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Abstract

Depression is one of the most prevalent psychiatric diseases, affecting the quality of life of millions of people. Ventral tegmental
area (VTA) dopaminergic (DA) neurons are notably involved in evaluating the emotional and motivational value of a stimulus, in
detecting reward prediction errors, in motivated learning, or in the propensity to initiate or withhold an action. DA neurons are
thus involved in psychopathologies associated with perturbations of emotional and motivational states, such as depression. In this
review, we focus on adaptations/alterations of the VTA, particularly of the VTA DA neurons, in the three most frequently used
animal models of depression: learned helplessness, chronic mild stress and chronic social defeat.
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Introduction

Major depressive disorder (MDD, also referred to as
“depression” in this review) is one of the most disabling neu-
ropsychiatric diseases, with devastating consequences for
both the patients and for their families. Nowadays, depression
affects more than 300 million people worldwide and is a lead-
ing cause of disability and a major contributor to the overall
global burden of diseases (Ferrari et al. 2013; WHO 2013). It
is underpinned by a complex physiopathology and etiology.
This is particularly reflected by the list of symptoms described
in the 5th edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) (American Psychiatric
Association 2013) where MDD is defined by a period of at
least 2 weeks during which the patient expresses depressed
mood and/or loss of interest or pleasure associated with four
other symptoms in a list of seven including fatigue, feelings of
worthlessness and psychomotor agitation or retardation.

In addition to variability in the expression of the disease,
another significant contribution to the burden of depression is
the difficulty to effectively treat and cure patients. Indeed,
classic antidepressant treatments usually take weeks to show
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efficacy, often have side effects and are not always effective,
with 1/3 of patients still failing to be cured after 4-treatment
trials (Rush et al. 2006).

For these reasons, over the last few decades, research has
made a substantial effort to better understand this pathology
(Chaudhury et al. 2015; Nestler et al. 2002; Willner et al.
2013). Thus, animal models attempting to recapitulate some
of the cardinal symptoms of depression, such as loss of plea-
sure or motivation, despair, or social avoidance, have been
developed. In line with the complexity of the disease, those
models are numerous and reflect the various etiologies and
symptomatic heterogeneity of depression (Willner and
Belzung 2015; Yin et al. 2016).

Two of the main symptoms of depression, easily replicable
in laboratory animals, are the loss of interest or motivation and
the inability to feel pleasure (anhedonia). These two phenom-
ena are well-studied and known to involve dopaminergic
(DA) neurons and more specifically, ventral tegmental area
(VTA) DA neurons. Indeed, among other functions, VTA
DA neurons and their projections to the nucleus accumbens
(NAc) encode for the response to unexpected reward and
more importantly, for reward prediction error (the discrepancy
between the reward and its prediction) (Bromberg-Martin
etal. 2010; Lammel et al. 2014; Schultz 2013, 2016). It, there-
fore, seems almost implicit that DA systems might be dis-
turbed in animal models of depression.

It is difficult to decipher the roles of VTA DA neurons in
depressive-like phenotypes without investigating their electro-
physiological activity. VTA DA neurons have complex
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electrophysiological patterns including tonic and phasic activ-
ities that are both regulated at several levels (for reviews, see
Morikawa and Paladini 2011; Paladini and Roeper 2014;
White et al. 2006). Intrinsic regulations, like those involving
hyperpolarization-activated cation current (Ih), contribute to
the pacemaker activity of VTA DA neurons. Local intra-VTA
regulations contribute to their tonic activity, notably via the
inhibitory controls exerted by D2 autoreceptors or by local
GABAergic interneurons (Johnson and North 1992). Finally,
in a broader perspective of neural networks, extrinsic regula-
tions from VTA afferents are also critical (Watabe-Uchida
et al. 2012). These afferents include GABAergic inputs from
the ventral pallidum (VP) (Mahler et al. 2014) or the tail of the
VTA (tVTA) (Kaufling et al. 2010) and glutamatergic affer-
ents from the medial prefrontal cortex (mPFC) (Geisler et al.
2007), the bed nucleus of the stria terminalis (BNST)
(Kaufling et al. 2017), or the pedunculopontine nucleus
(PPN) (Dautan et al. 2016). They are complimented by cho-
linergic afferents from the laterodorsal tegmentum nucleus
(LDTg) (Fernandez et al. 2018) and noradrenergic inputs from
the locus coeruleus (LC) (Isingrini et al. 2016; Zhang et al.
2018). These different levels of regulation represent an impor-
tant excitatory/inhibitory balance controlling the electrical ac-
tivity of the VTA DA neurons and their homoeostasis and are
fundamental for the physiological roles of DA systems.
Although many structures and circuits underlie a pathology
as complex as depression, we chose, in this review, to sum-
marize the current state of knowledge regarding VTA DA
neurons in three classic animal models of depression, includ-
ing learned helplessness, chronic mild stress and social defeat
models (Fig. 1). We will focus on alterations/adaptations of
the VTA DA neuron activity involving these different levels
of regulation.

VTA DA neurons in the learned helplessness model
The learned helplessness model is a robust model of stress-

induced depression (Czéh et al. 2016; Vollmayr and Gass
2013) developed by Seligman and his colleagues in the

Fig. 1 Summary of the

consequences of the three models model  type of stress
of depression described in this
review learned acute

helplessness environmental (active avoidance deficit)

chronic chronic

mild stress environmental (lack sucrose preference)

chronic

social defeat social
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1970s, first in dogs and later in rats (Drugan et al. 1997,
Seligman 1972; Maier and Seligman 1976). In the first of
two phases, the animal receives repeated footshocks in a
closed, inescapable environment. Later, in a second phase,
when the animal is introduced to a similar context but with a
clear possibility to escape, it shows an impairment to do so.
This deficit to escape is interpreted as “helplessness” or the
inability to defend or act effectively to protect itself (Willner
1986; Willner and Belzung 2015).

