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Abstract

Major depressive disorder (MDD) is a common but serious neuropsychiatric affliction that
comprises a diverse set of symptoms such as the inability to feel pleasure, lack of motivation,
changes in appetite, and cognitive difficulties. Given the patient to patient symptomatic variability
in MDD and differing severities of individual symptoms, it is likely that maladaptive changes

in distinct brain areas may mediate discrete symptoms in MDD. The advent and recent surge

of studies using viral-genetic approaches have allowed for circuit-specific dissection of networks
underlying motivational behavior. In particular, areas such as the ventral tegmental area (VTA),
nucleus accumbens (NAc), and ventral pallidum (\VP) are thought to generally promote reward,
with the medial prefrontal cortex (mPFC) providing top-down control of reward seeking. On the
contrary, the lateral habenula (LHb) is considered to be the aversive center of the brain as it has
been shown to encode negative valence. The behavioral symptoms of MDD may arise from a
disruption in the reward circuitry, hyperactivity of aversive centers, or a combination of the two.
Thus, gaining access to specific circuits within the brain and how separate motivational-relevant
regions transmit and encode information between each other in the context of separate depression-
related symptoms can provide critical knowledge towards symptom-specific treatment of MDD.
Here, we review published literature emphasizing circuit- and cell type-specific dissection of
depressive-like behaviors in animal models of depression with a particular focus on the chronic
social defeat stress model of MDD.

1. Introduction

Major depressive disorder (MDD) affects about 10% of adults in the United States and
twice as many suffer at least one depressive episode during their lifetime (Andrade et al.,

2003; Ferrari et al., 2013). Despite this widespread prevalence and continued investment into

identifying effective cures, long-term treatments are generally required for MDD and have

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

"Corresponding author at: Neurosciences Graduate Program, University of California, San Diego, La Jolla, CA 92093, USA.
bklim@ucsd.edu (B.K. Lim).


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knowland and Lim

Page 2

variable effectiveness — some achieve complete remission while other patients exhibit little
to no change in behavioral or cognitive symptoms (Berton and Nestler, 2006; Nestler, 1998).
To date, it is unclear what molecular or genetic factors might confer positive or negative
response to treatment.

Those experiencing MDD display a common but often variable set of symptoms including
but not limited to anhedonia, psychomotor impairment, sleep impairment, loss of appetite,
and retraction from social interaction (Nestler and Hyman, 2010; Russo and Charney, 2013).
The DSM V criteria for MDD lists nine discrete symptoms including the aforementioned,
with at least five required to be present daily for MDD diagnosis. This diversity in
behavioral symptoms of depression suggests that different circuits, or discrete components
of a single circuit, may underlie separate depressive-like phenotypes. This idea is a driving
impetus for the many circuit-focused papers invading the field.

Some of the most common symptoms of MDD are characterized by decreases in appetite
and motivation. As such, intense focus has been placed on understanding the aberrant
signaling and changes of the reward and motivational circuitry in MDD. In particular, the
mesolimbic dopaminergic circuitry comprising of the nucleus accumbens (NAc) and ventral
tegmental area (VTA) have been extensively studied and will be emphasized in this review.
In line with this reasoning, polymorphisms in dopaminergic receptors (in particular, D3 and
D,4) and catechol- O-methyltransferase, an enzyme critical in degrading dopamine (DA), have
been identified in patients with MDD (Cravchik and Goldman, 2000; Dunlop and Nemeroff,
2007; Lopez Leon et al., 2005; Szegedi et al., 2005). Concentrations of DA metabolites in
the cerebro-spinal fluid of MDD patients have also been measured to be lower than those

of healthy individuals (Mendels et al., 1972; Roy et al., 1989). While dopamine and the
reward circuitry have been identified as putative targets for MDD, the wide and varied
behavioral symptoms patients present with in MDD still represents a significant barrier

in both treatment and developing a unifying animal model that adequately captures the
spectrum of phenotypes present in humans.

