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ARTICLE
Antidepressant-like effects of cinnamamide derivative M2 via

D, receptors in the mouse medial prefrontal cortex

Yan-xin Che', Xiao-yan Jin', Rong-hua Xiao', Ming Zhangz’3, Xiao-hui Ma* Fei Guo*® and Yang Li'23

Major depressive disorder is a global mental illness associated with severe mortality and disability. The dopaminergic system is
involved in both the etiology and therapeutics of depression. Distinct functions of dopamine D; and D, receptor subtypes have
attracted considerable research interest, and their roles in the pathogenesis of depression and interaction with antidepressants
need to be comprehensively elucidated. Herein, we investigated the antidepressant effects of a candidate antidepressant from a
cinnamamide derivative, M2, and examined underlying neural mechanisms. We observed that a single dose of M2 (30 mg/kg, ip)
produced rapid antidepressant-like effects in mice subjected to the forced swim and tail suspension tests. Using whole-cell
recordings in mouse coronal brain slices, we found that application of M2 (10-150 uM) concentration-dependently increased the
frequency of spontaneous excitatory postsynaptic currents (SEPSCs) of the pyramidal neurons in the medial prefrontal cortex
(mPFCQ). Furthermore, M2-induced enhancement of sEPSC frequency was abolished by sulpiride (10 uM), a dopamine D2 receptor
antagonist, but not by the dopamine receptor D, antagonist, SCH23390 (10 uM). In addition, M2 administration significantly
increased expression levels of synaptogenesis-related proteins, including p-mTOR and p-TrkB, in the mPFC at 30 min, and increased
postsynaptic protein PSD-95 at 24 h. Our results demonstrated that M2 produces rapid antidepressant actions through a novel

mechanism via dopamine D, receptor-mediated enhancement of mPFC neurotransmission.
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INTRODUCTION

Major depressive disorder (MDD) is a severe mental disorder
worldwide, characterized by persistent depressed mood, anhedo-
nia, and intensive suicidal thoughts [1]. Currently available
antidepressants afford limited benefits and typically require
several days or weeks to exert a significant effect [2-4]. Therefore,
drugs eliciting rapid and efficient antidepressant action need to
be urgently identified.

Dopaminergic systems play a key role in some symptoms
commonly observed in patients with depression, such as
anhedonia or decreased motivation [5]. The dopaminergic
neurons in the ventral tegmental area of the midbrain project to
the limbic and cortical areas, constituting the mesolimbic and
mesocortical pathways that mediate mood and cognitive function
in depression [6]. The medial prefrontal cortex (mPFC), an
important component of the mesocortical dopaminergic pathway,
plays a crucial role in affective and cognitive deficits in depression.
Compared with other monoaminergic systems, the antidepressant
function of dopaminergic systems in the mPFC has not been
extensively studied. Dopamine exerts its effects via two primary
receptor subtypes, D;-like and D,-like receptors, typically display-
ing bidirectional functional effects in terms of signal transduction
and synaptic transmission in the mPFC [7]. Dopamine receptor
subtypes in a specific brain region play diverse roles in the

pathogenesis and pharmacological treatment of depression. For
example, elevated expression of D, receptors (D;Rs) in the mPFC
produces antidepressant-like behaviors [8]. Activation of D;Rs
reportedly enhances excitatory synaptic transduction in the PFC
[9]. Moreover, it has been shown that D;R agonists modulate
antidepressant-like activity in rats [10]. A previous study has
revealed that D, receptor (D,R) agonists reduce spine density [11],
and several D,R antagonists have been approved by the Food and
Drug Administration (FDA) as atypical antipsychotic sedatives and
antidepressants [12]. Early studies found that increased D,R
binding can be observed in the striatum and amygdala of patients
with depression [13]. Studies have demonstrated that the
sensitization of D,-like dopamine receptors in the mesolimbic
dopamine system may represent a final common pathway in
antidepressant action [14]. However, compared with D;Rs, the role
of DyRs in the mPFC region mediating antidepressant action
remains unclear, warranting further investigation.

