a mechanism independent of feeding
behaviour in obese subjects. Using male rats, we examined whether BDNF influences glucagon
secretion from « cells via the the central nervous system. We investigate whether: (i) the central
infusion of BDNF stimulates glucagon and/or insulin secretion via the pancreatic efferent nerve
from the hypothalamus; (i) the intraportal infusion of GLP-1 regulates glucose metabolism via
the central and peripheral nervous system; and (i) BDNF receptor andfor BDNF-positive fibres
are localised near « cells of islets. The portal glucagon level decreased with the central adminis-
tration of BDNF (n = 6, in each; P < 0.05); in contrast, there was no significant change in por-
tal insulin, peripheral glucagon and insulin levels with the same treatment. This reduction of
glucagon secretion was abolished by pancreatic efferent denervation (n = 6, in each; P < 0.05).
In an immunohistochemical study, pancreatic a cells were stained specifically with BDNF and
tyrosine-related kinase B, a specific receptor for BDNF, and o cells were also co-localised with
BDNF. Moreover, intraportal administration of GLP-1 decreased glucagon secretion, as well as
blood glucose, whereas it increased the BDNF content in the pancreas; these effects were inhib-
ited with the central infusion of BDNF antibody (n = 6, in each; P < 0.05). BDNF and GLP-1
affect glucose metabolism and modulate glucagon secretion from pancreatic o cells via the cen-
tral and peripheral nervous systems.

Key words: brain-derived neurotrophic factor, GLP-1, hypothalamus, glucagon, pancreatic
efferent nerve
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Brain-derived neurotrophic factor (BDNF) is a member of the neu-
rotrophic factor family, which plays a key role in regulating the
survival, growth and maintenance of neurones (1). BDNF reduces
food intake and lowers blood glucose levels in obese diabetic mice
(2-4). In animals with conditional BDNF deletion, mutation or, in
BDNF (+/—) heterozygous mice, hyperphagia and obesity, are
accompanied by significantly reduced BDNF gene expression in the
hypothalamus, including the ventromedial nucleus of the hypothal-
amus (VMH) (5). Infusion of BDNF into the brains of diabetic mice
improved their peripheral insulin sensitivity, apparently as result of
a mechanism independent of a change in food intake (6). However,
when BDNF is administered to normal mice or rats, it has no

effects on blood glucose levels, indicating that BDNF exerts its
effects by enhancing insulin sensitivity (2).

Although the mechanism by which BDNF signalling in the brain
affects peripheral glucose metabolism remains to be determined,
BDNF may also exert direct actions on peripheral tissues involved in
energy metabolism, including muscles and the pancreas (7, 8). One
possible mechanism by which this might occur involves modulation
of the autonomic nervous system. It is, however, doubtful whether
the effect of BDNF on blood glucose levels is accounted for only by
its effects on the hypothalamus because tyrosine-related kinase B
(TrkB) is found not only in the central and peripheral nervous
system, but also in some non-neuronal tissues, including rat and
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human pancreatic o cells (9). During hypoglycaemia, the VMH in
the hypothalamus plays a critical role in stimulating the release of
glucagon, suggesting that the central nervous system may play an
important role in regulating pancreatic « cell glucagon secretion
(10). Our previous study suggests that the rise in portal glucagon-
like peptide (GLP)-1 levels acts in the hypothalamus via the hepatic
vagal afferent nerve to regulate food intake and that different
neural mechanisms mediate the regulation of feeding behaviour
and glucose metabolism (11). Thus, we investigated whether: (i) the
central administration of BDNF affects glucagonfinsulin secretion;
(i) efferent denervation to the pancreas affects BDNF-induced
alterations of glucagon/insulin secretion; {iii} portal administration
of GLP-1 affects the BDNF content in hypothalamus and pancreas;
and (iv) the central administration of BDNF-antibody affects GLP-
1-induced alterations of pancreatic BDNF content.

Materials and methods

Animals

Male Sprague-Dawley rats (250-280 g; Seac Yoshitomi, Fukuoka, Japan) were
housed in a room under a 12/12 h light/dark cycle (lights on 07.00 h) and
maintained at 21 £ 1 °C and 55 &£ 5% humidity. Animals were permitted
ad ib. access to standard chow (Clea chow, Clea, Japan) and tap water. All
rats were handled for 5 min each on four successive days to habituate their
arousal levels before the experiment. On the testing day (approximately
7 days after the treatment), the animals had recovered to at least their pre-
treatment body weight. All studies were conducted in accordance with the
Oita University Guidelines, which are based on the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of Health.

Surgery

Rats were placed in a stereotaxic apparatus under anaesthesia (50 mg/kg
sodium pentobarbital, i.p.; Narishige, Tokyo, Japan). A stainless steel guide
cannula (23 gauge) was chronically implanted into the third cerebroventricle
(3vt). This procedure was performed at least 10 days before the start of
infusions. A stainless steel wire stylet (30 gauge) was inserted into the guide
cannula to prevent cerebrospinal fluid leakage and cannula obstruction. A
stainless steel cannula (23 gauge; 15 mm long) was inserted into the 3vt
along the midline, 6.0 mm anterior to the zero ear bar coordinate, to a
depth of 7.8 mm from the cortical surface according to the atlas of Paxinos
and Watson (12). Small catheters (Intramedic PE-10; Clay Adams, Parsippa-
ny, NJ, USA) were inserted into the portal vein for blood sampling or infu-
sion. The portal line was initiated in the superior mesenteric vein and
positioned with the tip approximately 1.0-1.5 cm from the porta hepatis.
The catheters were maintained with a daily flush of 10-20 ul of heparinised
bacteriostatic saline for the first 10 days after the operation, and then every
3 days to ensure the patency. For pancreatic efferent denervation, the
abdominal cavity was opened and pancreatic branch of the vagal (VPN) and
the splanchnic nerves (SPN) were cut in the region where they enter the
pancreas. For sham operation, the abdomen was opened, although the VPN
and SPN were not cut {13). On the testing day, the animals had recovered
to at least body weight before the operation.

