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PKA-CREB-BDNF signaling 
regulated long lasting 
antidepressant activities of Yueju 
but not ketamine
Wenda Xue1,*, Wei Wang2,*, Tong Gong1, Hailou Zhang1, Weiwei Tao1, Lihong Xue1, Yan Sun1, 
Fushun Wang2 & Gang Chen1

Yueju confers antidepressant effects in a rapid and long-lasting manner, similar to ketamine. CREB 
(cAMP-response element binding protein) signaling is implicated in depression pathology and 
antidepressant responses. However, the role of CREB and associated brain derived neurotrophic 
factor (BDNF) signaling in rapid and long-lasting antidepressant effects remains unclear. Here, we 
demonstrated that ICR and Kunming strain mice conferred antidepressant responses lasting for 1 
and 5 days, respectively, following a single dose of  Yueju. One day post Yueju in Kunming but not ICR 
strain mice, expression of total and phosphorylated CREB, as well as the CREB signaling activator, PKA 
(protein kinase A) was up-regulated in the hippocampus. Although BDNF gene expression increased 
at 3 hours in both strains, it remained up-regulated at 1 day only in Kunming mice. Ketamine showed 
similar strain-dependent behavioral effects. However, blockade of PKA/CREB signaling blunted the 
antidepressant effects and reversed the up-regulation of BDNF gene expression by Yueju, but not 
ketamine. Conversely, blockade of mammalian target of rapamycin signaling led to opposite effects. 
Taken altogether, prolonged transcriptional up-regulation of hippocampal BDNF may account for the 
stain-dependent enduring antidepressant responses to Yueju and ketamine, but it was mediated via 
PKA/CREB pathway only for Yueju.

Depression is among the leading causes of disability worldwide and places a significant emotional and economic 
burden on patients and their families1. Selective serotonin reuptake inhibitors (SSRIs) represent first line antide-
pressants that are effective for approximately two-thirds of depressed patients2. SSRIs typically require 3–6 weeks 
of chronic treatment before antidepressant effects are observed. Recently, a single dose of ketamine, a noncom-
petitive N-methyl-D-aspartate receptor (NMDA) antagonist, has been found to alleviate depression symptoms. 
The effect of a single dose of ketamine is rapid and can last for several days in both humans and animal models3–5. 
Fast-acting antidepressants may be used to treat depression in patients who are not responsive to conventional 
SSRIs and to rapidly control the suicide ideation6,7.

As ketamine has toxic and abuse potential, efforts have been made to develop other novel rapid antidepres-
sants. A handful of agents have been identified to display rapid antidepressant-like efficacy, including Yueju, a 
Chinese herbal medicine which has been used to treat mood disorders for hundreds years8,9. Like ketamine, a sin-
gle dose of Yueju quickly increases hippocampal brain derived neurotrophic factor (BDNF) expression in the ICR 
strain mice. This up-regulated BDNF, non-transcriptional by nature, is crucial for induction of rapid-onset anti-
depressant activity5. One day after ketamine administration, ICR strain mice still show antidepressant response, 
whereas hippocampal BDNF expression is no longer up-regulated. The antidepressant response does not continue 
in the following day. Although the dependence of ketamine and Yueju on BDNF for induction of the immedi-
ate antidepressant response has been demonstrated, its role in control of the persistent antidepressant response 
remains elusive.
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BDNF expression is regulated by multiple signaling pathways, including cAMP-response element binding 
(CREB), one of the best studied transcription factors implicated in depression and antidepressant-like responses. 
Human post-mortem studies reveal lowered CREB level in the hippocampus in major depression and suicide 
patients10. Studies using chronic stress models in rodents show reduced CREB activity11–13. Furthermore, chronic 
but not acute SSRI administration increases CREB activity and its upstream activator PKA14,15. Modulation of 
CREB and its target genes results in cellular adaptations underlying the antidepressant effects16–18. Chronic treat-
ment with fluoxetine, a SSRI, enhances cAMP levels, subsequently activates PKA and up-regulates CREB mRNA 
in the hippocampus, cortex and hypothalamus of the chronically stressed rats19. Conversely, blockade of CREB 
signaling blunts the antidepressant effects of chronic SSRIs20. CREB signaling regulates expression of genes that 
promote synaptic and neural plasticity, including BDNF, as evidenced by the presence of CRE elements in the 
promoter region of BDNF21. CREB-BDNF signaling has been suggested to be critical in numerous neuronal bio-
logical processes, including cell survival, synaptic structure, and synaptic plasticity22,23. A prolonged activation of 
CREB-BDNF signaling may serve to promote the persistent antidepressant effects of Yueju or ketamine. However, 
this has not been examined in depth.