In recent years, numerous reports have demonstrated that rapid
antidepressant effects can be induced by improving structural and
functional changes in the mPFC, including promoting excitatory
synaptic transmission and neural plasticity [15-18]. Many studies
have supported a major role for dopaminergic pathways in synaptic
transmission and plasticity [19-24]. Understanding how dopamine
receptors in the mPFC participate in antidepressant treatments will
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Fig. 1 The chemical structure of M2.

be critical for developing more efficacious therapeutic agents. In the
present study, a cinnamamide derivative, named M2, as a candidate
antidepressant (Fig. 1), displayed rapid and significant antidepres-
sant effects after single-dose administration in wild-type mice. The
neural mechanism underlying the sustained antidepressant-like
actions produced by M2 remains elusive. Examining the mechanism
revealed that M2 enhanced excitatory synaptic transmission and
increased the expression of antidepressant-associated synaptic
proteins in the mPFC. Further pharmacological research indicated
that D, receptors in the mPFC are related to the antidepressant-like
action of M2.

MATERIALS AND METHODS

Animals

All animal procedures were approved by the Animal Care
Committees of the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences, to protect animals used for scientific
purposes. All experimental wild-type mice (C57BL/6) were housed
in groups of five under a 12/12 h light/dark cycle with ad libitum
access to food and water. For electrophysiological experiments,
20-30 day old mice were employed. Male C57BL/6 mice (18-22 g)
were used to perform behavioral tests and Western blotting after
acute drug administration.

Behavioral tests

Forced swim test (FST). The FST was performed according to a
previously reported method, and the effect of the drugs was
evaluated by measuring the period of immobility. Mice were placed
in a clear Plexiglas cylinder (30 cm high; 10cm in diameter) filled
with water (23 +1°C) to a depth of 20 cm. The behavior of each
mouse was recorded using a camera positioned directly in front of
the cylinder for 6 min. The duration of immobility, defined as no
movement of the limb or body in the last 4 min, was measured.

Open field test (OFT). Mice were introduced to an open field
apparatus (40cm x40cm x35cm), and their behavior was
monitored for 10 min using a charge-coupled device camera.
The images were captured on a computer with a video tracking
system (EthoVision XT 14). The distance moved totally and
traveled in the central square (20cmx20cm) was calculated
automatically. The test was performed in a quiet environment.
Between each mouse test, the apparatus was thoroughly cleaned
with 75% alcohol to avoid potential infections.

Tail suspension test (TST). Mice were suspended 50 cm above the
floor using adhesive tape. A camera was used to record the
behavior of each mouse for 6 min. Immobility time was recorded
for the last 4 min. To avoid potential infection, the apparatus was
thoroughly cleaned with 75% alcohol before testing each mouse.

Electrophysiological recording

Mice (20-30 days old) were anesthetized and then transcardially
perfused with ice-cold artificial cerebrospinal fluid (aCSF) contain-
ing 130 mM NaCl, 5mM KCl, 2 mM CaCl,, 2 mM MgSO,, 1.25 mM
NaH,PO,4, 26 mM NaHCOs, 10 mM glucose, and aerated with 95%
0O, and 5% CO,. After perfusion, the brain was rapidly removed,
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coronal brain slices (300-um thick) containing the mPFC were
prepared using a Leica VT1000S vibratome (Leica Microsystems)
and allowed to recover at 28 °C for at least 1 h in an oxygenated
(95% O,, 5% CO,) aCSF solution.

Subsequently, slices were placed in a recording chamber and
continuously perfused (2 mL/min) in aCSF at a bath temperature of
32°C. All pharmacological agents were dissolved in aCSF and
administered through bath perfusion. Patch electrodes with tip
resistances between 3 and 9MQ were filled with a solution
containing 115 mM CsMeSOs, 20mM CsCl, 2.5 mM MgCl,, 4 mM
Na,-ATP, 0.4 mM Na-GTP, 10 mM Na-phosphocreatine, 0.6 mM EGTA,
and 10 mM HEPES (pH 7.35). Pyramidal neurons in layer V of the
mPFC were imaged and recorded using a x40 water immersion lens
and a Multiclamp 700 B amplifier (Molecular Devices, USA). In the
voltage-clamp mode, spontaneous excitatory postsynaptic currents
(SEPSCs) were recorded with membrane potentials at —70 mV.
Pyramidal cells were identified by their pyramidal shape, large soma,
and the presence of apical dendrites. During the recording,
bicuculine blocks the GABA, receptor during the entire process.

