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Abstract Foraging behavior is a species-specific behavior
which is considered to involve the decision making and higher
cognitive functions. We previously established a novel meth-
od to detect the foraging behavior in chronic unpredictable
mild stress (CUMS)-induced depression mice, in which the
food foraging activity of mice was significantly reduced.
Furthermore, it is generally assumed that the bilateral anterior
cingulate cortex (ACC) is related to foraging activity in rat.
Brain-derived neurotrophic factor (BDNF) is widely
expressed in many regions of the brain and is down-
regulated in depressive patients. However, the relationship
between the precursor of brain-derived neurotrophic factor
(proBDNF) and depression has not been fully elucidated.
The results showed that CUMS in mice induced anxiety-
and depression-like behaviors and significant reduction in
BDNF messenger RNA (mRNA) in the brain. In this study,

we evaluated the effect of anti-BDNF and anti-proBDNF in
the ACC on the CUMS-induced depression mice. In contrast
to the normal IgG group (normal IgG microinjection into the
ACC), bilateral ACC treatment with anti-proBDNF microin-
jection not only reversed depressive activity but also signifi-
cantly increased the amount of foraged food and BDNF
mRNA in the brain. There was no significant alteration in
the group of anti-BDNF microinjection into the ACC. Our
data indicate that the proBDNF signaling pathway might
down-regulate the foraging activity in CUMS rodents and be
involved in the depression.
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Introduction

Depression is becoming an increasingly prevalent health prob-
lem and has consequential morbidity and mortality. Summary
of all previous studies has indicated that depression is linked
with cognitive decline and even with an increased risk of
dementia in later life (Richard et al. 2013; Panza et al.
2010). Depressed patients exhibit extensively multiple dys-
functions in attention, spatial recognition memory, visual
memory, verbal memory, planning, and executive functioning
(Elliott et al. 1996; O’Brien et al. 2004). Studies have shown
that food foraging behavior is associated with high cognitive
functions, such as struggle in decision making (Li et al.
2012b). Optimal decision making requires that organisms cor-
rectly evaluate both the costs and benefits of potential choices
(Day et al. 2010). We previously established a novel method
to detect the foraging behavior in depression mice-induced
chronic unpredictable mild stress (CUMS), in which the food
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foraging activity of mice was significantly reduced (Yang
et al. 2014b), but the molecular mechanism underlying this
behavior is not clear.

Previous articles indicate that the foraging behavior is re-
lated with coordination of multiple brain areas and neuro-
chemical pathway (Bartness et al. 2011; Dailey and Bartness
2010). The anterior cingulate cortex (ACC), which is on the
medial subregion of the frontal lobe, is part of a neural system
that involves motivating or ‘energizing’ behavior and hierar-
chical reinforcement learning (Holroyd and Yeung 2012). The
object-based and action-based reinforce devaluation tasks in
rhesus monkeys suggest that ACC is essential for optimal
decision making or reward to effective choice behavior and
learning the value of actions (Kennerley et al. 2006;
Chudasama et al. 2013). Our previous studies have also sug-
gested that ACC lesion attenuates food foraging activity in
rats (Li et al. 2012a). Early detection and treatment suggest
that the thalamus and ACC may comprise neural markers for
detecting depression. From structural neuroimaging research,
graymatter volume in the ACC in depressive patients is small-
er in comparison to healthy controls (Hagan et al. 2015). It is
revealed that depression may be associated with structural and
functional alterations in the ACC.