Previous studies showed that an antidepressant response in the tail suspension test lasted for only 1 day in 
ICR strain mice8, whereas it lasted for 5 days in Kunming (KM) strain mice exposed to chronic stress24. We 
hypothesize that the difference in antidepressant action between strains is due to a difference in the time course 
of CREB-BDNF signaling in the two strains. Here, we first examined the strain difference in the duration of the 
antidepressant response of Yueju. The expression patterns of CREB and BDNF at different time points post Yueju 
were assessed in ICR and KM strains. Additionally, we investigated the role of the activation of CREB upstream 
regulator PKA, and tested whether blockade of the PKA-CREB signaling influenced BDNF expression as well as 
the antidepressant effects of Yueju. Finally, as the persistent antidepressant activity of ketamine was suggested to 
require activation of mammalian target of rapamycin (mTOR) signaling, which is also implicated in the effects 
of Yueju24, we thus tested whether BDNF gene expression and antidepressant activity of Yueju was dependent on 
mTOR signaling.

Results
Yueju conferred a longer duration of antidepressant response in KM compared to ICR mice.  
The time course of depression-like behavior following a single dose of Yueju or ketamine in KM (Fig. 1A) 
and ICR (Fig. 1B) mice is illustrated. To avoid potential confounding effects of repeated testing, individ-
ual animals were tested once. In both strains, there were significant decreases in the time spent immobile at 
30 minutes (F(2,32) =​ 17.061, p <​ 0.05), 3 hours (F(2,32) =​ 9.065, p <​ 0.05), 1 day (F(2,32) =​ 11.551, p <​ 0.05), 2 days 
(F(2,32) =​ 10.713, p <​ 0.05), 3 days (F(2,32) =​ 10.152, p <​ 0.05), and 5 days (F(2,32) =​ 5.89, p <​ 0.05) post Yueju or ket-
amine administration in KM mice (Fig. 1A). There were also significant decreases in the time spent immobile at 
30 min (F(2,29) =​ 9.67, p <​ 0.05), 3 hours (F(2,29) =​ 18.652, p <​ 0.05), and 1 day (F(2,29) =​ 20.607, p <​ 0.05) post Yueju 
or ketamine administration in ICR mice (Fig. 1B). The antidepressant-like effect was no longer apparent in KM 
mice at 7 days (F(2,32) =​ 1.353, p =​ 0.274), or in ICR mice at 2 days (F(2,29) =​ 0.054, p =​ 0.948) post Yueju admin-
istration. This pattern was also evident in ketamine-treated animals. In the open field test, neither Yueju nor 
ketamine (30 min post-drug) altered the total distance traveled (F(2, 32) =​ 0.352, p =​ 0.706) or the total time spent 
in center (F(2, 32) =​ 0.036, p =​ 0.965) in KM mice, similar to ICR mice8.

Yueju treatment induced a long-lasting up-regulation of BDNF expression in KM mice.  BDNF 
mRNA expression did not alter 30 minutes post-Yueju in KM strain mice (F(2,17) =​ 1.493, p =​ 0.256). However, 
there was a significant increase in BDNF mRNA levels at 3 hours (F(2,17) =​ 108.764, p <​ 0.05), 1 day (F(2,17) =​ 17.708, 