Even if the behavioral deficit induced by this procedure is
often effective only for a short time period (about a week but it
could be longer depending on the protocol), this model has
been extensively used to address the antidepressant potential
of drugs. Most of these investigations concern the most classic
and efficient classes of drugs acting on serotonin and norepi-
nephrine systems but some studies also investigated DA re-
ceptor modulators. For instance, agonists of D1 and D2 DA
receptors reversed the active avoidance deficit of helpless rats
(Bertaina-Anglade et al. 2006; Takamori et al. 2001) and mice
(Duterte-Boucher et al. 1988). However, this effect was me-
diated by systemic injection, so although these pharmacologic
studies surely involved DA action, they did not provide infor-
mation on the role of the VTA DA neurons per se. Indeed,
only a few studies specifically explored either the impact of
learned helplessness on DA neurons or how DA neuron ma-
nipulations impact learned helplessness behavior.

Investigating depressive-like behaviors associated to
Parkinson’s disease, Winter et al. (2007) observed that partial
or complete hemi-VTA and/or substantia nigra (SNC) lesion
by the 6-hydroxydopamine (6-OHDA) that targets DA neu-
rons exacerbated depressive-like phenotypes. Here, a slightly
modified paradigm of learned helplessness was used to dem-
onstrate that lesioned animals showed an increase in the laten-
cy to press a lever to stop a series of footshocks (Winter et al.
2007). In a more recent study investigating the fast
antidepressant-like effect of the non-competitive NMDA re-
ceptor antagonist ketamine, Belujon and Grace (2014a)
highlighted a direct effect of the learned helplessness proce-
dure on the activity of VTA DA neurons in vivo. In helpless

. VTA DA neurons
main symptom electrical activity

helplessness
b mm overall (rats)

anhedonia overall (rats)

tonic, phasic (mice)
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rats, the overall activity of the VTA DA neuron population
was decreased (number of active cells per recording track),
with no significant difference in the average firing rate or burst
firing. Ketamine restored both the escape behavior and VTA
DA activity as well as long-term potentiation in the
hippocampus-NAc pathway, via, in part, activation of D1 re-
ceptors (Belujon and Grace 2014a). Morphine has also been
shown, by Besson and collaborators, to display an
antidepressant-like effect in the learned helplessness test
(Besson et al. 1998). Morphine, via mu-opioid receptors, in-
hibits the activity of VTA and tVTA GABAergic neurons,
cells known to tonically inhibit VTA DA neurons (Bourdy
and Barrot 2012). It may therefore be hypothesized that, in
helpless rats, acute morphine, via its ability to activate VTA
DA neurons by disinhibition, might reverse the decreased
VTA DA activity cited above (Belujon and Grace 2014a),
which could contribute to its observed antidepressant-like ef-
fect in this test (Besson et al. 1998).

Another mechanism may involve the pathway between the
lateral habenula (LHb), a region that has been implicated in
depression and VTA DA neurons (Knowland and Lim 2018;
Proulx et al. 2014). Li et al. (2011) showed that, in rats subject-
ed to a learned helplessness protocol, excitatory synapses onto
LHb neurons projecting to the VTA were potentiated due to an
enhanced presynaptic release probability. As LHb deep brain
stimulation (DBS) has been successfully used to alleviate the
major depressive state of a treatment-resistant patient (Sartorius
et al. 2010), the authors used a similar DBS protocol in helpless
rats (Li etal. 2011). They recapitulated the DBS antidepressant-
like effect and linked this to a reduction in excitatory synaptic
transmission on VTA-projecting LHb neurons. Therefore, in
contrast to Belujon and Grace (2014a), this study (Li et al.
2011) suggested that the learned helplessness procedure might
favor VTA DA neurons’ activity. In fact, the anatomical link
between LHb and VTA may reconcile the two observations: in
addition to a direct LHb-VTA minor connection, there is a
major indirect pathway through the GABAergic neurons of
the tVTA (Hong et al. 2011). Thus, in helpless rats, increased
activity of LHb neurons could directly lead to an increased
activity of some VTA DA neurons (excitatory direct pathway)
but also to a decreased activity of other VTA DA neurons via
the tVTA (inhibitory indirect pathway). It is yet to be shown
whether subpopulations of VTA DA neurons are selectively
activated/inhibited in response to learned helplessness but such
a selective enhancement of activity in specific subgroups of
VTA DA neurons could potentially explain the limited efficacy
of current antidepressant treatments that would target all DA
neurons equally.

VTA DA neurons in chronic mild stress models

In the learned helplessness model, animals usually receive a
single series of footshocks and the procedure could therefore

be considered as an “acute” stress model where depressive-
like behavioral consequences are usually expressed over a
short period of time only (about a week). Indeed, the learned
helplessness model, although robust, is limited and does not,
for instance, recapitulate the chronicity of the symptoms ob-
served in depressed patients. Furthermore, in many studies, it
is even considered as a model of post-traumatic stress disorder
(PTSD) rather than depression (Hammack et al. 2012;
Schoner et al. 2017).