Mature brain-derived neurotrophic factor (BDNF) is
an important member of the neurotophin family pro-
duced by glia and neurons (Murakami et al. 2005;
Juric et al. 2006), which plays a positively significant
role in brain function and development, such as neuro-
nal survival, differentiation, and synaptic actions with
distinct behavioral effects on memory, food intake and
energy balance, and mood (Xu et al. 2003; Pang et al.
2004; Hariri et al. 2003). BDNF is synthesized as pre-
cursor of BDNF (proBDNF), which dimerize after trans-
lation. Mature BDNF is released from proBDNF, which
is cleaved intracellularly by furin or/and prohormone
convertases or extracellularly by plasmin and matrix
metalloproteases (MMPs) (Mowla et al. 2001; Barker
2009). ProBDNF exists in numerous regions in the pe-
ripheral and central nervous system (Zhou et al. 2004),
which induces apoptosis (Fan et al. 2008), synaptic re-
traction (Yang et al. 2014a), neurite collapse (Sun et al.
2012), and possibly depression (Jiang and Salton 2013)
and inhibits proliferation and migration of cerebellar
granule cells (Xu et al. 2011). We previously found that
the injection of anti-proBDNF antibody via intra-
cerebroventricular (i.c.v.) and intraperitoneal (i.p.) ap-
proaches into the CUMS-induced depression rats signif-
icantly reversed the stress-induced depression-like be-
havior and restored the exploratory activity and spine
growth (Bai et al. 2016). Multiple studies have widely
reported that mature BDNF is reduced in depression
(Karege et al. 2002; Lee et al. 2007; Zhou et al. 2013;
Zhang et al. 2016). Furthermore, its precursor proBDNF

signaling is up-regulated in sera and plasma from de-
pressed patients (Yoshida et al. 2012; Zhou et al. 2013).

Foraging activity is attenuated in CUMS-induced depres-
sion mice. As ACC is required for the foraging activities, we
have investigated whether proBDNF in ACC is involved in
depression-like behaviors including foraging activities. We
examined whether depressive symptoms could be relieved
by neutralization of proBDNF by proBDNF antibodies
injected in ACC.

Materials and Methods

Animals

The study was carried out on 2-month-old male C57BL/6J
mice (23–27 g) obtained from the Institute of Molecular and
Clinical Medicine (IMCM) of Kun Ming Medical University
(KMU), Kunming, China. Before experiments, all the animals
were housed in groups of three to five per standard cage with
food and water for at least 2 weeks before the test. The animals
were maintained under standard laboratory conditions (12-h
light/dark cycle, 22 ± 1 °C, 52 ± 2% humidity). All animal
ethics protocols were approved by KMU and met the stan-
dards of the Guide for Care and Use of Laboratory Animals
established by the National Institutes of Health, USA. All
efforts were made to minimize the number of mice used and
their suffering. For each treatment group in these series of
experiments, 10–12 mice were used.

Surgical Procedure

Mice were anesthetized with an intraperitoneal injection of
2% chloral hydrate (40 mg/kg). A mouse was placed on a
Mouse Stereotaxic Instrument and the head was fixed
(Leica, Germany). Anti-BDNF, anti-proBDNF, and normal
IgG (1mg/ml) (Fan et al. 2008) were dissolved in sterile saline
and adjusted to pH 7.2–7.4 by using 0.1 M NaOH. The solu-
tion was injected into the ACC of the rodents as reported
previously (Li et al. 2012a). For lesion experiments, a 28-g
injection cannula (Plastics One, Roanoke, VA)was introduced
stereotaxically and directed towards the ACC using the coor-
dinates obtained from the atlas Paxinos and Watson (fourth
edition) from the bregma, AP+ 0.4 mm, ML ±0.5–1 mm, DV
1 mm and AP+ 0.4 mm, ML ±0.5–1 mm, and DV 1 mm from
the dura. Bilateral infusions of 1-μl antibody or normal IgG
were microinjected over a 1–2-min period. The cannula was
left in place for another 2 min to allow for complete diffusion
after which the wound was sutured. Immediately after the
surgery was completed, mice were placed in a warm environ-
ment until they regained consciousness. Mice were then
allowed to recover in their home cages.
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CUMS Procedure

The CUMS procedure was performed as previously de-
scribed, with a slight modification. Initially, animals were so-
cially housed (less than five animals per cage) for 1 week to
familiarize with the circumstances. After that, the animals
were randomly grouped and singly housed. Twelve mild
stressors were applied in the CUMS procedure (Fig. 1), which
included cage shaking (1 time/s, 5 min) (CS), cage tilt 45 °C
(8 h) (CT), cold swim (13 ± 1 °C, 5 min) (C), food and water
deprivation (24 h) (F), tail pinch (for 60 s, 1 cm from the end
of the tail) (T), moist bedding (8 h) (M), warm swim
(37 ± 2 °C, 5 min) (W), overnight illumination (12 h) (O), tail
pinch (for 90 s) (T1), no stress (N), reverse day and night (24 h)
(R), and tail pinch (for 120 s) (T2). One of the stressors was
randomly applied daily for the CUMS group(s), while the
control mice were uninterrupted unless some necessary pro-
cedures such as routine cage cleaning. The stressing period
changed according to different purpose in this paper. It took
4 weeks to develop a CUMS mouse depression model.