To date, the most common and reliable animal model in depression research is chronic social
defeat stress (CSDS), although many other variations such as chronic variable stress (CVS)
and chronic mild stress (CMS) are widely used (Golden et al., 2011). CSDS comprises of
two distinct stages of defeat (Fig. 1). First, an experimental intruder animal is placed in the
home cage of a resident, aggressive CD-1 male mouse and undergoes roughly 10 min of
physical defeat. Immediately after physical defeat, the experimental animal is transferred
to the opposite side of a clear, perforated divider placed in the resident cage. For 24 h,

the intruder maintains sensory contact with the resident that had just defeated him. This
process is repeated for 10 consecutive days. Animals experiencing social defeat exhibit
several physiological changes including retarded growth, sensitivity to other environmental
stressors, increased anxiety, and heightened levels of glucocorticoid activity (Meerlo et al.,
1996; Tornatzky and Miczek, 1993). Repeated exposure to social defeat induces a number
of depressive-like behaviors that parallel those seen in humans providing nice face validity.
These include: helplessness/behavioral despair, as tested by reduced mobility in the forced
swim test and tail suspension test; anhedonia, as tested by reduced preference for a sucrose
solution in the sucrose preference test; and social dysfunction, as displayed by profound
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social avoidance in the social interaction test (Fig. 1) (Berton et al., 2006; Hollis et al.,
2010). Most of these behavioral changes persist for at least 4 weeks and can be reversed by
chronic, but not acute, antidepressant administration (Berton et al., 2006; Berton and Nestler,
2006; Rygula et al., 20064, b; Tsankova et al., 2006), providing robust predictive validity

as a model for depression in humans. Interestingly, a subset of animals subjected to CSDS
appear unaffected by this protocol and do not display depressive-like behaviors. These
animals are deemed to be resilient and are thought to represent an active coping mechanism
in response to environmental stressors (Krishnan et al., 2007; Krishnan and Nestler, 2008,
2011). On the contrary, animals that undergo CSDS and show depression-related behaviors
are called susceptible. Animals can be screened in an unbiased manner to differentiate
resilience or susceptibility by a post-CSDS social interaction test (Krishnan et al., 2007).
Since humans also display different levels of response and coping towards aversive external
stimuli, comparing resilient and susceptible animals provides another level of investigation
towards elucidating the circuits and molecular mechanisms underlying how heterogeneous
responses to aversive events contribute to the development of depressive phenotypes. Due to
its robust predictive and face validity, this review will focus heavily on studies utilizing the
CSDS model of depression-related behaviors, but will also briefly touch on its shortcomings
and other models.

Overcoming the enormous complexity of brain area-, cell type-, projection-, and molecular-
specific adaptations over the course of healthy individuals descending into depression
represents a daunting undertaking. The advent of viral-genetic techniques such as
viral-mediated circuit tracing and optogenetics in tandem with mouse lines driving Cre-
recombinase in specific cell types have allowed for precise dissection and manipulation of
neural circuits to begin to tackle this question in animal models of depression. In this review,
we will summarize the existing literature of the motivational circuitries and their role in
stress-induced depression with a particular emphasis on the CSDS model of depression and
its effects on the NAc and VTA and their related circuitry, as well as the emerging role of the
ventral pallidum (VP).

t-specific roles of VTA dopaminergic neurons in depressive

Through multiple layers of results in past decades, the role of DA in reward processing
and motivation-related behaviors has been well documented (Lammel et al., 2014). Since a
hallmark of depression is loss of motivation and blunted ability to feel reward (anhedonia),
it follows that the dopamine circuitry is likely involved in mediating depressive-like
behaviors. Corroborating this theory, many studies have found that repeated aversive or
traumatic experiences such as stress can induce several core symptoms of depression such
as social dysfunction, anhedonia or helplessness that are driven by maladaptive function of
mesolimbic DA signals (Berton et al., 2006; Chaudhury et al., 2013; Krishnan et al., 2007,
Tye et al., 2013; Willner, 2005).

Previous studies indicate that phasic bursting and excitability of VTA DA neurons increases
after social defeat stress in vivo and in ex vivo brain slice (Friedman et al., 2014; Razzoli
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etal., 2011). This increase is specific to animals susceptible to CSDS, as animals that
underwent CSDS but did not display depressive-like phenotypes (resilient) did not have
heightened VTA DA activity (Cao et al., 2010; Chaudhury et al., 2013). Enhanced VTA

