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The present study aims to evaluate the involvement of N-methyl-d-aspartate receptor and
nitric oxide (NO)/cyclic guanosine monophosphate (cGMP) system in antidepressant-like
effects of Yueju pill (YJ), a Chinese herbal medicine. The immobility time in tail suspen-
sion test (TST) and forced swim test (FST) was used to assess the antidepressant effects.
Prior administration of L-arginine (750 mg/kg, intraperitoneal [i.p.]), a NO synthase sub-
strate that enhances NO signaling or sildenafil (5 mg/kg, i.p.), a phosphodiesterase 5 in-
hibitor that enhances cGMP, blunted the antidepressant-like activity of YJ (2.7 g/kg, i.g.).
Co-treatment of ineffective dose of YJ (1.35 g/kg, i.g.) with one of the reagents that suppress
the NO/cGMP signaling, including methylene blue (10 mg/kg, i.p.), an inhibitor of NO syn-
thase; 7-NI (7-nitroinidazole, 30 mg/kg, i.p.), an nNOS specific inhibitor; L-NAME (10 mg/kg,
i.p.), a non-specific inhibitor of NO synthase; and MK-801 (0.05 mg/kg, i.p.), an NMDA recep-
tor antagonist, reduced the immobility time in TST and FST, compared with those in vehicle
or single drug treatment groups. Neither above drugs alone or co-administrated with YJ
affected locomotor activity or anxiety behavior in open field test. Thus, our results suggest
that the antidepressant-like action of YJ may depend on the inhibition of NMDA/NO/cGMP
pathway.

Introduction
Major depressive disorder (MDD) is a serious, disabling, and chronic recurring psychiatric illness that af-
fects millions of individuals worldwide [1], and has a significant negative impact on public health [2].
Currently, the present finding indicated that in the brain as well as in the plasma of MDD patients,
the glutamate levels were increased compared with those in normal controls. [3–5]. Meanwhile, block-
ade of NMDA receptors displayed antidepressant activity, suggesting that glutamate played an impor-
tant role in the depressive-like behaviors [6–12]. A typical non-competitive NMDA receptor, ketamine
was demonstrated rapid antidepressant effect in both patients and rodents, especially in MDD or bipolar
disorder [11,13]. Additionally, the conventional antidepressants: SSRIs (selective serotonin reuptake in-
hibitors) had intense effect on NMDA receptor activity and could affect depressive behavior in MDD
patients [14,15]. Recently, we found that the ethanol extract of Yueju pill (YJ), a traditional Chinese
medicine, showed rapid antidepressant-like effect in acute and chronic animal models [16], and chronic
YJ could improve the depressive behavior in patients [17]. Previous studies showed YJ as well as ketamine,
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both reduced expression of NR1 subunit of NMDA receptor [18], which was associated with the antidepressant ac-
tivity. It remains to determine the role of NMDA signaling in antidepressant effect of YJ.

Recent researches supported that the NMDA-NO-cGMP signaling pathway involved in antidepressant effects. Ni-
tric oxide synthase (NOS) catalyzed the synthesis pathway from L-arginine to NO and its activity was induced by
NMDA receptor [19,20]. SSRIs also developed antidepressant activity via blockage of NOS activity in rodents [21–24].
NO had been characterized to target the soluble guanylate cyclase (sGC), while the sGC could convert guanosine
5-triphosphate (GTP) to cyclic guanosine 3,5-monophosphate (cGMP) [25]. Meanwhile, NO was also important in
the CNS system and it participated in neurotransmitter release, thus affecting synaptic plasticity [21]. Recently, some
chemical compound displayed antidepressant-like effect associated with decreased NO level; it indicated that NO may
play a key role in depression [26,27]. NO was also regarded as a modulator for the concentration of cGMP, which was
implicated in the phosphorylation of CREB, while it was an important target gene of antidepressants [21,28]. There-
fore, NO/cGMP pathway is suggested to be involved with the pathophysiology of depression and regulation of such
signaling may represent a new target to a pharmacological approach [20,26,29,30].

In the present study, we tested the role of NMDA/NO/cGMP signaling in the antidepressant-like effect of YJ. Here,
we hypothesized that down-regulation of NMDA/NO/cGMP pathway could induce the antidepressant-like activity
of YJ. Based on our results, we suggest that YJ’s antidepressant response is mostly depend on NMDA/NO/cGMP
signaling pathway.

Materials and methods
Animals
Adult male Balb/cJ mice, aged 12–13 weeks, were obtained from Shanghai Sippr-BK laboratory animal Co. Ltd. in
China, within the range of 23–25 g. All animals were kept under standard conditions of temperature 23 +− 2◦C and
light/dark cycle of 12 h each. Free access to food and water was given except for the period of experimentation outside
the cage. Four to six animals were housed in a single cage. Full efforts were paid to conduct the experiments within
09:00 am to 15:00 pm. In each group, there were eight to ten animals and experiments were performed by strictly
following the Institutional Guideline of Animal Care and Use Committee (Key Laboratory of Integrative Medicine
for Brain Diseases, Nanjing University of Chinese Medicine). In each independent behavior test, about 32–40 animals
were used. 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.
For all behavioral testing, mice were weight matched and used only once. The experimenters were blind to the assign-
ments of the mice to the experimental groups. The treatment and behavior test of mice were in the key Laboratory of
Integrative Medicine for Brain Diseases, Nanjing University of Chinese Medicine.

Tail suspension test
Mice were assessed in TST, which was performed with a computerized device that allowed four animals to be tested at
one time. In a chamber both 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 animals were videotaped.
ANY-maze software (Stoeling Co.Ltd., U.S.A.) was used to calculate the total time spent immobile during the last 4
min in a 6-min testing period [16,31,32].