Chronic mild stress (CMS), a more valid model with regard
to human depression symptomatology, was developed in the
1980s in rats (Katz 1982; Willner et al. 1987) and later adapted
to mice (Schweizer et al. 2009). This model repeats a succes-
sion of minor stressors during a period of several weeks, pro-
gressively leading to different symptoms, including anhedo-
nia. The stressors are imposed daily, in an unpredictable way;
usually, they include food and water deprivation and a set of
other mild stressors such as cage tilting, inversion of light-
dark cycle, or group/single housing alternation. This exposure
leads to an impairment in the response to rewarding stimuli,
which in rodents is generally assessed by the loss of prefer-
ence for a sweet sucrose solution over water. Other
depressive-like symptoms are also associated with CMS, such
as decreases in sexual behavior and self-care and weight loss.
These symptoms persist for several weeks after the removal of
stressors, supporting the validity of the model (Wiborg 2013;
Willner 2017; Willner and Belzung 2015).

Despite CMS being more complex and time-consuming to
implement than learned helplessness, the literature investigat-
ing the CMS effect on midbrain DA neurons is more abun-
dant. In 2014, Chang and Grace (2014) used in vivo single
neuron recording in anesthetized rats and reported a decrease
in VTA DA neuron activity in animals subjected to CMS.
These data have been subsequently replicated in three other
publications from the same group (Moreines et al. 2017a, b;
Rincén-Cortés and Grace 2017). In CMS-exposed rats, they
observed a reduction of up to 50% of VTA DA active neurons
(spontaneously firing) encountered per clectrode track.
Importantly, this effect was not associated with impairment
in the two classic firing modes, tonic (basal activity) and pha-
sic (burst firing), of the remaining spontaneously active VTA
DA neurons (Chang and Grace 2014; Moreines et al. 2017a;
Rincén-Cortés and Grace 2017). This reduction in the spon-
taneous activity of DA neuronal population in rats appears to
be specific to the medial and central parts of the VTA
(Moreines et al. 2017b) and the reduction is even greater in
female rats that underwent CMS (Rincon-Cortés and Grace
2017).

This same research group also highlighted that VTA affer-
ents could contribute to this pathological decrease in DA
activity. They found that the activity of DA neurons in the
VTA of animals submitted to CMS returned to control levels
after local inactivation of the infralimbic prefrontal cortex
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(ILPFC) (Moreines et al. 2017b), the basolateral amygdala
(BLA) (Chang and Grace 2014), or the ventral pallidum
(VP) (Chang and Grace 2014). Intriguingly, this recovery
was not observed after LHb inactivation (Moreines et al.
2017b).

The effects of antidepressant drugs on CMS have also
highlighted DA mechanisms underlying this action. In line
with the antidepressant effect of ketamine in the learned help-
lessness model (Belujon and Grace 2014b), Rincén-Cortés
and Grace (2017) observed that an acute systemic administra-
tion of ketamine restored VTA DA activity for up to 7 days in
both male and female rats exposed to CMS. Another interest-
ing molecule, quetiapine, a new-generation D2 antagonist re-
cently used to treat patients resistant to classic antidepressant
drugs, has also been tested in the CMS model (Moreines et al.
2017a). When administered acutely, this drug increases the
population activity of VTA DA neurons in non-stressed rats
but not in CMS-exposed rats. On the contrary, chronic
quetiapine administration rescued the population activity of
tVTA DA neurons in CMS-exposed rats. Interestingly, as
mentioned by the authors, these data highlight a distinct effect
of the molecule on the same neuronal population, in “normal”
and depressed-like pathological state (Moreines et al. 2017a).
Finally, the effect of morphine on CMS-exposed rats is in
agreement with data obtained in the learned helplessness mod-
el (Besson et al. 1998). Indeed, intra-VTA infusion of mor-
phine hydrochloride markedly elevated the firing rates of VTA
DA neurons in CMS mice but not in naive animals.
Accordingly, acute intra-VTA morphine infusion relieved
depressive-like behaviors (despair and anhedonia) induced
by CMS in mice both 4 h and 1 day after the infusion (Liu
et al. 2018).

The reduced activity of VTA DA neurons observed in rats
subjected to CMS seems to be largely conserved in mice and
is perhaps even exacerbated with CMS in mice, decreasing not
only the proportion of active DA neurons (cells per track), as
in rats but also the tonic (mean firing rate) and phasic (burst
duration and mean spike per burst) activities of DA neurons
(Liu et al. 2018; Tye et al. 2013; Zhong et al. 2018).
Importantly, the localization within the VTA of DA neurons
affected by CMS seems to differ between mice and rats. In
rats, reduced DA activity affects the medial part of the VTA
(Moreines et al. 2017b), whereas in mice, it affects the lateral
VTA (Zhong et al. 2018), more specifically a VTA subregion
called the parabrachial pigmentosum (PBP), which contains
DA neurons projecting to the lateral portion of the nucleus
accumbens shell (IatNAcSh) involved in reward processing
(Lammel et al. 2012). Using ex vivo recording, Zhong et al.
showed that CMS exposure led to decreased
hyperpolarization-activated currents (Ih) in LatNAcSh-
projecting VTA DA neurons. This effect could contribute to
the CMS-induced decreased firing rate activity of VTA DA
neurons (Zhong et al. 2018). However, there is no consensus
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concerning the projection target of DA neurons affected by
CMS in mice. Indeed, Liu et al. (2018), using patch clamp
recording, reported a dampening of the VTA DA neurons
activity in CMS-exposed animals affecting DA neurons
projecting specifically to the mPFC but not the NAc.