Reagents

On the day of the experiment, BDNF (0.1 ug/ul; Sigma, St Louis, MO, USA),
anti-BDNF antibody (for neutralisation and immunohistochemistry, 0.1 ug/
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ul; Millipore, Billerica, MA, USA) and GLP-1 (10 pmol/mL; Sigma) were
freshly dissolved in phosphate-buffered saline (PBS). The pH of each solution
was adjusted to 6.5-7.5.

Experimental protocol

In design 1, rats were assigned to one of two different groups (n = 6 in
each group). In group 1, PBS (10 ul/10 min, icv.) was administered. In
group 2, BDNF (1 pg/10 pl/10 min, i.cv.) was administered.

In design 2, rats were assigned to one of four different groups (n = 6 in
each group). In group 1, PBS (10 ul/10 min, i.c.v.) was administered 2 weeks
after sham operation. In group 2, BDNF (1 ug/10 u/10 min, icv.) was
administered 2 weeks after sham operation. In group 3, PBS (10 1l/10 min,
i.cv) was administered 2 weeks after pancreatic efferent denervation. In
group 4, BDNF (1 ug/10 wl/10 min, icv.) was administered 2 weeks after
pancreatic efferent denervation.

In design 3, rats were assigned to one of four different groups (n = 6
in each group). In group 1, PBS (10 /10 min, i.cv.) was administered
2 h before PBS treatment (100 pl/10 min, intraportally). In group 2, anti-
BDNF antibody (1 ug/10 ul/10 min, icv) was administered 2 h before
PBS treatment (10 wi/10 min, intraportally). In group 3, PBS treatment
(10 wl/10 min, icv.) was administered 2 h before GLP-1 (1 pmol/100 uif
10 min, intraportally). In group 4, anti-BDNF antibody (1 ug/10 /10 min,
icv) was administered 2 h before GLP-1 (1 pmol/100 wl/10 min,
intraportally).

Measurements of glucagon, insulin, BDNF and GLP-1 levels

After all rats were anaesthetised with sodium pentobarbital (50 mg/kg, i.p.),
blood samples were collected from the tail vein and portal vein. Blood
from all rats was centrifuged at 4000 g for 10 min at 4 °C. They were
exsanguinated following transcardiac perfusion with 100 ml of saline con-
taining 200 U of heparin. Pancreas tissues were homogenised and
extracted  with ‘acid-ethanol  solution  (concentration  HCl : etha-
nol : H,0 = 1.5 : 75 : 23.5) and insulin and glucagon concentrations in
the supernatant were measured. Plasma and homogenate were immediately
frozen and stored at —80 °C until analysed. The pancreatic and plasma
glucagon concentrations were measured by radioimmunoassay (Phoenix
Pharmaceutical Inc, CA, USA), the pancreatic and plasma insulin concentra-
tions were measured by an insulin enzyme-linked immunosorbent assay
(ELISA) (Shibayagi, Gunma, Japan), and the pancreatic and plasma mature
form of BDNF concentrations were measured with a BDNF ELISA (Insight
Genomics, Falls Church, VA, USA). The homogenate was boiled for 10 min,
and a 50-ul aliquot was removed for protein assay (Bio-Rad, Hercules, CA,
USA).

Immunohistochemistry

Rats were anaesthetised with 50 mg/kg sodium pentobarbital i.p., and then
transcardially perfused with 50 ml PBS containing 50 U heparin, followed
by 50 ml of 4% p-formaldehyde in ice-cold PBS. The brains and pancreas
were removed and rapidly frozen at —80 °C and stained for BDNF, TrkB,
glucagon, insulin and c-fos. The brains for c-fos staining were taken 2 h
after treatment of PBS or GLP-1. Frozen sections were cut from hypotha-
lami at a thickness of 5 um using a cryostat at —20 °C. The sections were
incubated overnight at 4 °C with polyclonal rabbit anti-rat insulin (dilution
1:100; Cell Signaling Technology Inc., Danvers, MA, USA), rabbit anti-rat
glucagon (dilution 1 : 100; Cell Signaling Technology Inc.), rabbit anti-rat
TrkB (dilution 1 : 100; Novus Biologicals, Litteton, CO, USA) and rabbit anti-
rat BDNF (dilution 1 : 100; Abcam, Cambridge, MA, USA), followed by
detection with biotin-conjugated goat anti-rabbit immunoglobulin G (ABC

© 2012 British Society for Neuroendocrinology
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reagent; Vector Laboratories, Burlingame, CA, USA}. The immunoreactivity
for c-fos was visualised with 3,3'-diaminobenzidine (DAB) (Nacalai Tesque,
Kyoto, Japan). BDNF was visualised with DAB or rhodamine-conjugated
streptavidin (ABC reagent; Vector Laboratories). Glucagon and insulin were
visualised with fluorescein isothiocyanate-conjugated streptavidin  (ABC
reagent; Vector Laboratories) and TrkB was visualised with rhodamine-con-
jugated streptavidin (ABC reagent; Vector Laboratories). Normal rabbit
serum was used in place of the aforementioned antibodies as a negative
control.