Behavioral Tests

CUMS-induced animals were subjected to behavioral tests be-
fore surgery and commenced 2 weeks after ACC lesion surgery
(Murakami et al. 2005). The test room was illuminated with
incandescent lamp (40 W) when the curtain was closed.
Testing apparatuses were cleanedwith ethanol between each test.

Sucrose Preference Test

According to our previous study (Yang et al. 2014b), sucrose
preference test is used to assess the declining responses to

incentive stimuli, which is one of the key symptoms of clinical
depressive disorder. Sucrose preference test (SPT) was used to
test the depression-like behavior in this paper. Before testing, two
bottles of 1% (v/v) sucrose solution were placed on the cage for
48 h, in order to train the animals habituating to sucrose solution.
In the next 24 h, food and water were deprived from the animals.
After that, the right bottles were replaced with tap water and
allow freely drink for 10 h, starting from 8:30 AM. The con-
sumed liquids were weight by an electronic balance. The sucrose
intake (%) was calculated by the formula (sucrose intake / (su-
crose intake + water intake) × 100).

Open-Field Test

The apparatus and testing procedures were similar to those
used previously reported method (Walsh and Cummins
1976; Blokland et al. 2002). Briefly, motor activity was quan-
tified in a white square cage with 50 × 50 × 50 cm3. The
apparatus was divided into 5 × 5-cm equal squares on the floor
of the arena. Each experimental animal was placed in the
center of the cage; the number of crossings (with the four
paws), the number of rearings (posture sustained with hind
paws on the floor), and the immobility time were recorded
manually for 5 min according to recent studies (Shen and
Xu 2007; Sartori Oliveira et al. 2012; Swiergiel and Dunn
2007). All behaviors were recorded with a video camera lo-
cated 100–120 cm above the arena. After each test, the arena
was cleaned with 75% alcohol solution.

Elevated Zero Maze Test

Elevated zero maze (Shanghai Bio-will, China; height
72.4 cm; inner diameter 40 cm) was used to evaluate the

Fig. 1 The time schedule of
experimental design. a A timeline
of CUMS protocol. CS cage
shaking, CT cage tilt (45°),C cold
swim, F food and water
deprivations, T tail pinch (for
60 s), M moist bedding, W warm
swim, O overnight illumination,
T1 tail pinch (for 90 s), N no
stress, R reverse day and night, T2
tail pinch (for 120 s). bA timeline
of brain injection and behavioral
testing. ACC anterior cingulate
cortex
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anxiety-like behavior, which is a modification of classic ele-
vated plus maze. There are two elevated closed and open
runways without a center position. The animal was placed just
inside a closed arm, with nose pointing and all four paws
inside. Five-minute spontaneous activity was allowed for each
animal. Time in open arm was recorded by an overhead video
camera and analyzed by ANY-maze software. After each test,
the device was cleaned with 75% ethanol to remove the ani-
mal excretions and odor.

Tail Suspension Test

The tail suspension test reflects behavioral despair, which is
used as a measured behavioral variable (Pollak et al. 2010).
Mice were tested in an individual cubicle while suspended
from a tail hanger with adhesive tape wrapped around the tail
(1.5–2 cm from the tip), 35 cm above the floor (Svenningsson
et al. 2007; Kutiyanawalla et al. 2011). The trial was per-
formed for a period of 6 min, and the duration of immobility
was manually measured. Mice were considered immobile
when they hung passively and motionless.