Finally, a key study revealed a causal role of the VTA DA
neurons in both the induction of depressive-like symptoms in
non-stressed mice and in the alleviation of these symptoms in
animals submitted to CMS (Tye et al. 2013). To link DA
neuronal activity to the induction of a depressive-like pheno-
type, the authors inhibited VTA DA neurons optogenetically
to induce despair-like behavior in mice. This core depressive-
like symptom was assessed through a reduction of escape-
related behaviors in two classic tests: the tail suspension test
and the forced swim test. In a separate set of experiments,
following detection of a reduction in the activity of VTA DA
neurons in CMS-exposed mice, the authors used optogenetic
stimulation in order to restore DA neuron activity, which at-
tenuated depressive-like behaviors. Finally, further experi-
ments allowed them to conclude that this rescue of the
depressive-like phenotype induced by CMS required phasic
activation of VTA DA neurons and of DA receptors in the
NAc (Tye et al. 2013).

VTA DA neurons in chronic social defeat models

Learned helplessness and CMS are essential paradigms to
understand the link between chronic stress and depressive-
like behaviors. However, they mainly use physical stressors
that may not be representative of the social nature of stressful
events encountered by human beings in everyday life. Thus, a
different paradigm, called social defeat (SD), which focuses
on social stressors, has been developed. SD models were de-
veloped in the late 1970s (Miczek 1979) but their optimization
to efficiently recapitulate depressive-like behaviors in rodents
was mostly achieved in the early 2000s. Such models are also
called subordination models and are based on a resident-
intruder paradigm, implemented in rats and mice.
Classically, an adult animal (the intruder) is introduced in
the home cage of an older, bigger, more aggressive dominant
male of the same species (the resident). Hostile interactions
and fights rapidly occur, until the intruder adopts a submissive
posture. This physically stressful interaction is brief (max,
5 min) and generally followed by a physical separation of
the two animals by a transparent plastic plate pierced with
holes, which is placed in the middle of the resident cage.
This device allows adding an emotional or psychogenic stress
to the brief physical stress since the intruder will be able to see
the resident. This second phase can last from 20 min to 24 h
depending on the protocol. In the case of chronic models, the
intruder is subjected to the assault of a new resident every day
or intermittently according to the protocol.
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Links between SD and depressive-like symptoms

The impact of SD on depressive-like behaviors has been ex-
tensively studied (for review, see Han and Nestler 2017) and
the continuous 10-day paradigm initially developed in mice
(Berton et al. 2006) is the most widely used SD model of
depression-like phenotypes (called SD10 paradigm in the fol-
lowing sections). Animals that underwent this procedure nor-
mally expressed classical behavioral depressive-like symp-
toms, such as weight loss or anhedonia (see Krishnan et al.
2007 for complete behavioral characterization). However, the
face validity of this paradigm is mostly based on the occur-
rence of one symptom easily observable in rodents and stable
for at least 4 weeks after the SD procedure: social avoidance
(Berton et al. 2006; Han and Nestler 2017; Krishnan et al.
2007). Another feature of this model is that it allows separa-
tion of mice into two groups: susceptible vs resilient (or un-
susceptible) (Krishnan et al. 2007). Indeed, 40 to 50% of the
mice subjected to this paradigm will not develop depressive-
like states (Krishnan et al. 2007). This SD model, by recapit-
ulating the resilience phenomenon also observed in humans, is
aremarkable tool to investigate structural, molecular and even
genetic mechanisms that underlie inter-individual variability
in response to SD. Due to its extensive use in the field, this
model has provided valuable insight into SD-induced alter-
ations in various brain structures, including the NAc and the
amygdala and also the VTA DA neurons and some of their
afferents.

VTA DA electrophysiological alterations (intrinsic
and local)

In 2007, the first observation of an increased activity of VTA
DA neurons in susceptible mice was reported (Krishnan et al.
2007). Indeed, the authors observed a 35% increase of the
VTA DA neuron firing rate in susceptible mice compared to
resilient mice. The electrophysiological activity of non-DA
VTA neurons was unchanged. Interestingly, using DNA mi-
croarrays, the authors observed that more genes were regulat-
ed in the VTA of resilient mice than in the VTA of susceptible
ones, suggesting that resilience could be an active phenome-
non. Additionally, several voltage-gated potassium K* chan-
nels were overexpressed in resilient mice (Krishnan et al.
2007). As these channels are known to reduce intrinsic neu-
ronal excitability (Shah and Aizenman 2014), the authors hy-
pothesized that their overexpression could contribute to the
development of the resilient phenotype. Accordingly, a rever-
sion of the social avoidance (after a SD10 procedure) was seen
after using a viral approach to overexpress the inward rectifier
K* channel (Kir2.1) in the VTA of susceptible mice. This
effect was associated with a reduction of BDNF protein levels
in the NAc (see below for more detail on BDNF regulation of
DA neurons) and a regulation of VTA DA neuron

electrophysiological activity to levels similar to those ob-
served in naive and resilient animals (Krishnan et al. 2007).
On the other hand, the inactivation of a K* channel (Kcnab2)
in naive mice increased the firing rate of VTA DA neurons and
promoted the development of a susceptible phenotype after a
sub-maximal exposure to social stress (three defeats within
1 day) (Krishnan et al. 2007). Together, these results illustrat-
ed that maintaining the VTA DA neuron electrophysiological
activity to levels observed in naive animals, notably via an
increase in K* channels, could promote resilience to SD
(Krishnan et al. 2007). However, resilience and susceptibility
to SD are considerably more complex and involve several
mechanisms, as discussed further in the following sections.