Forced swimming test
FST is also a widely used paradigm for behavioral despair and antidepressant response in rodents. Mice were removed
from their home cages, placed individually into a clear glass tank (40 cm high and 20 cm in diameter) which filled with
30 cm of water (22–23◦C), and allowed to swim for 6 min [16,33]. At the end of the test, the animals were removed
from the water, dried with a paper towel, and returned to their home cages. The mice were considered immobile when
floating in the water without struggling and making only those movements necessary to keep their heads above the
water. Total immobility times during the last 4 min of the 6-min testing period were recorded by ANY-maze software.

Open filed test
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
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.
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Drugs
YJ was processed and purified as described in our previous work [16]. Briefly, the medicinal plants used to pre-
pare YJ were Cyperus rotundus L., Ligusticum chuanxiong Hort., Gardenia jasminoides Ellis., Atractylodes
lancea(Thunb.) DC., and Massa fermentata. All 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 then filtered. This procedure was repeated three times, and the collected solvent was evap-
orated at low pressure and medium temperature (<55◦C) until ethanol was completely eliminated. The extract of YJ
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 YJ preparation were revealed very similar and suitable [16].

Other drugs used in our study were L-NAME, a non-specific NOS inhibitor, 7-NI (7-nitroinidazole), an nNOS
specific inhibitor, L-arginine, NO precursor, methylene blue (MB) as inhibitor of both NOS and sGC, NMDA as
NMDA receptor agonist, MK-801 as NMDA receptor antagonist, Sildenafil, a phosphodiesterase 5 inhibitor, and
they were purchased from Sigma, St. Louis, MO, U.S.A. Drugs solution was made in saline (0.9%). Intraperitoneal
(i.p.) route was followed for all drugs administration in constant volume of 10 ml/kg of body weight.

Drugs treatment
To investigate the involvement of NO-cGMP pathway in the antidepressant-like effect produced by YJ, MK-801 (0.05
mg/kg) [9], L-NAME (10 mg/kg) [34], MB (10 mg/kg) [35], and 7-nitroindazole (7-NI, 30 mg/kg) [21,23] were in-
jected i.p. in mice before the administration of ineffective dosage of YJ (1.35 g/kg, half of the effective dosage, i.g.).
Meanwhile, NMDA (75 mg/kg), L-arginine (750 mg/kg) [36], and sildenafil (5 mg/k) [37], were injected i.p. in mice
before the administration of effective dosage of YJ (2.7 g/kg, i.g.). The whole paradigm of drug treatment and behav-
ior test were revealed in Supplementary Figure S1 in supplemental materials. Each time point or behavior test was
used independent animals.

Statistics
All data were presented as means +− SEM. Differences amongst groups were determined using two-way ANOVA,
followed by a Bonferroni’s post hoc analysis if appropriate. P<0.05 was the accepted level of significance. GraphPad
Prism 6.0 (GraphPad Software, San Diego, CA, U.S.A.) was used in all statistical analyses.

Results
NMDA receptors involvement in the antidepressant-like effect of YJ
In order to test whether NMDA receptors were participated in the antidepressant-like effect of YJ, MK-801, an NMDA
receptors antagonist were first pretreated. About 45 min after MK-801 (0.05 mg/kg, i.p.) administration, YJ (1.35 g/kg,
i.g.) was injected, and then 30 min later, the behavioral test was carried out. Post hoc analyses indicated that neither
in TST (Figure 1A) nor in FST (Figure 1B), non-effect dosage of MK-801 or YJ affects the immobility time. However,
coupled with YJ and MK-801, they could significantly decrease the immobility time in TST (P<0.001) compared
with control group, single MK-801 group and single YJ group as well as in FST (P<0.001). Fig S2a and S2b showed
MK-801 and YJ alone or in combination both had none effect on the locomotor activity.

Ketamine has higher affinity as an NMDA channel blocker to decrease the activity of NMDA receptors to cause
antidepressant-like activity [38]. Then we also tested the effect when co-administration of NMDA and YJ on immo-
bility time during TST (Figure 1C) and FST (Figure 1D). About 30 min after ineffective dosage of NMDA (75 mg/kg,
i.p.) administration, YJ (2.7 g/kg, i.g.) was injected, and then 30 min later, the behavioral test was measured. Post
hoc analyses indicated that NMDA alone could not affect the immobility time during behavior test. However, when
pretreated with NMDA, it could block the antidepressant-like effect of YJ during TST (P<0.001) and FST (P<0.001).
The NMDA or co-administration with YJ is not due to the generalized increases in locomotor activity in the present
studies (Supplementary Figure S2C,D).

NO involvement in the antidepressant-like effect of YJ
Post hoc analyses indicated that pretreatment of mice with L-arginine (750 mg/kg, i.p.) for 60 min could halt the
antidepressant-like effect of YJ (2.7 g/kg, i.g.) treatment for 30 min during TST (P<0.001, Figure 2A). Meanwhile,
during FST paradigm, the same results indicated that L-arginine also blocked the antidepressant-like effects of YJ
(P<0.001, Figure 2B). When combined L-arginine with YJ, they could not affect the locomotor activity in OFT (Sup-
plementary Figure S3A,B).
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Figure 1. Role of NMDA receptors involved in the antidepressant-like effect of YJ in tail suspension test and forced swim-

ming test

Effect of MK-801 (0.05 mg/kg, i.p.) co-administrate with YJ (1.35 g/kg, i.g.) on immobility time in the (A) TST, a two-way ANOVA

revealed the main effect of treatment (F [1, 35] = 27.41, P<0.001), pretreatment (F [1, 35] = 19.1, P<0.001) and of treatment ×
pretreatment interaction (F [1, 35] = 35.52, P<0.001) and (B) FST, a two-way ANOVA revealed the main effect of treatment (F

[1, 36] = 40.86, P<0.001), pretreatment (F [1, 36] = 24.35, P<0.001) and of treatment × pretreatment interaction (F [1, 36] =
40.23, P<0.001). ***P<0.001 compared with control group/YJ alone group/MK-801 alone group. Effect of NMDA (75 mg/kg, i.p.)