Figure 1.  Time course of Yueju (YJ) and ketamine (KET) mediated antidepressant-like behavioral effects. 
Independent groups of mice were used at each time point and for each drug treatment, to avoid behavioral 
habituation. (A) Antidepressant activities in KM mice. Analysis of variance (ANOVA) F(2,20) =​ 60.161, 
p <​ 0.0001 for treatment; F(6,210) =​ 3.374, p <​ 0.01 for duration of response; F(12,231) =​ 1.188, p =​ 0.293 for 
treatment-duration interaction. Therefore, we examined treatment effects by time point. n =​ 11/group.  
(B) Antidepressant activities in ICR mice. Analysis of variance (ANOVA) F(2,11) =​ 33.893, p <​ 0.0001 for 
treatment; F(3,108) =​ 14.033, p <​ 0.0001 for duration of response; F(6,120) =​ 4.471, p <​ 0.001 for treatment-duration 
interaction. n =​ 10/group. *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001, YJ compared to control; #p <​ 0.05, ##p <​ 0.01, 
###p <​ 0.001, KET compared to control. Data represent means ±​ SEM.
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p <​ 0.05), and 2 days (F(2,17) =​ 9.499, p <​ 0.05) after Yueju and ketamine treatment in KM mice (Fig. 2A). In con-
trast, BDNF mRNA increased only at 3 hours (F(2,17) =​ 43.605, p <​ 0.05), but not 1 day (F(2,17) =​ 1.779, p =​ 0.203) 
post Yueju or ketamine in ICR mice (Fig. 2B). There was a significant increase in BDNF protein expression in 
KM mice 1 day (F(2,17) =​ 6.568, p <​ 0.05) after Yueju (Fig. 2C). Despite the lack of change at a transcriptional 
level, BDNF protein expression significantly increased 30 min after Yueju treatment in KM mice (F(2,17) =​ 41.119, 
p <​ 0.05, Fig. 2C), similar to ICR strain mice8. Acute ketamine showed a similar pattern of BDNF mRNA and 
protein expression in both strains (Fig. 2).

Yueju induced long-term up-regulation of CREB mRNA and protein expression in KM 
mice.  There were strain dependent differences in total CREB and pCREB protein expression in the hippocam-
pus 1 day and 2 days after Yueju and ketamine administration. In ICR mice, pCREB, total CREB protein expres-
sion and the ratio of pCREB/CREB was unchanged 1 day (Fig. 3A,B) or 2 days (Fig. 3C,D) after Yueju or ketamine 
administration. In KM mice, pCREB significantly increased 1 day after Yueju and ketamine (F(2,11) =​ 14.050, 
p <​ 0.05, Fig. 3A). Additionally, total CREB expression significantly increased 1 day after Yueju and ketamine 
(F(2,11) =​ 39.725, p <​ 0.05, Fig. 3B), whereas the ratio of phosphorylated CREB to total CREB (pCREB/CREB) was 
unchanged by Yueju or ketamine (F(2,11) =​ 0.943, p =​ 0.425). In the following day, only Yueju, but not ketamine, 
continued to significantly increase the expression of pCREB (F(2,11) =​ 6.560, p <​ 0.05, Fig. 3C) and total CREB 
(F(2,11) =​ 22.774, p <​ 0.05, Fig. 3D) in KM mice. These findings suggest that the increased pCREB expression is 
contributed by increased expression of total CREB.

The increase in CREB protein expression may be due to transcriptional up-regulation, and thus we 
also assessed CREB gene expression in the hippocampus at 30 minutes (F(2,17) =​ 0.103, p =​ 0.903), 3 hours 
(F(2,17) =​ 0.652, p =​ 0.535) and 1 day (F(2,17) =​ 0.920, p =​ 0.420) post-drug in ICR mice. There was no change in 
CREB mRNA expression at any time point measured post-Yueju or -ketamine in ICR mice. Although neither 
Yueju nor ketamine altered CREB gene expression in KM mice at 30 min (F(2,17) =​ 0.303, p =​ 0.743), there was 
significant increase 3 hours (F(2,17) =​ 39.936, p <​ 0.05, Fig. 3E) after Yueju or ketamine in KM mice. Additionally, 
only Yueju (p <​ 0.01), but not ketamine, continued to increase CREB mRNA expression 1 day after administra-
tion (F(2,17) =​ 9.862, p <​ 0.05, Fig. 3F).

Blockade of PKA-CREB signaling blunted antidepressant effects and up-regulation of BDNF 
gene expression by Yueju, but not ketamine.  Consistent with CREB expression, PKA protein expres-
sion was up-regulated 1 day post Yueju and ketamine (F(2,17) =​ 13.228, p <​ 0.001) treatment in KM mice, but not 
in ICR mice (F(2,17) =​ 0.541, p =​ 0.593, Fig. 4A).

To further evaluate the role of PKA/CREB/BDNF signaling in antidepressant actions of Yueju and keta-
mine, animals were pretreated with a PKA inhibitor H-89. The pre-treatment of KM mice with H-89 was able to 
reverse the antidepressant-like effect of Yueju. A two-way ANOVA revealed significant differences for the H-89 
pre-treatment (F(1,28) =​ 28.439, p <​ 0.001), Yueju treatment (F(1,28) =​ 4.636, p <​ 0.05) and H-89 ×​ Yueju interaction 
(F(1,28) =​ 15.186, p <​ 0.001, Fig. 4B). The administration of H-89 alone did not affect the immobility in the tail 
suspension test in non-Yueju mice (p =​ 0.369), but significantly increased it in the Yueju-treated mice (p <​ 0.01). 
In contrast, H-89 couldn’t block the antidepressant-like effect of ketamine: a two-way ANOVA revealed the sig-
nificant main effect of ketamine treatment (F(1,28) =​ 45.366, p <​ 0.001), but not H-89 pre-treatment (F(1,28) =​ 2.064, 
p =​ 0.162) or H-89 ×​ ketamine interaction (F(1,28) =​ 0.06, p =​ 0.808).