Another interesting DA neuron parameter promoting resil-
ience is the Th current (Cao et al. 2010), which is considered as
a potential key component in the mechanisms underlying in-
creased VTA DA activity associated with SD, due to both its
presence in a large population of VTA DA neurons and be-
cause of its involvement in their tonic pacemaker activity
(Morikawa and Paladini 2011; Paladini and Roeper 2014).
Cao and collaborators indeed observed an increased Ih activity
in VTA DA neurons of susceptible mice. This effect was nor-
malized by chronic use of the classic antidepressant drug flu-
oxetine, a selective serotonin reuptake inhibitor, or by local
infusion of Th inhibitors (Cao et al. 2010). Combining in vivo
and ex vivo electrophysiology, the authors further investigated
the role of the VTA DA neurons in susceptible mice exposed
to SD and observed that the VTA DA neurons’ firing rate and
bursting rate were negatively correlated to social avoidance
(Cao et al. 2010).

More recently, optogenetic manipulations of VTA DA neu-
ronal activity have highlighted new mechanisms supporting
the link between the VTA DA neurons and depression.
Consistent with previous data, the group of Dr. Ming-Hu
Han in collaboration with the groups of Pr. Nestler and Pr.
Deisseroth showed that a subthreshold SD paradigm com-
bined with optogenetic stimulation of the VTA DA neurons
promoted susceptibility. Similarly, optogenetic stimulation of
the VTA DA neurons induced a susceptible phenotype in pre-
viously resilient mice that underwent the classic SD10 proce-
dure (Chaudhury et al. 2013). Here, the use of optogenetic
approaches expanded previous studies by allowing two sur-
prising observations: (1) only chronic high-frequency phasic
optogenetic stimulation (20 Hz) but not low-frequency tonic
stimulation (0.5 Hz), was able to promote susceptibility and
(2) phasic activation of VTA DA neurons projecting to the
NAc but not to the mPFC promoted susceptibility.
Conversely, optogenetic inhibition of the DA VTA-NAc path-
way induced resilience, whereas inhibition of the DA VTA-
mPFC projections promoted susceptibility (Chaudhury et al.
2013). A follow-on study from the same group further
deciphered the complexity of the activity of VTA DA neurons
projecting to the NAc in the development of susceptibility to
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SD. They first observed that “further” (more days) chronic
optogenetic activation of the VTA DA neurons in susceptible
mice (20 Hz, 40 ms stimulation; 20 min/day; 5 days) normal-
ized the firing rate of VTA DA neurons to naive levels and
reversed social avoidance behaviors and thus reverted mice
from susceptible to resilient (Friedman et al. 2014).
Interestingly, they showed that the increased Th current in
VTA DA neurons of susceptible mice and the associated in-
crease in K* channel current (also in VTA DA neurons) (Cao
et al. 2010) were further exacerbated in resilient mice. They
also observed that pharmacological increases in Ih current in
the VTA completely reversed depression-related behaviors
induced by a SD10 paradigm (Friedman et al. 2014). This
suggests that increased Ih current in response to SD may be
important for mediating the resilience to depressive symptoms
and the authors hypothesized that both VTA DA manipula-
tions (optogenetic stimulation or exacerbated Th current)
would “trigger self-tuning compensation of K* currents and
functionally normalize the firing of these hyperactive DA neu-
rons in susceptible animals, a homeostatic plasticity seen in
VTA-NAc projection, but not in VTA-mPFC pathway”
(Friedman et al. 2014). Specifically, a feedback loop was ob-
served in resilient mice that comprised the following: (1) in-
creased Ih current, (2) enhanced phasic activity of the VTA
DA neurons, (3) K* current upregulation and (4) reduced VTA
DA neuronal activity to control levels. In susceptible mice,
this homeostatic mechanism fails to be triggered, due to an
insufficient increase of the Th current in the first step (Fig. 2).
This homeostatic mechanism was recently confirmed in a
study where overexpression of specific K™ channel families
(KCNQ channels) in the VTA and also chronic treatment with
retigabine (a KCNQ-type K(+) channel opener), normalized
the neuronal hyperactivity and the depressive-like phenotype
induced by chronic SD (Friedman et al. 2016). Together, these
results highlight the potential of molecules promoting these
active resilience mechanisms, such as retigabine, to perhaps
become new antidepressant drugs (Friedman et al. 2016).

social defeat

Fig 2 Mechanism observed in
VTA DA neurons projecting to
NAc, in susceptible vs resilient
mice subjected to social defeat. In
blue: feedback loop observed in
resilient mice; (1) increased Th
current, (2) enhanced phasic
activity of the VTA DA neurons,
(3) K* current upregulation, (4)
reduced VTA DA neuronal
activity to control levels. In red: in
susceptible mice, this homeostatic
mechanism fails to be triggered
due to an insufficient increase of
the Th current in the first step
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VTA DA electrophysiological alterations (afferents)
Noradrenergic (NA) modulations