Food Foraging Test

The food foraging test was performed as described by Li (Li
et al. 2012b). Food foraging behavior involves searching for
food as well as transporting and hoarding food. Many studies
suggest that foraging behavior involves higher cognitive func-
tion such as effort-based decision making. Briefly, the test was
performed in an open field, which was constructed with a
white square cage 50 × 50 × 50 cm. Before the test, the mice
were deprived of food for 12 h from 7:00 AM to 7:00 PM. The
micewere individually allowed to navigate in the white square
cage and forage for food freely from 7:00 PM to 7:00 AM on
the same day. The food container was placed in the central
edge of the arena and there was no illumination. There was
also no nest box in the arena. Since food pellets are too heavy
for a mouse to carry, 60-g sunflower seeds were used. The
following day, the amount of sunflower seeds moved to the
open field and the amount left in the food containers were
separately calculated throw off the peel at 7:00 AM.

RNA Isolation and qRT-PCR

Total RNA of the entire cortex and the hippocampus isolated
from the animals were extracted by TRIzol® reagent (Sigma),
following the manufacturer’s recommendation. The RNA
samples were dissolved in 30 μl of DEPC-H2O and subse-
quently stored at −80 °C. The quantification and purity of the
RNA were measured by using a NanoDrop 2000
Spectrophotometer (Thermo-Fisher Scientific, CA, USA).
The quality of RNA was assessed by the absorbance at 260
and 280 nm, and a ratio of A260/A280 ranging from 1.9 to 2.1

was considered acceptable. Total RNA was transcribed by a
High-Capacity cDNA Reverse Transcription Kit (DRR037A;
TaKaRa, Japan) according to the manufacturer’s protocol.
Real-time PCR was performed on the ABI7300 platform
(Applied Biosystems, Life Technologies, USA) by using
FastStart Universal SYBR Green Master (ROX) (Roche).
Primers utilized were as follows: BDNF forward primer 5′-
GCAGCCTTCTTTTGTGTAACC-3′ and reverse primer 5′-
AGAGTG ATGACCATCCTTTTC-3′ and β-actin forward
primer 5′-AGCCATGTACGTAGCCATCCA-3′ and reverse
primer 5′-TCTCCGGAGTCCATCACAATG-3′; primer spec-
ificity was confirmed to be a single band of the predicted size
by melting curve analysis and electrophoresis of PCR prod-
ucts on a 2% agarose gel. The relative expression of target
gene messenger RNA (mRNA) was normalized to the amount
of housekeeping gene β-actin in the same cDNA of animals
from the different treatment groups compared with control
group or CUMS group by using the relative quantification
method (2−△△CT method) described by the manufacturer.

Statistical Analysis

Data were presented as mean ± SEM and analyzed by SPSS
11.0. Multiple group comparisons were performed using one-
way analysis of variance (ANOVA) followed by post hoc
Dunnett testing or Tukey post hoc multiple comparison test
which were appropriate for detecting intergroup difference.
Unpaired two-tailed Student’s t test was used if only two
groups were applied. P < 0.05 was considered statistically
significant.

Results

Anti-proBDNF Treatment in ACC Reverses
CUMS-Induced Decrease of Locomotor Activities in Mice

Anti-BDNF, anti-proBDNF, and normal IgG antibody (1 mg/
ml) were dissolved in sterile saline and adjusted to pH 7.2–7.4
by using 0.1 M NaOH. The solution was microinjected into
the bilateral ACC region of the rodents under 4-week CUMS
treatment. CUMS-induced depression model treated with nor-
mal IgG was used as a vehicle control group. The CUMS-
induced mice before surgery showed no significant differ-
ences in behavioral tests.

CUMS-induced depression model that is a crucial research
tool to investigate depression, which is regarded as being close
to the unexpected stressor of everyday life in humans, can be
reproduced in this study. A 4-week period of CUMS exposure
resulted in a typical reduction in the number of crossings
(***p < 0.001; Fig. 2a), rearings (***p < 0.001; Fig. 2b),
and the mobility time (***p < 0.001; Fig. 2c) in mice, as
compared to the controls. Blocking BDNF and proBDNFwith
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antibodies in ACC region were tested for open-field test
(OFT) in CUMS model. Bilateral microinjections of anti-
proBDNF into the ACC partly improved the development of
locomotor activity and exploratory in the OFT. As shown in
Fig. 2d–f, the number of rearings in OFT significantly de-
creased in anti-BDNF-treated CUMS mice compared with
normal IgG group (*p < 0.05; Fig. 2e). However, no signifi-
cant difference was found in the number of crossings (Fig. 2d)
and rearings (Fig. 2e) in OFTwhen anti-proBDNF was com-
pared to normal IgG group. Anti-proBDNF treatment obvi-
ously increased the average mobility time in OFT (*p < 0.05;
Fig. 2f) and exercise capacity which is similar to normal