Consistent with blocking the behavioral effects of Yueju, H-89 pretreatment also reversed up-regulation 
of BDNF gene expression induced by Yueju. A two-way ANOVA revealed significant differences for the H-89 
pre-treatment (F(1,12) =​ 24.961, p <​ 0.001), Yueju treatment (F(1,12) =​ 32.005, p <​ 0.001), and H-89 ×​ Yueju inter-
action (F(1,12) =​ 15.892, p <​ 0.01, Fig. 4C). The administration of H-89 alone did not affect the BDNF mRNA 
level in non-Yueju mice (p =​ 0.558), but significantly decreased it in the Yueju-treated mice (p <​ 0.01). In con-
trast, H-89 couldn’t block the increase of BDNF mRNA induced by ketamine: a two-way ANOVA revealed 

Figure 2.  BDNF mRNA in KM or ICR mice as well as protein expression in KM mice after an acute dose of 
Yueju (YJ) and Ketamine (KET). (A) BDNF mRNA expression significantly increased in KM mice at 3 hours 
(F(2,17) =​ 108.764, p <​ 0.05), 1 day (F(2,17) =​ 17.708, p <​ 0.05) and 2 days (F(2,17) =​ 9.499, p <​ 0.05) after Yueju 
and ketamine administration. n =​ 6/group. (B) BDNF mRNA expression increased in ICR mice at 3 hours 
(F(2,17) =​ 43.605, p <​ 0.05) but not at 1 day (F(2,17) =​ 1.779, p =​ 0.203) after Yueju or ketamine administration. 
n =​ 6/group. (C) BDNF protein expression in KM mice 30 minutes (p <​ 0.01) or 1 day (p <​ 0.05) post Yueju and 
ketamine. n =​ 5/group. *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001, compared to control. Data represent means ±​ SEM.
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the significant main effect of ketamine treatment (F(1,12) =​ 48.365, p <​ 0.001), but not H-89 pre-treatment 
(F(1,12) =​ 0.38, p =​ 0.549) or H-89 ×​ ketamine interaction (F(1,12) =​ 0.01, p =​ 0.921).

H-89 pretreatment also reversed up-regulation of CREB gene expression induced by Yueju. A two-way 
ANOVA revealed significant differences for the H-89 pre-treatment (F(1,12) =​ 13.041, p <​ 0.01), Yueju treatment 
(F(1,12) =​ 8.871, p <​ 0.05) and H-89 ×​ Yueju interaction (F(1,12) =​ 9.936, p <​ 0.01, Fig. 4D). The administration of 
H-89 alone did not affect the CREB mRNA level in non-Yueju mice (p =​ 0.752), but significantly decreased it in 
the Yueju-treated mice (p <​ 0.01). Meanwhile, neither ketamine nor H-89 affected the CREB mRNA level (two 
way ANOVA, F(3,15) =​ 0.053, p =​ 0.983). These results suggest that the antidepressant effects of Yueju, but not ket-
amine, are dependent on the PKA/CREB/BDNF pathway.

Blockade of mTOR signaling blunted antidepressant effects and up-regulation of BDNF gene 
expression by ketamine, but not Yueju.  Additionally, we assessed the role of mTOR signaling in the 
antidepressant effects of Yueju or ketamine. Animals were pretreated with an mTOR inhibitor rapamycin before 
administration of Yueju and ketamine. The pre-treatment of KM mice with rapamycin was able to reverse 
the antidepressant-like effect of ketamine: a two-way ANOVA revealed significant main effect of rapamycin 
pre-treatment (F(1,28) =​ 7.243, p <​ 0.05), ketamine treatment (F(1,28) =​ 14.328, p <​ 0.001) and rapamycin ×​ keta-
mine interaction (F(1,28) =​ 6.003, p <​ 0.05, Fig. 5A). The administration of rapamycin alone did not affect the 
immobility in the tail suspension test in non-ketamine mice (p =​ 0.874), but significantly increased it in the 
ketamine-treated mice (p <​ 0.01). In contrast, rapamycin couldn’t block the antidepressant-like effect of Yueju: a 