Glucose tolerance test

After an overnight fast, rats were injected ip. with glucose (2.0 g/kg
body weight) and blood samples were taken at O, 15, 30, 60 and
120 min. Blood glucose concentrations were measured using the glucose
oxidase method and a glucose analyser (MS-GR101; Terumo, Tokyo,
Japan). Serum insulin concentrations were determined using an insulin
ELISA (Shibayagi).

Statistical analysis

The data are expressed as the mean & SEM. Statistical significance was
evaluated using a two-way anova followed by Scheffe's test for post-
hoc comparisons. For all tests, P < 0.05 was considered statistically
significant.

Results

Effect of central BDNF administration on plasma glucagon,
insulin level, and plasma and pancreatic BDNF [evels

Intracerebroventricular  administration of BDNF significantly
decreased portal but not peripheral glucagon levels compared to
PBS treatment (n =6 per group, P <0.05) although the icwv.
administration of BDNF did not affect portal or peripheral insulin
levels (Fig. 1a-p). In addition, there was no significant difference in
either portal and peripheral GLP-1 levels between the BDNF and
PBS treatments. The central infusion of BDNF elevated pancreatic
BDNF contents compared to PBS treatment, although it did not
alter plasma BDNF levels, or portal and peripheral GLP-1 levels
(Fig. 1/1).

Immunohistochemical staining for TrkB and BDNF in the
pancreas

Immunohistochemical analysis of double-labelling demonstrated that
Trk-B-like immunoreactivity is co-localised with glucagon-like
immunoreactivity (Fig. 2a) but not insulin-like immunoreactivity (Fig. 28)
in the pancreas. BDNF-positive fibres were observed in peripheral areas
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Fig. 1. l.cv. administration of brain-derived neurotrophic factor (BDNF) reduces the portal glucagon level and increases pancreatic BDNF content. Portal (a)
and peripheral (8) glucagon levels of each group (n = 6). Portal (c) and peripheral (p) insulin levels of each group (n = 6). (e) Representative immunostaining
for BDNF staining performed with pancreas sections derived from each group. Pancreatic () and peripheral (¢) BDNF levels of each group (n = 6). Portal (1)
and peripheral (i) GLP-1 levels of each group (n = 6). *P < 0.05 versus phosphate-buffered saline (PBS) group. Scale bar = 100 um. Treatment groups: PBS, in-

traportal administration of PBS; BDNF, intraportal administration of BDNF.
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of islets (Fig. 3a). In addition, BDNF-like immunoreactivity was co-local-
ised with glucagon-like immunoreactivity in islets (Fig. 3s).

Effect of central BDNF administration on glucose
metabolism

Central administration of BDNF significantly decreased blood
glucose at 15 min after glucose loading compared to PBS adminis-

(A)

Glucagon

Insulin

Fig. 2. TrkB are co-localised with o cells in islets. Representative glucagon
(a) and insulin (8) staining (left row), tyrosine-related kinase B (TrkB) staining
(middle row) and merged (right row) performed with pancreas sections
derived from each group. Scale bar = 100 um

o - ®

Fig. 3. Brain-derived neurotrophic factor is also co-localised with « cells in
islets. (o) Representative double-staining (A) with haematoxylin and eosin
and glucagon immunostaining (left row). (8) Representative immunostaining
for glucagon (upper), brain-derived neurotrophic factor (BDNF) (middle) and
merged (lower) in pancreas sections derived from each group. Scale
bar = 100 um.
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tration (n = 6 per group, P < 0.05; Fig. 4). There was no significant
difference in plasma insulin concentrations between the two groups
(Fig. 4).

Effect of BDNF on glucagon and insulin secretion after
pancreatic efferent denervation

We investigated whether BDNF regulates glucagon or insulin secre-
tion via the pancreatic efferent nerves because it is known that i.v.
glucose infusion tends to increase activity of the VPN and reduce
activity of the SPN (13). Portal glucagon was decreased by the i.cv.
administration of BDNF and this decrease was significantly
suppressed by pancreatic efferent denervation (n =6 per group,
P < 0.05; Fig. 5a). Peripheral glucagon, portal and peripheral insulin
levels were not altered by BDNF or efferent denervation (Figs 58
and 4o).

Effect of intraportal administration of GLP-1 on c-fos
expression in the VMH, hypothalamic and plasma BDNF,
peripheral GLP-1, and portal and peripheral glucagon levels

The intraportal administration of GLP-1 induced c-fos expression in
the VMH compared to PBS administration (Fig. 6a). The GLP-1 treat-
ment increased the mean number of c-fos-immunoreactive cells
more than PBS treatment (n =6 per group, P < 0.05; Fig. 68).
Intraportal administration of GLP-1 significantly increased the
hypothalamic BDNF level in the hypothalamus (Fig. 6c). By contrast,
no change in peripheral BDNF and GLP-1 levels was found follow-
ing intraportal administration of GLP-1, indicating that this dose of
GLP-1 does not affect the circulated GLP-1 level {Fig. 6p,e). Further-
more, intraportal infusion of GLP-1 decreased portal (n =6 per
group, P < 0.05; Fig. 67 but not peripheral glucagon levels (Fig. 6a)
compared to PBS treatment.