rodents. Perhaps the exploratory activity was mediated partly
through BDNF in the ACC region of CUMS-induced mice.

Anti-proBDNF Treatment in ACC Reverses
CUMS-Induced Anxiety-Like Behavior in Mice

The percentage of the time spent in the open/closed arms in
elevated zero maze test (EOM) (***p < 0.001; Fig. 3a) de-
creased significantly. This demonstrated that anxiety-like be-
havior was increased after 4-week CUMS stimuli. And the
change was significantly reversed in anti-proBDNF-treated
CUMS mice (*p < 0.05; Fig. 3b).

Fig. 2 The effects of anti-
proBDNF and anti-BDNF
treatments by ACC injection in
CUMS-induced decreases of
mouse locomotor activities.
CUMS decreased locomotor
activities in mice as shown by
decreased crossing numbers (a),
rearing numbers (b), and
percentage of mobile time (c) in
OFT. Treatment of anti-proBDNF
in ACC of CUMS mice
significantly increased mobile
time (f) but not crossing and
rearing activities (d, e), while
treatment of anti-BDNF
significantly decreased rearing
activity (e) but not crossings (d)
and mobility (f). ACC anterior
cingulate cortex, CUMS chronic
unpredictable mild stress, OFT
open-field test; *p < 0.05,
***p < 0.001 (unpaired Student’s
t test or one-way ANOVA). All
data are presented as mean ± SEM
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Anti-proBDNF Treatment in ACC Reverses
CUMS-Induced Depression-Like Behavior in Mice

Therewas a time-dependent change in depression-like behaviors,
such as anhedonia and increased despair. The depression-like
behaviors increased with a time-dependent manner under
CUMS exposure. As shown in Fig. 4, the percentage of sucrose
consumption (***p < 0.001; Fig. 4a) gradually decreased and
immobility in tail suspension test (TST) (***p < 0.001; Fig. 4c)
significantly increased at week 3 and week 4, while the changes
seem to decelerate at week 5. So, the series of results suggest that
the model induction with the 4-week CUMS protocol was suc-
cessful. The percentage of sucrose intake in SPT decreased sig-
nificantly in CUMSmice (***p < 0.001; Fig. 4b), while the time
of immobility in TST (***p < 0.001; Fig. 4d) significantly in-
creased after 4-week CUMS treatment. The depression-like be-
haviors were significantly increased in the CUMSmouse model.
As shown in Fig. 4e, f, the percentage of sucrose intake signifi-
cantly increased in anti-proBDNF-microinjected CUMS mice
(*p < 0.05; Fig. 4e), while no statistical effect was observed in
anti-BDNF-treated CUMS mice (slightly decreased by 10%)
compared with normal IgG group. The results suggest that bilat-
eral microinjections of anti-proBDNF into the ACC relieve
CUMS-induced anhedonia. The percentage of immobility in
TST significantly increased in CUMS mice (***p < 0.001;
Fig. 4d), and the change was also significantly reversed in anti-
proBDNF-treated CUMS mice (*p < 0.05; Fig. 4f).

