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Abstract: Norepinephrine is a catecholamine neurotransmitter that has been extensively implicated in
the neurobiology of major depressive disorder (MDD). An accumulating body of evidence indicates
that investigations into the action of norepinephrine at the synaptic/receptor level hold high potential
for a better understanding of MDD neuropathology and introduce possibilities for developing
novel treatments for depression. In this review article, we discuss recent advances in depression
neuropathology and the effects of antidepressant medications based on preclinical and clinical studies
related to beta-adrenergic receptor subtypes. We also highlight a beta-3 adrenergic receptor-involved
mechanism that promotes stress resilience, through which antidepressant efficacy is achieved in both
rodent models for depression and patients with major depression—an alternative therapeutic strategy
that is conceptually different from the typical therapeutic approach in which treatment efficacy is
achieved by reversing pathological alterations rather than by enhancing a good mechanism such as
natural resilience. Altogether, in this review, we systematically describe the role of beta-adrenergic
receptors in depression and stress resilience and provide a new avenue for developing a conceptually
innovative treatment for depression.

Keywords: beta-adrenergic receptors; major depressive disorder; stress resilience; antidepressant

1. Introduction

Major depressive disorder (MDD) is a common psychiatric disorder that severely
impairs an individual’s psychosocial functioning and the quality of daily life. It is known
that the lifetime prevalence of MDD is roughly 20%, which means that one in five people
experience an episode of depression at some point in their lifetime [1]. The World Health
Organization (WHO) predicts that MDD will be ranked as the first global burden of disease
by 2030 [1]. Regarding the treatment reality, less than half of all patients with MDD achieve
remission with the currently available antidepressants [2]. Moreover, one-third of them fail
to respond to conventional antidepressant medications and develop treatment resistance [3].
However, the development of new drugs to treat MDD has been unexpectedly slow for
decades.

MDD is a mental illness of multiple etiologies involving genetic, epigenetic, environ-
mental, psychosocial, and other risk factors [1]. Understanding the neuropathology of MDD
has significantly progressed, but the translation of scientific findings from preclinical re-
search to clinical practice has proved challenging. Currently available antidepressant agents
for the treatment of MDD and other psychiatric disorders were serendipitously discovered
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in the mid-20th century, which led to the monoamine hypothesis of depression [1]. This
theory has been supported by findings that antidepressant medications increase the levels
of monoamine neurotransmitters (serotonin, noradrenaline, and dopamine) at synapses [4].
Accordingly, the theory also indicates an essential role of monoamine-releasing brain struc-
tures in the neuropathology and treatment of depression, including the midbrain dopamine
system, the dorsal raphe serotonin system, and the locus coeruleus norepinephrine system.
Interestingly, while the level of monoamines quickly increases once antidepressants are ad-
ministrated, it usually takes weeks to months for them to exert clinical pathology-reversal
effects [5]. This divergence indicates the sophisticated underpinnings of MDD and the
more complicated mechanisms that may underlie the antidepressant effects of current
medications.

At the beginning of the 21st century, ketamine, a noncompetitive N-methyl D-aspartate
(NMDA) receptor antagonist and well-known general anesthetic, was identified as a rapid-
onset antidepressant agent with persistent pharmacological effects in both animals and
human beings with depression [6–8]. Additionally, esketamine, one of the enantiomers in
the racemic mixture, was recently approved for treatment-resistant depression (TRD) by
the US Food and Drug Administration [9]. Other compounds with similar properties, such
as 3,4-methylenedioxymethamphetamine (MDMA) and psilocybin, have also attracted
growing interest in preclinical studies and clinical investigations [9]. These compounds’
rapid onset and long-lasting antidepressant effects open a new time window for the
treatment and mechanistic dissection of MDD.

Interestingly, there are evident individual differences in response to adversity, trauma,
tragedy, threats, or significant sources of stress: only a relatively small subgroup of the
population develops psychiatric disorders (susceptibility), whereas the rest of them stay
asymptomatically stable (resilience) [10]. Animal paradigms segregating susceptible and
resilient subpopulations, such as the chronic social defeat stress (CSDS) model, have
opened a novel avenue for the study of depression neurobiology and drug development
for depression treatment [10–15]. For example, our recent work showed that resilience to
repeated social stress was mediated by the mesolimbic dopamine neurons projecting from
the ventral tegmental area (VTA) to the nucleus accumbens (NAc) [16] which leads to the
successful translation of retigabine (an opener for the KCNQ subtype of K+ channels) from
preclinical resilience mechanism studies to clinical depression treatment [12–14,17].

The results of early studies supported the idea that the disruption of the locus
coeruleus–norepinephrine (LC–NE) system is strongly associated with psychiatric dis-
orders, such as MDD and post-traumatic stress disorder (PTSD) in humans [18–20]. For
example, rapid activation by various acute stressors is a highly conserved and adaptive
function of the LC. These stressors, intrinsic and extrinsic to the individuals, activate the
LC to release NE in its downstream targets, including the VTA, prefrontal cortex (PFC),
amygdala, and hippocampus, which are related to psychiatric disorders [21]. Thus, per-
sistent hyperactivity of the locus LC–NE system is believed to contribute to or be a risk
factor for psychiatric disorders [22] and has been observed in patients with panic disorders,
PTSD, and MDD [22–24]. Additionally, mice susceptible to a repeated traumatic experience
with reminders of stress displayed an increased expression of the c-Fos protein in the LC.
In contrast, resilient mice showed a similar c-Fos protein expression pattern relative to
the control mice [22]. Recently, the LC–NE system was reported to be consistently and
explicitly activated in mice resilient to chronic social stress, and the optogenetic mimicry of
this hyperactivity was sufficient to generate resilience-like behaviors in behavioral mea-
surements [25,26]. The divergence of alterations in LC noradrenergic activity is possibly
due to the robust anatomical and functional heterogeneity of the LC–NE system, as well
as the difference of animal models [27]. Together, the evidence described above indicates
an emerging role of the norepinephrine–adrenoceptor system in resilience to depression
beyond its already-known contributions to the neuropathology of depression itself.

Here, focusing on the beta-adrenoceptors, we reviewed the recent advances in de-
pression neuropathology and the antidepressant effects related to different adrenoceptor
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subtypes. We also highlighted a beta-3 adrenoceptor that is involved in mediating stress
resilience and has the potential to be a new drug target to promote a resilience mechanism
and achieve antidepressant efficacy. We believe that investigations into the neurobiology
of resilience to depression will pave a new avenue for developing conceptually novel
therapeutic strategies for depression treatment.

2. Distribution and Biological Functions of Beta-Adrenergic Receptors

Adrenoceptors, a superfamily of guanosine triphosphate-binding protein (G protein)-
coupled receptors (GPCRs), are receptors activated by epinephrine and norepinephrine [28].
According to its pharmacological properties, amino acid sequence, and signaling mech-
anisms, the adrenoceptor superfamily is classified into three subfamilies: the alpha1-,
alpha2-, and beta-adrenoceptor subfamilies. The beta-adrenoceptor subfamily comprises
the beta-1, beta-2, and beta-3 subtypes [28]. Beta-adrenoceptors are widely distributed in
the nervous and non-nervous systems and are involved in the adaptation and maladapta-
tion to social and environmental stimuli, as well as muscular system-related activities such
as vasorelaxation and bronchodilation [25,28–30].

The beta-1 subtype of adrenoceptors is predominantly expressed in cardiac tissue
and is critically involved in the regulation of the cardiovascular system in response to
catecholamines [31–33]. In the central nervous system, beta-1 adrenoceptors are distributed
in the basal lateral amygdala and cerebral cortex, playing a role in regulating symptoms
of mental disorders, including depression and anxiety [34,35]. Beta-2 adrenoceptors are
distributed throughout many areas, including smooth muscles, e.g., in the bronchi, veins,
and gastrointestinal tract, to mediate smooth muscle relaxation-related physiological re-
sponses such as bronchodilation. They are also found in adipose tissue to regulate lipolysis
and depressive-like symptoms [36,37]. Beta-3 receptors are thought to be mainly located in
adipose tissue, where they are involved in enhancing lipolysis [38,39]. Some beta-3 receptor
agonists, such as SR58611A and CL316,243, have been demonstrated to function in the
regulation of behaviors related to neuropsychiatric disorders in animal studies [25,30],
suggesting the expression and potential role of the beta-3 subtype receptors in the central
nervous system. Beta-3 adrenoceptors in the gallbladder, urinary bladder, and skeletomus-
cular system control the relaxation of smooth muscle, and those in the skeletal muscle are
used for thermogenesis [40–42]. The significant expression of beta-3 adrenoceptors has
also been identified in cardiac tissue, indicating a role in the function of cardiovascular
systems [43]. The distribution and functions of the three adrenoceptor subtypes are briefly
summarized in Table 1.