pretreatment on antidepressant effect of YJ (2.7 g/kg, i.g) in the (C) TST (A two-way ANOVA revealed the main effect of treatment (F

[1, 36] = 48.63, P<0.001), pretreatment (F [1, 36] = 58.22, P<0.001) and of treatment × pretreatment interaction (F [1, 36] = 56.35,

P<0.001) and (D) FST(A two-way ANOVA revealed the main effect of treatment (F [1, 36] = 12.43, P<0.01), pretreatment (F [1,

36] = 14.95, P<0.001) and of treatment × pretreatment interaction (F [1, 36] = 11.35, P<0.01). ***P<0.001 compared with control

group; or ###P<0.001 with NMDA alone or with YJ group. The immobility duration in TST or FST for last 4 min of the test. Scores

are expressed as the mean +− SEM, n=9–10 animals/group and were analyzed using two-way ANOVA followed by Bonferroni’s

post hoc test.

Figure 2C shows the effects of co-administration of L-NAME (10 mg/kg, i.p.) and YJ (1.35 g/kg, i.g.) on the im-
mobility time during behavior test. L-NAME alone did not cause any effect on the immobility time either in TST or
in FST. However, when pretreated with the same dose of L-NAME, it could combine YJ to induce the decrease of im-
mobility time both in TST (P<0.001, Figure 2C) and FST (P<0.001, Figure 2D). L-arginine when co-administrated
with either saline or YJ, failed to change the locomotor activity of mice during OFT (Supplementary Figure S3C,D).

Furthermore, we tested whether the NOS activity involved in the antidepressant-like effect of YJ. 7-NI (30 mg/kg
i.p.), a specific neuronal NOS inhibitor, when treated for 30 min before ineffective YJ (1.35 g/kg, i.g.) also displayed
antidepressant-like activity in TST (P<0.001, Figure 2E). Post hoc analyses also indicated that the similar trend in
FST (P<0.001, Figure 2F). Pretreatment with sildenafil alone or combined with YJ, both failed to elicit any effect on
immobility time (Supplementary Figure S3E,F).
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Figure 2. The effect of L-arg, L-NAME and 7-NI on antidepressant-like response of YJ in mice

Effect of L-Arg (750 mg/kg, i.p.) pretreatment on antidepressant effect of YJ (2.7 g/kg, i.g) in the (A) TST, a two-way ANOVA revealed

the main effect of treatment (F [1, 36] = 14.53, P<0.01), pretreatment (F [1, 36] = 11.33, P<0.001) and of treatment × pretreatment

interaction (F [1, 36] = 15.05, P<0.001) and (B) FST, a two-way ANOVA revealed the main effect of treatment (F [1, 36] = 78.25,

P<0.001), pretreatment (F [1, 36] = 104, P<0.001) and of treatment × pretreatment interaction (F [1, 36] = 123.8, P<0.001).

***P<0.001 compared with control group; or ###P<0.001 with L-Arg alone or with YJ group. Effect of L-NAME (10 mg/kg, i.p.)

co-administrate with YJ (1.35 g/kg, i.g.) on immobility time in the (C) TST, a two-way ANOVA revealed the main effect of treatment

(F [1, 36] = 18.49, P<0.001), pretreatment (F [1, 36] = 7.018, P<0.05) and of treatment × pretreatment interaction (F [1, 36] =
15.73, P<0.001) and (D) FST, a two-way ANOVA revealed the main effect of treatment (F [1, 36] = 34.62, P<0.001), pretreatment

(F [1, 36] = 41.31, P<0.05) and of treatment × pretreatment interaction (F [1, 36] = 36.23, P<0.001). Effect of 7-NI (30 mg/kg, i.p.)

co-administrate with YJ (1.35 g/kg, i.g.) on immobility time in the (E) TST, a two-way ANOVA revealed the main effect of treatment

(F [1, 28] = 36.67, P<0.001), pretreatment (F [1, 28] = 23.24, P<0.001) and of treatment × pretreatment interaction (F [1, 28] =
18.74, P<0.001) and (F) FST, a two-way ANOVA revealed the main effect of treatment (F [1, 28] = 72.26, P<0.001), pretreatment

(F [1, 28] = 76.37, P<0.001) and of treatment × pretreatment interaction (F [1, 28] = 82.17, P<0.001). The immobility duration in

TST and FST for last 4 min of the test. Scores are expressed as the mean +− SEM, n=10 animals/group and were analyzed using

two-way ANOVA followed by Bonferroni’s post hoc test. ***P<0.001 compared with saline treated vehicle; or ###P<0.001 with YJ

treated group.
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Figure 3. The effect of MB and Sildenafil on antidepressant-like effect of YJ in tail suspension test and forced swimming

test in mice

Effect of MB (10 mg/kg, i.p.) co-administrate with YJ (1.35 g/kg, i.g.) on immobility time in the (A) TST, a two-way ANOVA revealed

the main effect of treatment (F [1, 36] = 7.432, P<0.01), pretreatment (F [1, 36] = 18.24, P<0.001) and of treatment × pretreatment

interaction (F [1, 36] = 10.71, P<0.01) and (B) FST, a two-way ANOVA revealed the main effect of treatment (F [1, 36] = 27.31,

P<0.001), pretreatment (F [1, 36] = 32.94, P<0.001) and of treatment × pretreatment interaction (F [1, 36] = 27.92, P<0.001). Effect

of Sildenafil (5 mg/kg, i.p.) pretreatment on antidepressant effect of YJ (2.7 g/kg, i.g.) in the (C) TST, a two-way ANOVA revealed

the main effect of treatment (F [1, 28] = 34.63, P<0.001), pretreatment (F [1, 28] = 24.16, P<0.05) and of treatment × pretreatment

interaction (F [1, 28] = 29.92, P<0.001) and (D) FST, a two-way ANOVA revealed the main effect of treatment (F [1, 36] = 39.12,

P<0.001), pretreatment (F [1, 36] = 58.02, P<0.05) and of treatment × pretreatment interaction (F [1, 36] = 57.22, P<0.001). The

immobility duration in TST and FST for last 4 min of the test. Scores are expressed as the mean +− SEM, n=10 animals/group and

were analyzed using two-way ANOVA followed by Bonferroni’s post hoc test. ***P<0.001 compared with saline treated vehicle; or
###P<0.001 with YJ treated group.

