
ORIGINAL ARTICLE

Ketamine Alleviates Fear Generalization Through GluN2B-BDNF
Signaling in Mice

Muhammad Asim1,2
• Bo Hao1,2 • Yu-Han Yang1,2 • Bu-Fang Fan1,2 •

Li Xue1,2,3 • Yan-Wei Shi1,2,3 • Xiao-Guang Wang1,2,3 • Hu Zhao1,2,3

Received: 2 February 2019 / Accepted: 21 June 2019 / Published online: 23 August 2019

� Shanghai Institutes for Biological Sciences, CAS 2019

Abstract Fear memories are critical for survival. Never-

theless, over-generalization of these memories, depicted by

a failure to distinguish threats from safe stimuli, is typical

in stress-related disorders. Previous studies have supported

a protective role of ketamine against stress-induced

depressive behavior. However, the effect of ketamine on

fear generalization remains unclear. In this study, we

investigated the effects of ketamine on fear generalization

in a fear-generalized mouse model. The mice were given a

single sub-anesthetic dose of ketamine (30 mg/kg, i.p.) 1 h

before, 1 week before, immediately after, or 22 h after fear

conditioning. The behavioral measure of fear (indicated by

freezing level) and synaptic protein expression in the

basolateral amygdala (BLA) and inferior-limbic pre-frontal

cortex (IL-PFC) of mice were examined. We found that

only ketamine administered 22 h after fear conditioning

significantly decreased the fear generalization, and the

effect was dose-dependent and lasted for at least 2 weeks.

The fear-generalized mice showed a lower level of brain-

derived neurotrophic factor (BDNF) and a higher level of

GluN2B protein in the BLA and IL-PFC, and this was

reversed by a single administration of ketamine. Moreover,

the GluN2B antagonist ifenprodil decreased the fear

generalization when infused into the IL-PFC, but had no

effect when infused into the BLA. Infusion of ANA-12 (an

antagonist of the BDNF receptor TrkB) into the BLA or IL-

PFC blocked the effect of ketamine on fear generalization.

These findings support the conclusion that a single dose of

ketamine administered 22 h after fear conditioning allevi-

ates the fear memory generalization in mice and the

GluN2B-related BDNF signaling pathway plays an impor-

tant role in the alleviation of fear generalization.
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Introduction

Post-traumatic stress disorder (PTSD) is an excessive

generalization of fear memory that is characterized not

only by a strong response to a previously learned threat-

ening cue but also a debilitating failure to suppress these

responses even in the presence of cues that indicate safety

[1, 2]. Epidemiological studies have estimated that the

incidence of life-time PTSD is *8% in the general

population [3]. Current PTSD treatment includes pharma-

cotherapy, psychotherapy, or a combination of both.

However, there is still a high proportion of PTSD patients

without remission after multiple trials of both pharma-

cotherapy and psychotherapy [4–7].
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Ketamine, a non-competitive N-methyl-D-aspartate

receptor (NMDAR) antagonist, has rapid and sustained

antidepressant effects both in humans and in a mouse

model of depression [8–10]. Brachman et al. [11] showed

that prophylactic ketamine attenuates stress-induced

depressive behavior in three mouse models of stress. A

previous study found that burned soldiers receiving peri-

operative ketamine have a lower prevalence of PTSD [12].

However, a follow-up study from the same research group

did not support their initial findings [13]. Results from

studies in animal models investigating the anxiety-related

effect of ketamine are not always consistent, with reports

of anxiolytic [14], anxiogenic [15], and null results [16],

which raise new questions such as the heterogeneity and

translatability of animal models, and how the dosage and

timing of ketamine administration influence its affectivity

for PTSD treatment.