Table 1. A summary of the distribution and functions of the three beta-adrenoceptor subtypes.

Beta-Adrenoceptor
Subtypes Distribution Function/Effect Reference

Beta-1

Cardiac tissue Heart rate, heart failure, hypotension [31–33]

The central nervous system,
e.g., the basal lateral amygdala and the

cerebral cortex

Psychiatric disorders,
e.g., anxiety [34,35]

Adipose tissue Lipolysis [31]

Salivary glands Amylase release [44]
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Table 1. Cont.

Beta-Adrenoceptor
Subtypes Distribution Function/Effect Reference

Beta-2

Smooth muscles
e.g., in the bronchi, the veins, and the

bladder

Smooth muscle relaxation-related
effects [43,45,46]

Adipose tissue Lipolysis and mental disorders, such as
depression [36,37]

Pancreas Insulin and glucagon secretion [47]

Beta-3

Adipose tissue Lipolysis [38,39]

Smooth muscles
e.g., in the bronchi, the veins, bladder,

and the gastrointestinal tract

Smooth muscle relaxation-related
effects [40]

Cardiac tissue Heart failure and hypertension [43]

The central nervous system,
e.g., the ventral tegmental area and the

prefrontal cortex

Psychiatric disorders,
e.g., depression [25,48]

Skeletal muscle Thermogenesis [40–42]

3. Functional Role of Beta-Adrenergic Receptors in Depression and
Antidepressant Effects

In the past few decades, clinical investigations have supported the expression and
binding ability of beta-adrenoceptors in the leukocytes of patients with depression, sup-
porting the role of peripheral beta-adrenoceptors in the prediction, development, and
treatment effects of antidepressant therapeutics [49–54]. For instance, a lower density of
beta-adrenoceptors in intact leukocyte cells in depressed patients is related to depression
severity [55–58]. This lower density is also associated with a stable clinical improvement
following antidepressant treatment [59]. A decrease in leukocyte beta-adrenergic recep-
tor binding was also reported in depressed patients compared to healthy controls [60].
Inconsistently, a clinical trial performed on 20 depressed patients and 18 healthy volunteers
measured the function of beta-adrenoceptors in lymphocytes, a subtype of leukocytes,
with the radio-ligand binding technique. The results demonstrated the significantly up-
regulated affinity and sensitivity of these receptors, which were decreased following
electro-acupuncture-treatment in those showing strong therapeutic responses [61]. Fur-
thermore, a beta-adrenoceptor binding study in lymphoblastoid cell lines from families
affected by manic-depressive disorder demonstrated a 50% beta-adrenoceptor binding
deficit compared to their unaffected relatives or healthy controls [62], indicating that beta-
adrenoceptors are a potential biomarker in individuals who are genetically susceptible to
these conditions.

The genetic variation of beta-1 adrenoceptors might influence clinical response to a
specific antidepressant. A clinical study discerned the influence of the G1165C polymor-
phism in the beta-1 adrenoceptor gene on individual differences in response to sertraline,
and it was found that CC genotype-carrying individuals responded five times more to
sertraline compared to other variants and that the C allele carriers responded three times
more to sertraline than patients with the G allele [63]. Interestingly, the antidepressant-
promoting effect of polymorphism in the beta-1 adrenoceptor gene was not observed
in patients who received repeated treatment with fluoxetine, one of the most frequently
prescribed antidepressants [64]. Moreover, the antidepressant-induced down-regulation
of CNS beta-1 adrenoceptors in rodents was in a time course that paralleled the onset of
antidepressant action in patients with MDD [65]. The results of these studies demonstrate
a causal link between beta-1 adrenoceptors and clinical antidepressant responses.
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Divergent data regarding the expression and role of beta-2 adrenoceptors have been
reported in the leukocytes of depressed patients and after antidepressant treatment. For
example, a clinical study indicated a significantly decreased beta-2 adrenoceptor density in
unipolar patients compared to their controls, which demonstrated a significant association
with the severity of the depression as assessed by the Hamilton Depression Rating Scale
(HDRS) score [55]. The authors of another study failed to detect any change in leukocyte
beta-2 adrenoceptors in untreated patients with depression. Still, they surprisingly observed
increased beta-2 adrenoceptors following electroconvulsive therapy, indicating that the
increased beta-2 adrenoceptors are a probable secondary effect of the lower circulating
plasma noradrenaline [66,67]. The pharmacological activation of beta-adrenoceptors with
salbutamol, a beta-2 adrenoceptor agonist, induced rapid antidepressant effects in patients
with depression [68,69]. Animal studies have further demonstrated that the effect could be
antagonized by beta-blockers [70], indicating a beta-2 adrenoceptor-dependent effect.

Compared to the subtypes described above, less is known about the role of beta-3
adrenoceptors in depression and the effects of currently available antidepressants on them.
A recent rodent study showed that the systematic administration of SR58611A, a beta-3
adrenoceptor agonist that can penetrate blood–brain barrier, was able to significantly
increase social interaction duration, reduce forced-swimming immobility, and effectively
improve the degradation of the physical state of the animals’ coats following a long-term
exposure to stress (33 days) [30]. All the behavioral data obtained in this study strongly
indicated an antidepressant effect of the drug. Further studies of knockout mice suggested
that these effects of SR58611A are mediated by beta-3 adrenoceptors [30]. These findings
indicate that the pharmacological activation of beta-3 adrenoceptors with highly selective
agonists [30,71] may represent an innovative approach for the treatment of anxiety and
depressive disorders.

Brain beta-adrenoceptor alterations have been suggested in suicide and MDD. For in-
stance, beta-adrenergic binding studies performed in the frontal cortex and other brain samples
from suicide victims have reported various changes compared to matched controls [72–77].
However, much less is known about the functional role of brain beta-adrenoceptors in these
conditions, which needs to be addressed in future studies.

Given their global expression in the cardiovascular, respiratory, and central nervous
systems (Table 1), the systematic administration of beta adrenoceptor agonists or antago-
nists will evoke related side effects, such as cardiac disorders, trembling, nervous tension,
headaches, and muscle cramps. In this case, for clinical translation, the side effects of beta
adrenoceptor-related drugs should be carefully evaluated. Even administration through
inhalation (which has advantages over oral or subcutaneous strategies) still leads to adverse
effects such as bronchodilation [78,79]. Hyperthyroidism and diabetes mellitus are con-
traindications for the use of beta adrenoceptor agonists [80]. Drug interactions should also
be taken in consideration, especially when administrated with corticosteroids, diuretics,
and xanthine derivatives, because of the vibration of potassium levels [81]. In Tables 2–5,
we summarize currently-tested agonists and antagonists of beta-adrenoceptors in animal
and human studies.

Table 2. Beta-adrenoceptor agonists tested in animal studies.

Agonists Receptor
Target

Administration
Strategies

Behavioral
Tests Function Animal

Species Reference

Methoxamine and
CL316243 cocktail

Alpha-1 and
Beta-3

0.02 µg and 0.6 µg, VTA
infusion, 10 days SIT Antidepressant mouse Zhang et al.

[25]

SR58611A Beta-3 1/3/10 mg/kg, i.p.,
10 days FST, SIT Antidepressant mouse/rat Stemmelin et al.

[30]
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Table 2. Cont.

Agonists Receptor
Target

Administration
Strategies

Behavioral
Tests Function Animal

Species Reference

SR58611A Beta-3
5/10 mg/kg, i.p.,
24/5/1 h prior to
behavioral tests

FST, SIT Antidepressant rat Consoli et al.
[82]

SR58611A Beta-3 0.3/1.0/3.0 mg/kg, i.p.,
14 days FST Antidepressant rat Overstreet et al.