Involvement of cGMP in the antidepressant-like activity of YJ during
depressive test
MB could inhibit both NOS and sGC, while MB (10 mg/kg, i.p.) was administrated alone was unable to affect immo-
bility time during TST or FST. However, MB (administration before 60 min) was combined with ineffective dose of
YJ (1.35 g/kg, i.g.) was enough to decrease immobility time during TST (Figure 3A) and FST (Figure 3B).

In order to investigate the function of cGMP in the antidepressant-like effects of YJ, mice were pre-treated with
sildenafil (5 mg/kg, i.p.), administered 30 min before the second administration of YJ (2.7g/kg, i.g.). Sildenafil was
able to reverse the antidepressant effect of YJ in TST (Figure 3C) and FST (Figure 3D).
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Discussion
In current study, we examined the role of NMDA receptors and L-arginine/NO/cGMP pathway in the
antidepressant-like activity of YJ. NMDA could block the antidepressant effect of YJ while MK801, an NMDA re-
ceptors antagonist, boosted the effect of ineffective dosage of YJ. Though we did not investigate the accurate mech-
anism from our study through which YJ interacted with NMDA receptor. Yet, it recommends that such effect of
YJ is reliant on the blockage of NMDA receptor. Nevertheless, there was strong interplay between NMDA and NO
in the antidepressant-like effects of certain drugs [39]. Undeniably, the effect of cGMP in depression was also well
understood, as certain studies had shown that NO and cGMP were involved in the initiation of depression. Drugs
which inhibited the L-arginine and NO-cGMP signaling were reported to have antidepressant-like effects [40]. Sim-
ilarly, co-administration with L-Arg, an NO precursor, and sildenafil, a PDE5 inhibitor, both could blunt the ef-
fect of YJ, whereas inhibition of L-arginine/NO/cGMP signaling pathway by 7-NI, L-NAME, or MB, all facilitated
antidepressant-like effect of YJ. The study first demonstrated that YJ’s antidepressant-like effect is mostly dependent
on NMDA/NO/cGMP signaling pathway.

In the present study, we first evaluated the dependence of NMDA receptors on the antidepressant-like effects
of YJ in TST and FST behavior. Previous work indicated that prior administration of NMDA could reverse the
antidepressant-like effect of SSRIs [7,9,29,30]. NMDA receptor is also profoundly implicated in pathology of depres-
sion and involved in antidepressant activity such as ketamine [41]. Indeed, results from our previous data supported
that the selective decrease in NR1 by YJ, in contrast with the selectively increased NR1 in the PFC of chronically
stressed mice [32]. Meanwhile, we also found that YJ induced an instant and lasting down-regulation of NR1 ex-
pression in the hippocampus [18]. It indicated that in physiological condition and pathological condition NMDA
receptors display different function. Taken together, the attainment of antidepressant-like effect of YJ by MK-801
implied that antidepressant-like effect is at least in part achieved via the down-regulation of NMDA receptors. Mean-
while, we further confirmed that anti-immobility property in mice is reversed by pretreatment with NMDA. These
were also consistent with the antidepressant-like phenotype in knockout mice with subunits of NR2A or NR2B in
NMDA receptor [42,43]. Therefore, NMDA receptors activity is likely, at least in part, responsible for antidepressant
effect of YJ.

Following the activation of NMDA receptors, NO is produced from L-arginine. Meanwhile, NMDA receptors en-
hance sGC activity, which produces cGMP, a mediator of the effects of NO [25]. The interaction between NMDA and
NO in antidepressant-like effects of medicine, led to study the effect of NOS in depression [44]. Some drugs were
reported to display antidepressant-like effects via inhibit the L-Arg and NO-cGMP signaling during FST [29,45–47].
In the etiology of depression, many studies supported that L-Arg/NO/cGMP pathway is participated in the depressive
behavior [21,48]. In current study, we found that pretreatment with L-Arg can reverse the antidepressant-like effect
of YJ both in TST and FST, but not affect the locomotor activity of mice. In our another study, NO concentration was
rapidly decreased after YJ treatment [49], and it indicated that YJ regulate the activity of NMDA receptors to affect
NO synthesis. Similarly, another study reported that NMDA receptor modulates the activity of NOS and accelerates
the formation of NO [50,51]. Above all, it is likely that YJ developes antidepressant-like effect by inhibition of NO syn-
thesis. In order to confirm our hypothesis that YJ dependent on the NOS activity to show antidepressant-like effect,
mice were pretreated with ineffective dose of 7-NI or L-NAME. Both 7-NI and L-NMAE combined with YJ produced
antidepressant-like effect. Clinical widely used medicines such as fluoxetine, imipramine [44], and venlafaxine [35]
were also reported to enhance the antidepressant-like effect with 7-NI. Our results demonstrated that ineffective YJ
could decrease the immobility time in mice with 7-nitroindazole and MB treatment, which was consistent with other
researches [52–54].