DA activity that was induced by CSDS was normalized by chronic antidepressant treatment,
suggesting that antidepressants may exert their behavioral effects through regulation of VTA
DA neuronal activity (Cao et al., 2010). Studies have also shown that VTA DA neurons
from susceptible animals also display increased Iy, current (Cao et al., 2010). Furthermore,
local infusion of I, channel inhibitors ZD7288 or DK-AH 269 into the VTA reversed
CSDS-induced social withdrawal. Iy, currents may also represent an important target by
which selective serotonin reuptake inhibitors (SSRIs), commonly prescribed antidepressant
medications in humans, exert their behavioral effects. Chronic SSRI treatment (fluoxetine)
significantly reduced Iy, current in susceptible animals which correlated with a reduction

in their depressive-like behavioral symptoms (Cao et al., 2010). Paradoxically, resilient
animals have an even larger I}, current which correlates with an increase in potassium
channel currents (Friedman et al., 2014). Artificially increasing level of Iy, current by local
infusion of lamotrigine, an I, channel potentiator that has previously been used as a mood
stabilizer, promoted a resilient phenotype in animals subjected to CSDS. Taken together,
we see that both reducing and enhancing Iy, current levels after stress has antidepressive
effects. Curiously, this may be due to a tightly regulated range of I}, current in VTA DA
neurons which contributes to the development of depression-related behavior. Any deviation
from this, whether it be an increase or decrease, promotes normal behavior. Understanding
the precise contribution of abnormal electrophysiological profiles due to aberrant Iy, channel
activity, and how careful titering of Iy, current can lead to separate behavioral outcomes,
remain important future questions.

Changes in protein expression levels or secretion of neurotrophic factors have also been
thought to contribute to the development of depression-related behaviors. In particular,
brain derived neurotrophic factor (BDNF) has been proposed as a molecular signature of
susceptibility to CSDS. Susceptible, but not resilient, animals show increased protein levels
of BDNF specifically in the NAc (Krishnan et al., 2007). A naturally occurring single
nucleotide polymorphism (SNP) in the BDNF gene in humans impairs BDNF secretion.
Mice that have a similar polymorphism, and thus have an impaired ability to secrete BDNF,
are less susceptible to CSDS than control animals (Krishnan et al., 2007). While increased
BDNF secretion in the NAc, but not VTA, is characteristic of susceptible animals, enhanced
VTA activity is an essential prerequisite for heightened BDNF NAc levels. Optogenetic
activation of VTA DA neurons during CSDS was found to significantly increase levels of
BDNF in the NAc as well as exacerbate behavioral deficits (Berton et al., 2006; Eisch

et al., 2003; Wook Koo et al., 2016). Blockade of BDNF-TrkB signaling in the NAc
reversed this effect (Wook Koo et al., 2016). However, optogenetically driving VTA DA
activity by itself is not sufficient to induce susceptibility or increases in NAc BDNF levels.
CSDS-induced susceptibility and secretion of corticotropin-releasing factor secretion (CRF),
a hormone secreted when animals undergo stressful experiences, were required for elevated
BDNF levels (Walsh et al., 2014). Infusion of a CRF antagonist prevented VTA DA-induced
increases in BDNF and promoted resilience to CSDS in both mice and hamsters (Cooper
and Huhman, 2007; Walsh et al., 2014). Thus, while elevated BDNF levels in the NAc
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correlate with increased VTA DA firing in susceptible animals, neither is sufficient by itself
to induce susceptibility in stress naive mice. External environmental stressors such as CSDS
likely promote the release of stress hormones such as CRF which gate and promote the
release of BDNF which ultimately induces susceptibility.

There is an increasing body of evidence propounding the idea that DA neurons within

the VTA are anatomically distinct depending on their projection pattern and may have
distinct functional roles (Lammel et al., 2008; Lammel et al., 2011). For example, cocaine
administration induces alterations in AMPA/NMDA ratio in NAc-projecting VTA DA
neurons, while cortex-projecting VTA DA neurons show no change. Conversely, cortex-
projecting VTA DA neurons, but not NAc-projecting neurons, respond to aversive formalin
injection into the paw (Lammel et al., 2011). Further, the authors showed that the medial
and lateral shell of NAc exhibit differential responses to cocaine administration or aversive
stimulation, further supporting the target specific roles of VTA DA neurons, even within
subregions of the NAc (Lammel et al., 2011). As such, bulk manipulation of VTA

DA neurons in animal models of depression may not be sufficient to fully capture the
heterogeneity of these neurons.