Clinical studies have reported exaggerated amygdala

and medial prefrontal responses in anxiety disorders

[17, 18]. Previous studies found that fear generalization

increases the overall activity of neurons in the lateral

amygdala of mice [19]. Trace fear conditions increase the

spiking of projection neurons in the inferior-limbic pre-

frontal cortex (IL-PFC) and basolateral amygdala (BLA)

[20]. NMDARs are required for learning and memory and

their subunits undergo dynamic modification following fear

conditioning [21–24]. Inhibition of NMDARs prevents the

loss of brain-derived neurotrophic factor (BDNF) function

[25]. Importantly, BDNF modulates fear generalization in

humans [26]. Recently, it was shown that ketamine

regulates the expression of BDNF in the medial PFC of

the single prolonged stress and electric foot shock (SPS&S)

rat model [27]. Protein kinase M zeta (PKMf) and

Ca2?/calmodulin-dependent protein kinase II-alpha

(CAMKII-a) are pivotal in learning and memory

[28, 29]. However, the roles of NMDAR/BDNF, PKMf,
and CAMKII-a signaling in cued fear memory generaliza-

tion remain unclear and the effects of ketamine on these

molecules during fear generalization remain to be defined.

In the present study, we used a fear generalized mouse

model to study the effects of ketamine on fear generaliza-

tion and the molecular mechanisms underlying the effects.

Material and Methods

Animals

Male C57BL/6 mice weighing 20 g–25 g (6–8 weeks old)

were maintained on a 14-h/10-h light/dark cycle with food

and water available ad libitum at the Laboratory Animal

Center of Sun Yat-sen University. All animal procedures

were approved by the Animal Care and Use Committee of

Sun Yat-sen University.

Drugs

Ketamine (Gutian Pharma Co., Fujian, China, 30 mg/kg

[30, 31]) was administered intraperitoneally, while ifen-

prodil (MedChemExpress, NJ, 2.0 lg/lL [24]) and ANA-

12 (Sigma Aldrich, St. Louis, MO, 1 lg/lL [32]) were

infused bilaterally into the BLA or IL-PFC.

Behavioral Protocol

The procedure was a modification of the rat model of fear

generalization described previously [19]. All behavioral

experiments were performed during the light phase (day-

time). Fear conditioning and fear memory recall tests were

conducted in different contexts in a sound isolation

chamber (Coulbourn Instruments, MA). The freezing

behavior of mice was recorded and quantified with a video

camera attached to the roof of the sound isolation chamber.

Infrared LED cues placed on the wall of the chamber

coincided with sound stimuli to check the sound-evoked

freezing behavior. The floor, walls, lighting conditions, and

odor differed between the conditioning and testing (re-

trieval) contexts. Before starting experiments, all chambers

were cleaned with 70% ethanol. On day 1, the mice were

habituated to context A (12 inches wide 9 10 inches deep

9 12 inches high), receiving 5 presentations of two sounds

(duration 10 s, composed of either 5 kHz clicks or a

continuous sound at 1 kHz, with a 5-ms rise and fall time,

and 70±5 dB sound pressure). Immediately after habitu-

ation, fear conditioning was applied, where one of the two

sounds (conditioned stimulus, CS?) (10 presentations of

each sound at an average interval of 70 s, with a range of

40 s–100 s) was paired with a 1-s foot-shock delivered

through metal grids on the floor (weak shock group, 0.4

mA for 1 s; strong shock group, 1.2 mA for 1 s, co-

terminated with the CS?). After 24 h (on day 2), the

behavioral test was performed in context B with presen-

tations of 5 trials of each CS– (clicks tone, which was not

paired with electric shock during training) and CS?