The excitatory effect of NMDA is due in part to formation of NO and cGMP. Our recent data are reinforced
that YJ produces a noticeable reduction in cGMP levels and it may be the important target which manifests its
antidepressant-like effect [49]. It is considered that NO exerts its neurotransmitter effect via sGC, while sGC can
transfer GTP to cGMP [25]. Then we investigate that MB (both NOS and sGC inhibitor) co-administration with
YJ displays significant antidepressant-like effect, while single administration has no function on immobility time in
depressive test. Venlafaxine also enhanced antidepressant-like effect combined with MB [35]. The sGC regulated the
cGMP concentration, while cGMP was also dependent on PDE5, which was involved in catalyzing cGMP to GMP
[55,56]. Sildenafil (a PDE5 inhibitor) could increase the level of cGMP [55], and it reversed antidepressant-like effect
of YJ in the present study. It indicated that YJ depends on the NOS and sGC activity. Venlafaxine [35] and Lithium
[57] also demonstrated that cGMP could play key role in antidepressant-like effect of them.

Hence, summing up the results, it can be concluded that NMDA receptors and L-arginine-NO cGMP pathway is
involved in the antidepressant-like mechanism of YJ.

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

7



Bioscience Reports (2019) 39 BSR20190524
https://doi.org/10.1042/BSR20190524

Author Contribution
W.W. and W.X. conceived and designed the experiments. W.W., T.Z., R.J., H.Z., Y.Z., C.W., Y.D., J.W., and L.S. performed the
experiments. W.W., T.Z., R.J., and W.X. analyzed the data. W.W., T.Z., H.W., G.C., and W.X. contributed to the writing of the
manuscript.

Funding
The study was supported by the National Science Foundation of China [grant numbers 81603497 and 81803748], the Natural
Science Foundation of Jiangsu Province [grant number BK20161040] and the Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD). The study was also supported by the Collegiate Natural Science Foundation of Jiangsu
Province [grant number 18KJB360009].

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations
cGMP, cyclic guanosine monophosphate; FST, forced swimming test; IP, intraperitoneal; MB, methylene blue; MDD, major
depressive disorder; NO, nitric oxide; SSRI, selective serotonin reuptake inhibitor; TST, tail suspension test; YJ, Yueju pill.

References
1 Belmaker, R.H. and Agam, G. (2008) Major depressive disorder. N. Engl. J. Med. 358, 55–68, https://doi.org/10.1056/NEJMra073096
2 Kessler, R.C., Akiskal, H.S., Ames, M., Birnbaum, H., Greenberg, P., Hirschfeld, R.M. et al. (2006) Prevalence and effects of mood disorders on work

performance in a nationally representative sample of U.S. workers. Am. J. Psychiatry 163, 1561–8, https://doi.org/10.1176/ajp.2006.163.9.1561
3 Machado-Vieira, R., Manji, H.K. and Zarate, C.A. (2009) The role of the tripartite glutamatergic synapse in the pathophysiology and therapeutics of

mood disorders. Neuroscientist 15, 525–539, https://doi.org/10.1177/1073858409336093
4 Hashimoto, K. (2009) Emerging role of glutamate in the pathophysiology of major depressive disorder. Brain Res. Rev. 61, 105–123,

https://doi.org/10.1016/j.brainresrev.2009.05.005
5 Hashimoto, K. (2011) The role of glutamate on the action of antidepressants. Progress Neuropsychopharmacol. Biol. Psychiatry 35, 1558–1568
6 Haj-Mirzaian, A., Ostadhadi, S., Kordjazy, N., Dehpour, A.R. and Ejtemaei Mehr, S. (2014) Opioid/NMDA receptors blockade reverses the depressant-like

behavior of foot shock stress in the mouse forced swimming test. Eur. J. Pharmacol. 735, 26–31, https://doi.org/10.1016/j.ejphar.2014.03.053
7 Kordjazy, N., Haj-Mirzaian, A., Amiri, S., Ostadhadi, S., Amini-Khoei, H. and Dehpour, A.R. (2016) Involvement of N-methyl-d-aspartate receptors in the

antidepressant-like effect of 5-hydroxytryptamine 3 antagonists in mouse forced swimming test and tail suspension test. Pharmacol. Biochem. Behav.
141, 1–9, https://doi.org/10.1016/j.pbb.2015.11.009

8 Ostadhadi, S., Khan, M.I., Norouzi-Javidan, A., Chamanara, M., Jazaeri, F., Zolfaghari, S. et al. (2016) Involvement of NMDA receptors and
L-arginine/nitric oxide/cyclic guanosine monophosphate pathway in the antidepressant-like effects of topiramate in mice forced swimming test. Brain
Res. Bull. 122, 62–70, https://doi.org/10.1016/j.brainresbull.2016.03.004

9 Haj-Mirzaian, A., Kordjazy, N., Haj-Mirzaian, A., Ostadhadi, S., Ghasemi, M., Amiri, S. et al. (2015) Evidence for the involvement of NMDA receptors in
the antidepressant-like effect of nicotine in mouse forced swimming and tail suspension tests. Psychopharmacology (Berl.) 232, 3551–3561,
https://doi.org/10.1007/s00213-015-4004-0

10 Paul, I.A. and Skolnick, P. (2003) Glutamate and depression: clinical and preclinical studies. Ann. N. Y. Acad. Sci. 1003, 250–272,
https://doi.org/10.1196/annals.1300.016

11 Zarate, Jr, C.A., Singh, J.B., Carlson, P.J., Brutsche, N.E., Ameli, R., Luckenbaugh, D.A. et al. (2006) A randomized trial of an N-methyl-D-aspartate
antagonist in treatment-resistant major depression. Arch. Gen. Psychiatry 63, 856–864, https://doi.org/10.1001/archpsyc.63.8.856

12 Garcia, L.S., Comim, C.M., Valvassori, S.S., Reus, G.Z., Stertz, L., Kapczinski, F. et al. (2009) Ketamine treatment reverses behavioral and physiological
alterations induced by chronic mild stress in rats. Progress Neuropsychopharmacol. Biol. Psychiatry 33, 450–455