Taking this heterogeneity into account, studies have used optogenetics to manipulate discrete
components of the VTA DA circuitry in an attempt to parse out discrete contributions to
depressive-like behaviors. Phasic channelrhodopsin (ChR2) mediated stimulation of NAc
projecting VTA DA neurons (VTA-NACc) during a subthreshold social defeat paradigm

that does not normally induce depressive-like behaviors is sufficient to generate social
withdrawal and anhedonia (Chaudhury et al., 2013). Thus, aversive environmental stressors
in parallel with increased VTA-NACc activity are sufficient to induce depression-related
behaviors, but not VTA-NAC activity by itself. However, the same manipulation of VTA-
medial prefrontal cortex (mPFC) projecting DA neurons had no effect. It was also found
that optogenetic inhibition of VTA-NAc DA neurons acutely reverses CSDS-induced social
withdrawal and anhedonia, while inhibition of VTA-mPFC DA neurons reduces social
interaction (Chaudhury et al., 2013). In line with these results, another study found

that optogenetic stimulation of the mPFC elicits antidepressant-like effects after CSDS
(Covington 11 et al., 2010). These opposing effects of the VTA-NAc and VTA-mPFC
circuits extend to the cellular level as well, as VTA-mPFC projecting DA neurons were
measured to have reduced firing and no change in I, current in susceptible animals
(Chaudhury et al., 2013; Friedman et al., 2014). Conversely, VTA-NAc DA neurons from
susceptible, but not resilient animals have significantly enhanced firing rates in slice and
increased Iy, current (Chaudhury et al., 2013; Razzoli et al., 2011). Collectively, these results
suggest that VTA DA neurons have differential roles at the behavioral and cellular level in
response to CSDS depending on their efferent target.

In addition to circuit-specific contributions to behavior, the type and duration of stress

may also have profound effects on DA signaling in NAc. In mice exposed to chronic mild
stress (CMS), a separate type of depressive-behavior induction protocol involving weeks

of mild, unpredictable stressors, phasic VTA DA stimulation attenuated depression-related
behavior in the tail-suspension test, forced swim test, and sucrose preference test, suggesting
that increased VTA DA neuronal activity induces antidepressive effects (Tye et al., 2013).
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Silencing VTA DA neurons was also sufficient to drive depressive-like behaviors in the
aforementioned assays (Tye et al., 2013). Moreover, separate studies in rats also exposed to
CMS found a reduction in in vivo VTA DA neuronal firing rate (Chang and Grace, 2014;
Moreines et al., 2017). Oppositely, in mice exposed to CSDS, phasic activation of VTA
DA neurons induced persistent depressive-like symptoms, while inhibition attenuated these
behaviors (Chaudhury et al., 2013). It is thus possible that the type and length of external
stressors used as an induction protocol could have a profound effect on the physiological
changes observed in the brain. Interestingly, this suggests that while the outward behavioral
phenotypes may be similar, the underlying etiology precipitating these behaviors may be
separate further emphasizing the complexity of studying conditions such as MDD.

In addition to differences in the stress protocol (CMS vs. CSDS), other factors may in part
explain this discrepancy. Artificial stimulation of VTA DA neurons does not recapitulate
the natural neural activity pattern /n vivo. 1t is known that burst firing /n vivo promotes
increased DA release in target areas compared to slow frequency tonic firing (Grace et al.,
2007). In line with this, Chaudhury et al. (2013) revealed that the pro-depressive behavioral
effects caused by VTA DA optogenetic stimulation was dependent on the stimulation
protocol. Driving phasic firing of 5 pulses at 20 Hz every 10 s for 10 min induced
depression-related behavior, however a tonic stimulation protocol of continuous 0.5 Hz
stimulation did not have any effect. While Tye et al. (2013) also used a phasic stimulation
protocol, VTA DA neurons were activated slightly differently at 5 pulses at 30 Hz every 5
s for 3 min. Thus, the difference in stimulation pattern of VTA DA neurons could have a
distinct impact on the behavioral effects seen.