Effect of BDNF antibody pre-treatment on the GLP-
1-induced decrease in portal glucagon level

Intraportal administration of GLP-1 significantly decreased the por-
tal glucagon level compared to the PBS treatment (n =6 per
group, P < 0.05; Fig. 74), and pre-treatment of BDNF antibody sup-
pressed the GLP-1-induced reduction of portal glucagon level
{n = 6 per group, P < 0.05; Fig. 7a). The central administration of
BDNF antibody alone did not affect portal glucagon level compared
to the control level (Fig. 7a). Moreover, there was no significant dif-
ference in peripheral glucagon, portal and peripheral insulin levels
among all groups (Fig. 78-D).

Effect of BDNF antibody pre-treatment on the GLP-
1-induced increase in pancreatic BDNF level

[ntraportal administration of GLP-1 increased significantly pancre-
atic but not plasma BDNF levels compared to PBS treatment, and
pre-treatment of BDNF antibody inhibited the GLP-1-induced eleva-
tion of pancreatic BDNF level (n = 6 per group, P < 0.05; Fig. 8).
The central administration of BDNF antibody alone did not affect

© 2012 British Society for Neuroendocrinology
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Fig. 4. Effects of i.cv. administration of brain-derived neurotrophic factor (BDNF) on glucose metabolism. Blood glucose (left) and plasma insulin (right) levels
during the glucose tolerance tests in each group (n = 6). *P < 0.05 versus phosphate-buffered saline (PBS) group. Treatment groups: PBS, i.c.v. administration

of PBS; BDNF, i.c.v. administration of BDNF.
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Fig. 5. Effects of i.c.v. administration of brain-derived neurotrophic factor (BDNF) on glucagon and insulin levels in sham-operated and pancreatic efferent de-
nerved rats. Portal (a) and peripheral (g} glucagon levels in sham operation and pancreatic efferent denervation. Portal (c) and peripheral (p) insulin levels in
sham operation and pancreatic efferent denervation. *P < 0.05 versus phosphate-buffered saline (PBS)-Sham group. Treatment groups: PBS-Sham, intraportally
administered PBS, given sham operation; BDNF-Sham, intraportally administered BDNF, given sham operation; PBS-Denervation, intraportally administered PBS,
given pancreatic efferent denervation; BDNF-Denervation, intraportally administered BDNF, given pancreatic efferent denervation.

the pancreatic BDNF level compared to the control level (Fig. 8). In
addition, there was no significant difference in pancreatic and
plasma BDNF levels among all groups (Fig. 8).

BDNF antibody treatment abolished the GLP-1-induced
improvement in glucose metabolism

An i.p. glucose tolerance test was performed to evaluate the effects
of BDNF antibody treatment on glucose metabolism. The intraportal
administration of GLP-1 significantly decreased blood glucose and
BDNF antibody inhibited the GLP-1-induced decrease in blood glu-
cose at 15 and 30 min after glucose loading (n = 6 per group,
P < 0.05; Fig. 8). There were no significant differences in plasma
insulin concentrations between groups (Fig. 9).

© 2012 British Society for Neuroendocrinology

Discussion

Glucagon released from the o cells, a major determinant of hepa-
tic glucose production, has been shown to be under the control of
insulin levels within the islets (14, 15). There is a general consen-
sus that fasting hyperglycaemia in diabetes is a direct result of
dysregulated hepatic glucose production. Diabetic subjects have
elevated fasting glucagon levels that can be 50% greater than
nondiabetic individuals, indicating that insensitivity of the o cells
might be observed in diabetic patients with fasting hyperglycaemia
(16, 17). Thus, there is considerable evidence for abnormal gluca-
gon secretion in diabetes. However, it is not clear whether this is
an inherent characteristic of the diabetic o cell or the result of
abnormalities in extra o cell-regulatory forces. We focused on

Journal of Neuroendocrinology, 2013, 25, 302-311
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Fig. 8. Effects of i.cv. administration of brain-derived neurotrophic factor (BDNF) antibody on glucagon-like peptide (GLP)-1-induced BDNF expression in the
pancreas. (a) Representative haemotoxylin and eosin staining and immunostaining for BDNF in pancreas sections derived from each group. Scale
bar = 100 um. Pancreatic (8) and plasma (c) BDNF levels in each group (n = 6). *P < 0.05 versus phosphate-buffered saline (PBS) group, *P < 0.05 versus
GLP-1 group. Treatment groups: phosphate-buffered saline (PBS), i.c.v. administration of PBS, followed by intraportally administered PBS; BDNF-Ab, i.cv.
administration of BDNF antibody, followed by intraportally administered PBS; GLP-1, i.c.v. administration of PBS, followed by intraportally administered GLP-1;
BDNF-Ab + GLP-1, i.c.v. administration of BDNF antibody, followed by intraportally administered GLP-1.
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Fig. 9. Effects of i.cv. administration of brain-derived neurotrophic factor (BDNF) antibody on glucose metabolism. Blood glucose (left) and plasma insulin
(right) levels during the glucose tolerance tests in each group (n = 6). *P < 0.05 versus phosphate-buffered saline (PBS) group. Treatment groups: PBS, i.c.v.
administration of PBS, followed by intraportally administered PBS; BDNF-Ab, i.c.v. administration of BDNF antibody, followed by intraportally administered PBS;
glucagon-like peptide (GLP)-1, i.c.v. administration of PBS, followed by intraportally administered GLP-1; BDNF-Ab + GLP-1, i.cv. administration of BDNF
antibody, followed by intraportally administered GLP-1.

determining whether the central and peripheral nervous system
actually regulates glucose metabolism.