[83]

SIT, Social Interaction Test; FST, Forced Swim Test; i.p., intraperitoneal. SIT and FST are well-established behavioral
tests used to evaluate depressive-like symptoms related to behavioral despair and social avoidance. Another
widely-used test is the sucrose preference test, which measures the change of anhedonia in tested animals.

Table 3. Beta-adrenoceptor antagonists tested in animal studies.

Antagonist Receptor
Target

Administration
Strategies

Behavioral
Tests Function Animal

Species Reference

Nebivolol Beta-1 10 mg/kg p.o., daily OFT, FST Antidepressant rat Abdelkader
et al. [84]

Cyclazosin and
SR59230A

Alpha-1 and
Beta-3

0.2 µg and 0.02 µg, VTA
infusion, 10 days SIT Pro-depression mouse Zhang et al.

[25]

SR59230A Beta-3 5 mg/kg i.p., twice daily
for 10 days SIT Pro-depression mouse Chuang et al.

[85]

OFT, Open Field Test; FST, Forced Swim Test; SIT, Social Interaction Test.

Table 4. Beta-adrenoceptor agonists tested in human studies.

Agonists Receptor
Target

Administration
Strategies

Clinical Symptom
Evaluation Patients Reference

Salbutamol Beta-2 1.5~6 mg intravenous
infusion, 6~10 days HDRS MDD Simon et al. and

Lecrubier et al. [68,70]

SR58611A Beta-3 350 mg q12, 12 weeks CGI-S, MADRS,
HAM-A MDD Sanofi-NCT00252330 *

HDRS, Hamilton Depression Rating Scale; CGI-S, the Clinical Global Impression-Severity scale; MADRS, the
Montgomery–Åsberg Depression Rating Scale; HAM-A, Hamilton Anxiety Rating Scale; MDD, Major Depressive
Disorder; * ClinicalTrials.gov Identifier (phase 3).

Table 5. Beta-adrenoceptor antagonists tested in human studies and clinical observations.

Antagonists Receptor
Target

Administration
Strategies

Clinical Symptom
Evaluation Patients Reference

Propranolol Non-selective 45~120 mg daily,
2 weeks~3 months Pro-depression *

Hypertension; angina-
pectoris; other

beta-blocker users

Waal et al.,
Oppenheim

et al. and
Thiessen et al.

[86–88]

Timolol Non-selective 0.25% twice a day,
3 months Pro-depression * Adult-onset diabetes

and diabetic retinopathy
Nolan et al.

[89]

Sotalol Non-selective 80 mg twice daily,
4 months Pro-depression * ICD user Ramaswamy

et al. [90]

Betaxolol Beta-1 One drop in each eye
every 12 h Pro-depression * Glaucoma Orlando et al.

[91]
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Table 5. Cont.

Antagonists Receptor
Target

Administration
Strategies

Clinical Symptom
Evaluation Patients Reference

Metoprolol Beta-1

23.75 or 47.5 mg, qd PO,
dose escalated with

23.75 mg each time until
target heart

rate < 70 bpm was
achieved

HADS, CBI Chronic heart failure Liu et al. [92]

Metoprolol Beta-1 50/25/12.5 mg twice a
day Pro-depression *

Hypertension,
hyperlipidemia, benign

prostate hyperplasia,
Barrett’s esophagus,
mild dementia, and
chronic back pain

Shah et al. [93]

HADS, Hospital Anxiety and Depression Scale; CBI, Copenhagen Burnout Inventory; ICD, implantable
cardioverter-defibrillator; * Case report.

4. Functional Role of Beta-Adrenergic Receptors in Resilience to Stress

It is widely known that the LC–NE system globally primes neurons in the brain to
respond to stimuli [94–96], e.g., in the fight or flight responses [97,98]. Emerging evidence
suggests an essential role of the LC–NE system, consisting of norepinephrine and its
adrenoceptors, in depression and stress resilience [25,26,94–96]. An accumulating body
of evidence indicates a potential role of beta-adrenoceptors in mediating depression and
the antidepressant effect of currently available treatments. However, the functional role
of the LC–NE system in stress resilience is not well-known, and further investigations are
required with etiologically and ethologically validated animal models. Here, we mainly
presented the potential role of beta-3 adrenoceptor in mediating resilience to chronic social
stress-induced depression.

Individual variation in response to chronic social stress has been observed in a
10-day CSDS paradigm [17]. The CSDS model involves subjecting mice to repeated so-
cial defeat 5–10 min each day for 10 days, after which 60~70% of mice show a range of
depressive-like behavioral symptoms (susceptible sub-population). In contrast, the rest
of the socially defeated mice exhibit behavioral phenotypes similar to stress-naïve control
mice (resilient sub-population) [12,16,17,25,99–103]. The segregation of the behaviorally
and neurobiologically distinct sub-populations has led to an increasing body of basic
and translational studies that have investigated the neural mechanisms of the resilience
phenotype and provided the high potential to develop conceptually novel therapeutics
achieved by promoting resilience mechanisms [10–15]. By utilizing the CSDS mouse model
for depression, we and others recently found that LC norepinephrine neurons projecting to
the VTA selectively exhibit enhanced neuronal activity in resilient mice [25,26]. Mimick-
ing this firing adaptation by optogenetically activating these neurons in susceptible mice,
20 min per day for 10 days, reversed their depression-related behaviors and induced a
homeostatic balance between Ih (hyperpolarization-activated cation channel current) and
voltage-gated potassium (K+) currents in NAc-projecting VTA dopamine neurons. Our
circuit- and cell-type-specific molecular profiling study further revealed that alpha-1 and
beta-3 adrenoceptors displayed a significantly higher expression in VTA–NAc-projecting
dopamine neurons. Subsequently, the pharmacologic activation of alpha-1 and beta-3 re-
ceptors in the VTA via the local infusion of a cocktail of their agonists was found to induce
resilience phenotypes (methoxamine HCl and CL316243, once a day, for 10 days), an
effect seen in optogenetically treated susceptible mice. Significantly, these optogenetic
activation-induced pro-resilience effects were entirely blocked by the intra-VTA infusion
of alpha-1 and beta-3 adrenergic receptor antagonists. These results strongly support the
idea that alpha-1 and beta-3 adrenergic receptors are sufficient and necessary to mediate
the resilience phenotype in the brain’s reward system. The repeated activation of VTA
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alpha-1 and beta-3 adrenoceptors displays pro-resilient effects in susceptible mice at the
cellular and behavioral levels. For translational purposes, further studies are needed to
independently examine the role of each receptor.

Together with the findings in non-social stress animal models [30], the evidence
supports the idea that pharmacologically targeting the beta-3 adrenoceptors holds potential
for developing novel antidepressants for depression treatment, which is achieved by
promoting resilience-like phenotypes in chronic stress models of depression.

5. Resilience Promotion as a Conceptually Novel Strategy for Depression Treatment

According to the American Psychological Association (APA), resilience is “the pro-
cess of adapting well in the face of adversity, trauma, tragedy, threats, or even significant
sources of stress”. An increasing body of evidence in animal studies and human inves-
tigations shows that resilience is an active, adaptive process rather than the absence of
pathological responses, as seen in susceptible individuals. Several molecular and neuro-
physiological studies have consistently demonstrated that resilience actively recruits more
genes and more ion channels to stabilize neuronal activity and maintain normal behavioral
phenotypes [16,17].

The segregation of stress susceptibility versus resilience made it possible to identify
multiple underlying neural and molecular correlates of resilience for the development of
new treatments [10–15]. Focusing on the midbrain dopamine system, our recent preclinical
and clinical studies have consistently supported the idea that resilience promotion is a bona
fide strategy for conceptually novel drug development. NAc-projecting VTA dopamine
neurons display increased firing activity in susceptible but not resilient mice. Optogeneti-
cally manipulating the neuronal activity of this subpopulation of VTA dopamine neurons
was shown to bi-directionally regulate depressive-like behaviors in social interaction and
sucrose preference tests [100]. Further mechanical investigations revealed that in suscep-
tible mice, VTA–NAc dopamine neurons displayed an increased excitatory Ih current,
which drives the pathological hyperactivity of these neurons [16]. Unexpectedly, in the
resilient subpopulation, these neurons displayed an even larger excitatory Ih current that
was accompanied by increased inhibitory K+ channel currents [16]. These findings indicate
intrinsic homeostasis in the midbrain dopamine neurons involving an excitatory/inhibitory
current re-balance that underlies resilience to repeated social stress. These findings also
support the idea that targeting these K+ channels might exert an antidepressant effect by
promoting resilience.