(continous tone, which was paired with electric shock

during training) sounds (10 s duration, with an average

inter-trail interval of 70 s, in a range of 40 s–100 s), and the

freezing levels in response to the two sounds were

measured by taking an average freezing level to all CS–

tones, and an average freezing levels to all CS? tones

during behavioral test (Fig. 1A). The difference in freezing

response to CS–/CS? was evaluated as the index of

behavioral generalization (IBG), which was defined as the

ratio of average freezing response to CS– to the average

freezing response to CS? in the testing session.
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Immunoblotting

Mice were sacrificed immediately, 1 week, or 2 weeks

following behavior test. The brain was removed, and IL-

PFC and BLA tissues were collected. Samples were

homogenized for 1 min in RIPA sample buffer containing

a protease inhibitor mixture (1:100; Millipore, Bedford,

MA) and 1 mmol/L PMSF. The homogenates were

centrifuged at 12000 g for 20 min at 4 �C. Supernatant
liquots were assessed for protein concentration using a

BCA assay (Pierce, Waltham, MA, Catalog# 23225).

Proteins were resolved by SDS-PAGE and transferred to

a PVDF membrane (Immobilon-P, Millipore). Blots were

incubated overnight at 4 �C with rabbit polyclonal anti-

PKCf (1:500, Catalog# ab59364, Abcam, Cambridge, UK),

anti-phospho PKCf (T560) (1:500, Catalog# ab59412,

Abcam), anti-GluN2A (1:1000, Catalog# 07-632, Milli-

pore), anti-GluN2B (1:1000, Catalog# 14544, Cell Signal-

ing Technology, MA), anti-BDNF (1:500, Catalog#

3160-1, Epitomics, CA), or anti-CaMKII-a (1:1000,

Fig. 1 A strong shock causes fear generalization. A Schematic of the

behavioral protocol. B Mice with the strong shock (1.2 mA) showed a

greater freezing level to the CS– (Clicks tone, which was not paired

with shock during training) tone than those with the weak shock (0.4

mA) and controls (0 mA). C The index of behavioral generalization

(IBG) was higher in the strong shock group than in the weak shock

group. D In the weak shock group, the fear response to a CS?

(Continous tone, which was paired with shock during training, but not

paired with shock during behavioral testing) tone during the

behavioral test (Test) was significantly higher than that of the

habituation session (HAB); while there was no significant difference

in the fear response to the CS– tone between HAB and Test. E The

strong shock group showed an increased freezing level in response to

both the CS– and CS? tones, indicating fear generalization. n = 8–10

mice/group; mean ± SEM; ***P\ 0.001, ****P\ 0.0001.
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Catalog# 50049, Cell Signaling Technology), and bands

were amplified with HRP-conjugated secondary antibody

(1:1000, Catalog# HAF008, R&D, MN). Protein signals

were developed using Immobilon Western Chemilumines-

cent HRP Substrate (Millipore). The target protein

immunoreactivity was normalized to GAPDH (1:1000,

Catalog# 2118, Cell Signaling Technology) and quantified

by densitometry using ImageJ (NIH, MD).

Cannula Infusion Experiment

Mice were anesthetized with sodium pentobarbital, and

then positioned into a stereotaxic instrument (RWD Life

Science, Shenzhen, China). They were placed on a heating

pad, and the temperature was continuously monitored with

a rectal thermometer. The body temperature was main-

tained at 37.5 �C–38.5 �C. Eye cream was applied to both

corneas to prevent dehydration. Guide cannulas were

implanted bilaterally in the BLA (-1.6 mm posterior,

±3.35 mm lateral, and -4.8 mm dorsal to bregma) or the

IL-PFC (?1.78 mm posterior, ±0.4 mm lateral, and -2.5

mm dorsal to bregma), and fixed to the skull with dental

cement. The coordinates were based on a mouse brain atlas

[33]. Stainless-steel obturators were placed into the guide

cannulas, and were changed every day to ensure patency

until infusions were completed. Mice were kept in home

cages to recover for at least 1 week after surgery.