A previous study has reported that BDNF decreases glucagon
secretion in isolated mouse pancreatic islets without affecting insu-
lin secretion (8). We found that the central administration of BDNF
reduced portal glucagon but not insulin levels, suggesting that the
central infusion of BDNF might improve glucose metabolism with-
out enhancing insulin secretion from the pancreas. It has been
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known that BDNF is present in pancreatic nerves and overexpressed
by islet cells and exocrine pancreatic cells in chronic pancreatitis
(18). We observed that the central infusion of BDNF increased pan-
creatic BDNF content whereas it did not alter the peripheral plasma
BDNF level, indicating that circulating BDNF does not affect the
expression of BDNF in the pancreas. Considering that the central
infusion of BDNF decreased portal glucagon levels and did not
lower blood glucose levels of normal rodents as well as diabetic
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Fig. 10. Proposed model for regulation of glucagon secretion from o cells by glucagon-like peptide (GLP)-1. GLP-1 secreted from L cells in the small intestine
stimulates brain-derived neurotrophic factor (BDNF) neurones in the hypothalamus via the activation of hepatic afferent nerves. Activated BDNF neurones
andfor BDNF-related neurones stimulate efferent nerves to the pancreas. Furthermore, BDNF is released from the nerve terminals of these efferent nerves and
suppresses glucagon secretion from o cells via tyrosine-related kinase B. ‘BDNF-related neurones' indicates neurones stimulated by BDNF. Red arrow, positive

direction of regulation; blue arrow, negative direction of regulation.

rodents induced by streptozotocin, it is possible that the centrally
administered BDNF activates the peripheral nervous system to the
pancreas and BDNF released from pancreatic peripheral nerve
terminals might directly modulate the function of pancreatic «
cells, in accordance with our immunohistochemical study showing
that a cells were co-localised with BDNF (2, 8, 19). Additionally,
we showed that TrkB, BDNF receptors were detected specifically in
o cells but not f cells. This is in accordance with a previous report,
in which TrkB was detected in the pancreatic « cells of rats and
humans (9). However, we observed that the i.c.v. administration of
BDNF decreased glucagon levels in the portal system, and not in
the peripheral system, in accordance with a previous study (20).
There are some reasons why changes in portal glucagon levels are
not associated with changes in peripheral glucagon levels. One pos-
sible explanation is that hepatic glucagon clearance is linear up to
very high levels of the hormone at portal vein levels {21). The other
is that the portal vein exposes the liver to high concentrations of
glucagon before it is diluted by the glucagon-poor blood of the
systemic circulation. Thus, we propose that BDNF is one of the reg-
ulators of glucagon secretion.

Retrograde transneuronal viral tracing studies have provided
strong anatomical evidence suggesting that hypothalamic neurones
project to the pancreas (22). Two systems provide excitatory inputs
to the glucagon cells of the pancreas: one is transmitted via the
VPN system and the other via the SPN system to the glucagon-pro-
ducing cells of the pancreas, each operating via a different receptor
mechanism to elicit the release of glucagon into the blood stream
(23). Considering the present data indicating that BDNF-positive
fibres are present in the vicinity of a cells, within the islets, it is
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suggested that BDNF in the central nervous system is an important
regulator of glucose metabolism in peripheral organs via ‘inter-
tissue communication’, and the hypothalamus is an essential brain
region that directs this system (24). BDNF is produced in various
peripheral target tissues of the peripheral nervous system and binds
to the TrkB (25). Furthermore, anterograde transport of endogenous
BDNF by neurones was confirmed in adult rats, and it was shown
that BDNF is transported by neurones toward peripheral targets
(26). The present study demonstrates that VPN and SPN denerva-
tion to the pancreas abolishes the BDNF-induced decrease in portal
glucagon levels, indicating that the excitatory input to the a cells
of islets via two peripheral nervous systems from the hypothalamus
might release BDNF and that this release could suppress the secre-
tion of glucagon from the a cells. Moreover, the reduction of the
pancreatic glucagon concentration is likely to contribute to the
hypoglycaemic action of BDNF in obese mice because an increase
in glucagon levels causes elevated hepatic glucose production (27-
29). BDNF may preferentially reduce plasma glucose levels of obese
diabetic mice compared to that of normal mice by its suppressive
effect on glucagon secretion because an increase in the plasma
glucagonfinsulin ratio plays an important role in enhanced hepatic
glycogenolysis, gluconeogenesis and hyperglycaemia in obese dia-
betic mice (30). Another study demonstrated that i.c.v. administra-
tion of BDNF in doses as small as 15 ug/mouse (approximately
300 ugfkg) proved to be effective in lowering blood glucose
concentrations (31). Furthermore, icv. administration of only
1.5 ug/mouse (approximately 30 ug/kg) BDNF was also found to be
effective (31). Such doses are approximately 1 : 100 and 1 : 1000
of those used in s.c. administration and were not effective when
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delivered peripherally (31). These data are compatible with the
present results showing that BDNF acts on the brain and induces a
hypoglycaemic effect via the peripheral nervous system.