Western blotting

Western blotting experiments were performed as previously
described. For biochemical analyses, an independent group of
mice was employed. After administration, the mPFC tissue of the
brain was harvested and incubated in RIPA lysis buffer on ice. The
tissue was homogenized on ice three times using an ultrasound
homogenizer (3 Hz frequency, 105s). Tissue lysates were centri-
fuged at 14,000 r/min for 15min at 4°C. The supernatant was
collected, and the protein concentration was measured by
performing the bicinchoninic acid protein assay. Proteins were
transferred to polyvinylidene difluoride membranes and blocked
with 3% non-fat dry milk in TBST (25 mM Tris-HCl [pH 7.5],
125mM NaCl, 0.1% Tween 20) for 1h. The membranes were
incubated with specific primary antibodies, including p-mTOR
(1:1000, Cst, 2971s), mTOR (1:1000, Cst, 2983 s), p-TrkB (1:1000,
Cst, 4621 s), TrkB (1:1000, Cst, 4603 s), B-tubulin (1:1000, Cst, 2128
s), PSD95 (1:1000, Cst, 3450s), at 4°C overnight. Next, the
membranes were washed three times with TBST and incubated
with secondary antibodies (anti-rabbit 1gG, 1:1000) for 1 h. After
the final three washes with TBST, bands were detected using
enhanced chemiluminescence, followed by exposure to X-ray film
(Carestream) for visualization and the Western blotting detection
system (GE Healthcare Bioscience).

Drugs

For systemic administration, M2 (Tasly Pharma) was dissolved in
saline with dimethyl sulfoxide (DMSO) and Tween-80. S-ketamine
(Sigma-Aldrich, USA) and fluoxetine (Sigma-Aldrich, USA) were
diluted with saline. Bicuculine (20 mM; Selleckchem) and the D,R
antagonist (+)-sulpiride (20 mM; Sigma) were dissolved in DMSO.
The D4R antagonist R (4)-SCH23390 (20 mM; Sigma) was dissolved
in H,0.

Statistical analysis

All data are expressed as mean + standard error of the mean.
Electrophysiological data were displayed using Clampfit software
(pClamp 9.2), and analysis was performed with the Mini Analysis
software. We used paired t-tests (for comparison of two groups)
and one-way analysis of variance (for multiple groups). GraphPad
Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA) was used for all
the statistical analyses. Differences were considered statistically
significant at P < 0.05.

RESULTS

M2 produced antidepressant-like actions

To assess the antidepressant actions of M2, we performed the FST
in C57BL/6J mice, and the results are illustrated in Fig. 2. The
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Fig. 2 M2 produces an antidepressant-like effect. a The immobility time in the FST is significantly reduced by S-ketamine (10 mg/kg, ip),
fluoxetine (10 mg/kg, ip), and M2 (30 mg/kg, ip) 30 min after administration. b, c¢ All mice exhibit normal locomotor activity, as shown in the
open field test 30 min after administration. d The immobility time in the FST is significantly reduced by S-ketamine (10 mg/kg, ip) and M2
(30mg/kg, ip) 24h after administration. e, f All mice exhibit normal locomotor activity, as shown in the open field test at 24 h after
administration. All values are expressed as mean + standard error of the mean (SEM). n =9-10 each group. One-way ANOVA followed by

Dunnett’s test. *P < 0.05, ***P < 0.001. FST forced swim test.