Anti-proBDNF Treatment in ACC Reverses
CUMS-Induced Decrease of Foraging Behavior in Mice

The foraging activity is based on the natural foraging and
hoarding behavior by rodents. It includes searching for food
as well as transporting, hoarding, and competitively snatching

food from other animals, which involves high cognitive func-
tions such as effort-based decisionmaking.We examined food
foraging activity in depressed mice and the controls. The
amount of transported food (**p < 0.01; Fig. 5a) and con-
sumed food (**p < 0.01; Fig. 5b) were significantly reduced
after 4-week CUMS stimuli, compared with the controls.
After blocking, BDNF and proBDNF with antibodies in
ACC region were tested for a food foraging behavior in
CUMSmodel. The normal IgG group carried sunflower seeds
from the food container to the field and gathered sunflower
seeds into piles in the open field (Fig. 5c). The amount of
foraged foodwas slightly decreased 0.6 g in normal IgG group
when compared to CUMS group. No difference was found in
the foraging test between anti-BDNF treatment and normal
IgG group (Fig. 5c). Interestingly, the foraging activities were
recorded, increased more than double in anti-proBDNF treat-
ment compared with normal IgG group (*p < 0.05; Fig. 5c).
The amount of food consumedwas decreased in CUMS group
(**p < 0.01; Fig. 5b). There was a significant difference in the
amount of food consumed over the testing period between
anti-proBDNF treatment compared with normal IgG group
(**p < 0.01; Fig. 5d).

Anti-proBDNF Treatment in ACC Restores
CUMS-Induced Decrease of BDNF mRNA Levels
in Cortex and Hippocampus

To investigate the expression of BDNF in depression, 4-week
CUMS mouse model was used to collect brain samples for real-
time PCR. The statistical results demonstrate that the relative
expression of BDNF mRNA in cortex (**p < 0.01; Fig. 6a)
and hippocampus (*p < 0.05; Fig. 6b) both did significantly
change between CUMS mice and control mice. To confirm the
role of BDNF and proBDNF in the development of depression,

Fig. 3 The effects of anti-proBDNF and anti-BDNF treatments by ACC
injection in CUMS-induced mouse anxiety-like behavior. CUMS
increased anxiety-like behavior in mice as shown by decrease in
percentage of time spent in open vs closed zone in EOM (a). Treatment
of anti-proBDNF in ACC of CUMSmice significantly decreased anxiety-
like behavior as displayed by increase in percentage of time spent in open

vs closed zone (b), whereas no significantly different effect was found by
anti-BDNF treatment (b). ACC anterior cingulate cortex, CUMS chronic
unpredictable mild stress, EOM elevated zero maze test; *p < 0.05,
***p < 0.001 (unpaired Student’s t test or one-way ANOVA). All data
are presented as mean ± SEM
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blocking BDNF and proBDNF antibody in ACC region was
microinjected in cortex of 4-week CUMS mice. As shown in
Fig. 6, BDNF mRNA slightly down-regulated in the blocking
BDNF antibody-treated CUMS mice compared with the normal
IgG-treated CUMSmice (p > 0.05; Fig. 6a, b). However, BDNF
mRNA was relatively down-regulated in the cortex and hippo-
campus of CUMS mice, while this down-regulation effect was
prevented and even obviously up-regulated in the blocking
proBDNF antibody-treated CUMS mice (**p < 0.01; Fig. 6a,
b). Especially, BDNF mRNA increased nearly fourfold in the
hippocampus of anti-proBDNF treatment compared with normal
IgG group. It seems that the down-regulation of BDNF in the
cortex and hippocampus of CUMS mice could be reversed by
treating with blocking proBDNF antibody in ACC region.

Discussion

In the present study, using a CUMS-induced mouse model,
we successfully tested our hypothesis that proBDNF in
ACC affects the foraging activity and depression-like be-
haviors. Foraging activity is reduced in a mouse model of
depression, confirming our previous finding (Yang et al.
2014b). Moreover, in our earlier study, the foraging behav-
ior can also be reversed by clozapine treatment, an anti-
depressant, which mainly blocks receptors in the brain for
several neurotransmitters including 5-HT, D2, D4, and
NMDA receptors (Yang et al. 2014b). ACC plays a critical
role in the food foraging paradigm related with an effort-
related event under natural environment (Li et al. 2012a). A

