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Abstract Apelin-13, as an endogenous neuropeptide, is

the ligand for the G-protein-coupled receptor, APJ, which

has recently been demonstrated to be involved in the pro-

cess that contributes to learning and memory. Previous

studies showed that apelin may be required for certain

forms of learning and memory. Up to date, the role of

apelin in fear memory has not been explored. In the present

study, we tested the effects of apelin-13 (1.0, 2.0 and

4.0 lg/rat) on contextual fear conditioning (experiment 1),

consolidation (experiment 2) and expression (experiment

3) in rats. A well established fear conditioning protocol was

used, which contained three training phases: habituation,

fear conditioning and test. Apelin-13 was i.c.v injected

10 min before conditioning (experiment 1), immediately

after conditioning (experiment 2) or 10 min before testing

(experiment 3). The values of percent freezing were used to

measure fear. We found that only 2.0 lg apelin-13

administrations produced a decrease freezing in experiment

1. The most effective dose of apelin-13 (2.0 lg) was

selected, but it had no effect on freezing in experiment 2

and 3. Furthermore, the decreased freezing in experiment 1

was not attributed to the deficits of locomotor activity and

foot-shock sensitivity. These results, for the first time,

indicated that apelin-13 impaired fear acquisition but not

fear consolidation or expression.
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Introduction

Neuropeptide apelin originally isolated from bovine

stomach extracts through the methods of reverse pharma-

cology [1], is the endogenous ligand of a formerly orphan

G protein coupled receptor (GPCR), APJ. The preproapelin

of apelin contains 77 amino acids, and is cleaved into

several biologically active forms, such as apelin-13, apelin-

36, apelin-19 and apelin-17 in different tissues [2, 3].

Apelin-13, studied in our present study, is completely

conserved across all species investigated [4], and has high

activity at the receptor [5, 6]. It has been shown that apelin-

13 was involved in the regulation of cardiovascular func-

tion [7, 8], fluid homeostasis [9], pulmonary function [10],

and the pituitary–adrenal axis [9, 11].

Apelin receptors and apelin are widely distributed in the

central nervous system (CNS) [12, 13], such as the hip-

pocampus, amygdala and cerebral cortex. These suggest

that apelin/APJ may be of importance in the regulation of

learning and memory. But, up to date, there remain
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comparatively few studies that have explored the rela-

tionship between apelin and learning and memory. A

behavioral study showed that apelin-13 facilitated the

consolidation of passive avoidance learning in mice [14].

But apelin-13 blocked short-term memory (STM) forma-

tion and long-term memory (LTM) consolidation in novel

object recognition task [15]. This discrepancy may be

attributed to the task-dependent effects on different forms

of learning and memory.

So the aim of the present study was to explore the

effects of apelin on learning and memory using a fear

conditioning paradigm, a procedure that involves pairing a

cued or contextual conditioned stimulus (CS) with a foot-

shock unconditioned stimulus (US). This results in the CS

alone eliciting fear responding (e.g., freezing) after con-

ditioning. It is well established that context, but not tone,

learning requires the hippocampus [16, 17]. In vivo data

obtained in rodents suggest that mGlu5, another type of

GPCR,exhibited a role in fear conditioning to context [18,

19]. mGlu5 signaling plays a crucial role in acquisition but

not consolidation of contextual conditioned fear [19].

Hence, we examined whether apelin-13 affected contextual

fear conditioning, consolidation and expression in rats.

Materials and Methods

Subjects

The subjects were adult male Sprague–Dawley rats

(270–300 g) obtained from the Laboratory Animal Center of

Central South University, Changsha, Hunan, China. After

arrival, the rats were housed one per cage(290 9 178 9

160 mm) under laboratory conditions (12:12 h light/dark

cycle with lights on at 07:00 h, 25 �C, 45–55 % humidity,

pelleted food and water ad libitum). All procedures occurred

between 09:00 and 15:00 h. Before surgery, the rats were

handled daily during a 7-day adaption period. All experi-

mental protocols were performed in accordance with the

National Institutes of Health Guide for the Care and Use of

Laboratory Animals as approved by the Committee for Ani-

mal Care and Use, Central South University.