classic antidepressant fluoxetine and the new antidepressant
S-ketamine acted as positive drugs. One-way ANOVA analysis
revealed that S-ketamine, fluoxetine, and M2 (30 mg/kg, ip)
exhibited a statistically significant effect on immobility time
(F (5,53)=5.122; P<0.001) in the FST, 30 min after a single
administration (Fig. 2a). In the OFT, no significant difference was
detected in the total traveled distance [F (5,54) = 2.041; P> 0.05]
(Fig. 2b) and the ratio of central traveled distance to total distance
[F (5,54) = 1.220; P> 0.05] (Fig. 2¢) 30 min after M2 administration
(3 mg/kg, 10 mg/kg, and 30 mg/kg, ip), indicating that autono-
mous activity was unaffected. In addition, compared with the
vehicle group, FST and one-way ANOVA data analysis revealed
that M2 (30 mg/kg) and S-ketamine significantly reduced swim-
ming immobility time 24 h after a single administration (F (5,54) =
3.021; P<0.05) (Fig. 2d). Based on the OFT data, no significant
difference was observed in the total distance traveled [F (5,54) =
1.141; P> 0.05] (Fig. 2e) and the ratio of central traveled distance
to total distance [F (5,54) = 0.9547; P> 0.05] (Fig. 2f) at 24 h after
administration. Furthermore, we detected no significant statistical
difference in the time spent in the central area in the OFT at
30min [F (5,54) =1.137; P>0.05] (Supplementary Fig. S1c) and
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24h (F (5,54)=0.6185; P>0.05) (Supplementary Fig. S1d) after
administration. Despite the absence of a statistically significant
difference, M2 produced a dose-dependent anxiolytic effect at 30
min and 24 h after administration (Supplementary Fig. Sic, d).
Additionally, we observed that the immobility time 30 min after
fluoxetine and M2 showed a decreasing trend [F (5,54) = 0.6368;
P>0.05] in the TST (Supplementary Fig. S1a). However, TST and
one-way ANOVA data analysis revealed that M2 (3 and 10 mg/kg)
significantly reduced the immobility time 24 h after a single
administration in a dose-dependent manner (F (5,54) =4.119; P<
0.05) (Supplementary Fig. S1b). These findings indicated that M2
produced fast and sustained antidepressant-like actions.

M2 increased excitatory synaptic transmission in the prelimbic
mPFC

The mPFC plays a critical role in the pathophysiology of
depression [25]. Direct optogenetic stimulation of layer V
pyramidal neurons reportedly produces a robust antidepressant-
like response, suggesting that layer V pyramidal neurons play a
critical role in modulating depressive behavior [26, 27]. To
determine the impact of M2 on excitatory synaptic transmission
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Fig. 3 M2 increases excitatory synaptic transmission in layer V pyramidal neurons in the prelimbic mPFC. a A typical trace showing
glutamatergic sEPSCs. sPSCs were recorded at a VH of —70 mV in the presence of 10 uM bicuculine. The recorded sEPSCs of pyramidal neurons
are completely inhibited by CNQX (an AMPA receptor antagonist). b Cumulative probability distributions of the current amplitude of
glutamatergic sEPSCs. Insets show changes in sEPSC amplitude at a concentration of 150 pM M2. Each column shows the mean + standard
error of the mean (SEM) of 11 experiments. ¢ Cumulative probability distributions for the inter-event interval of glutamatergic sEPSCs. Insets
show changes in SEPSC amplitude at a concentration of 150 pM M2. Each column shows the mean + SEM of 11 experiments. *P < 0.05, paired
t-test. d The concentration-response relationship shows that the normalized sEPSC amplitude is not altered with the increasing M2
concentration in pyramidal neurons in the prelimbic mPFC. One-way ANOVA followed by Dunnett’s test (P = 0.9443). e The concentration-
response relationship shows that the normalized sEPSC frequency is enhanced with the increasing M2 concentration in pyramidal neurons in
the prelimbic mPFC. One-way ANOVA followed by Dunnett’s test (P = 0.0429). sEPSCs spontaneous excitatory postsynaptic currents, mPFC
medial prefrontal cortex.