13 Berman, R.M., Cappiello, A., Anand, A., Oren, D.A., Heninger, G.R., Charney, D.S. et al. (2000) Antidepressant effects of ketamine in depressed patients.
Biol. Psychiatry 47, 351–354, https://doi.org/10.1016/S0006-3223(99)00230-9

14 Sanacora, G., Zarate, C.A., Krystal, J.H. and Manji, H.K. (2008) Targeting the glutamatergic system to develop novel, improved therapeutics for mood
disorders. Nat. Rev. Drug Discov. 7, 426–437, https://doi.org/10.1038/nrd2462

15 Skolnick, P. (1999) Antidepressants for the new millennium. Eur. J. Pharmacol. 375, 31–40, https://doi.org/10.1016/S0014-2999(99)00330-1
16 Xue, W., Zhou, X., Yi, N., Jiang, L., Tao, W., Wu, R. et al. (2013) Yueju pill rapidly induces antidepressant-like effects and acutely enhances BDNF

expression in mouse brain. Evid. Based Complement. Alternat. Med. 2013, 184367, https://doi.org/10.1155/2013/184367
17 Wu, R., Zhu, D., Xia, Y., Wang, H., Tao, W., Xue, W. et al. (2015) A role of Yueju in fast-onset antidepressant action on major depressive disorder and

serum BDNF expression: a randomly double-blind, fluoxetine-adjunct, placebo-controlled, pilot clinical study. Neuropsychiatr. Dis. Treat. 11,
2013–2021

18 Xia, B., Zhang, H., Xue, W., Tao, W., Chen, C., Wu, R. et al. (2016) Instant and lasting down-regulation of NR1 expression in the hippocampus is
associated temporally with antidepressant activity after acute yueju. Cell. Mol. Neurobiol. 36, 1189–1196,
https://doi.org/10.1007/s10571-015-0316-1

8 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1056/NEJMra073096
https://doi.org/10.1176/ajp.2006.163.9.1561
https://doi.org/10.1177/1073858409336093
https://doi.org/10.1016/j.brainresrev.2009.05.005
https://doi.org/10.1016/j.ejphar.2014.03.053
https://doi.org/10.1016/j.pbb.2015.11.009
https://doi.org/10.1016/j.brainresbull.2016.03.004
https://doi.org/10.1007/s00213-015-4004-0
https://doi.org/10.1196/annals.1300.016
https://doi.org/10.1001/archpsyc.63.8.856
https://doi.org/10.1016/S0006-3223(99)00230-9
https://doi.org/10.1038/nrd2462
https://doi.org/10.1016/S0014-2999(99)00330-1
https://doi.org/10.1155/2013/184367
https://doi.org/10.1007/s10571-015-0316-1


Bioscience Reports (2019) 39 BSR20190524
https://doi.org/10.1042/BSR20190524

19 Contestabile, A. (2000) Roles of NMDA receptor activity and nitric oxide production in brain development. Brain Res. Brain Res. Rev. 32, 476–509,
https://doi.org/10.1016/S0165-0173(00)00018-7

20 Esplugues, J.V. (2002) NO as a signalling molecule in the nervous system. Br. J. Pharmacol. 135, 1079–1095, https://doi.org/10.1038/sj.bjp.0704569
21 Harkin, A., Connor, T.J., Burns, M.P. and Kelly, J.P. (2004) Nitric oxide synthase inhibitors augment the effects of serotonin re-uptake inhibitors in the

forced swimming test. Eur. Neuropsychopharmacol. 14, 274–281, https://doi.org/10.1016/j.euroneuro.2003.08.010
22 Haj-Mirzaian, A., Kordjazy, N., Amiri, S., Haj-Mirzaian, A., Amini-Khoei, H., Ostadhadi, S. et al. (2016) Involvement of nitric oxide-cyclic guanosine

monophosphate pathway in the antidepressant-like effect of tropisetron and ondansetron in mice forced swimming test and tail suspension test. Eur. J.
Pharmacol. 780, 71–81, https://doi.org/10.1016/j.ejphar.2016.03.034

23 Ostadhadi, S., Kordjazy, N., Haj-Mirzaian, A., Ameli, S., Akhlaghipour, G. and Dehpour, A. (2016) Involvement of NO/cGMP pathway in the
antidepressant-like effect of gabapentin in mouse forced swimming test. Naunyn Schmiedebergs Arch. Pharmacol. 389, 393–402,
https://doi.org/10.1007/s00210-015-1203-5

24 Hu, Y., Wu, D.L., Luo, C.X., Zhu, L.J., Zhang, J., Wu, H.Y. et al. (2012) Hippocampal nitric oxide contributes to sex difference in affective behaviors. Proc.
Natl Acad. Sci. U.S.A. 109, 14224–14229, https://doi.org/10.1073/pnas.1207461109

25 Denninger, J.W. and Marletta, M.A. (1999) Guanylate cyclase and the .NO/cGMP signaling pathway. Biochim. Biophys. Acta 1411, 334–350,
https://doi.org/10.1016/S0005-2728(99)00024-9

26 Mantovani, M., Pertile, R., Calixto, J.B., Santos, A.R. and Rodrigues, A.L. (2003) Melatonin exerts an antidepressant-like effect in the tail suspension
test in mice: evidence for involvement of N-methyl-D-aspartate receptors and the L-arginine-nitric oxide pathway. Neurosci. Lett. 343, 1–4,
https://doi.org/10.1016/S0304-3940(03)00306-9

27 Joca, S.R. and Guimaraes, F.S. (2006) Inhibition of neuronal nitric oxide synthase in the rat hippocampus induces antidepressant-like effects.
Psychopharmacology (Berl.) 185, 298–305, https://doi.org/10.1007/s00213-006-0326-2

28 Kaster, M.P., Ferreira, P.K., Santos, A.R. and Rodrigues, A.L. (2005) Effects of potassium channel inhibitors in the forced swimming test: possible
involvement of L-arginine-nitric oxide-soluble guanylate cyclase pathway. Behav. Brain Res. 165, 204–209, https://doi.org/10.1016/j.bbr.2005.06.031