Surgery

The rats were anesthetized with sodium pentobarbital

(45 mg/kg; Sigma-Aldrich, USA) and placed in a stereo-

taxic frame (RWD Life Science Co., Ltd., Shenzhen,

Guangdong, China). A stainless-steel guide cannula was

introduced into the right lateral ventricle (1 mm posterior

to bregma, 1.6 mm lateral to midline, 3.8 mm ventral to

skull surface) according to the atlas of Pellegrino et al. [20]

and fixed to the skull with dental cement and acrylic resin.

The rats were allowed to recover for 1 week. After com-

pletion of experiment, the proper injection site was verified

by administration and localization of methylene blue dye.

Only rats with the correct location of the cannula were used

to evaluate the experiments.

Drugs and Treatments

Apelin-13 (Abbiotec Co., San Diego, USA) was freshly

dissolved in sterile pyrogen-free 0.9 % saline. It was

microinjected into the cella lateralis through an infusion

cannula (RWD Life Science Co., Ltd., Shenzhen, Guang-

dong, China) which extended 0.5 mm below the ventral tip

of the implanted guide cannula. Apelin-13 (1.0, 2.0,

4.0 lg/rat) or vehicle (4 ll) was infused over a period of

3 min via a 25 ll Hamilton microsyringe (Hamilton)

mounted on a microdrive pump (KD Scientific). The

infusion cannula was left in place for 1 min after the end of

the infusion period. For the fear consolidation, fear

expression,locomotor activity test and foot-shock sensi-

tivity test, the most effective dose of apelin-13 (2.0 lg)
was selected.

Apelin-13 or vehicle was injected 10 min before fear

conditioning in experiment 1 (Fig. 1a), immediately after

fear conditioning in experiment 2 (Fig. 2a) or 10 min

before testing in experiment 3 (Fig. 3a). And in experiment

4, rats received apelin-13 or vehicle 10 min before the

locomotor activity test and foot-shock sensitivity test.

Behavioral Apparatus

Habituation, conditioning and testing sessions were con-

ducted in a 46 cm 9 46 cm 9 46 cm cm chamber (con-

text) which was located in a sound-attenuating cabinet

(Huaibei Zhenghua Biological Equipment Co. Ltd., Anhui,

China). On the right wall of the cabinet, there was a ven-

tilation fan to supply a 60 dB background noise. Illumi-

nation was provided by a 8 W white house light installed

on the ceiling of cabinet. The grid floor of the chamber

consisted of 23 stainless steel rods, each measuring 6 mm

in diameter and distant 20 mm (center to center), that were

linked to a scrambled shocker for delivering foot-shock

USs. A computer program was used to control stimuli

appearance as scheduled. The chamber was washed with a

100 % ethanol solution before each session.

Experimental Procedure and Treatment

Contextual Fear Conditioning and Test

The behavioral procedure (Fig. 1a) was implemented on 3

consecutive days. On Day 1 (habituation phase), rats were

placed in the conditioning chamber to habituate context for
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20 min with no stimuli presented. On Day 2 (fear condi-

tioning phase), rats were put in the chamber and after

3 min were subjected to five 0.8 mA unsignaled footshocks

(1.0 s duration) with 60 s inter-trial intervals. The rats

remained in the chamber for 60 s after the last footshock,

then were put back to their home cages. Fear response was

measured by freezing which was defined as no visible

movement except that associated with respiration. Freezing

activity on each time block during which no footshock was

presented was scored with a digital stopwatch from

videotapes and expressed as the percentage of time (time

spent freezing/total time 9 100). Observers scoring

freezing were blind to the treatment of each rat. On Day 3

(testing phase), rats were reintroduced in the chamber for

5 min without any shock, and freezing behavior was scored

during 5 min context exposure.