Figure 3.  CREB mRNA and protein expression after an acute dose of Yueju (YJ) and Ketamine (KET) in 
the hippocampus of KM or ICR mice. pCREB (A) and total CREB (B) protein expression in KM and ICR mice 
1 day after YJ and KET treatment. pCREB (C) and total CREB (D) protein expression in KM mice and ICR 
mice 2 days after YJ and KET treatment. CREB mRNA expression in KM and ICR mice 3 hours (E) and 1 day 
(F) after Yueju treatment. *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001, compared to control, n =​ 4~6. Data represent 
means ±​ SEM.
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Figure 4.  PKA protein expression and the effect a PKA antagonist on antidepressant response and 
BDNF/CREB gene expression in the hippocampus after a single Yueju/ketamine treatment. (A) PKA 
protein expression 1 day after Yueju (YJ) and Ketamine (KET) treatment in KM and ICR mice. PKA protein 
significantly increased in KM mice (F(2,17) =​ 13.228, p <​ 0.001) but not in ICR mice (F(2,17) =​ 0.541, p =​ 0.593). 
n =​ 6/group. *p <​ 0.05, ***p <​ 0.001, compared to control. (B) The effect of saline (F(2,23) =​ 13.413, p <​ 0.001) or 
H-89 (F(2,23) =​ 24.307, p <​ 0.001) pretreatment on immobility time in the tail suspension test 1 day after Yueju 
and ketamine treatment in KM mice. n =​ 8/group. **p <​ 0.01, ***p <​ 0.001, compared to vehicle (VEH, saline); 
###p <​ 0.001, compared to vehicle (H-89); &&&p <​ 0.001, compared to YJ. (C) The effect of saline (F(2,11) =​ 15.173, 
p <​ 0.01) or H-89 (F(2,11) =​ 9.746, p <​ 0.01) pretreatment on BDNF mRNA expression 1 day after Yueju and 
ketamine treatment in KM mice. n =​ 4/group. **p <​ 0.01, compared to vehicle (saline); ##p <​ 0.01, compared 
to vehicle (H-89); &&p <​ 0.01, compared to YJ. (D) The effect of saline (F(2,11) =​ 11.688, p <​ 0.01) or H-89 
(F(2,11) =​ 0.033, p =​ 0.968) pretreatment on CREB mRNA expression 1 day after Yueju and ketamine treatment 
in KM mice. n =​ 4/group. **p <​ 0.01, compared to vehicle (saline); &&p <​ 0.01, compared to YJ. Data represent 
means ±​ SEM.

Figure 5.  Effects of mTOR blockade with rapamycin pretreatment on immobility times in the tail 
suspension test in KM mice and BDNF gene expression 1 day post-Yueju and ketamine. (A) The effect of 
saline (F(2,23) =​ 18.818, p <​ 0.001) or rapamycin (F(2,23) =​ 10.734, p <​ 0.001) pretreatment on immobility time 
in the tail suspension test 1 day after Yueju and ketamine treatment in KM mice. n =​ 8/group. ***p <​ 0.001, 
compared to vehicle (VEH, saline); ###p <​ 0.001, compared to vehicle (rapamycin); &&p <​ 0.01, compared to 
KET. (B) The effect of saline (F(2,11) =​ 34.595, p <​ 0.001) or rapamycin (F(2,11) =​ 23.702, p <​ 0.001) pretreatment 
on BDNF mRNA expression 1 day after Yueju and ketamine treatment in KM mice. n =​ 4/group. ***p <​ 0.001, 
compared to vehicle (saline); ###p <​ 0.001, compared to vehicle (rapamycin); &&p <​ 0.01, compared to KET. Data 
represent means ±​ SEM.
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two-way ANOVA revealed the significant main effect of Yueju treatment (F(1,28) =​ 38.210, p <​ 0.05), but not rapa-
mycin pre-treatment (F(1,28) =​ 0.349, p =​ 0.56) or rapamycin ×​ Yueju interaction (F(1,28) =​ 0.67, p =​ 0.42).