Our previous microarray study identified the KCNQ subtype of K+ channels as one
of the four upregulated K+ channels selectively observed in the VTA of resilient mice [17].
Friedman et al. further demonstrated that bath application of the KCNQ opener retigabine
(also known as ezogabine) suppressed the hyper-firing activity of VTA dopamine neurons
in the brain-slice preparation obtained from susceptible mice. Moreover, both the viral
overexpression of KCNQ3, a subunit that is upregulated in resilient mice, and the local infu-
sion of retigabine into the VTA induced antidepressant properties in susceptible mice [12].
Further in vivo studies also demonstrated robust antidepressant effects in susceptible mice
that received the systematic administration of retigabine, indicating a translational potential
of this drug for clinical use [12]. Interestingly, targeting KCNQ4 with its openers was also
reported to significantly decrease the hyperactivity of VTA dopamine neurons and abolish
depressive-like behaviors in susceptible mice following CSDS [104].

Thus, an open-label clinical trial was performed to assess the effects of the KCNQ
channel opener ezogabine on reward circuitry and clinical symptoms in 18 patients with
MDD. After repeated exposure to ezogabine (up to 900 mg/day for 10 weeks), subjects
exhibited significant reductions in depressive and anhedonia symptoms and a decreased
functional connectivity between the ventral caudate and clusters within the mid-cingulate
cortex and posterior cingulate cortex [13]; these findings highlight the KCNQ-type K+

channel as a promising target for future drug discovery efforts. In a later randomized
placebo-controlled clinical trial involving 45 patients with depression, ezogabine treatment
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was associated with a robust improvement in depressive and hedonic symptoms compared
to a placebo [14].

Together, these systematic findings identified KCNQ as a resilience-promotion target
for conceptually novel antidepressants that function through the potentiation of active
resilience mechanisms.

6. Conclusions and Discussion

MDD affects many people, has an enormous impact on the individuals, imposes an
immense economic burden, and suggests that the development of more effective treatments
to improve its diagnosis and management is imperative. To achieve this goal, preclinical
and clinical researchers have put forth enormous efforts over decades to identify patho-
physiological alterations and reverse them to achieve therapeutic efficacy [5]. However,
these strategies have not been successful and have failed to introduce new classes of an-
tidepressants with novel mechanisms of action, and most currently available drugs for
depression treatment were serendipitously discovered in the 1950s [9].

The segregation of susceptible versus resilient animals subjected to chronic stress is
crucial, which provides two directions for future antidepressant development: to reverse the
mechanisms specifically underlying susceptibility and to promote the active mechanisms
underlying stress resilience. With the identification of ezogabine as a novel antidepressant
that uses the resilience-promoting mechanism, the latter direction has been proven to be
a successful approach for the development of possible new-generation antidepressants,
which clearly is a conceptually novel therapeutic strategy for MDD. An accumulating body
of evidence from preclinical and clinical investigations strongly supports the idea that
beta-adrenoceptors, especially the beta-3 subtype, hold promising possibilities as molecular
targets for future antidepressant development. Therefore, agonists that are highly selective
for beta-3 adrenoceptors may represent druggable compounds for future preclinical and
clinical tests [30,71]. Based on our current knowledge about resilience, targeting resilience-
related channels or receptors in the brain represents an evidently different mechanism
of action compared to any currently available antidepressants. Hopefully, more brain
structures and molecules underlying resilience to chronic stress will be identified, which
will offer conceptually original therapeutic strategies for depression treatment.

Author Contributions: Conceptualization, M.-H.H. and H.Z.; writing original draft preparation, H.Z.
and M.C.; writing review and editing, M.-H.H.; supervision, M.-H.H., J.-L.C. and H.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: The present study was supported by the National Key R&D Program of China
(2021ZD0202900 and 2021ZD0203100), National Natural Science Foundation of China (31970937 and
82101315), Natural Science Foundation of Jiangsu Province (BK 20190047), Distinguished Professor
Program of Jiangsu, Jiangsu Province Innovative and Entrepreneurial Talent/Team Program, and the
Priority Academic Program Development of Jiangsu Higher Education Institutions (19KJA610005).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Malhi, G.S.; Mann, J.J. Depression. Lancet 2018, 392, 2299–2312. [CrossRef]
2. Racagni, G.; Popoli, M. Cellular and molecular mechanisms in the long-term action of antidepressants. Dialogues Clin. Neurosci.

2008, 10, 385–400. [CrossRef] [PubMed]
3. Kessler, R.C.; Berglund, P.; Demler, O.; Jin, R.; Koretz, D.; Merikangas, K.R.; Rush, A.J.; Walters, E.E.; Wang, P.S. The epidemiology

of major depressive disorder: Results from the National Comorbidity Survey Replication (NCS-R). JAMA 2003, 289, 3095–3105.
[CrossRef] [PubMed]

4. Segal, D.S.; Kuczenski, R.; Mandell, A.J. Theoretical implications of drug-induced adaptive regulation for a biogenic amine
hypothesis of affective disorder. Biol. Psychiatry 1974, 9, 147–159.

5. Monteggia, L.M.; Malenka, R.C.; Deisseroth, K. Depression: The best way forward. Nature 2014, 515, 200–201. [CrossRef]
6. Berman, R.M.; Cappiello, A.; Anand, A.; Oren, D.A.; Heninger, G.R.; Charney, D.S.; Krystal, J.H. Antidepressant effects of

ketamine in depressed patients. Biol. Psychiatry 2000, 47, 351–354. [CrossRef]

http://doi.org/10.1016/S0140-6736(18)31948-2
http://doi.org/10.31887/DCNS.2008.10.4/gracagni
http://www.ncbi.nlm.nih.gov/pubmed/19170396
http://doi.org/10.1001/jama.289.23.3095
http://www.ncbi.nlm.nih.gov/pubmed/12813115
http://doi.org/10.1038/515200a
http://doi.org/10.1016/S0006-3223(99)00230-9


Biomedicines 2022, 10, 2378 10 of 13

7. Price, R.B.; Nock, M.K.; Charney, D.S.; Mathew, S.J. Effects of intravenous ketamine on explicit and implicit measures of suicidality
in treatment-resistant depression. Biol. Psychiatry 2009, 66, 522–526. [CrossRef]

8. Autry, A.E.; Adachi, M.; Nosyreva, E.; Na, E.S.; Los, M.F.; Cheng, P.F.; Kavalali, E.T.; Monteggia, L.M. NMDA receptor blockade
at rest triggers rapid behavioural antidepressant responses. Nature 2011, 475, 91–95. [CrossRef]

9. Heifets, B.D.; Malenka, R.C. Disruptive Psychopharmacology. JAMA Psychiatry 2019, 76, 775–776. [CrossRef]
10. Nestler, E.J.; Waxman, S.G. Resilience to Stress and Resilience to Pain: Lessons from Molecular Neurobiology and Genetics. Trends

Mol. Med. 2020, 26, 924–935. [CrossRef]
11. Han, M.H.; Nestler, E.J. Neural Substrates of Depression and Resilience. Neurother. J. Am. Soc. Exp. NeuroTher. 2017, 14, 677–686.