Locomotor Activity Test

Two additional groups of rats received i.c.v. injections of

apelin-13 (2.0 lg) or saline were used to evaluate the effect
of apelin-13 on locomotor activity. The locomotor activity

test was performed 10 min after the injection. Each rat was

individually introduced to the locomotor test chamber

(46 cm 9 46 cm 9 46 cm) and allowed to explore the

Fig. 1 Apelin-13 following a single i.c.v. administration impaired the

acquisition of contextual fear response in rats. a Schematic of the

behavioral procedure used. Behavior procedure involved three

training phases: habituation, fear conditioning and test. Rats were

administrated apelin-13 10 min before conditioning phase. b Percent

freezing to the context in the 60 s periods before and after each

footshock presentation during fear conditioning in the vehicle group

(n = 8; MN = 1), 1.0 lg apelin-13 group (n = 8; MN = 2), 2.0 lg
apelin-13 group (n = 8; MN = 2) and 4.0 lg apelin-13 group

(n = 8; MN = 3). c Percent freezing to the context during test

phase. MN: missed number. *p\ 0.05, **p\ 0.01 for comparisons

between every apelin-13 group and the vehicle group. All data are

represented as mean ± SEM

Fig. 2 Apelin-13 following a single i.c.v. administration does not

affect fear consolidation. a Schematic of the behavioral procedure

used. Behavior procedure involved three training phases: habituation,

fear conditioning and test. Rats were administrated apelin-13

immediately after fear conditioning. b Percent freezing to the context

in the 60 s periods before and after each footshock presentation

during fear conditioning in the vehicle group (n = 9; MN = 1) and

2.0 lg apelin-13 group (n = 8; MN = 2). c Percent freezing to the

context during test phase. MN: missed number. All data are

represented as mean ± SEM
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arena freely for 10 min. A video camera installed on the

chamber ceiling was used to record the rat behaviours

during the session, and connected to a computer with the

commercial software (Huaibei Zhenghua Biological

Equipment Co. Ltd., Anhui, China). The traveling distance

of each rat was analyzed by the commercial software to

assess locomotor activity. The chamber was thoroughly

cleaned with 100 % ethanol solution before and after use.

Foot-Shock Sensitivity Test

Shock sensitivity was tested 10 min after apelin-13

(2.0 lg) or vehicle injection, a time point in accordance

with fear conditioning. According to a previous study [21],

rats were transported from their home cages to the fear

conditioning chambers. After 3 min, the rats were sub-

jected to unsignaled foot shocks (1.0 s, 60 s inter-trial

interval) increasing from 0.05 to 0.8 mA. The incremental

amplitude was 0.05 mA. Foot shock was stopped until the

thresholds of three kinds of response were reached: notic-

ing (an orienting head movement), flinching (hind paws

briefly raised off the bars) and vocalizing.

Data Analysis

Differences of experimental groups during fear condition-

ing phases were analyzed using two-way repeated-mea-

sures ANOVA. Differences during test phases in

experiment 1 were analyzed using one-way ANOVA. Post

hoc comparisons were performed with the Tukey HSD

method when ANOVA was significant. Differences

between two groups during test phases in experiment 2 and

3 as well as in experiment 4 were analyzed using Student’s

t test. All data were expressed as mean ± SEM. p\ 0.05

were regarded as statistically significant. Statistical analy-

sis were performed using SPSS (Version 19; SPSS, Chi-

cago, IL).

Results

Experiment 1: Effects of Apelin-13 on Contextual

Fear Conditioning

During the fear conditioning phase (Fig. 1b), two-way

repeated-measures ANOVA of percent freezing showed

significant effects of time block [F(5 140) = 111.72,

p\ 0.001] and group [group, F(3,28) = 3.507, p\ 0.05;

group 9 time block, F(5, 140) = 3.182, p\ 0.05]. Post

hoc analysis showed that compared with vehicle group,

2.0 lg apelin-13 group presented a significant decrease of

freezing response (time block 4, p\ 0.05; time blocks 5

and 6, p\ 0.01). During the test phase (Fig. 1c), apelin-13

(2.0 lg) group showed significantly lower freezing in

comparison to the vehicle group [F(3, 28) = 2.756];

p\ 0.01. These data suggested that apelin-13 impaired the

acquisition of contextual fear response.

Experiment 2: Effects of Apelin-13 on Fear

Consolidation

During the conditioning phase (Fig. 2b), there was a sig-

nificant time block effect in freezing [F(5, 75) = 151.864,

p\ 0.001] but no significant differences between groups

[group, F(1,15) = 0.020, p[ 0.05 and group 9 time

block, F(5, 75) = 0.827, p[ 0.05, respectively], suggest-

ing that the two groups showed equivalent fear learning.