29 Brocardo Pde, S., Budni, J., Lobato, K.R., Kaster, M.P. and Rodrigues, A.L. (2008) Antidepressant-like effect of folic acid: Involvement of NMDA
receptors and L-arginine-nitric oxide-cyclic guanosine monophosphate pathway. Eur. J. Pharmacol. 598, 37–42,
https://doi.org/10.1016/j.ejphar.2008.08.033

30 Khan, M.I., Ostadhadi, S., Zolfaghari, S., Ejtemaei Mehr, S., Hassanzadeh, G. and Dehpour, A.R. (2016) The involvement of NMDA receptor/NO/cGMP
pathway in the antidepressant like effects of baclofen in mouse force swimming test. Neurosci. Lett. 612, 52–61,
https://doi.org/10.1016/j.neulet.2015.12.006

31 Steru, L., Chermat, R., Thierry, B., Mico, J.A., Lenegre, A., Steru, M. et al. (1987) The automated Tail Suspension Test: a computerized device which
differentiates psychotropic drugs. Prog. Neuropsychopharmacol. Biol. Psychiatry 11, 659–671, https://doi.org/10.1016/0278-5846(87)90002-9

32 Tang, J., Xue, W., Xia, B., Ren, L., Tao, W., Chen, C. et al. (2015) Involvement of normalized NMDA receptor and mTOR-related signaling in rapid
antidepressant effects of Yueju and ketamine on chronically stressed mice. Sci. Rep. 5, 13573, https://doi.org/10.1038/srep13573

33 Adachi, M., Barrot, M., Autry, A.E., Theobald, D. and Monteggia, L.M. (2008) Selective loss of brain-derived neurotrophic factor in the dentate gyrus
attenuates antidepressant efficacy. Biol. Psychiatry 63, 642–649, https://doi.org/10.1016/j.biopsych.2007.09.019

34 Siuciak, J.A. and Fujiwara, R.A. (2004) The activity of pramipexole in the mouse forced swim test is mediated by D2 rather than D3 receptors.
Psychopharmacology (Berl.) 175, 163–169, https://doi.org/10.1007/s00213-004-1809-7

35 Dhir, A. and Kulkarni, S.K. (2007) Involvement of nitric oxide (NO) signaling pathway in the antidepressant action of bupropion, a dopamine reuptake
inhibitor. Eur. J. Pharmacol. 568, 177–185, https://doi.org/10.1016/j.ejphar.2007.04.028

36 Rogoz, Z. and Skuza, G. (2006) Mechanism of synergistic action following co-treatment with pramipexole and fluoxetine or sertraline in the forced
swimming test in rats. Pharmacol. Rep. 58, 493–500

37 Schulte-Herbruggen, O., Vogt, M.A., Hortnagl, H., Gass, P. and Hellweg, R. (2012) Pramipexole is active in depression tests and modulates
monoaminergic transmission, but not brain levels of BDNF in mice. Eur. J. Pharmacol. 677, 77–86, https://doi.org/10.1016/j.ejphar.2011.12.014

38 Duman, R.S. (2018) Ketamine and rapid-acting antidepressants: a new era in the battle against depression and suicide. F1000Res 7,
https://doi.org/10.12688/f1000research.14344.1

39 da Silva, G.D., Matteussi, A.S., dos Santos, A.R., Calixto, J.B. and Rodrigues, A.L. (2000) Evidence for dual effects of nitric oxide in the forced swimming
test and in the tail suspension test in mice. Neuroreport 11, 3699–3702, https://doi.org/10.1097/00001756-200011270-00022

40 Tsankova, N.M., Berton, O., Renthal, W., Kumar, A., Neve, R.L. and Nestler, E.J. (2006) Sustained hippocampal chromatin regulation in a mouse model
of depression and antidepressant action. Nat. Neurosci. 9, 519–525, https://doi.org/10.1038/nn1659

41 Autry, A.E., Adachi, M., Nosyreva, E., Na, E.S., Los, M.F., Cheng, P.F. et al. (2011) NMDA receptor blockade at rest triggers rapid behavioural
antidepressant responses. Nature 475, 91–105, https://doi.org/10.1038/nature10130

42 Boyce-Rustay, J.M. and Holmes, A. (2006) Genetic inactivation of the NMDA receptor NR2A subunit has anxiolytic- and antidepressant-like effects in
mice. Neuropsychopharmacology 31, 2405–2414, https://doi.org/10.1038/sj.npp.1301039

43 Miller, O.H., Yang, L., Wang, C.C., Hargroder, E.A., Zhang, Y., Delpire, E. et al. (2014) GluN2B-containing NMDA receptors regulate depression-like
behavior and are critical for the rapid antidepressant actions of ketamine. Elife 3, e03581, https://doi.org/10.7554/eLife.03581

44 Harkin, A., Connor, T.J., Walsh, M., St John, N. and Kelly, J.P. (2003) Serotonergic mediation of the antidepressant-like effects of nitric oxide synthase
inhibitors. Neuropharmacology 44, 616–623, https://doi.org/10.1016/S0028-3908(03)00030-3

45 Almeida, R.C., Felisbino, C.S., Lopez, M.G., Rodrigues, A.L. and Gabilan, N.H. (2006) Evidence for the involvement of L-arginine-nitric oxide-cyclic
guanosine monophosphate pathway in the antidepressant-like effect of memantine in mice. Behav. Brain Res. 168, 318–322,
https://doi.org/10.1016/j.bbr.2005.11.023