[CrossRef]
12. Friedman, A.K.; Juarez, B.; Ku, S.M.; Zhang, H.; Calizo, R.C.; Walsh, J.J.; Chaudhury, D.; Zhang, S.; Hawkins, A.; Dietz, D.M.;

et al. KCNQ channel openers reverse depressive symptoms via an active resilience mechanism. Nat. Commun. 2016, 7, 11671.
[CrossRef]

13. Tan, A.; Costi, S.; Morris, L.S.; Van Dam, N.T.; Kautz, M.; Whitton, A.E.; Friedman, A.K.; Collins, K.A.; Ahle, G.; Chadha, N.;
et al. Effects of the KCNQ channel opener ezogabine on functional connectivity of the ventral striatum and clinical symptoms in
patients with major depressive disorder. Mol. Psychiatry 2020, 25, 1323–1333. [CrossRef] [PubMed]

14. Costi, S.; Morris, L.S.; Kirkwood, K.A.; Hoch, M.; Corniquel, M.; Vo-Le, B.; Iqbal, T.; Chadha, N.; Pizzagalli, D.A.; Whitton, A.;
et al. Impact of the KCNQ2/3 Channel Opener Ezogabine on Reward Circuit Activity and Clinical Symptoms in Depression:
Results From a Randomized Controlled Trial. Am. J. Psychiatry 2021, 178, 437–446. [CrossRef] [PubMed]

15. Costi, S.; Han, M.H.; Murrough, J.W. The Potential of KCNQ Potassium Channel Openers as Novel Antidepressants. CNS Drugs
2022, 36, 207–216. [CrossRef] [PubMed]

16. Friedman, A.K.; Walsh, J.J.; Juarez, B.; Ku, S.M.; Chaudhury, D.; Wang, J.; Li, X.; Dietz, D.M.; Pan, N.; Vialou, V.F.; et al. Enhancing
depression mechanisms in midbrain dopamine neurons achieves homeostatic resilience. Science 2014, 344, 313–319. [CrossRef]
[PubMed]

17. Krishnan, V.; Han, M.H.; Graham, D.L.; Berton, O.; Renthal, W.; Russo, S.J.; Laplant, Q.; Graham, A.; Lutter, M.; Lagace, D.C.; et al.
Molecular adaptations underlying susceptibility and resistance to social defeat in brain reward regions. Cell 2007, 131, 391–404.
[CrossRef] [PubMed]

18. Nutt, D.J. Relationship of neurotransmitters to the symptoms of major depressive disorder. J. Clin. Psychiatry 2008, 69 (Suppl. E1), 4–7.
19. Belmaker, R.H.; Agam, G. Major depressive disorder. N. Engl. J. Med. 2008, 358, 55–68. [CrossRef]
20. Bremner, J.D. Traumatic stress: Effects on the brain. Dialogues Clin. Neurosci. 2006, 8, 445–461. [CrossRef]
21. Morris, L.S.; McCall, J.G.; Charney, D.S.; Murrough, J.W. The role of the locus coeruleus in the generation of pathological anxiety.

Brain Neurosci. Adv. 2020, 4, 2398212820930321. [CrossRef] [PubMed]
22. Olson, V.G.; Rockett, H.R.; Reh, R.K.; Redila, V.A.; Tran, P.M.; Venkov, H.A.; Defino, M.C.; Hague, C.; Peskind, E.R.; Szot, P.; et al.

The role of norepinephrine in differential response to stress in an animal model of posttraumatic stress disorder. Biol. Psychiatry
2011, 70, 441–448. [CrossRef] [PubMed]

23. Grueschow, M.; Stenz, N.; Thörn, H.; Ehlert, U.; Breckwoldt, J.; Brodmann Maeder, M.; Exadaktylos, A.K.; Bingisser, R.; Ruff, C.C.;
Kleim, B. Real-world stress resilience is associated with the responsivity of the locus coeruleus. Nat. Commun. 2021, 12, 2275.
[CrossRef]

24. Pitman, R.K.; Rasmusson, A.M.; Koenen, K.C.; Shin, L.M.; Orr, S.P.; Gilbertson, M.W.; Milad, M.R.; Liberzon, I. Biological studies
of post-traumatic stress disorder. Nat. Rev. Neurosci. 2012, 13, 769–787. [CrossRef]

25. Zhang, H.; Chaudhury, D.; Nectow, A.R.; Friedman, A.K.; Zhang, S.; Juarez, B.; Liu, H.; Pfau, M.L.; Aleyasin, H.; Jiang, C.;
et al. alpha1- and beta3-Adrenergic Receptor-Mediated Mesolimbic Homeostatic Plasticity Confers Resilience to Social Stress in
Susceptible Mice. Biol. Psychiatry 2019, 85, 226–236. [CrossRef]

26. Isingrini, E.; Perret, L.; Rainer, Q.; Amilhon, B.; Guma, E.; Tanti, A.; Martin, G.; Robinson, J.; Moquin, L.; Marti, F.; et al. Resilience
to chronic stress is mediated by noradrenergic regulation of dopamine neurons. Nat. Neurosci. 2016, 19, 560–563. [CrossRef]
[PubMed]

27. Schwarz, L.A.; Luo, L. Organization of the locus coeruleus-norepinephrine system. Curr. Biol. 2015, 25, R1051–R1056. [CrossRef]
28. Ruan, Y.; Böhmer, T.; Jiang, S.; Gericke, A. The Role of Adrenoceptors in the Retina. Cells 2020, 9, 2594. [CrossRef]
29. Pradel, K.; Blasiak, T.; Solecki, W.B. Adrenergic Receptor Agonists’ Modulation of Dopaminergic and Non-dopaminergic Neurons

in the Ventral Tegmental Area. Neuroscience 2018, 375, 119–134. [CrossRef]
30. Stemmelin, J.; Cohen, C.; Terranova, J.P.; Lopez-Grancha, M.; Pichat, P.; Bergis, O.; Decobert, M.; Santucci, V.; Françon, D.;

Alonso, R.; et al. Stimulation of the beta3-Adrenoceptor as a novel treatment strategy for anxiety and depressive disorders.
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2008, 33, 574–587. [CrossRef]

31. Purves, D. Neuroscience; Sinauer Associates: Sunderland, MA, USA, 2004.
32. Wang, Y.; Zhao, M.; Shi, Q.; Xu, B.; Zhu, C.; Li, M.; Mir, V.; Bers, D.M.; Xiang, Y.K. Monoamine Oxidases Desensitize Intracellular

β(1)AR Signaling in Heart Failure. Circ. Res. 2021, 129, 965–967. [CrossRef] [PubMed]
33. Wearing, O.H.; Nelson, D.; Ivy, C.M.; Crossley, D.A., 2nd; Scott, G.R. Adrenergic control of the cardiovascular system in deer mice

native to high altitude. Curr. Res. Physiol. 2022, 5, 83–92. [CrossRef] [PubMed]
34. Fu, A.; Li, X.; Zhao, B. Role of beta1-adrenoceptor in the basolateral amygdala of rats with anxiety-like behavior. Brain Res. 2008,

1211, 85–92. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biopsych.2009.04.029
http://doi.org/10.1038/nature10130
http://doi.org/10.1001/jamapsychiatry.2019.1145
http://doi.org/10.1016/j.molmed.2020.03.007
http://doi.org/10.1007/s13311-017-0527-x
http://doi.org/10.1038/ncomms11671
http://doi.org/10.1038/s41380-018-0283-2
http://www.ncbi.nlm.nih.gov/pubmed/30385872
http://doi.org/10.1176/appi.ajp.2020.20050653
http://www.ncbi.nlm.nih.gov/pubmed/33653118
http://doi.org/10.1007/s40263-021-00885-y
http://www.ncbi.nlm.nih.gov/pubmed/35258812
http://doi.org/10.1126/science.1249240
http://www.ncbi.nlm.nih.gov/pubmed/24744379
http://doi.org/10.1016/j.cell.2007.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17956738
http://doi.org/10.1056/NEJMra073096
http://doi.org/10.31887/DCNS.2006.8.4/jbremner
http://doi.org/10.1177/2398212820930321
http://www.ncbi.nlm.nih.gov/pubmed/32954002
http://doi.org/10.1016/j.biopsych.2010.11.029
http://www.ncbi.nlm.nih.gov/pubmed/21251647
http://doi.org/10.1038/s41467-021-22509-1
http://doi.org/10.1038/nrn3339
http://doi.org/10.1016/j.biopsych.2018.08.020
http://doi.org/10.1038/nn.4245
http://www.ncbi.nlm.nih.gov/pubmed/26878672
http://doi.org/10.1016/j.cub.2015.09.039
http://doi.org/10.3390/cells9122594
http://doi.org/10.1016/j.neuroscience.2017.11.002
http://doi.org/10.1038/sj.npp.1301424
http://doi.org/10.1161/CIRCRESAHA.121.319546
http://www.ncbi.nlm.nih.gov/pubmed/34530626
http://doi.org/10.1016/j.crphys.2022.01.006
http://www.ncbi.nlm.nih.gov/pubmed/35169714
http://doi.org/10.1016/j.brainres.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18423428