Fig. 4 The effects of anti-
proBDNF and anti-BDNF
treatments by ACC injection in
CUMS-induced mouse
depression-like behaviors. CUMS
decreased depression-like
behaviors in mice as shown by
time-dependent decrease in
percentage of sucrose preference
in SPT (a, b) and increase in
immobile time in TST (c, d).
Treatment of anti-proBDNF in
ACC of CUMSmice significantly
decreased depression-like
behaviors as shown in increase in
percentage of sucrose preference
in SPT (e) and decrease in
immobile time in TST (f),
whereas no significantly different
effect was observed by
anti-BDNF treatment (e, f). ACC
anterior cingulate cortex, CUMS
chronic unpredictable mild stress,
SPT sucrose preference test, TST
tail suspension test; *p < 0.05,
***p < 0.001 (unpaired Student’s
t test or one-way ANOVA). All
data are presented as mean ± SEM
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series of previous studies have demonstrated that surgical
incision induces an anxiety-like behavior that is tightly
linked to the ACC (Dai et al. 2011; Zhong et al. 2012). In
our experiment, we speculate that ACC region is involved
in the depression and anti-proBDNF microinjection into the

ACC may be important in depression as well as the natural
food foraging behavior. In addition, we also found that
down-regulation of BDNF mRNA under CUMS can also
be reversed by anti-proBDNF, which can improve the de-
creased adult hippocampal neurogenesis under stress.

Fig. 5 The effects of anti-
proBDNF and anti-BDNF
treatments by ACC injection in
CUMS-induced decrease of
mouse foraging behavior. CUMS
decreased foraging behaviors in
mice as displayed by decreases in
foraged food (a) and amount of
consumed food in FFT (b); brain
injection of anti-proBDNF in
ACC of CUMSmice significantly
increased mouse foraging
behaviors as shown by increases
in foraged food (c) and amount of
consumed food (d), whereas no
significantly different effect was
observed with AAC treatment of
anti-BDNF in CUMS mice (c, d).
ACC anterior cingulate cortex,
CUMS chronic unpredictable
mild stress, FFT foraging food
test; *p < 0.05, **p < 0.01
(unpaired Student’s t test or
one-way ANOVA). All data are
presented as mean ± SEM

Fig. 6 ThemRNA levels of BDNF in cortex and hippocampus of CUMS
mice treated with anti-proBDNF and anti-BDNF in ACC. CUMS in mice
decreased the mRNA levels of BDNF in cortex (a) and hippocampus (b),
while anti-proBDNF treatment in ACC restored the CUMS-induced
decreases in BDNF levels in cortex (a) and hippocampus (b); no

significant difference was found after anti-BDNF treatment. mRNA
levels were measured by real-time PCR; β-actin was measured as loading
control. ACC anterior cingulate cortex,CUMS chronic unpredictable mild
stress; **p < 0.01 (one-way ANOVA). All data are presented as
mean ± SEM
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Chronic stress to animals was reported to closely mimic the
unexpected stressors that humans experience on a daily basis
(Bambico and Belzung 2013; Patricio et al. 2013). CUMS-
induced depression model is a crucial research tool to inves-
tigate depression, which can be reproduced in our study. In the
present study, CUMS model mice exhibited a time-dependent
change in depression- and anxiety-like behaviors, such as an-
hedonia, reduced motor activity, increased anxiety, and de-
spair. And expression of BDNF mRNA is down-regulated in
cortex and hippocampus by CUMS. The reduction in BDNF
mRNA expression in the brain in our study further supports
that our model development is successful. These findings are
consistent with those analogous rodent depression model
(Ruan et al. 2014, 2015; Su et al. 2016). Besides the develop-
ment of depressive- and anxiety-like behaviors including an-
hedonia and reduction in locomotion (Kong et al. 2014), ro-
dents also enhanced aggressive behavior (Yang et al. 2015)
and reduction in higher cognitive function such as foraging
(Cheng et al. 2013). Recently, a simple method, food foraging
test, has been developed to detect higher cognitive functions
and decision making (Li et al. 2012a, b). The foraging activ-
ities of CUMS-exposed mice were dramatically reduced, and
food consumption also was decreased. Based on the preceding
studies (Holec et al. 2014; Li et al. 2012a), ACC damage
caused significant decrease in the food foraging behavior,
suggesting that ACC is implicated in guiding effort-reward
decision making. So, we further explored ACC and examined
how it plays an important role in the foraging behavior and
depression of CUMS-exposed mice.