There are effective antidiabetic drugs such as dipeptidyl peptide-
IV (DPP-IV) inhibitors that inhibit glucagon secretion. In reality, both
exogenous insulin and sulphonylureas inhibit glucagon secretion at
least partially, although it is not clear how much this contributes
to their treatment effect (32, 33). The glucagon family such as GLP-
1 and glucose-dependent insulinotrophic polypeptide (GIP) is rapidly
inactivated by the ubiquitous protease DPP-IV and the half-life of
the bioactive peptide is 1-2 min (34). DPP-IV inhibitors are orally
available small molecules that prolong the activity of GLP-1 and
GIP. GLP-1 is mainly synthesised in the L cells of small intestine,
whereas GIP is secreted from K cells in the small intestine. These
hormones potentiate the acute effects of glucose on pancreatic «
and f cells; thus stimulating insulin secretion and only GLP-1
inhibits glucagon secretion in a glucose-dependent manner (35, 36).
Importantly, because the suppression of glucagon by GLP-1 does
not occur at hypoglycaemic plasma glucose concentrations, GLP-1
does not impair the counter-regulatory defence against hypoglyca-
emia (37). Our data showing that glucose metabolism is not
affected in the fasting condition after the portal administration of
GLP-1 or the central administration of BDNF are very much in line
with the absence of adverse events of hypoglycaemia in diabetic
patients treated with DPP-4 inhibitors or GLP-1 receptor agonists
resistant to DPP-4 (37, 38). There is still the question regardig the
mechanism by which this occurs because most studies have not
localised the GLP-1 receptor to a~cells (39). Thus, alternative expla-
nations, such as indirect mediation via neural regulation, have been
proposed. Our previous study demonstrated the DPP-IV inhibitor-
induced rise in portal GLP-1 levels acts in the hypothalamus via the
hepatic vagal afferent nerve to regulate feeding behaviour (11). We
found that the intraportal infusion of GLP-1, which did not influ-
ence circulating GLP-1 and BDNF levels, increased the hypothalamic
BDNF as well as c-fos expression in the VMH. In addition, this
treatment decreased portal (but not peripheral) glucagon levels.
Furthermore, the i.c.v. administration of BDNF antibody attenuated
the GLP-1-induced decrease in portal glucagon levels and the
increase in pancreatic BDNF content. These results suggest that
the rise of portal GLP-1 levels could activate BDNF synthesis in the
hypothalamus, elevate BDNF release in the pancreas, including islet
areas probably via terminals of efferent pancreatic nerves from the
hypothalamus, and decrease glucagon secretion from o cells (but
not insulin) from B cells. The present work using the i.p. glucose
tolerance test indicates the BDNF antibody suppressed GLP-1-
induced improvement of glucose metabolism without affecting
insulin secretion. The possibility that the brain and pancreas operate
in concert to control glucagon secretion is consistent with the
reported similarities found between the mechanism used by glu-
cose-sensing f cells and their neuronal counterparts within the
VMH (40). A previous study indicated that insulin within the VMH
appeared to regulate glucagon secretion and blockade of insulin
action in the VMH caused an immediate increase in plasma gluca-
gon in the absence of a decline in insulin secretion. These findings
support the view that hyperglucagonaemia was induced at the
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level of the VMH rather than the islets and raise the possibility that
impaired BDNF action in the VMH may contribute to disordered
systemic glucose regulation. It was observed that basal glucagon
secretion was significantly increased in  VMH-lesioned rats,
compatible with our results showing that the inactivation of BDNF
synthesised mainly in the VMH with BDNF antibody infusion
suppressed the GLP-1-induced reduction of portal glucagon level
(20).

In conclusion, we have shown that the increase of the portal
GLP-1 level activates BDNF neurones in the hypothalamus probably
via the afferent nerve from the liver, and this activation reduces
glucagon secretion via efferent nerves to the pancreas, which
improves glucose metabolism (Fig. 10). We need to undertake fur-
ther studies to investigate: (i) which type of cells are the physiolog-
ical source of BDNF affecting glucagon secretion in vivo; (ii)
whether there are any other functions of BDNF influencing physiol-
ogy or postnatal development of pancreatic o cells; (iii) what types
of intracellular signalling molecules are involved in the suppressive
effect of BDNF on glucagon secretion; and (iv) to what extent is
BDNF useful for treatment of diabetes mellitus. These studies may
help our understanding of the physiological function of BDNF on
glucose metabolism and raise the possibility that an insufficiency of
BDNF action is concerned in part with the aetiology or exacerbating
factors of diabetes mellitus.
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Summary

Background: Schizophrenia is a relatively common disorder,
with a lifetime prevalence of about 1%. Family history is the
most important risk factor for schizophrenia, consistent with
a genetic contribution to its etiology. Recent human genetic
studies reported that some common variants located within
BCL9 are associated with schizophrenia in the Chinese pop-
ulation, but not associated with bipolar disorder in the
Caucasian population.

Methods: Single nucleotide variant (SNP) prioritization sam-
ple was comprised of 575 patients with schizophrenia and
564 healthy controls with no personal or family history of
psychiatric illness. For SNP association analysis, we used an
independent Japanese sample set (replication sample) com-
prising 1464 cases and 1171 controls. For the analysis of
cognitive performance, we investigated 115 cases and 87
controls using Continuous Performance Test (CPT-IP) and
the Wisconsin Card Sorting Test Keio version (WCST). Meta-
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Kratak sadrzaj

Uvod: éizofrenija je relativno Cest poremedaj, sa rasprostra-
njeno$¢u od oko 1% u ukupnoj populaciji. Porodi¢na istorija
bolesti predstavlja najvazniji faktor rizika za nastanak Sizofre-
nije, $to je u skladu sa geneti¢kom osnovom njene etiologije.
Nedavne geneti¢ke studije pokazuju da su neke uobicajene
varijante u okviru gena BCL9 u vezi sa $izofrenijom u kineskoj
populaciji, ali ne i sa bipolarnim poremedajem u populaciji
belaca.