Consistent with blocking the behavioral effects of ketamine, rapamycin pretreatment also reversed 
up-regulation of BDNF gene expression induced by ketamine. A two-way ANOVA revealed the significant dif-
ferences for rapamycin pre-treatment (F(1,12) =​ 22.113, p <​ 0.001), ketamine treatment (F(1,12) =​ 27.588, p <​ 0.001) 
and rapamycin ×​ ketamine interaction (F(1,12) =​ 29.005, p <​ 0.01, Fig. 5B). The administration of rapamycin alone 
did not affect the BDNF mRNA level in non-ketamine mice (p =​ 0.558), but significantly decreased it in the 
ketamine-treated mice (p <​ 0.01). In contrast, rapamycin couldn’t block the increase in BDNF mRNA induced by 
Yueju: a two-way ANOVA revealed the main effect of Yueju treatment (F(1,12) =​ 76.054, p <​ 0.001), but not rapa-
mycin pre-treatment (F(1,12) =​ 0.703, p =​ 0.418) or rapamycin ×​ Yueju interaction (F(1,12) =​ 0.05, p =​ 0.826). These 
results suggest that the antidepressant effect and increased BDNF gene expression by ketamine, but not Yueju, is 
dependent on mTOR pathway.

Discussion
The present study aimed to dissect molecular and neurobiological mechanisms responsible for long-lasting antide-
pressant responses after Yueju. Antidepressant effects of Yueju or ketamine last for 1 or 5 days in ICR and KM mice, 
respectively. One day after Yueju and ketamine treatment, there was increased expression of total and phosphoryl-
ated CREB protein in KM but not ICR mice. Importantly, the CREB upstream regulator, PKA, and the downstream 
effector, BDNF, also showed a similar strain-dependent expression pattern. Although PKA/CREB/BDNF expres-
sion were up-regulated 1 day post administration of either ketamine or Yueju, inhibition of PKA-CREB signaling 
only reversed BDNF gene expression and the antidepressant effect of Yueju, but not ketamine, indicating that the 
PKA/CREB/BDNF pathway was required for the lasting antidepressant effects of Yueju but not ketamine.

CREB signaling in the hippocampus has been implicated in affective and cognitive behaviors, and previous 
studies have shown strain dependent differences in CREB signaling that may contribute to differential learning 
and memory related behaviors25–29. CREB activation is a hallmark of the neural plasticity responsible for antide-
pressant effects after chronic SSRI administration30. Here we demonstrated the strain-dependent differences in 
CREB signaling linked to a persistent antidepressant response after a single dose of Yueju. pCREB signaling was 
up-regulated 1 day post-Yueju and sustained at least for one more day in KM mice, contrasting to no change in 
CREB signaling in ICR mice, which paralleled the longer duration of antidepressant response in KM mice. The 
increased pCREB expression is partly attributable to increased gene and protein expression of total CREB as well 
as increased activation of PKA. It is notable that CREB signaling in the hippocampus was not up-regulated by 
30 minutes post Yueju, whereas both strains showed antidepressant effects, indicating that CREB signaling was 
not responsible for their immediate antidepressant responses. Importantly, up-regulated expression of CREB 
was detected 3 hours post Yueju, with increased CREB and BDNF mRNA expression in KM mice. Inhibition 
of CREB signaling abolished up-regulation of BDNF gene expression and antidepressant response at 1 day post 
Yueju, supporting the hypothesis that CREB-BDNF signaling is required for the maintenance of antidepressant 
response to Yueju.

Although Yueju and ketamine both activated the PKA/CREB pathway, our further studies showed the role 
of the pathway was different. In Yueju-treated mice, up-regulation of BDNF mRNA expression was tempo-
rally aligned with increased total and phosphorylated CREB expression, and blockade of PKA/CREB signaling 
reversed the up-regulation of BDNF expression as well as the antidepressant effect of Yueju. In contrast, after 
treatment with ketamine, the increase in CREB expression was only transitory whereas the BDNF gene expres-
sion continued to be up-regulated, suggesting the two events may be independent. Furthermore, blockade of 
PKA/CREB signaling failed to change BDNF expression or antidepressant effect of ketamine. These findings 
suggest that CREB signaling does not play a primary role in antidepressant actions of ketamine, unlike Yueju. 
This finding is agreement with reports that hippocampal CREB and PKA protein expression is not associated with 
antidepressant response of ketamine31. Conversely, we found that the mTOR inhibitor rapamycin could reverse 
the antidepressant effect of ketamine, but not Yueju, supporting the hypothesis that long-lasting antidepressant 
action of ketamine may rely mainly on mTOR-associated signaling4. As Yueju is able to reverse the deficient 
mTOR-related signaling in chronically stressed animals24, there may exist a cross-talk between PKA/CREB and 
mTOR signaling, which warrants further investigation.