in layer V pyramidal neurons, we performed whole-cell patch- 150 uM, 1.538 + 0.1658 Hz; P = 0.0429; Fig. 3e), with no significant
clamp recordings of sSEPSCs in pyramidal neurons in the difference observed in the normalized amplitude of sEPSCs
prelimbic mPFC. (10 UM, 1.004 +0.05842 pA, vs. 30 uM, 1.002 +0.03972 pA, vs.
In the present study, neurons were voltage-clamped at —70 mV, 50 uM, 0.9489 +0.06621 pA, vs. 100 uM, 1.022 +0.08641 pA, vs.
a value approaching the neuronal resting membrane potential, 150 uM, 1.022 +0.09462 pA; P =0.9443; Fig. 3d). The bath
and sEPSCs were evoked in the presence of bicuculine (a GABA, application of 10 and 30 uM M2 had no significant effect on the
receptor antagonist) to eliminate inhibitory responses. After 6 min frequency of sEPSCs in pyramidal neurons, and 50 uM M2
of recording to ensure steady baseline responses, brain slices were increased sEPSC frequency (Supplementary Fig. S2). With con-
perfused with an M2-containing aCSF for a 6-min treatment tinuous increments in the M2 concentration, the M2-induced
period, followed by a 10 min washout period. We observed that frequency was elevated at 100 uM (Supplementary Fig. S2). The
bath application of M2 (150 uM) significantly increased the sEPSC SEPSCs of pyramidal neurons were completely inhibited by CNQX
frequency of pyramidal neurons in the mPFC (representative (@an AMPA receptor antagonist) (Fig. 3a). These results suggested
traces are shown in Fig. 3a) and shifted the cumulative distribution that M2 can enhance the release of excitatory synaptic
of inter-event intervals to the left, consistent with a mean increase neurotransmitters from prefrontal pyramidal neuron synapses in
in the frequency of sEPSCs (baseline, 1.558 +0.3037 Hz, vs. M2 the prelimbic mPFC.
2.529 +0.6209 Hz, n =11, P = 0.0236; Fig. 3c). However, conform-
ing to the representative traces (Fig. 3a), M2 (150 uM) exhibited no M2 increased excitatory synaptic transmission via D,R but not D;R
obvious effect on the cumulative distribution of the current As a candidate antidepressant drug acting on the monoamine

amplitude and the mean sEPSC amplitude (baseline, 11.93 + system, M2 is superior to traditional antidepressants. We postulate
1.100 pA, vs. M2 1219+ 1.129pA, n=11, P=0.4892; Fig. 3b). that the dopamine system plays a key role in the antidepressant
Furthermore, M2 significantly increased sEPSC normalized fre- mechanism of M2, which regulates information processing in the
quency in a concentration-dependent manner from 10 to 150 uM mPFC through DR and D,R.

(10 uM, 0.9301+0.1117Hz, vs. 30 uM, 1.041+0.05669 Hz, vs. To further explore whether M2 enhanced the excitatory

50 uM, 1.242+0.1559Hz, vs. 100 puM, 1.328+0.1257 Hz, vs. synaptic transmission of pyramidal neurons, we performed
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recordings in the presence of pharmacological D;R inhibition. D,
receptors are widely expressed in the deep layers of the mPFC
[28]. The D,R antagonist sulpiride was pre-perfused to determine
whether DR participated in the antidepressant-like action of M2.
We recorded sEPSCs from pyramidal neurons of the prelimbic
mPFC in the presence of the GABA, receptor antagonist,
bicuculine, until a 5-10min stable baseline was obtained.
Representative traces of sEPSCs are shown in Fig. 4a. We observed
that the mean frequency of pyramidal neurons was significantly
increased following bath application of sulpiride when compared
with the baseline, and additional bath application of M2 did not
increase the frequency of SEPSCs based on sulpiride-induced
frequency (Basal, 1.670 + 0.2020 Hz, vs. sulpiride 1.977 £ 0.2516 Hz,
vs. sulpiride + M2 2.018 £0.2724 Hz; P=0.0051; n= 14; Fig. 4e).
Compared with the baseline, both sulpiride and sulpiride +
M2 shifted the cumulative distribution of inter-event intervals to
the left (Fig. 4c), consistent with the increase in mean SEPSC
frequency (Fig. 4e). The mean sEPSC amplitude was not
significantly affected by sulpiride or M2 application (Basal, 10.16
+0.7824 pA, vs. sulpiride 9.840+0.4910 pA, vs. sulpiride + M2
9.885 +0.4551 pA; P=0.5308; n = 14; Fig. 4d). Based on cumula-
tive probability plots, no significant difference was detected in the
cumulative distribution of sEPSC amplitude following sulpiride or
M2 application when compared with the control (Fig. 4b). The
results revealed that the M2-enhanced sEPSC frequency was
inhibited after pharmacological D,R blockade, suggesting that the
D,Rs mediate the M2-induced enhancement of excitatory synaptic
transmission in the mPFC.