After recovery, the mice were trained in the fear

conditioning protocol, and 22 h later they received bilateral

infusions of 0.5 lL ANA-12 (1 lg/lL) or saline into the

BLA or IL-PFC through the cannulas, and intraperitoneal

injection of 30 mg/kg ketamine or saline, while another

group of mice only received 0.5 lL ifenprodil (Ifen, 2.0 lg/
lL) or saline in the BLA or IL-PFC bilaterally. Drugs were

infused (0.1 lL/min) through tip-sharpened 33-gauge

double injector cannulas, which were attached to a

Fig. 2 Effect of ketamine on fear generalization when administered 1

h before fear conditioning. A Experimental design. B Mice injected

with saline or ketamine 1 h before fear conditioning expressed

comparable levels of freezing behavior. C No significant difference

was found in the index of behavioral generalization (IBG) between

the saline and ketamine groups. D, E Mice injected with saline or

ketamine expressed comparable levels of freezing during habituation

(D) and training (E). n = 8 mice/group; mean ± SEM.
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micro-syringe. The injector cannulas were kept in place for

another 2 min to decrease the spread of the drug. The

behavioral tests were performed 2 h after the bilateral

infusions.

Statistical Significance

All data are presented as the mean ± SEM. P\0.05 was

considered statistically significant. Data were analyzed

with the unpaired t-test or one-way ANOVA, using

repeated measures where appropriate. Significant

ANOVAs were followed by a post-hoc Turkey’s test

where appropriate.

Results

Strong Shock Causes Generalization of Conditioned

Fear

To determine the effects of weak and strong shocks on fear

generalization, mice were divided into control, weak shock

(0.4 mA), and strong shock (1.2 mA) groups. The mice

with strong shock showed a significantly increased freezing

level in response to the CS– tone as compared with the

control and weak shock groups (Fig. 1B). The IBG was

also higher in the strong shock group than in the weak

shock group (Fig. 1C). Furthermore, the mice discrimi-

nated between the CS? and CS– 24 h after weak shock fear

conditioning, as evidenced by selectively higher freezing

level in response to the CS? than the CS– (Fig. 1D).

However, the mice with strong shock expressed

Fig. 3 Prophylactic effect of ketamine on fear generalization when

injected 1 week before fear conditioning. A Experimental design.

B Mice injected with saline or ketamine 1 week before fear

conditioning showed comparable levels of freezing during behavioral

tests. C The two groups of mice showed comparable values of the

index of behavioral generalization (IBG). D, E Mice in both groups

showed comparable freezing levels during habituation and training.

n = 8 mice/group; mean ± SEM.
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significantly increased freezing behavior in response to

both the CS– and CS? tones during behavioral tests

compared to the habituation (Fig. 1E). These results

suggest that a strong shock causes generalization of

conditioned fear.

Ketamine Injection 1 h Before Fear Conditioning

Does Not Alleviate Fear Generalization

A recent study found that in contextual fear-conditioned

mice, a single dose of ketamine (30 mg/kg) attenuates the

contextual fear memory only when given a week before as

a prophylactic, but had no effect when given immediately

before or after a stress-inducing episode [34]. To determine

the prophylactic effect of ketamine on fear generalization,

we administered a single dose of ketamine (30 mg/kg) or

saline intraperitoneally 1 h before fear conditioning

(Fig. 2A). These mice expressed comparable freezing

levels when tested 24 h after conditioning (Fig. 2B). Also,

no significant difference was found in the IBG level

(Fig. 2C). Furthermore, the freezing level during habitua-

tion and training was similar in the saline and ketamine

groups (Fig. 2D, E). These results suggest that ketamine

administered 1 h prior to fear conditioning does not alter

fear generalization.

Ketamine Injection 1 Week Before Fear Condition-

ing Does Not Inhibit Fear Generalization

To further determine the prophylactic effect of ketamine on

fear generalization, ketamine (30 mg/kg) was administered

intraperitoneally 1 week prior to fear conditioning

(Fig. 3A). The results showed that ketamine did not alter

the fear response when compared to the saline-injected

mice (Fig. 3B). Moreover, the IBG level was similar in

ketamine- and saline-injected mice (Fig. 3C). The freezing

levels during habituation and training were comparable

between the two groups (Fig. 3D, E). These data showed

that ketamine injection 1 week before fear conditioning

does not change fear generalization in mice.