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

9

https://doi.org/10.1016/S0165-0173(00)00018-7
https://doi.org/10.1038/sj.bjp.0704569
https://doi.org/10.1016/j.euroneuro.2003.08.010
https://doi.org/10.1016/j.ejphar.2016.03.034
https://doi.org/10.1007/s00210-015-1203-5
https://doi.org/10.1073/pnas.1207461109
https://doi.org/10.1016/S0005-2728(99)00024-9
https://doi.org/10.1016/S0304-3940(03)00306-9
https://doi.org/10.1007/s00213-006-0326-2
https://doi.org/10.1016/j.bbr.2005.06.031
https://doi.org/10.1016/j.ejphar.2008.08.033
https://doi.org/10.1016/j.neulet.2015.12.006
https://doi.org/10.1016/0278-5846(87)90002-9
https://doi.org/10.1038/srep13573
https://doi.org/10.1016/j.biopsych.2007.09.019
https://doi.org/10.1007/s00213-004-1809-7
https://doi.org/10.1016/j.ejphar.2007.04.028
https://doi.org/10.1016/j.ejphar.2011.12.014
https://doi.org/10.12688/f1000research.14344.1
https://doi.org/10.1097/00001756-200011270-00022
https://doi.org/10.1038/nn1659
https://doi.org/10.1038/nature10130
https://doi.org/10.1038/sj.npp.1301039
https://doi.org/10.7554/eLife.03581
https://doi.org/10.1016/S0028-3908(03)00030-3
https://doi.org/10.1016/j.bbr.2005.11.023


Bioscience Reports (2019) 39 BSR20190524
https://doi.org/10.1042/BSR20190524

46 Kulkarni, S.K. and Dhir, A. (2007) Possible involvement of L-arginine-nitric oxide (NO)-cyclic guanosine monophosphate (cGMP) signaling pathway in the
antidepressant activity of berberine chloride. Eur. J. Pharmacol. 569, 77–83, https://doi.org/10.1016/j.ejphar.2007.05.002

47 Kaster, M.P., Rosa, A.O., Santos, A.R. and Rodrigues, A.L. (2005) Involvement of nitric oxide-cGMP pathway in the antidepressant-like effects of
adenosine in the forced swimming test. Int. J. Neuropsychopharmacol. 8, 601–606, https://doi.org/10.1017/S1461145705005316

48 Heiberg, I.L., Wegener, G. and Rosenberg, R. (2002) Reduction of cGMP and nitric oxide has antidepressant-like effects in the forced swimming test in
rats. Behav. Brain Res. 134, 479–484, https://doi.org/10.1016/S0166-4328(02)00084-0

49 Wang, W., Jia, R., Shen, Q. and Xue, W. (2018) The effects of yueju pill on NO-cGMP signaling in mouse hippocampus. World Science and
Technology/Modernization of Traditional Chinese Medicine and Materia Medica 20, 905–910

50 Ledo, A., Frade, J., Barbosa, R.M. and Laranjinha, J. (2004) Nitric oxide in brain: diffusion, targets and concentration dynamics in hippocampal
subregions. Mol. Aspects Med. 25, 75–89, https://doi.org/10.1016/j.mam.2004.02.010

51 Moncada, S. and Bolanos, J.P. (2006) Nitric oxide, cell bioenergetics and neurodegeneration. J. Neurochem. 97, 1676–1689,
https://doi.org/10.1111/j.1471-4159.2006.03988.x

52 Talarek, S., Listos, J., Orzelska-Gorka, J., Serefko, A. and Kotlinska, J. (2017) NMDA receptors and NO:cGMP signaling pathway mediate the
diazepam-induced sensitization to withdrawal signs in mice. Neurotox. Res. 33, 422–432, https://doi.org/10.1007/s12640-017-9810-1

53 Volke, V., Wegener, G., Bourin, M. and Vasar, E. (2003) Antidepressant- and anxiolytic-like effects of selective neuronal NOS inhibitor
1-(2-trifluoromethylphenyl)-imidazole in mice. Behav. Brain Res. 140, 141–147, https://doi.org/10.1016/S0166-4328(02)00312-1

54 Yildiz, F., Erden, B.F., Ulak, G., Utkan, T. and Gacar, N. (2000) Antidepressant-like effect of 7-nitroindazole in the forced swimming test in rats.
Psychopharmacology (Berl.) 149, 41–44, https://doi.org/10.1007/s002139900316

55 Beavo, J.A. (1995) Cyclic nucleotide phosphodiesterases: functional implications of multiple isoforms. Physiol. Rev. 75, 725–748,
https://doi.org/10.1152/physrev.1995.75.4.725

56 Ostadhadi, S., Ahangari, M., Nikoui, V., Norouzi-Javidan, A., Zolfaghari, S., Jazaeri, F. et al. (2016) Pharmacological evidence for the involvement of the
NMDA receptor and nitric oxide pathway in the antidepressant-like effect of lamotrigine in the mouse forced swimming test. Biomed. Pharmacother.
82, 713–721, https://doi.org/10.1016/j.biopha.2016.05.035

57 Ghasemi, M., Sadeghipour, H., Mosleh, A., Sadeghipour, H.R., Mani, A.R. and Dehpour, A.R. (2008) Nitric oxide involvement in the antidepressant-like
effects of acute lithium administration in the mouse forced swimming test. Eur. Neuropsychopharmacol. 18, 323–332,
https://doi.org/10.1016/j.euroneuro.2007.07.011

10 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

https://doi.org/10.1016/j.ejphar.2007.05.002
https://doi.org/10.1017/S1461145705005316
https://doi.org/10.1016/S0166-4328(02)00084-0
https://doi.org/10.1016/j.mam.2004.02.010
https://doi.org/10.1111/j.1471-4159.2006.03988.x
https://doi.org/10.1007/s12640-017-9810-1
https://doi.org/10.1016/S0166-4328(02)00312-1
https://doi.org/10.1007/s002139900316
https://doi.org/10.1152/physrev.1995.75.4.725
https://doi.org/10.1016/j.biopha.2016.05.035
https://doi.org/10.1016/j.euroneuro.2007.07.011