To further explore whether M2 enhanced the excitatory
synaptic transmission of pyramidal neurons, we performed the
recordings in the presence of pharmacological DR inhibition.

Acta Pharmacologica Sinica (2022) 43:2267 - 2275

Representative traces of sEPSCs are shown in Fig. 5a. The
application of the D4R receptor antagonist SCH23390 displayed
a weak effect on the mean frequency of sEPSCs in the pyramidal
neurons of the prelimbic mPFC. Additional M2 bath application
significantly increased the mean frequency of sEPSCs (Basal, 1.167
+0.2189Hz, vs. SCH 1.028 £0.1747 Hz, vs. SCH+M2 1.348 +
0.2202 Hz; P = 0.0588; n = 9; Fig. 5e). SCH+M2 significantly shifted
the cumulative distribution of inter-event intervals to the left,
which is consistent with the elevated M2-induced sEPSC
frequency (Fig. 5¢). The mean amplitude of sEPSCs did not differ
between the baseline, SCH23390, and SCH23390+M2 stages
(basal, 11.36 + 1.090 pA vs. SCH, 10.63 +0.7449 pA, vs. SCH+M2
10.23£0.6384 pA; P=0.3909; n=29; Fig. 5d). In addition, no
significant difference was detected in the cumulative distribution
of mEPSC amplitude after SCH23390 or M2 application when
compared with the control (Fig. 5b). The results showed that the
M2-induced enhancement of sEPSC frequency persisted after the
pharmacological blockade of D;Rs, suggesting that D;Rs are not
involved in the M2-mediated enhancement of excitatory synaptic
transmission in the mPFC.

The pharmacological characterization of M2 supported the
involvement of D,R in regulating excitatory synaptic transmission
in the mPFC. Although blockade of D;R (with SCH23390) did not
significantly affect the M2-mediated effect, the inhibition of D,R
(with sulpiride) blunted the M2-induced increase in synaptic
transmission in the mPFC.

M2 activated mTOR signaling and increased postsynaptic-related
proteins

Previous studies have demonstrated that ketamine rapidly
activates the mTOR pathway, leading to increased function of
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new synapses in the mPFC of mice [29, 30]. In contrast, the clinical
antidepressant fluoxetine did not significantly influence mTOR
signaling. To further clarify the possible M2-induced intracellular
signaling pathways underlying the rapid antidepressant effects,
we examined the expression of mTOR signals. M2 significantly
altered the expression levels of Ser 2448 phosphorylation of mTOR
(p-mTOR) 30 min after the injection without modifying total mTOR
(Fig. 6a). Likewise, S-ketamine increased the expression of p-mTOR
instead of mTOR. However, fluoxetine had no obvious effect
on the phosphorylation or non-phosphorylation of mTOR. As
shown in Fig. 6¢, the expression levels of p-mTOR/mTOR were
significantly increased in the M2 (P < 0.05) and S-ketamine groups
(P < 0.05) when compared with the vehicle group.

Neurotrophins are potential mediators of neuroplastic changes
induced by antidepressants [31]. To examine the activation of
neurotrophin signaling in the brain, tyrosine kinase receptor B
(TrkB) phosphorylation was used as an assay. M2 significantly
altered the expression levels of Tyr 705/706 phosphorylation
(p-TrkB) 30 min after the injection (Fig. 6a), as determined by the
higher expression level of p-TrkB/TrkB when compared with
the vehicle group (P <0.05, Fig. 6b); S-ketamine and fluoxetine
induced no significant difference when compared with the
vehicle. Antidepressants did not affect total TrkB protein levels,
implying that these drugs increased TrkB phosphorylation but not
TrkB protein synthesis. These findings suggested that the rapid
antidepressant-like effect of M2 could be related to the activation
of mTOR and TrkB proteins.