Ketamine Injection Immediately After Fear Condi-

tioning Does Not Alleviate Fear Generalization

A single dose of ketamine (30 mg/kg) immediately after

fear conditioning did not affect the freezing and IBG levels

of mice when compared to the control and saline groups

(Fig. 4). These results indicate that ketamine does not

affect fear generalization when injected immediately after

fear conditioning.

Ketamine Administration 22 h Following Fear

Conditioning Alleviates Fear Generalization

Ketamine when administered 22 h after fear conditioning

significantly reduced the fear response to the CS– tone

(Fig. 5B). There was a significant difference in the IBG

between the control, saline, and ketamine groups (Fig. 5C).

It has been reported that the antidepressant effect of

ketamine remains significant for 1 week [35], so we tested

its effects on fear generalization at 2 h (test 1), 1 week (test

2), and 2 weeks (test 3) after ketamine administration. The

results showed that the ketamine-induced alleviation of

fear generalization remained significant for at least 2 weeks

(Fig. 5D, E). In addition, to investigate whether the effect

of ketamine was dose-dependent, 7.5 mg/kg, 15 mg/kg, and

30 mg/kg ketamine was applied 22 h after fear conditioning

(Fig. S1). Ketamine at 15 mg/kg and 30 mg/kg significantly

decreased the fear generalization when compared with the

control group, while 7.5 mg/kg did not (Fig. S1).

Fig. 4 Effect of ketamine when administered immediately after fear

conditioning. A Experimental design. B, C Ketamine when admin-

istered immediately after fear conditioning did not alter the fear

generalization (B) or the index of behavioral generalization (IBG)

(C) compared with the saline group. n = 8 mice/group; mean ± SEM.
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Ketamine Alters the Expression of GluN2B

and BDNF in the BLA and IL-PFC

NMDAR subunits undergo modification following training

[21–24]. Ketamine is an antagonist of NMDARs, which is

critical in learning and memory [36]. We first used Western

blot to examine the expression of GluN2A and GluN2B in

the BLA and IL-PFC 24 h after fear conditioning, and

found that GluN2B was significantly increased after fear

memory generalization; this was reversed by a single dose

of ketamine (Figs. 6C, 7C). Interestingly, GluN2A was

also increased, but the increment was not reversed by

ketamine (Figs. 6D, 7D). A previous study reported that

inhibition of NMDARs prevented the loss of BDNF

function [25]. Therefore, we investigated the expression

of BDNF in the BLA and IL-PFC and found that the BDNF

level was decreased after formation of generalized fear

memory; this was reversed by ketamine (Figs. 6B, 7B).

These results highlight an important role of GluN2B-

related BDNF signaling in the expression of generalized

fear. Previous studies have reported that PKMf and

CAMKII-a are involved in long-term memory formation

[28, 29]. To investigate the role of these proteins in fear

generalization, the expression of PKMf, P-PKMf, and

CAMKII-a in the BLA and IL-PFC was examined. We did

not find any significant difference in their expression in

either region after the formation of generalization of

conditioned fear. Moreover, ketamine administration did

not affect their expression in these regions of mice exposed

to the fear conditioning protocol (Figs. 6, 7E, F, G). These

results indicate that PKMf and CAMKII-a in the BLA and

IL-PFC are not necessary for the generalization of condi-

tioned fear.