During the test phase (Fig. 2c), there was no significant

difference in the level of freezing between the two groups

Fig. 3 Apelin-13 following a single i.c.v. administration does not

affect fear expression. a Schematic of the behavioral procedure used.

Behavior procedure involved three training phases: habituation, fear

conditioning and test. Rats were administrated apelin-13 10 min

before test phase. b Percent freezing to the context in the 60 s periods

before and after each footshock presentation during fear conditioning

in the vehicle group (n = 8; MN = 1) and 2.0 lg apelin-13 group

(n = 7; MN = 3). c Percent freezing to the context during test phase.

MN: missed number. All data are represented as mean ± SEM
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[t(15) = 1.050; p[ 0.05]. These data suggested that ape-

lin-13 did not affect fear consolidation.

Experiment 3: Effects of Apelin-13 on Fear

Expression

During the conditioning phase (Fig. 3b), there were sig-

nificant differences across time blocks [F(5,

65) = 168.093, p\ 0.001]. But there was no effect of

group [F(1,13) = 0.003, p[ 0.05] or interaction of group

and time block [F(5, 65) = 4.193, p[ 0.05]. Thus, the two

groups showed equivalent fear learning. During the test

phase (Fig. 3c), no significant difference in the level of

freezing was observed between the two groups

[t(13) = 1.176; p[ 0.05]. These data suggested that ape-

lin-13 did not affect fear expression.

Experiment 4: Nonspecific Response Measurement

Locomotor Activity Test

No significant difference in the total traveling distance was

observed between the apelin-13 group and vehicle group

during the 10 min test session [t(10) = 1.279; p[ 0.05,

Fig. 4a], indicating that apelin-13 did not significantly

affect locomotor activity.

Foot-Shock Sensitivity Test

There was no significant difference between the apelin-13

group and vehicle group as concerned with three response

thresholds to foot shock (all, p[ 0.05) (Fig. 4b). Thus,

apelin-13 did not significantly change sensitivity to foot

shock during fear conditioning.

Discussion

The present results, for the first time, demonstrate that

apelin-13 (2.0 lg) following a single i.c.v. administration

did impair the acquisition of contextual fear response in

rats, but had no effect on fear consolidation or expression.

Our further results showed that the disruptive effect of

apelin-13 on fear acquisition was not attributed to the

alteration of foot-shock sensitivity.

Previous studies showed that i.c.v. administration of

apelin-13 to rats did not influence the spontaneous motor

activity [11, 22]. We found a similar result when locomotor

activity test was conducted 10 min after apelin-13 injec-

tion. Thus, it was unlikely that the deficit in the acquisition

of fear was ascribed to nonspecific changes of locomotor

activity that followed apelin-13 injection.

Apelin and APJ receptor are widely expressed in neu-

rons and gliocytes in central nervous system [23], which

suggests that apelin plays an important role in the neuronal

signaling pathway [13]. Previous observations [13, 24]

found that hippocampus has high levels of apelin and its

receptor APJ. Apelin-13 has been found to impair LTM of

novel object recognition memory which is hippocampus-

dependent learning [15]. Consistent with previous studies,

our current study showed that apelin-13 impaired contex-

tual fear acquisition, also a hippocampus-dependent task.

We also observed that apelin-13 (1.0–4.0 lg/rat) produced
a dose-related damage effect on fear acquisition, induced

effectively by a dose of 2 lg/rat. The ‘‘U-shaped’’ dose

Fig. 4 Nonspecific responses measurement in the apelin-13 group

and vehicle group. a Locomotor activity test. Apelin-13 following a

single i.c.v. administration does not affect locomotor activity. Rats

were administrated apelin-13 10 min before the locomotor activity

test. The total traveling distance was showed for the vehicle group

(n = 6; MN = 2) and 2.0 lg apelin-13 group (n = 6; MN = 2)

during the 10 min test session. b Foot-shock sensitivity test. Apelin-

13 following a single i.c.v. administration does not affect shock

sensitivity. The three response thresholds, including noticing, flinch-

ing and vocalizing, were showed for the vehicle group (n = 7;