The present study demonstrates for the first time that up-regulation of BDNF expression may be universally 
involved in the persistent antidepressant response of Yueju and ketamine in both KM and ICR mouse strains. 
This is in contrast to the specific role of CREB in the persistent antidepressant response to Yueju. It has been well 
documented that chronic SSRI treatment activates transcription factors, including CREB, leading to an increase 
in the expression of neurotrophic factors, including BDNF, and their receptors30,32. For ketamine, the requirement 
of BDNF for initiation of the antidepressant response has been demonstrated previously5. Our studies showed 
that, without changes in CREB activation or BDNF mRNA expression, BDNF protein in the hippocampus is 
up-regulated quickly after ketamine or Yueju treatment in both KM and ICR mice. This non-transcriptional 
BDNF up-regulation was thus responsible for the antidepressant response immediately post Yueju or ketamine 
administration. This is followed by up-regulation of BDNF mRNA expression, likely via CREB signaling for Yueju 
and mTOR signaling for ketamine. ICR mice with a shorter time course of BDNF mRNA expression displayed 
a shorter antidepressant time course than KM mice. The transcriptional up-regulation of BDNF may regulate 
the cellular signaling governing the persistent antidepressant responses, as reversal of BDNF gene expression 
by blocking either CREB or mTOR signaling was associated with a blunted antidepressant response 1 day post 
Yueju or ketamine administration, respectively. Although the molecular link from the initial non-transcriptional 
BDNF protein upregulation to the following transcriptional BDNF up-regulation remains to be determined, it 
has been shown that BDNF, via activating its receptor TrkB, can induce the activation of mTOR signaling and 
CREB signaling4,33. Furthermore, a recent study demonstrates that in the cultured neurons, BDNF can initiate 
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self-amplification of BDNF mRNA expression via multiple signaling pathways including PKA-CREB pathway34. 
Therefore, the initial non-transcriptional up-regulation of BDNF may still be of importance in inducing the cel-
lular signaling that promotes BDNF gene expression for long-lasting antidepressant responses. This can be eluci-
dated by manipulating BDNF gene expression in a time-dependent manner.

The present study identified for the first time strain-dependent PKA/CREB/BDNF signaling that regulates 
long-lasting antidepressant responses to Yueju. Our results also indicate that continuous up-regulation of hip-
pocampal BDNF mRNA is essential for the persistent antidepressant response, either for Yueju or ketamine. 
Further studies should address the genetic variants and gene networks that perturb BDNF and other signaling 
commonly responsible for individual differences in antidepressant responses after ketamine or Yueju treatment. 
As long-lasting antidepressant efficacy is implicated in sustained therapeutic outcomes, elucidation of the under-
lying mechanisms and genetic variants influencing the responses may shed new light on effective personalized 
medicines for depression.

Materials and Methods
Subjects.  Male Kunming (KM) and ICR (25 ~ 30 g), outbred strains of mice, aged 7–8 w, were purchased from 
Academy of Military Medical Sciences. KM, the most commonly used outbred mouse strain line in China, orig-
inated from the Swiss mice from the Indian Haffkine Institute in 1944. Abundant genetic variations of KM mice 
have been characterized35,36. Mice were kept in an air-conditioned (22–25 °C) room with a 12 h light/dark cycle 
with free access to food and water. Only male mice were used to avoid the potential gender difference in antide-
pressant responses37,38. All animal procedures were carried out in accordance with the Guide for the Care and Use 
of Laboratory Animals approved by the Institutional Animal Care and Use Committee at Nanjing University of 
Chinese medicine.