Metode: Uzorci za analizu tackastih polimorfizama (SNP)
poti¢u od 575 pacijenata sa $izofrenijom i 564 zdravih kon-
trolnih subjekata bez li¢ne ili porodi¢ne istorije psihijatrij-
skih oboljenja. Za SNP analizu kori$¢en je nezavisni japanski
set uzorak (replikacioni uzorak) koji sadrzi 1464 sluéaja
bolesti i 11741 kontrolu. Za analizu kognitivnih funkcija, ispi-
tivali smo 115 sludajeva bolesti i 87 kontrolnih slu€ajeva,
korisé¢enjem kontinualnog testa funkcija (CPT-1P) i Wisconsin
Card Sorting testa, Keio verzije (WCST). Metaanaliza je
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analysis was performed using a combined Japanese total
sample (N=3735) and a Chinese sample from a previous
study.

Results: In the replication sample set, we did not detect any
association in 2 SNPs (rs672607 and rs10494252) and
schizophrenia. Meta-analysis of rs672607 showed signifi-
cant association (p-value 0.012, odds ratio 0.855). There
was a significant (p<0.01) difference between the A/A and
G carrier group of rs672607 in CPT mean d’ (p=0.0092).

Conclusions: We were able to detect evidence for an associ-
ation between rs672607 in BCLY and schizophrenia in the
meta-analysis of Japanese and Chinese populations.
Additionally, this common variant may affect cognitive per-
formance, as measured by the CPT-IP in schizophrenia
patients.

Keywords: BCL9, Chinese, cognitive impairment, ge-
nome-wide association study, Japanese, meta-analysis,
schizophrenia

Introduction

Schizophrenia is a chronic, more or less enervat-
ing illness characterized by impairments in cognition,
affect and behavior, all of which have a pronounced
bizarre aspect (1). Delusions, which are generally
bizarre, and hallucinations, generally auditory in type,
typically occur during the clinical course of schizo-
phrenia (2).

Schizophrenia is a relatively common disorder,
with a lifetime prevalence of about 1% (3). Although
the overall sex ratio is almost unbiased, males tend to
have an earlier onset than females, a finding account-
ed for by the later age of onset in those females who
lack a family history of the disease (4). Family history
is the most important risk factor for schizophrenia,
consistent with a genetic contribution to its etiology
(5) and the heritability of schizophrenia is estimated
to be 64% (6). Although genes relevant for schizo-
phrenia or variants that may modulate risk for the dis-
ease have been identified using both linkage- and
candidate-based or whole genome association stud-
ies, the genetic basis of schizophrenia is still unclear
(7-10).

Recent human genetic studies reported that
some B-cell CLL/lymphoma 9 gene (BCL9) variants
are associated with schizophrenia in the Chinese pop-
ulation (11), but not associated with bipolar disorder
in the Caucasian population (12). In addition, anoth-
er study showed evidence for genetic association
between common variants within BCL9 and negative
symptoms in schizophrenia patients (13). BCL9 maps
to chromosome 1g21.1 (NCBI37: 145,479,806-
145,564,639), a region that was shown to be associ-
ated with schizophrenia (14). In addition, about 75%
of all children with a 1g21.1 microdeletion have
delayed development, particularly affecting the devel-
opment of motor skills such as sitting, standing, and
walking, while the intellectual disability and learning
problems associated with this genetic change are

uradena kori¥¢enjem kombinovanog japanskog ukupnog
uzorka (N=3735) i kineskog uzorka iz prethodne studije.
Rezultati: U replikacionom uzorku nije otkrivena nikakva
veza izmedu 2 SNP-a (rs672607 i rs10494252) i Sizofrenije.
Metaanaliza rs672607 je pokazala njegovu znalajnu pove-
zanost sa Sizofrenijom (p-vrednost 0,012, 0,855 odds ratio).
Utvrdena je znadajna (p<0,01) razlika izmedu A/A i G grupe
nosilaca rs672607 u CPT srednjoj vrednosti d’ (p=0,0092).
Zaklju¢ak: Dokazana je veza izmedu rs672607 u genu BCL9
i Sizofrenije u metaanalizi japanske i kineske populacije.
Pored toga, ova zajedni¢ka varijanta moze da uti¢e na kog-
nitivne funkcije, $to je utvrdeno testom CPT-IP kod Sizofrenih
bolesnika.

Kljuéne reéi: BCLY, Kinezi, kognitivne funkcije, GWAS,
Japanci, metaanaliza, $izofrenija

usually mild (15). Furthermore, schizophrenia is sig-
nificantly more common in combination with the
1921.1 deletion syndrome, while autism is signifi-
cantly more common with the 1921.1 duplication
syndrome (16).

From a biological point of view, the BCL9 is
required for efficient T-cell factor-mediated transcrip-
tion in the Wnt signaling pathway (17). The Wnt sig-
naling pathway influences neuroplasticity, cell sur-
vival, and adult neurogenesis (11), and several
studies have suggested that mental disorders may
involve impairments in these functions (18). As BCL9
is indeed an attractive candidate gene for schizophre-
nia that has not been investigated in the Japanese
population, we examined the relationship of common
SNPs in BCL9 and the risk for schizophrenia in a large
Japanese case-control sample and conducted a meta-
analysis between the Chinese (11) and Japanese
sample set used in the current study. We also explored
potential relationships between SNPs in BCL9 and the
aspects of human cognitive function.