In addition to the intrinsic alterations/adaptations of the VTA
DA neurons described in the previous section, some upstream
structures regulating the VTA DA neurons seem to be in-
volved in depressive-like phenotypes observed in mice sub-
jected to SD. Among VTA afferents, noradrenergic (NA) pro-
jections have been of particular interest. Two different publi-
cations (Isingrini et al. 2016; Zhang et al. 2018) have recently
examined the role of NA LC-VTA projections in the neural
adaptations to SD. Both studies carried out complementary
experiments to demonstrate the pro-resilient effect of LC
NA projections to the VTA via an inhibitory control of DA
neurons. Following the SD10 paradigm, Isingrini and col-
leagues observed, in susceptible mice, decreased NA levels
in the VTA and reduced cFos expression in LC neurons
projecting to VTA DA neurons. These VTA DA neurons, in
turn, project to the NAc but not to the mPFC (Isingrini et al.
2016). Additionally, Zhang et al. (2018), using in vivo elec-
trophysiological recordings, observed increased tonic (firing
rate) and phasic (bursting rate) activities in LC NA neurons of
resilient mice. Using transgenic strategies to knockout (KO)
the vesicular monoamine transporter-2 (VMAT2) in NA neu-
rons, Isingrini et al. (2016) also observed that NA transmis-
sion promoted resilience. Indeed, KO VMAT?2 mice showed a
higher risk of becoming susceptible than wild-type animals.
Conversely, both research groups observed, in susceptible
mice, that chronic (5 to 10 days) phasic optogenetic stimula-
tion of LC NA fibers projecting to the VTA reversed suscep-
tibility (Isingrini et al. 2016; Zhang et al. 2018). Furthermore,
Zhang et al. (2018) showed that this phenomenon was asso-
ciated with a normalization of the pathological increase in the
activity of the VTA DA neurons that was observed in suscep-
tible mice and also with the expression of the homeostatic
plasticity observed in the VTA DA neurons of resilient mice
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(increased Th and K* current). Finally, both groups, using
pharmacological approaches, confirmed that increased local
VTA NA is sufficient to promote resilience to stress. Dr.
Bruno Giros’ group used chronic administration of 2 NA
receptor antagonists or NA reuptake inhibitors to increase
extra-synaptic NA levels and found, as with optogenetic stim-
ulation, reduced social aversion in susceptible mice (Isingrini
etal. 2016). Using molecular profiling, the group of Dr. Ming-
Hu Han highlighted that the adrenergic receptors «1 and 33
were the most highly expressed in the VTA DA neurons
projecting to the NAc and showed that chronic activation of
these receptors induced a pro-resilient effect by reversing sus-
ceptible behavioral and molecular phenotypes (Zhang et al.
2018). Together, these data demonstrate that NA neurotrans-
mission from the LC to the VTA is both necessary and suffi-
cient to promote resilience to social defeat.

Cholinergic (Ach) modulations (nicotinic receptors)

Acetylcholine (Ach) is another neurotransmitter involved in
both the regulation of VTA DA neurons and social stress.
Morel et al. (2018) focused on the link between nicotinic
acetylcholine receptors (nAChRs) and chronic SD conse-
quences, notably because of the strong comorbidity between
nicotine addiction and depression. Indeed, depression is fre-
quently associated with other chronic psychiatric disorders
such as schizophrenia (Kim et al. 2018) or drug addiction
(Ng et al. 2017; Tolliver and Anton 2015), neurodegenerative
diseases such as Parkinson’s disease (Faivre et al. 2018), or
maladaptive disorders such as chronic pain (Cahill and Taylor
2017; Taylor et al. 2015; Yalcin et al. 2014; Yalcin and Barrot
2014). For these reasons, deciphering interconnected mecha-
nisms between depression and their comorbid pathologies is
fundamental to better understand depression itself. Morel and
colleagues observed that SD10 procedures blunted the known
VTA DA neuronal excitation mediated by acute nicotine
(Faure et al. 2014) and were associated with an enhanced
cholinergic tone in the VTA (Morel et al. 2018). Nicotine
effects are predominantly mediated by nAChR subtypes con-
taining &7 or (32 subunits and via these receptors (located on
both GABA and DA neurons in the VTA), acute nicotine
excites VTA DA neurons in naive animals (Faure et al.
2014). Pharmacological approaches have shown that (32
nAChR antagonists block the development of social avoid-
ance, while «7 nAChR antagonists block its expression
(Morel et al. 2018). After illustrating the alteration of social
stress on the nicotinic system, it was then critical to understand
whether nicotine alters the effect of social stress. They found
that nicotine administration before mice underwent a classic
subthreshold SD paradigm (Chaudhury et al. 2013) promoted
social avoidance and increased both tonic and phasic VTA DA
neuron activities (Morel et al. 2018), illustrating that nicotine
(via &7 nAChRs) increases social stress sensitivity and could

therefore constitute a risk factor in the mechanism underlying
depressive-like phenotypes.

Establishing VTA ACh signaling as critical for some of the
alterations induced by chronic social stress raises another
question: which ACh afferents are critical for this effect?
One possibility is the laterodorsal tegmental nucleus (LDTg)
(Morel et al. 2018; Fernandez et al. 2018) as this tegmental
structure is known to control the electrophysiological pattern
of VTA DA neuron activity, most notably their bursting mode,
via both ACh and glutamatergic (Glu) projections (Chen and
Lodge 2013; Wang and Morales 2009). Using different con-
ditional transgenic mouse lines (cre-mice) and chemogenetic
approaches, the authors demonstrated that the SD10 paradigm
increased LDTg Glu and ACh neuronal excitability.
Furthermore, the inhibition of LDT ACh neurons before each
social stress episode of a SD10 procedure prevented SD-
induced exacerbation of VTA DA neurons and social avoid-
ance. In addition, they demonstrated that selective activation
of the LDTg neurons projecting to the VTA increased suscep-
tibility to social stress, as indicated by the expression of social
avoidance after such activation during a subthreshold SD par-
adigm (Chaudhury et al. 2013). Surprisingly, inhibition of the
Glu neurons in the LDTg did not prevent SD-induced dysreg-
ulation of the VTA DA neurons and depressive-like behaviors
(Fernandez et al. 2018). The authors thus revealed a specific
role for exacerbated activity in LDT ACh neurons projecting
to the VTA in the development of dopaminergic-related be-
havioral and cellular aspects of the depressive-like phenotype
induced by chronic SD. Finally, the authors also identified
CRF (through CRF-R1 on LDTg ACh neurons) as the up-
stream molecular determinant responsible for the exacerbated
ACh neuronal activity induced by chronic stress in the LDTg
(Fernandez et al. 2018).