Biomedicines 2022, 10, 2378 11 of 13

35. Silberman, Y.; Ariwodola, O.J.; Weiner, J.L. β1-adrenoceptor activation is required for ethanol enhancement of lateral paracapsular
GABAergic synapses in the rat basolateral amygdala. J. Pharmacol. Exp. Ther. 2012, 343, 451–459. [CrossRef]

36. Liu, S.; Xiu, J.; Zhu, C.; Meng, K.; Li, C.; Han, R.; Du, T.; Li, L.; Xu, L.; Liu, R.; et al. Fat mass and obesity-associated protein
regulates RNA methylation associated with depression-like behavior in mice. Nat. Commun. 2021, 12, 6937. [CrossRef]

37. Large, V.; Hellström, L.; Reynisdottir, S.; Lönnqvist, F.; Eriksson, P.; Lannfelt, L.; Arner, P. Human beta-2 adrenoceptor gene
polymorphisms are highly frequent in obesity and associate with altered adipocyte beta-2 adrenoceptor function. J. Clin. Investig.
1997, 100, 3005–3013. [CrossRef]

38. Ferrer-Lorente, R.; Cabot, C.; Fernández-López, J.A.; Alemany, M. Combined effects of oleoyl-estrone and a beta3-adrenergic
agonist (CL316,243) on lipid stores of diet-induced overweight male Wistar rats. Life Sci. 2005, 77, 2051–2058. [CrossRef]

39. Collins, S. β-Adrenergic Receptors and Adipose Tissue Metabolism: Evolution of an Old Story. Annu. Rev. Physiol. 2022, 84, 1–16.
[CrossRef]

40. Babol, K.; Błasiak, J. Beta3-adrenergic receptor. Postepy Biochem. 2005, 51, 80–87.
41. González-Soltero, R.; Blanco Fernández de Valderrama, M.J.; González-Soltero, E.; Larrosa, M. Can study of the ADRB3 gene help

improve weight loss programs in obese individuals? Endocrinol. Diabetes Nutr. 2021, 68, 66–73. [CrossRef]
42. Goudie-DeAngelis, E.M.; Abdelhamid, R.E.; Nunez, M.G.; Kissel, C.L.; Kovács, K.J.; Portoghese, P.S.; Larson, A.A. Modulation of

musculoskeletal hyperalgesia by brown adipose tissue activity in mice. Pain 2016, 157, 2561–2570. [CrossRef] [PubMed]
43. Choi, Y.D.; Reinert, A.; Bulley, S. The function of β3-adrenergic receptors in resistance-sized arteries. FASEB J. 2022, 36 (Suppl. S1), 3663.

[CrossRef]
44. Rang, H.P. Pharmacology; Churchill Livingstone: Edinburgh, UK; New York, NY, USA, 2003.
45. Pacini, E.S.A.; Satori, N.A.; Jackson, E.K.; Godinho, R.O. Extracellular cAMP-Adenosine Pathway Signaling: A Potential

Therapeutic Target in Chronic Inflammatory Airway Diseases. Front. Immunol. 2022, 13, 866097. [CrossRef] [PubMed]
46. Yamada, S.; Niiya, R.; Ito, Y.; Kato, Y.; Onoue, S. Comparative characterization of β-adrenoceptors in the bladder, heart, and lungs

of rats: Alterations in spontaneously hypertensive rats. J. Pharmacol. Sci. 2022, 148, 51–55. [CrossRef] [PubMed]
47. Philipson, L.H. beta-Agonists and metabolism. J. Allergy Clin. Immunol. 2002, 110, S313–S317. [CrossRef]
48. Sun, X.; Wang, X.; Zhou, H.C.; Zheng, J.; Su, Y.X.; Luo, F. β3-adrenoceptor activation exhibits a dual effect on behaviors and

glutamate receptor function in the prefrontal cortex. Behav. Brain Res. 2021, 412, 113417. [CrossRef]
49. Burch, E.A., Jr.; Goldschmidt, T.J. Depression in the elderly: A beta-adrenergic receptor dysfunction? Int. J. Psychiatry Med. 1983,

13, 207–213. [CrossRef]
50. Manji, H.; Brown, J.H. The antidepressant effect of beta-adrenoreceptor subsensitivity: A brief review and clinical implications.

Can. J. Psychiatry 1987, 32, 788–797. [CrossRef]
51. Leonard, B.E. Noradrenaline in basic models of depression. Eur. Neuropsychopharmacol. J. Eur. Coll. Neuropsychopharmacol. 1997,

7 (Suppl. S1), S11–S16, discussion S71–S13. [CrossRef]
52. Butterweck, V. Mechanism of action of St John’s wort in depression: What is known? CNS Drugs 2003, 17, 539–562. [CrossRef]
53. Van Waarde, A.; Vaalburg, W.; Doze, P.; Bosker, F.J.; Elsinga, P.H. PET imaging of beta-adrenoceptors in human brain: A realistic

goal or a mirage? Curr. Pharm. Des. 2004, 10, 1519–1536. [CrossRef] [PubMed]
54. Covelli, V.; Passeri, M.E.; Leogrande, D.; Jirillo, E.; Amati, L. Drug targets in stress-related disorders. Curr. Med. Chem. 2005, 12,

1801–1809. [CrossRef] [PubMed]
55. Jeanningros, R.; Mazzola, P.; Azorin, J.M.; Samuelian-Massa, C.; Tissot, R. Beta-adrenoceptor density of intact mononuclear

leukocytes in subgroups of depressive disorders. Biol. Psychiatry 1991, 29, 789–798. [CrossRef]
56. Pandey, G.N.; Janicak, P.G.; Davis, J.M. Decreased beta-adrenergic receptors in the leukocytes of depressed patients. Psychiatry

Res. 1987, 22, 265–273. [CrossRef]
57. Mazzola-Pomietto, P.; Azorin, J.M.; Tramoni, V.; Jeanningros, R. Relation between lymphocyte beta-adrenergic responsivity and

the severity of depressive disorders. Biol. Psychiatry 1994, 35, 920–925. [CrossRef]
58. Carstens, M.E.; Engelbrecht, A.H.; Russell, V.A.; Aalbers, C.; Gagiano, C.A.; Chalton, D.O.; Taljaard, J.J. Beta-adrenoceptors on

lymphocytes of patients with major depressive disorder. Psychiatry Res. 1987, 20, 239–248. [CrossRef]
59. Mazzola, P.; Jeanningros, R.; Azorin, J.M.; Aligne, L.; Tissot, R. Early decrease in density of mononuclear leukocyte beta-adrenoceptors

in depressed patients following amineptine treatment: Possible relation to clinical efficiency. Prog. Neuropsychopharmacol. Biol.
Psychiatry 1991, 15, 357–367. [CrossRef]

60. Srivastava, N.; Barthwal, M.K.; Dalal, P.K.; Agarwal, A.K.; Nag, D.; Seth, P.K.; Srimal, R.C.; Dikshit, M. A study on nitric oxide,
beta-adrenergic receptors and antioxidant status in the polymorphonuclear leukocytes from the patients of depression. J. Affect.
Disord. 2002, 72, 45–52. [CrossRef]