MN = 1) and 2.0 lg apelin-13 group (n = 8; MN = 0). MN: missed

number. All data are represented as mean ± SEM
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response might indicate that apelin-13 is an agonist at low

doses but reveals partial reversal of agonistic activity at

higher concentrations [25, 26]. Additionally, apelin-13 did

not block the expression of freezing in rats. This is in

accordance with a previous observation that no effect of

apelin-13 was observed when apelin-13 was given prior to

testing 24 h after novel object recognition memory training

in mice [15]. In summary, apelin-13 selectively produced

an impairment effect on the acquisition but not on the

expression of conditioned fear. These results indicate that

apelin-13 regulates the plasticity of fear memory, but not

prevents the synaptic transmission of information [27].

Our findings of the role for apelin-13 in fear consoli-

dation are inconsistent with the previous literatures [14,

15]. Previous reports showed that central administration of

apelin-13 facililated the consolidation of passive avoidance

memory in mice [14] or impaired object recognition

memory consolidation [15]. While in our current study,

there was comparable freezing level in fear consolidation

test between rats with 2.0 lg (1.29 nmol) apelin-13 and

with vehicle. These disagreements of apelin-13 on fear

consolidation are difficult to explain. In our studies, the

dose of apelin-13 (2 lg/1.29 nmol) were roughly equal to

that (2 lg or 1 nmol) used in the previous studies, thus the

different doses of apelin-13 seem not to be enough to

account for the inconsistent results. We infer that this

discrepancy may attributed to different task types. Studies

on the mechanism suggest that there exist some differences

in the biochemical processes involved in different task [28–

30]. In addition, this inconsistency may be related to dif-

ferent animal species (rats vs mice). Taken overall, our

present results and previous studies that produced contra-

dictory findings suggested that different influences of

apelin-13 on memory may be attributed to different task

types, processing modes or animals used. Anyway, future

studies are need to be illuminated the molecular mecha-

nisms that underlie these discrepancies. Overall our

observation suggests that apelin-13 negatively regulates the

acquisition of fear conditioning. However, the underlying

mechanisms are still unknown. Previous studies have found

apelin/APJ system could negatively regulate the cAMP

pathway [1], which is important for contextual fear con-

ditioning [31]. And apelin has been showed to attenuate N-

methyl-D-aspartate (NMDA) receptor-mediated Ca2?

accumulation and excitotoxicity in the hippocampal neu-

rons [32, 33], indicating that apelin could block the NMDA

receptor pathway. While acquisition of fear memory relies

on NMDA receptor signaling [34, 35]. Base on the above

researches, we speculated that apelin impair the acquisition

of fear memory by blocking cAMP pathway or NMDA

receptor signaling. However, it should be mentioned that

mGlu5 antagonist 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]

pyridine (MTEP) attenuated contextual fear learning,

which suggests that mGlu5 facilitates the acquisition of

contextual fear in mice [19]. While our results found that

apelin-13, the agent of another GPCRs, impaired the

acquisition of contextual fear in rats. This disagreement

may be mainly caused by the following two factors. First,

different animal species (mice vs rats) may be relative to

this disagreement. Second, different kinds of GPCRs bound

by ligand may produce different, even contrary effects.

Anyhow, we fully agree with other authors [14, 15] that

apelin/APJ system may be a potential target for the regu-

lation of memory and well worth further exploration.

Conclusions

In summary, data from our present experiments strongly

indicates, for the first time, that i.c.v. administration of

apelin-13 (2.0 lg) impaired contextual fear acquisition but

not consolidation or expression. These findings suggested

that apelin were specific to certain aspects of the learning

experience, which extended previous research on the

effects of apelin on learning and memory. Additionally, it

is widely accepted that the acquisition of fear is involved in

some anxiety disorders, such as post-traumatic stress dis-

order (PTSD), which are marked by excessive fear [36].

Thus, the Apelin/APJ system may be considered as a novel

target to treat anxiety disorders by decreasing fear. Further

studies are needed to fully delineate it.
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