Morphological modifications

While many studies have focused on alterations induced by
SD10 in given brain areas, others have investigated broader
morphological and structural changes in several brain regions.
Among these, two studies mentioned structural VTA alter-
ations that may contribute to resilience versus susceptibility
in defeated mice. Using Golgi staining, an increase in dendrit-
ic spines in the NAc and the VTA of susceptible mice relative
to resilient and control animals has been observed, whereas
the density of dendritic spines in the prelimbic cortex (PrL),
the hippocampal CA3 (CA3) and the dentate gyrus (DG) of
susceptible mice was lower than in resilient and control mice
(Qu et al. 2018). Using structural magnetic resonance imaging
and diffusion tensor imaging (Anacker et al. 2016), it has been
reported that the social avoidance observed in mice subjected
to the SD10 paradigm positively correlated with the volumes
of the VTA, LHb, periaqueductal gray (PAG), cerebellum,
hypothalamus and CA3, while it negatively correlated with
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volumes of the cingulate cortex (Cg), NAc, thalamus, raphe
nuclei and BNST. Finally, the authors also observed synchro-
nized anatomic differences notably between the VTA and Cg
and the hippocampus and VTA (Anacker et al. 2016).

Brain-derived neurotrophic factor

BDNF is a member of the neurotrophin family of growth
factors produced by VTA DA neurons and released in the
VTA itself and in both the ventral and dorsal striata. BDNF
has been involved in the synaptic plasticity observed on VTA
DA neurons in response to various types of stress and consid-
ered as a pro-depressive factor in the mesolimbic pathway (for
review, see Nestler and Carlezon 2006). Accordingly, chronic
SD has been shown to recruit VTA DA neurons and to in-
crease BDNF levels in the NAc (Berton et al. 2006). In a series
of three publications, the groups of Pr. Eric Nestler and Dr.
Ming-Hu Han studied the pro-depressant effect of BDNF in
the VTA-NAc pathway (Berton et al. 2006; Krishnan et al.
2007; Wook Koo et al. 2016). In the first study, the authors
showed that BDNF is required for the expression of social
aversion induced by chronic SD (Berton et al. 2006). They
observed that animals exposed to the SD10 paradigm had
increased BDNF protein levels in the NAc. As the main
source of BDNF proteins in this region is the VTA
(indicated by the high levels of mRNA expression in the
VTA compared to the NAc; Conner et al. 1997; Seroogy
et al. 1994), the authors used a viral approach to knock down
VTA BDNF expression in mice that were subsequently sub-
jected to the SD10 procedure. This VTA BDNF deletion had
an antidepressant-like effect by reducing social avoidance be-
havior in defeated mice (Berton et al. 2006). In their next
study, the authors showed that only susceptible mice displayed
this increased BDNF protein levels in the NAc. Accordingly,
VTA BDNF gene deletion reduced susceptibility to chronic
SD, suggesting that BDNF transported from the VTA to the
NAc contributes to behavioral susceptibility (Krishnan et al.
2007). Finally, their most recent study provided an under-
standing of the link between alterations in BDNF signaling
in the NAc and increased VTA DA neuronal activity, two
factors concomitantly observed in mice susceptible to chronic
SD (Wook Koo et al. 2016).

Indeed, several articles reported that the SD10 paradigm
increased the phasic firing rate of VTA DA neurons projecting
to the NAc in susceptible mice (Cao et al. 2010; Krishnan
et al. 2007, 2008). Consistent with the finding that chronic
optogenetic phasic stimulation of VTA DA neurons during
SD procedures exacerbated social avoidance symptoms
(Chaudhury et al. 2013; Friedman et al. 2014), phasic stimu-
lation of the VTA-NAc pathway was shown to facilitate the
release of BDNF and DA from VTA DA terminals (Bass et al.
2013; Tsai et al. 2009). Building on these data, Wook Koo
etal. (2016) showed that pharmacological inactivation of NAc
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BDNF-TrkB signaling but not NAc DA signaling, prevented
the development of SD10-induced social avoidance. In addi-
tion, chronic optogenetic phasic stimulation of VTA DA neu-
rons increased NAc BDNF levels and exacerbated social
avoidance induced by the SD10 paradigm. Finally, BDNF-
TrkB blockade in the NAc and VTA BDNF knockdown
prevented aggravation of social avoidance. Thus, the authors
demonstrated that BDNF signaling but not DA signaling, in
the VTA-NAc pathway is required for the development of the
susceptible phenotype induced by chronic social stress (Wook
Koo et al. 2016).

*  Mu opioid receptors

VTA DA neurons are known to be tonically inhibited by
the VTA GABAergic interneurons and GABAergic inputs
from an adjacent structure named the tVTA (also known as
RMTg or rostromedial tegmental nucleus) (Bourdy and Barrot
2012). Mu opioid receptors (MORs) expressed on these neu-
rons mediate the disinhibition of VTA DA neurons induced by
(Jalabert et al. 2011; Kaufling and Aston-Jones 2015; Matsui
et al. 2014) opiates and, interestingly, SD seems to have a
strong impact on VTA MOR. Studies from the group of Dr.
Nikulina and Dr. Hammer showed increased VTA MOR
mRNA expression 30 min to 6 days after a single SD experi-
ence in mice, using in situ hybridization (ISH) (Nikulina et al.
1998). This increase was also present in rats after a chronic SD
paradigm (5 continuous days), could be detected 2 h after the
last SD exposure (Nikulina et al. 2008) and was still present 7
(Nikulina et al. 2005) and 21 days later (Nikulina et al. 2008).
Knocking-down VTA MOR using a lentiviral approach
prevented social avoidance and attenuated weight gain nor-
mally observed after SD. Interestingly, VTA MOR knock-
down prevented stress-induced expression of VTA BDNF
(Johnston et al. 2015), highlighting a potential therapeutic
target for preventing the pro-depressive effects of increased
BDNEF signaling following SD described above.