Fig. 5 Ketamine administered 22 h after fear conditioning decreases

fear generalization. A Experimental design. B Injection of ketamine

22 h after fear conditioning showed a significantly lower fear

response to the CS– tone than the saline group. C Ketamine-injected

mice expressed lower levels of the index of behavioral generalization

(IBG) than the saline group. D, E The effect of ketamine remained

significant for at least 2 weeks. n = 8 mice/group; mean ± SEM; *P\
0.05, **P\0.01, ***P\0.001. Test 1, 2 h after ketamine injection;

Test 2, 1 week after ketamine injection; Test 3, 2 weeks after

ketamine injection.
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Effect of GluN2B and BDNF Receptor Antagonists

on Fear Generalization

To investigate whether ketamine alleviates fear general-

ization by regulating GluN2B-related BDNF signaling in

the BLA and IL-PFC, mice were either injected with a

GluN2B antagonist, or the BDNF receptor TrkB antagonist

ANA-12, bilaterally into the BLA or IL-PFC. The GluN2B

antagonist ifenprodil did not decrease the fear generaliza-

tion when infused bilaterally into the BLA (Fig. 8B, C).

However, bilateral infusion of ifenprodil into the IL-PFC

significantly decreased the fear generalization as compared

with the saline group (Fig. 8D, E). Moreover, ANA-12

infused either into the BLA or IL-PFC blocked the effect of

ketamine on fear generalization (Fig. 8F–I). These results

support an important role of GluN2B-related BDNF

Fig. 6 Effects of ketamine on the expression of postsynaptic proteins

in the BLA. A Western blots of synaptic protein levels in the BLA. B,
C Fear generalization decreased the expression of BDNF and

increased the expression of GluN2B, which were reversed by

ketamine. D GluN2A was significantly increased in fear-generalized

mice but this increase was not reversed by ketamine. E–G The

expression of PKMf, P-PKMf, and CAMKII-a did not differ among

the naı̈ve, control, saline, and ketamine groups. n = 5 mice/group;

mean ± SEM. *P \ 0.05, **P \ 0.001; Imd, immediately; BLA,

basolateral amygdala; IL-PFC, inferior-limbic prefrontal cortex.
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signaling in fear generalization and modulation of the

GluN2B/BDNF signaling pathway is involved at least in

part in the alleviation of fear generalization by ketamine.

Discussion

We investigated the role of ketamine in fear generalization.

A strong stress induced the enduring generalization of

conditioned fear. The fear-generalized mice developed

PTSD-like behaviors, unable to discriminate dangerous

from safe stimuli. A single sub-anesthetic dose of ketamine

intraperitoneally administered 22 h after fear conditioning

Fig. 7 Effect of ketamine on the expression of postsynaptic proteins

in the IL-PFC. A Western blots of synaptic protein levels in the IL-

PFC. B, C Fear generalization decreased the expression of BDNF and

increased the expression of GluN2B, which were reversed by

ketamine. D GluN2A was significantly higher in fear-generalized

mice but this increase was not reversed by ketamine. E–G The

expression of PKMf, P-PKMf, and CAMKII-a did not differ among

the naı̈ve, control, saline, and ketamine groups. n = 5 mice/group;

mean ± SEM; *P \ 0.05; Imd, immediately; BLA, basolateral

amygdala; IL-PFC, inferior-limbic prefrontal cortex.
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led to significant inhibition of fear generalization and the

effect lasted at least 2 weeks. Fear-generalized mice had a

lower level of BDNF and a higher level of GluN2B protein

in the BLA and IL-PFC, which were reversed by a single

administration of ketamine. Moreover, the GluN2B antag-

onist ifenprodil decreased the fear generalization when

infused into the IL-PFC, but had no effect when infused

into the BLA. The BDNF receptor TrkB antagonist ANA-

12 blocked the effect of ketamine on fear generalization

when infused into either the BLA or the IL-PFC. The

results support the conclusion that ketamine suppresses fear

generalization by modulating GluN2B/BDNF signaling.