61. Fan, X.D. Function of lymphocyte beta-adrenergic receptor in depression. Zhonghua Shen Jing Jing Shen Ke Za Zhi 1992, 25, 322–324.
62. Wright, A.F.; Crichton, D.N.; Loudon, J.B.; Morten, J.E.; Steel, C.M. Beta-adrenoceptor binding defects in cell lines from families

with manic-depressive disorder. Ann. Hum. Genet. 1984, 48, 201–214. [CrossRef]
63. Firouzabadi, N.; Raeesi, R.; Zomorrodian, K.; Bahramali, E.; Yavarian, I. Beta Adrenoceptor Polymorphism and Clinical Response

to Sertraline in Major Depressive Patients. J. Pharm. Pharm. Sci. 2017, 20, 1–7. [CrossRef] [PubMed]
64. Firouzabadi, N.; Asadpour, R.; Zomorrodian, K. Association Study of the Beta-Adrenergic Receptor Genetic Variant Gly389Arg

and Fluoxetine Response in Major Depression. Galen. Med. J. 2020, 9, e1781. [CrossRef]

http://doi.org/10.1124/jpet.112.196022
http://doi.org/10.1038/s41467-021-27044-7
http://doi.org/10.1172/JCI119854
http://doi.org/10.1016/j.lfs.2005.04.008
http://doi.org/10.1146/annurev-physiol-060721-092939
http://doi.org/10.1016/j.endinu.2019.12.005
http://doi.org/10.1097/j.pain.0000000000000677
http://www.ncbi.nlm.nih.gov/pubmed/27437788
http://doi.org/10.1096/fasebj.2022.36.S1.R3663
http://doi.org/10.3389/fimmu.2022.866097
http://www.ncbi.nlm.nih.gov/pubmed/35479074
http://doi.org/10.1016/j.jphs.2021.10.003
http://www.ncbi.nlm.nih.gov/pubmed/34924129
http://doi.org/10.1067/mai.2002.129702
http://doi.org/10.1016/j.bbr.2021.113417
http://doi.org/10.2190/34LP-XTAC-BJTT-QRGD
http://doi.org/10.1177/070674378703200913
http://doi.org/10.1016/S0924-977X(97)00415-X
http://doi.org/10.2165/00023210-200317080-00001
http://doi.org/10.2174/1381612043384754
http://www.ncbi.nlm.nih.gov/pubmed/15134573
http://doi.org/10.2174/0929867054367202
http://www.ncbi.nlm.nih.gov/pubmed/16029148
http://doi.org/10.1016/0006-3223(91)90198-U
http://doi.org/10.1016/0165-1781(87)90105-3
http://doi.org/10.1016/0006-3223(94)91238-6
http://doi.org/10.1016/0165-1781(87)90084-9
http://doi.org/10.1016/0278-5846(91)90067-B
http://doi.org/10.1016/S0165-0327(01)00421-9
http://doi.org/10.1111/j.1469-1809.1984.tb01016.x
http://doi.org/10.18433/J3W31F
http://www.ncbi.nlm.nih.gov/pubmed/28459660
http://doi.org/10.31661/gmj.v9i0.1781


Biomedicines 2022, 10, 2378 12 of 13

65. Stahl, S.M. Neuroendocrine markers of serotonin responsivity in depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 1992, 16,
655–659. [CrossRef]

66. Werstiuk, E.S.; Coote, M.; Griffith, L.; Shannon, H.; Steiner, M. Effects of electroconvulsive therapy on peripheral adrenoceptors,
plasma, noradrenaline, MHPG and cortisol in depressed patients. Br. J. Psychiatry 1996, 169, 758–765. [CrossRef]

67. Cooper, S.J.; Kelly, J.G.; King, D.J. Adrenergic receptors in depression. Effects of electroconvulsive therapy. Br. J. Psychiatry 1985,
147, 23–29. [CrossRef] [PubMed]

68. Simon, P.; Lecrubier, Y.; Jouvent, R.; Puech, A.J.; Allilaire, J.F.; Widlöcher, D. Experimental and clinical evidence of the antidepres-
sant effect of a beta-adrenergic stimulant. Psychol. Med. 1978, 8, 335–338. [CrossRef]

69. Lerer, B.; Ebstein, R.P.; Belmaker, R.H. Subsensitivity of human beta-adrenergic adenylate cyclase after salbutamol treatment of
depression. Psychopharmacology 1981, 75, 169–172. [CrossRef]

70. Lecrubier, Y.; Puech, A.J.; Frances, H.; Jouvent, R.; Widlöcher, D.; Simon, P. Beta-adrenergic stimulation and antidepressant
activity. Acta Psychiatr. Scand. Suppl. 1981, 290, 173–178. [CrossRef]

71. Perrone, M.G.; Santandrea, E.; Bleve, L.; Vitale, P.; Colabufo, N.A.; Jockers, R.; Milazzo, F.M.; Sciarroni, A.F.; Scilimati, A.
Stereospecific synthesis and bio-activity of novel beta(3)-adrenoceptor agonists and inverse agonists. Bioorg. Med. Chem. 2008, 16,
2473–2488. [CrossRef]

72. Little, K.Y.; Clark, T.B.; Ranc, J.; Duncan, G.E. Beta-adrenergic receptor binding in frontal cortex from suicide victims. Biol.
Psychiatry 1993, 34, 596–605. [CrossRef]

73. Stockmeier, C.A.; Meltzer, H.Y. Beta-adrenergic receptor binding in frontal cortex of suicide victims. Biol. Psychiatry 1991, 29,
183–191. [CrossRef]

74. Klimek, V.; Rajkowska, G.; Luker, S.N.; Dilley, G.; Meltzer, H.Y.; Overholser, J.C.; Stockmeier, C.A.; Ordway, G.A. Brain
noradrenergic receptors in major depression and schizophrenia. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol.
1999, 21, 69–81. [CrossRef]

75. Little, K.Y.; Ranc, J.; Gilmore, J.; Patel, A.; Clark, T.B. Lack of pineal beta-adrenergic receptor alterations in suicide victims with
major depression. Psychoneuroendocrinology 1997, 22, 53–62. [CrossRef]

76. De Paermentier, F.; Crompton, M.R.; Katona, C.L.; Horton, R.W. beta-adrenoceptors in brain and pineal from depressed suicide
victims. Pharmacol. Toxicol. 1992, 71 (Suppl. S1), 86–95. [CrossRef]

77. De Paermentier, F.; Lowther, S.; Crompton, M.R.; Katona, C.L.; Horton, R.W. Beta-adrenoceptors in human pineal glands are
unaltered in depressed suicides. J. Psychopharmacol. 1997, 11, 295–299. [CrossRef]

78. Abosamak, N.R.; Shahin, M.H. Beta 2 Receptor Agonists/Antagonists. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2022.

79. Sears, M.R. Adverse effects of beta-agonists. J. Allergy Clin. Immunol. 2002, 110, S322–S328. [CrossRef] [PubMed]
80. Frishman, W.H. Beta-adrenergic receptor blockers. Adverse effects and drug interactions. Hypertension 1988, 11, Ii21. [CrossRef]

[PubMed]
81. Ajimura, C.M.; Jagan, N.; Morrow, L.E.; Malesker, M.A. Drug Interactions with Oral Inhaled Medications. J. Pharm. Technol. 2018,

34, 273–280. [CrossRef]
82. Consoli, D.; Leggio, G.M.; Mazzola, C.; Micale, V.; Drago, F. Behavioral effects of the β3 adrenoceptor agonist SR58611A: Is it the

putative prototype of a new class of antidepressant/anxiolytic drugs? Eur. J. Pharmacol. 2007, 573, 139–147. [CrossRef]
83. Overstreet, D.H.; Stemmelin, J.; Griebel, G. Confirmation of antidepressant potential of the selective beta3 adrenoceptor agonist

amibegron in an animal model of depression. Pharm. Biochem. Behav. 2008, 89, 623–626. [CrossRef]
84. Abdelkader, N.F.; Saad, M.A.; Abdelsalam, R.M. Neuroprotective effect of nebivolol against cisplatin-associated depressive-like

behavior in rats. J. Neurochem. 2017, 141, 449–460. [CrossRef] [PubMed]
85. Chuang, J.C.; Krishnan, V.; Yu, H.G.; Mason, B.; Cui, H.; Wilkinson, M.B.; Zigman, J.M.; Elmquist, J.K.; Nestler, E.J.; Lutter,

M. A beta3-adrenergic-leptin-melanocortin circuit regulates behavioral and metabolic changes induced by chronic stress. Biol.
Psychiatry 2010, 67, 1075–1082. [CrossRef] [PubMed]

86. Waal, H.J. Propranolol-induced depression. Br. Med. J. 1967, 2, 50. [CrossRef] [PubMed]
87. Oppenheim, G. Propranolol-induced depression: Mechanism and management. Aust. N. Z. J. Psychiatry 1983, 17, 400–402.