Materials and Methods
Participants

This study was approved by the Ethics Commit-
tees of the Nagoya University Graduate School of
Medicine and associated institutes and hospitals.
Written informed consent was obtained from all par-
ticipants. In addition, the patients’ capacity to consent
was confirmed by a family member when needed.
Subjects with legal measure of reduced capacity were
excluded. Patients were included in the study if they
(1) met the DSM-IV criteria for schizophrenia, (2)
were physically healthy and (3) had no mood disor-
ders, substance abuse, neurodevelopmental disor-
ders, epilepsy or known mental retardation. A general
characterization and psychiatric assessment of sub-
jects is available elsewhere (19). Controls were select-
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ed from the general population. Control subjects had
no history of mental disorders, based on question-
naire responses from the subjects themselves during
the sample inclusion step, and based on an unstruc-
tured diagnostic interview done by an experienced
psychiatrist during the blood collection step.

The JGWAS sample was comprised of 575
patients with schizophrenia (43.5+14.8 vyears
(meanzs.d.), male 50%) and 564 healthy controls
with no personal or family history of psychiatric illness
(44.0£14.4 years (mean=s.d.), male 49.8%). All
subjects were unrelated, living in the central area of
the Honshu island of Japan and self-identified as
members of the Japanese population.

For SNP association analysis, we used an inde-
pendent Japanese sample set (replication sample)
comprising 1464 cases (aged 45.9+14.2 years, male
54.5%) and 1171 controls (aged 48.06+14.48
years, male 47.3%). For the analysis of cognitive
performance, we investigated 115 cases (aged
45.3%14.2 years, male 64.3%) and 87 controls
(aged 26.3x7.7 years, male 63.2%).

SNP prioritization step

From the previous genetic study of BCL9 in a
Chinese population, we selected a SNP with the low-
est p-value (rs672607 A>G, p=1.23*10-11). From
the JGWAS data set, there were 3 SNPs (rs17160256,
rs17160264 and rs10494252) with p<0.05 in
BCL9 and +10% region. We selected only one SNP
(rs10494252 A>G, p=0.0369) from the 3 SNPs
because of high r2 (>0.95) in the Japanese pop-
ulation (SNPinfo Web Server, http://snpinfo.niehs.
nih.gov/snpinfo/index.html).

Genotyping and data analysis

DNA was extracted from peripheral blood
according to a standard protocol (20, 21). Geno-
typing was performed using a fluorescence-based
allelic discrimination assay (Tagman, Applied Bio-
systems, Foster City, CA). To exclude low-quality DNA
samples or genotyping probes, data sets were filtered
on the basis of SNP genotype call rate (more than
90%) or deviation from the HWE in the control sam-
ple. Subjects whose percentage of missing genotypes
was >10% or who had evidence of possible DNA
contamination were excluded from subsequent analy-
ses. All allele-wise association analyses (JGWAS or
replication sample set) were carried out by calculating
the p-values for each candidate SNP. Significance was
determined at the 0.05 level using Fisher’s exact test.
All p-values were two-sided. In this joint analysis, p-
values were generated by Cochran-Mantel-Haenszel
stratified analysis, and the Breslow-Day test was per-
formed for evaluation of heterogeneous associations
as implemented in PLINK v1.07 (22). Statistical sig-

nificance was set at a nominal level (p<0.05) in an
association study. Comprehensive Meta-Analysis
Version 2 Professional version (Biostat, Inc.,
http://www.meta-analysis.com/index.html) was used
to conduct a meta-analysis of the Japanese and
Chinese sample sets in rs672607.

Neurocognitive assessment

We used the Continuous Performance Test—
Identical Pairs Version Release 4.0 (CPT-IP) (New
CPT.exe, Copyright 1982-2004 by Barbara A.
Cornblatt, All Rights Reserved). The size of the PC
monitor used for the test was 10.4 inches as each let-
ter was at least 2.2%X1.5 cm (23, 24). Stimuli were
flashed on the screen at a constant rate of 1 per sec-
ond, with a stimulus »on« time of 50 ms. Stimuli were
four-digit numbers and were presented 150 times. In
each 150-trial condition, 30 of the trials (20%) were
target trials and required a response. Target trials
were those on which the second of a pair of two iden-
tical stimuli appeared (23). The outcome measure
was a mean d’.

The Wisconsin Card Sorting Test (WCST) (25)
mainly assesses executive function including cognitive
flexibility in response to feedback. We used a modi-
fied and computerized version of the test: Wisconsin
Card Sorting Test (Keio Version) (KWCST) (26-28).
The outcome measures were numbers of categories
achieved (CA), total errors (TE), and perseverative
errors of Milner (PEM) and Nelson types (PEN) in the
first trial. We selected outcomes in the WCST, follow-
ing a prior study, which used KWCST as a measure of
cognitive function (29): (1) CA, which is the number
of categories for which six consecutive correct
responses are achieved (eight is the maximum num-
ber of categories which can be achieved), and which
is the sum measure of the level of conceptual shifts in
the KWCST: (2) PEN, which is the number of incor-
rect responses in the same category as the immedi-
ately preceding incorrect response (maximum of 47
perseverative errors); (3) PEM, which is the number of
incorrect responses in the same category as the
immediately preceding correct response after the cat-
egory changes; and (4) TE, which is the total number
of incorrect responses.

Chlorpromazine (CPZ) equivalent doses were
calculated based on the report by Inagaki et al. (30,
31). The Positive and Negative Symptom Scale
(PANSS) was used to evaluate patients (32). From the
sample used in the current study, we made a subset
of randomly selected participants older than 18 years
of age for an analysis of cognitive performance.
Cognitive data analysis was done for the participants
who completed both WCST and CPT-IP We checked
the effect of two SNPs (rs672607 and rs10494252)
on cognitive performance measured by the CPT-IP
and the WCST (115 schizophrenic patients, 87