Fig. 8 Effects of GluN2B and BDNF antagonists on fear general-

ization. A Schematic of the experimental procedure. B, C Infusion of

the GluN2B-selective antagonist ifenprodil into the BLA did not

decrease the fear generalization as shown by similar freezing levels

(B) and IBG (C) in the ifenprodil (Ifen) and saline groups. D,
E Ifenprodil infusion into the IL-PFC decreased the fear generaliza-

tion, as shown by a significantly lower response to the CS– in terms of

freezing level (D) and IBG (E) in the Ifen group than in the saline

group. F–I The BDNF receptor TrkB antagonist ANA-12 infused

either into the BLA (F, G) or the IL-PFC (H, I) blocked the effect of

ketamine on fear generalization as shown by comparable freezing

levels and IBG in the ANA-12 and saline groups. n=6 mice per group;

mean ± SEM; **P \ 0.001; BLA, basolateral amygdala; IL-PFC,

inferior-limbic prefrontal cortex.
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According to theoretical models of Pavlovian condi-

tioning, fear learning can also be modulated by changing

the unconditioned stimulus itself [37, 38]. A recent study

showed that increasing the intensity of electrical shocks

strengthens the fear generalization response, which was

presented as a novel PTSD model [19]. Fear generalization

produces more robust symptoms, including increased

freezing in response to a safe cue and impaired safety

signal learning, which has been proposed as a biomarker

for PTSD patients [1]. Interestingly, clinical studies have

reported exaggerated amygdala and medial PFC responses

in anxiety disorders [17, 18]. In fear-generalized rats, the

overall activity of neurons in the lateral amygdala is

significantly enhanced [19], and the freezing level is

positively correlated with the excitability of IL-PFC and

BLA projection neurons after conditioning [20]. Consistent

with these studies, we found that fear-generalized mice had

a lower level of BDNF and a higher level of GluN2B

protein in the BLA and IL-PFC, which were reversed by a

single intraperitoneal dose of ketamine. Recently, it has

been shown that blockade of NMDAR-dependent bursting

activity in the lateral habenula mediates the antidepressant

actions of ketamine in rat and mouse models of depression

[39]. It would therefore be interesting to investigate the

effects of ketamine on the activity of neurons in the BLA

and PFC.

Ketamine increased the BDNF expression in the BLA

and IL-PFC in a short period of time (*2 h) after

administration, which is consistent with a previous study

showing that 1 h–5 h are sufficient for significant

upregulation of protein expression [40]. A recent study

confirmed that ketamine increases pro-BDNF expression

within 40 min after a single dose [41]. These results

indicate that ketamine might prevent the degradation of

protein or enhance the expression of protein via the

cytoplasmic mRNA pool. Acute ketamine administration

increased BDNF protein in the BLA and IL-PFC. This is

consistent with the antidepressant effects of ketamine,

which may depend on rapid activation of the mammalian

target of BDNF protein in the PFC [42, 43], and ketamine

alleviates the PTSD-like effect by modifying the BDNF

and HCN1 expression in the SPS&S animal model [27].

In addition, we found that GluN2B and GluN2A protein

expression was increased as a result of fear generalization

and ketamine reversed the expression of GluN2B, but

interestingly GluN2A expression remained the same.

Growing evidence supports the idea that the expression

and subunit composition of NMDARs can be dynamically

modulated by individual experiences. Interestingly, the

expression of membrane GluN2B, not the total amount of

GluN1, GluN2A, and GluN2B, is increased in the hip-

pocampal CA1 after contextual fear conditioning in a

stress-strength-dependent manner [24], highlighting an

important role of NMDAR trafficking in NMDA-depen-

dent synaptic plasticity. Accumulating data indicate that

NMDARs dynamically sense and integrate neural signaling

in a stimulus-dependent manner, by the regulation of

expression, subunit composition, or cellular trafficking.

Notably, previous studies revealed that loss of GluN2B

function [44] or GluN2B deletion [45] impairs long-term

fear memory. Our recent data also supported an important

role of GluN2B in long-term fear memory formation [22].

Moreover, inhibition of NMDARs prevents the loss of

BDNF function [25]. Our results together with previous

data indicate that ketamine up-regulates BDNF signaling

by decreasing GluN2B protein to alleviate PTSD-like

symptoms.
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