Activation of mTOR has been functionally linked with local
protein synthesis in synapses, resulting in the production of
proteins involved in the formation, maturation, and function of
new synapses [29]. PSD-95 is a postsynaptic density protein
associated with neuroplasticity. We found that M2 administration
increased the levels of the postsynaptic protein PSD-95 after 24 h
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(P <0.0001, Fig. 6g, h). Under the same conditions, S-ketamine, but
not fluoxetine, increased the expression of PSD-95 when
compared with vehicle (P <0.01, Fig. 6h). Twenty-four hours after
administration, we noted that M2, S-ketamine, and fluoxetine did
not significantly alter the expression levels of p-mTOR/mTOR and
p-TrkB/TrkB when compared with the vehicle (Fig. 6d-f). It has
been proposed that mTOR signaling not only regulates the
number and structure of synapses but also controls synaptic
transmission by modifying synaptic functions. This result is
consistent with the electrophysiological experiment, which found
that M2 enhanced the synaptic transmission function of the
prefrontal cortex. The antidepressant actions of M2 may be
mediated via the rapid activation of mTOR signaling, which results
in rapid and sustained elevation of synapse-associated proteins in
the PFC.

DISCUSSION

In the present study, our results revealed that M2 produced
antidepressant-like effects as evaluated by FST, TST, and OFT.
Furthermore, we found that M2 enhanced excitatory synaptic
transmission in the mPFC; this effect was blocked by the D,R
antagonist, not the D;R antagonist. On examining the M2-
mediated intracellular signaling, our results showed that the
activation of mTOR signaling and synaptogenesis-related proteins
might mediate the antidepressant actions of M2.

The classical selective serotonin reuptake inhibitor (SSRI),
fluoxetine, affects monoamine neurotransmission immediately
[32] but typically requires several weeks to exert an antidepressant
effect during clinical therapy. Herein, compared with fluoxetine, a
single-dose intraperitoneal administration of M2 produced a
sustained antidepressant-like effect, displaying a significantly
reduced swimming immobility time 24 h after administration in
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TrkB, p-mTOR, mTOR, and p-tubulin at 30 min after administration. b Relative protein levels of p-TrkB/TrkB in the mPFC. c Relative protein levels
of p-mTOR and mTOR in the mPFC. d Western blotting images of p-TrkB, TrkB, p-mTOR, mTOR, and p-tubulin at 24 h after administration.
e Relative protein levels of p-TrkB/TrkB in the mPFC. f Relative protein levels of p-mTOR and mTOR in the mPFC. g Western blot images of PSD-
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mean (SEM). *P < 0.05; **P < 0.01; ****P < 0.0001. mPFC medial prefrontal cortex.

the FST and TST. M2 exhibited greater antidepressant efficacy and
more rapid onset of action than traditional antidepressants.
Furthermore, we observed that M2 increased excitatory synaptic
transmission via D,Rs in the prelimbic mPFC.

The PFC plays an important role in the pathogenesis of MDD
[33]. The rodent mPFC is speculated to be analogous to the
primate mPFC [34]. Post-mortem studies of suicides with MDD
have reported that the PFC is reduced in volume [33], along with
decreased excitatory transmitter transmission. Additionally, stu-
dies have shown the presence of dysfunction in the cortical-limbic
circuitry during depression, as supported by elevated glucose
metabolism in the prefrontal cortex and reduced metabolism in
limbic regions after treatment with antidepressants [35]. Addi-
tional findings suggest that antidepressants enhance the activity
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of Dy-like receptors in the nucleus accumbens and increase
neurotransmission in the mesolimbic dopamine system to
mediate antidepressant effects [36]. Several studies have com-
pared D;Rs in the midbrain; however, the role of D,Rs in the mPFC
in terms of cognitive enhancement remains under investigation.
Pyramidal output neurons in the mPFC integrate and transfer
information from extra-cortical inputs and local circuits to other
cortical areas and subcortical structures [37]. The proportion of
pyramidal neurons expressing D4R is similar in layers II-Ill and VI
(19%-21%). Pyramidal cells expressing D, receptors were more
abundant in layer V (25%) than in layers II-1ll (5%) or VI (13%) [38].
D;Rs are expressed at the postsynaptic membrane, and D,Rs
localize at both presynaptic and postsynaptic membranes, with
the presynaptic receptors functioning as inhibitory autoreceptors
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[39]. The differential expression pattern on layer neurons indicates
that D,R can differentially regulate these pyramidal cells. Our data
indicated that M2 acutely potentiates excitatory neurotransmis-
sion in brain slices, and the M2-mediated enhancement was
blocked by applying a D,R antagonist rather than a D;R
antagonist, suggesting that D,R activity mediates the antidepres-
sant effects via the mPFC. Several D,R antagonists have been
approved by the FDA as atypical antipsychotic sedatives and
antidepressants [11], and most studies on D,Rs have primarily
examined the midbrain [40]; therefore, the role of D,R in the mPFC
warrants further investigation.