Drugs and treatment.  Yueju was processed and purified as described in Xue et al.8. Briefly, the medicinal 
plants used to prepare Yueju are Cyperusrotundus L. (CR), Ligusticum chuanxiong Hort. (LC), Gardenia jasmi-
noides Ellis. (GJ), Atractylodeslancea(Thunb.)DC. (AL) and Massa Fermentata (MF). All the medicinal plants were 
purchased from Nanjing GuoYi Clinical, Medicinal Material Department (Nanjing, China). The herbal mixture 
was powdered, immersed in 95% of ethanol with constant shaking and filtered. This procedure was repeated three 
times, and the collected solvent was evaporated at low pressure and medium temperature (<​55 °C) until ethanol 
was completely eliminated. The extract of Yueju was dispersed in Tween 80 solution (0.5%, w/v in saline) and 
administrated intragastrically (270 mg/ml, i.g.). Quality control of the preparation was performed as described 
previously using HPLC fingerprint analysis. Different samples of Yueju preparation were revealed very similar 
and suitable8. The doses of ketamine (50 mg/kg in ICR mice8 and 30 mg/kg in KM mice24) and Yueju8,24 were 
optimized based on a pilot assessment of a dose-response relationship in the strain of mice as we described in pre-
vious studies. 0.5%, w/v Tween 80 in saline solution via i.g. and saline via i.p. served as the vehicle controls, and 
their behavioral data or western blot were collapsed as there were no statistical differences between them. H-89 
at 10 mg/kg (Sigma, St. Louis, MO, USA) and rapamycin at 5 mg/kg (Sigma, St. Louis, MO, USA), were dissolved 
in 0.5% DMSO (dimethyl sulfoxide) and distilled water, respectively, and were injected i.p. 30 minutes before 
ketamine, Yueju, or vehicle administration.

Tail suspension test (TST).  Mice were assessed in the TST, which was performed with a computerized 
device that allowed four animals to be tested at one time. In a chamber that was acoustically and visually isolated, 
an individual mouse was suspended 50 cm above the floor by adhesive tape placed approximately 1 cm from the 
tip of the tail. The activities of the animal were videotaped. ANY-maze software (Stoeling Co.Ltd., USA) was used 
to calculate the total time spent immobile during the last 4 min in a 6-min testing period39.

Open field Test (OFT).  The OFT assesses locomotor activity and anxiety-like behavior in a bright-lit open 
area. Testing was performed for 5 min in a well-illuminated (∼​300 lux) transparent acrylic cage (40 ×​ 40 ×​ 15 cm). 
The mice were gently placed on the center and left to explore the area for 5 min. The digitized image of the path 
taken by each mouse was tracked by camera, and the total running distances (locomotor activity) and spending 
times in center were analyzed using ANY-maze software. The testing apparatus was thoroughly cleaned with 70% 
ethanol and then dried between each animal.

Western blots.  Mice were sacrificed by decapitation at the designated time points. The hippocampus was dis-
sected out and put into ice cold tubes containing an enzyme inhibitor. Brain tissue was homogenized and western 
blot analysis was carried out, using primary antibodies for rabbit pCREB (1:500), rabbit CREB (1:1000), rabbit 
PKAC-α​ (1:1000) and rabbit β​-tubulin (1: 5000) (all from Cell Signal Inc., CA, USA), BDNF (1:200, Santa Cruz). 
A secondary antibody (1:2000) conjugated with horseradish peroxidase was used. Immunoreactivity was visual-
ized by ECL reagent. Blots were visualized using the SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific Inc.) and were shown as density relative to β​-tubulin. All experiments were performed 3 times.

Reverse transcription quantitative real-time PCR (RT-qPCR).  RNA was isolated from the whole 
hippocampus (ventral and dorsal) using Trizol reagent (Invitrogen) and were reverse transcribed to cDNA 
using the SYBR PrimeScript RT-PCR Kit (Takara). RT-qPCR was performed using 1.5 μL of cDNA and the 
SYBR Green Master Mix reagent (Takara). The following primers were used: BDNF forward, 5′​-CCA TAAAGG 
ACG CGG ACT TGT ACA-3′​; BDNF reverse, 5′​-AGACAT GTT TGC GGC ATC CAG-3′​; CREB forward,  
5′​-TCAGCCGGGTACTACCATTC-3′​; CREB reverse, 5′​-TCTCTTGCTGCTTCCCTGTT-3′​; GAPDH for-
ward, 5′​-AAC GAC CCC TTC ATT GAC-3′​; and GAPDH reverse, 5′​-TCC ACG ACA TAC TCA GCA C-3′. 
The fold-change in BDNF or CREB expression (coding exon) was normalized to GAPDH. The RT-qPCR was 
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carried out using instructions from the manufacturer’s manual. The primers were tested for quality and specific-
ity by melt-curve analysis, gel electrophoresis and appropriate negative controls. Relative expression values were 
obtained using the Δ​Δ​CT method.

Statistical analyses.  All data were presented as means ±​ S.E.M. Differences among groups were determined 
using one-way ANOVA or two-way ANOVA, followed by a Bonferroni post hoc analysis if appropriate. p <​ 0.05 
was the accepted level of significance.
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