Despite ACC-mediated, effort-based decision making is
reported, the role of the ACC in guiding emotion is controver-
sial (Rudebeck et al. 2008). The rostral anterior cingulate cor-
tex influenced depression but not anxiety-related behavior in
the rat (Bissiere et al. 2006). Our results demonstrated that, in
a CUMS mouse depression model, we found that in contrast
to the normal IgG group (normal IgG microinjection into the
ACC), bilateral ACC treatment with anti-proBDNF microin-
jection not only reversed the depressive activity but also sig-
nificantly increased the amount of foraged food. There is no
obvious change in these behaviors in the group of anti-BDNF
microinjection into the ACC. Anti-proBDNF can improve
depression-like behavior of mice as displayed by increase su-
crose intake, the decreased immobility time, and the increased
climbing numbers in TST. Anti-proBDNF also changed the
anxiety-like behavior of mice as displayed by increased mo-
bility time in OFT and in the open arm of EOM. These results
suggest that proBDNF in ACC enhances depression-like and
anxiety-like behaviors in mice under CUMS. These results
also indicate that proBDNF may be important for the mainte-
nance of normal mood, in particular for the balancing animals
from euphoretic mood. This result is consistent with our pre-
vious report that proBDNF and its receptors p75 and sortilin
are up-regulated in patients with major depression (Zhou et al.

2013). It is well known that proBDNF plays opposing roles to
that of mature BDNF. ProBDNF suppresses the proliferation
and migration of developing cerebellar granule cells (Xu et al.
2011), inhibits neurite growth of sensory and cortical neurons
(Sun et al. 2012), and triggers long-term depression (Woo
et al. 2005). In addition, our results showed that ACC modu-
lated not only depression but also anxiety, which is inconsis-
tent with the study of Bissiere et al. (2006). Furthermore, in
our experiment, anti-proBDNF caused significantly increased
foraging food and consumption of food, suggesting that
proBDNF normally inhibits the effort-related behavior and
possibly suppresses the food intake. Our data also suggests
that the proBDNF signaling pathway in the ACC suppresses
the foraging activity in CUMS rodents. Furthermore, our data
suggests that proBDNF in the ACC promotes the depression-
like behaviors.

In humans, multiple studies have widely reported that
mature BDNF mRNA and protein are reduced in the cor-
tex and hippocampus in depression (Karege et al. 2002;
Lee et al. 2007). Our data show that BDNF mRNA was
relatively down-regulated in the cortex and hippocampus
of CUMS mice, while this down-regulation effect was
prevented and even obviously up-regulated in the
blocking proBDNF antibody-treated CUMS mice. In an-
imals, decreased BDNF serum levels result in memory
deficit and suppressed the food intake; thus, increasing
BDNF availability in the brain is a viable strategy to
counteract cognitive decline and food consumption with
depression-l ike behaviors (Macedo et al . 2015).
Consistent with the results from anti-BDNF treatment,
we found that depression- and anxiety-like behaviors
a r e even more s e r i ou s t h an be fo r e i n j e c t i on .
Furthermore, our result is consistent with the report
showing that decreased BDNF suppress food consump-
tion (Beilharz et al . 2015; Macedo et al. 2015).
Nevertheless, its precursor proBDNF signaling is up-
regulated in sera and plasma from depressed patients
(Yoshida et al. 2012; Zhou et al. 2013). More recent
studies have suggested that levels of proBDNF were
higher in the medial prefrontal cortex in a learned help-
lessness model of depression (Shirayama et al. 2015). An
imbalance between levels of BDNF and proBDNF in
ACC might contribute to neurocircuitry of depression.
Thus, modification of the proBDNF signaling pathway
or the inhibition of proBDNF might have a therapeutic
significance in depression.

In conclusion, our results indicate that the proBDNF sig-
naling pathway in ACC inhibits the foraging activity in
CUMS rodents and promotes the depression-like behaviors.
Anti-proBDNF treatment may have the therapeutic signifi-
cance for major depression. In light of the complexity of
ACC functions, the mechanism of the foraging behavior and
the relation with depression should be further studied.
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