Previous reports have indicated that dopamine regulates
glutamatergic synaptic transmission in the mPFC through a
presynaptic mechanism [41], mediated via presynaptic D,R [42].
The D,R antagonist (sulpiride) increased the sEPSC frequency,
supporting the critical role of D,R in glutamatergic synaptic
transmission in the mPFC. M2, a triple reuptake inhibitor, increases
the dopamine concentration in synaptic clefts and functionally
increases glutamatergic transmission in a concentration-dependent
manner in the mPFC. The pharmacological inhibition of D,R
(sulpiride), rather than D;R (with SCH23390), blunted the M2-
induced increase in synaptic transmission. Accordingly, we inferred
that M2 might act at presynaptic D,R, resulting in a mechanism of
disinhibition that exerts an antidepressant effect. The involvement of
D,R in M2-mediated actions increases synaptic transmission, as well
as triggers the activation of intracellular signaling pathways.

In 2010, Li et al. achieved a breakthrough and found that
ketamine elicits rapid efficacy against depressive symptoms by
increasing the number and function of neural spines in the
prefrontal cortex via activation of the mTOR pathway, which is
well-known to mediate cell proliferation, survival, and metabolism
[29]. Classical antidepressants, such as fluoxetine, did not
significantly impact mTOR signaling. Our results revealed that
the rapid activation of mTOR signaling in the mPFC after a single
M2 administration was similar to that induced by ketamine. The
mTOR signaling pathway could be activated by both glutamater-
gic receptors [43] and D,Rs after M2 treatment [44]. Rapid
activation of mTOR signaling, resulting in prompt and sustained
elevation of synapse-associated proteins in the PFC, may represent
a potential antidepressant mechanism. Twenty-four hours after
M2 administration, the expression of p-mTOR (Ser 2448) returned
to control levels, whereas the expression of the synaptic protein
(PSD-95) was significantly increased, suggesting that the
antidepressant-like effect of M2 may be related to the signaling
and function of synaptic proteins. It has been proposed that the
TrkB receptors, the binding target of brain-derived neurotrophic
factor, might mediate the upstream intracellular signaling of the
mTOR signaling pathway to transmit the neurogenesis effect.
Moreover, studies have implicated antidepressant effects asso-
ciated with increased levels of phosphorylated and activated
forms of TrkB [45]. At 30 min after the single M2 administration,
the expression levels of p-TrkB rapidly increased. Our results
suggested that the antidepressant-like action of M2 was
associated with the mTOR signaling pathway, leading to increased
synaptic signaling proteins and enhanced functions of spine
synapses in the mPFC.

The mechanism of activation of mTOR and TrkB in the mPFC is
critical for mediating the antidepressant action of highly effective
antidepressants. M2 enhanced excitatory synaptic transmission and
increased the synthesis of synaptic plasticity-related proteins via
the mTOR pathway in the mPFC. Unlike classical antidepressants,
e.g., SSRIs, M2 produced a rapid and sustained antidepressant-like
action even after single-dose administration. Notably, regulation of
dopaminergic systems appears important in this process. Our results
indicate that M2 produces antidepressant-like actions via a new
mechanism, which involves the enhancement of D,R-mediated
neurotransmission in the mPFC.
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