[CrossRef] [PubMed]
88. Thiessen, B.Q.; Wallace, S.M.; Blackburn, J.L.; Wilson, T.W.; Bergman, U. Increased prescribing of antidepressants subsequent to

beta-blocker therapy. Arch. Intern. Med. 1990, 150, 2286–2290. [CrossRef]
89. Nolan, B.T. Acute suicidal depression associated with use of timolol. JAMA 1982, 247, 1567. [CrossRef]
90. Ramaswamy, S.; Dahl, E.; Sattar, S.P.; Petty, F. Sotalol-induced depression. Ann. Pharmacother. 2004, 38, 1321–1322. [CrossRef]
91. Orlando, R.G. Clinical depression associated with betaxolol. Am. J. Ophthalmol. 1986, 102, 275. [CrossRef]
92. Liu, X.; Lou, X.; Cheng, X.; Meng, Y. Impact of metoprolol treatment on mental status of chronic heart failure patients with

neuropsychiatric disorders. Drug Des. Devel. Ther. 2017, 11, 305–312. [CrossRef]
93. Shah, R.; Babar, A.; Patel, A.; Dortonne, R.; Jordan, J. Metoprolol-Associated Central Nervous System Complications. Cureus 2020,

12, e8236. [CrossRef]
94. Krystal, J.H.; Neumeister, A. Noradrenergic and serotonergic mechanisms in the neurobiology of posttraumatic stress disorder

and resilience. Brain Res. 2009, 1293, 13–23. [CrossRef]

http://doi.org/10.1016/0278-5846(92)90022-7
http://doi.org/10.1192/bjp.169.6.758
http://doi.org/10.1192/bjp.147.1.23
http://www.ncbi.nlm.nih.gov/pubmed/2998528
http://doi.org/10.1017/S0033291700014392
http://doi.org/10.1007/BF00432181
http://doi.org/10.1111/j.1600-0447.1981.tb00718.x
http://doi.org/10.1016/j.bmc.2007.11.060
http://doi.org/10.1016/0006-3223(93)90151-3
http://doi.org/10.1016/0006-3223(91)90047-P
http://doi.org/10.1016/S0893-133X(98)00134-1
http://doi.org/10.1016/S0306-4530(96)00031-5
http://doi.org/10.1111/j.1600-0773.1992.tb01632.x
http://doi.org/10.1177/026988119701100403
http://doi.org/10.1067/mai.2002.129966
http://www.ncbi.nlm.nih.gov/pubmed/12464943
http://doi.org/10.1161/01.HYP.11.3_Pt_2.II21
http://www.ncbi.nlm.nih.gov/pubmed/2895072
http://doi.org/10.1177/8755122518788809
http://doi.org/10.1016/j.ejphar.2007.06.048
http://doi.org/10.1016/j.pbb.2008.02.020
http://doi.org/10.1111/jnc.13978
http://www.ncbi.nlm.nih.gov/pubmed/28178754
http://doi.org/10.1016/j.biopsych.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20060958
http://doi.org/10.1136/bmj.2.5543.50
http://www.ncbi.nlm.nih.gov/pubmed/6021004
http://doi.org/10.1080/00048678309160022
http://www.ncbi.nlm.nih.gov/pubmed/6581802
http://doi.org/10.1001/archinte.1990.00390220044009
http://doi.org/10.1001/jama.1982.03320360019022
http://doi.org/10.1345/aph.1E020
http://doi.org/10.1016/0002-9394(86)90158-3
http://doi.org/10.2147/DDDT.S124497
http://doi.org/10.7759/cureus.8236
http://doi.org/10.1016/j.brainres.2009.03.044


Biomedicines 2022, 10, 2378 13 of 13

95. Charney, D.S. Psychobiological mechanisms of resilience and vulnerability: Implications for successful adaptation to extreme
stress. Am. J. Psychiatry 2004, 161, 195–216. [CrossRef] [PubMed]

96. Valentino, R.J.; Van Bockstaele, E. Endogenous Opioids: The Downside of Opposing Stress. Neurobiol. Stress 2015, 1, 23–32.
[CrossRef] [PubMed]

97. Morilak, D.A.; Barrera, G.; Echevarria, D.J.; Garcia, A.S.; Hernandez, A.; Ma, S.; Petre, C.O. Role of brain norepinephrine in the
behavioral response to stress. Prog. Neuropsychopharmacol. Biol. Psychiatry 2005, 29, 1214–1224. [CrossRef] [PubMed]

98. Gu, S.; Wang, W.; Wang, F.; Huang, J.H. Neuromodulator and Emotion Biomarker for Stress Induced Mental Disorders. Neural
Plast. 2016, 2016, 2609128. [CrossRef]

99. Cao, J.L.; Covington, H.E., 3rd; Friedman, A.K.; Wilkinson, M.B.; Walsh, J.J.; Cooper, D.C.; Nestler, E.J.; Han, M.H. Mesolimbic
dopamine neurons in the brain reward circuit mediate susceptibility to social defeat and antidepressant action. J. Neurosci. Off. J.
Soc. Neurosci. 2010, 30, 16453–16458. [CrossRef] [PubMed]

100. Chaudhury, D.; Walsh, J.J.; Friedman, A.K.; Juarez, B.; Ku, S.M.; Koo, J.W.; Ferguson, D.; Tsai, H.C.; Pomeranz, L.; Christoffel, D.J.;
et al. Rapid regulation of depression-related behaviours by control of midbrain dopamine neurons. Nature 2013, 493, 532–536.
[CrossRef] [PubMed]

101. Walsh, J.J.; Friedman, A.K.; Sun, H.; Heller, E.A.; Ku, S.M.; Juarez, B.; Burnham, V.L.; Mazei-Robison, M.S.; Ferguson, D.; Golden,
S.A.; et al. Stress and CRF gate neural activation of BDNF in the mesolimbic reward pathway. Nat. Neurosci. 2014, 17, 27–29.
[CrossRef]

102. Bagot, R.C.; Parise, E.M.; Pena, C.J.; Zhang, H.X.; Maze, I.; Chaudhury, D.; Persaud, B.; Cachope, R.; Bolanos-Guzman, C.A.;
Cheer, J.F.; et al. Ventral hippocampal afferents to the nucleus accumbens regulate susceptibility to depression. Nat. Commun.
2015, 6, 7062. [CrossRef]

103. Wook Koo, J.; Labonte, B.; Engmann, O.; Calipari, E.S.; Juarez, B.; Lorsch, Z.; Walsh, J.J.; Friedman, A.K.; Yorgason, J.T.; Han, M.H.;
et al. Essential Role of Mesolimbic Brain-Derived Neurotrophic Factor in Chronic Social Stress-Induced Depressive Behaviors.
Biol. Psychiatry 2016, 80, 469–478. [CrossRef]

104. Li, L.; Sun, H.; Ding, J.; Niu, C.; Su, M.; Zhang, L.; Li, Y.; Wang, C.; Gamper, N.; Du, X.; et al. Selective targeting of
M-type potassium K(v) 7.4 channels demonstrates their key role in the regulation of dopaminergic neuronal excitability and
depression-like behaviour. Br. J. Pharmacol. 2017, 174, 4277–4294. [CrossRef] [PubMed]

http://doi.org/10.1176/appi.ajp.161.2.195
http://www.ncbi.nlm.nih.gov/pubmed/14754765
http://doi.org/10.1016/j.ynstr.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25506603
http://doi.org/10.1016/j.pnpbp.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16226365
http://doi.org/10.1155/2016/2609128
http://doi.org/10.1523/JNEUROSCI.3177-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21147984
http://doi.org/10.1038/nature11713
http://www.ncbi.nlm.nih.gov/pubmed/23235832
http://doi.org/10.1038/nn.3591
http://doi.org/10.1038/ncomms8062
http://doi.org/10.1016/j.biopsych.2015.12.009
http://doi.org/10.1111/bph.14026
http://www.ncbi.nlm.nih.gov/pubmed/28885682

	Introduction 
	Distribution and Biological Functions of Beta-Adrenergic Receptors 
	Functional Role of Beta-Adrenergic Receptors in Depression and Antidepressant Effects 
	Functional Role of Beta-Adrenergic Receptors in Resilience to Stress 
	Resilience Promotion as a Conceptually Novel Strategy for Depression Treatment 
	Conclusions and Discussion 
	References