Phosphorylated thymoma viral proto-oncogene

Pr. E.J. Nestler and its collaborators highlighted the implica-
tion, within the VTA, of a specific proto-oncogene in the de-
velopment of susceptibility to chronic social defeat in mice:
the phosphorylated (active) form of the thymoma viral proto-
oncogene (pAKT) (Krishnan et al. 2008). Combining pharma-
cological, viral and electrophysiological approaches, they
demonstrated that a diminution of pAKT was necessary and
sufficient for the expression of depressive-like phenotypes
(social avoidance) and was associated with susceptibility to
the SD10 paradigm in mice (Krishnan et al. 2008). Their re-
sults showed that (i) pharmacological local reduction of AKT
level within the VTA increased the firing rate of VTA DA
neurons, which is classically observed in susceptible mice



Cell Tissue Res (2019) 377:59-71

67

(as discussed above); this exacerbated electrophysiological
activity has been shown to be mediated by a GABAA
receptor—dependent mechanism, as indicated by a reduced
amplitude and frequency of GABAA inhibitory post-
synaptic currents (IPSCs); (ii) rapid and transient local VTA
suppression of AKT using a herpes simplex (HSV) viral ap-
proach promotes susceptibly to social stress, a subthreshold
SD paradigm, not typically shown to induce depressive-like
phenotypes in naive animals, becoming sufficient to induce
social avoidance in mice that underwent this AKT reduction;
and (iii) conversely, virally induced increases in VTA AKT
levels in susceptible animals 11 days after the end of the SD10
protocol were sufficient to promote resilience, as illustrated by
a reduction of the social avoidance behavior 13 days after the
end of the SD10 procedure (Krishnan et al. 2008). This illus-
trates that susceptibility, similar to resilience, could be an ac-
tive mechanism (Krishnan et al. 2008).

Therapeutic potential in targeting DA system
and final considerations

Considering the studies described in this review and the
fact that more than a third of depressed patients treated
with selective serotonin reuptake inhibitors do not obtain
remission, the prospective of new treatments targeting the
DA system may be appealing. However, the fact that an-
imal models of environmental and social stress leading to
same depressive symptoms are linked to opposite dysreg-
ulation of the VTA DA neurons’ electrical activity (re-
spectively inhibition and exacerbation) may question this
strategy. Nevertheless, based on recent therapeutic ad-
vances in the pharmacological treatment of depression,
drugs acting on the activity of DA neurons showed some
effectiveness. As an example, ketamine has been used
successfully in patients with treatment-resistant depres-
sion (Schwartz et al. 2016). As described earlier, the rapid
and durable effect of this non-competitive glutamatergic
N-methyl-D-aspartate receptor antagonist seems to be at
least partially mediated by a normalization of VTA DA
neuron activity in an animal model of depression induced
by environmental stress (Belujon and Grace 2014c;
Rincon-Cortés and Grace 2017). In the same line of evi-
dence, the use of second-generation dopamine D2 recep-
tor antagonists in association to more classic selective
serotonin reuptake inhibitors has been successfully used
in patients (Belujon and Grace 2017). On the other hand,
when depressed states have been hypothetized to be me-
diated by an increased activity of VTA DA neurons
projecting to the NAc, related pharmacological treatments
have not been already used in patients; however, some of
the animal studies discussed in this review highlighted
targets of interest. We can notably cite drugs promoting
the intrinsic homoeostasis plasticity of VTA DA neurons

observed in resilient mice, such as the KCNQ-type K(+)
channel opener retigabine (Friedman et al. 2016).

This review highlights the many functional roles of VTA
and more particularly of VTA DA neurons, both in the devel-
opment of maladaptation leading to depressive-like pheno-
types and in the adaptations leading to resilience. However,
it is not yet understood how the diversity of VTA DA neurons
participates in depression; it is likely that DA neurons with
different localizations within the VTA, different projection
targets and/or molecular and neurochemical profiles uniquely
contribute to depressive states. The mechanism underlying the
higher prevalence of depression among women than men is
another important aspect that is now becoming the focus of
investigations and it is interesting to hypothesize that a differ-
ential regulation of DA neurons may underlie this phenome-
non. Finally, an interesting question arises from the different
electrophysiological adaptations of VTA DA neurons in ani-
mals subjected to these different models. For example, CMS
induces reduced VTA DA activity associated with depressive-
like behaviors, while the opposite is true in mice susceptible to
SD, where increased activity of VTA DA neurons is linked to
the depressive-like behaviors. Furthermore, phasic activation
of VTA DA neurons rescues depression-like behavior induced
by CMS but promotes susceptibility in SD. Here, we highlight
research showing that these three models implicate VTA DA
neurons with different projection targets (i.e., NAc or mPFC
projecting) and/or distinct afferent modulatory pathways.
These results suggest that two different origins (environmental
or social stress), which lead to similar symptoms (anhedonia,
despair), are the result of different underlying DA mecha-
nisms. This raises the question: could shared mechanism(s)
supporting similar symptoms of depression but arising from
different etiologies exist? This important question can likely
be addressed by investigating and comparing the electrophys-
iological activities of VTA DA neurons in animals subjected
to other models of depression such as early life stress or co-
morbid models such as chronic pain of protracted morphine
withdrawal.
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