Moreover, recent studies have suggested that separate depression-related behaviors could be
mediated by distinct circuits (Knowland et al., 2017). As such, the behavioral assays selected
to assess depressive-like behaviors could have profound effects on the behavioral outcomes
due to optogenetic manipulation. Tye et al. (2013) predominantly focused on behavioral
despair as assessed by the tail suspension test (TST), and anhedonia as assessed by the
sucrose preference test (SPT). Chaudhury et al. (2013) used the social interaction test (SI)
and the SPT. It remains possible that the disparate responses due to optogenetic stimulation
could be due to using the TST or Sl tests. The distinct activity pattern of VTA DA

neurons might thus differentially mediate separate depressive-related behaviors. Moreover,
since techniques like optogenetics provide precise temporal access to cell manipulation,
whether ChR2-mediated stimulation or NpHR-mediated inhibition is given during the
stress induction protocol (CMS or CSDS) or the depression-related behavioral assays (tail
suspension test, social interaction test, efc.) could have differential functional consequences.
While Tye et al. (2013) drove VTA DA activity for 30 min during the SPT, Chaudhury et al.
(2013) optogenetically stimulated during subthreshold defeat, or during a 2.5 min window
prior to the SPT. Collectively, these subtle differences may have a significant effect on a
condition as complex to model in animals as MDD, and could account for some of the
discrepancies reported in these studies.

Taken together, the VTA DA circuit contribution towards depressive-like behaviors can
depend on its output targets or type of environmental stress. Some studies have shown that
GABAergic neurons within the VTA can promote aversion, yet their contributions towards
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depression or CSDS-induced depression related phenotypes is still unclear (Tan et al., 2012;
van Zessen et al., 2012). Additionally, recent studies have reported that transcriptional
changes in the VTA, in particular, Otx2, can bidirectionally affect susceptibility or
resilience to CSDS (Pena et al., 2017). Further studies requiring cell type- and projection-
specific manipulation, recordings, and molecular analyses are necessary to comprehensively
understand the VTA contribution towards depression.

of different NAc cell types in CSDS-induced depressive

As previously discussed, DA signaling in the NAc emanating from the VTA have been
implicated in depressive behaviors. Many studies have underscored the importance of

the NAc in MDD. In humans, deep brain stimulation of the NAc has been shown to
alleviate anhedonic symptoms of depression (Schlaepfer et al., 2008). However, the NAc

is a heterogeneous structure comprising of different cell types, various dopamine receptors,
and other neuromodulatory signaling (Francis and Lobo, 2017). These characteristics make
it difficult to elucidate the precise role of the NAc circuitry in depressive behaviors.

D1-receptor expressing and D2-receptor expressing medium spiny neurons (D1-MSNs and
D2-MSNs, respectively) comprise the predominant cell populations in the NAc. Emerging
evidence shows that D1-MSNs and D2-MSNs in the NAc have distinct roles in stress-
induced depressive behaviors. In mice susceptible to CSDS, D1-MSNs were measured

to have increased intrinsic excitability and reduced mEPSC frequency, while D2-MSNs
exhibit increased mEPSC frequency but no change in intrinsic excitability (Francis et al.,
2015). Moreover, resilient animals displayed an upregulation of synaptic strength at large
mushroom spines of D1-MSNs and a concomitant downregulation in D2-MSNs (Khibnik
et al., 2016). In addition, excitatory inputs to D1-MSNSs, not to D2-MSNs, showed long-
term synaptic depression in mice with stress-induced anhedonia, a major symptom of
depression. These alterations were mediated by alpha-melanocortin stimulating hormone
(MSH) signaling (Lim et al., 2012).

Using optogenetics and chemogenetics to specifically manipulate D1- or D2-MSNs /n vivo,
Francis et al. (2015) demonstrated that driving an increase in D1-MSN activity rescues
social interaction and sucrose preference deficits in susceptible animals, while inhibition

of these neurons had the opposite effect. On the other hand, stimulation of D2-MSNs

was sufficient to produce social avoidance, but no change in sucrose preference, following
subthreshold social defeat stress (Francis et al., 2015). As evidenced by these results, it
appears that distinct cell types in the NAc are differentially involved in stress-induced
depressive behaviors. To this point, a recent report using /n vivo fiber photometry to monitor
neuronal dynamics /n vivo revealed that heightened activity in D1-MSN activity during
social interaction before CSDS was predictive of resilience, but not D2-MSN activity (Muir
etal., 2018).

Based on the distinct roles of NAc MSNs in stress-induced depression, it is not surprising
that different molecular mechanisms have been proposed to underlie separate cell-type
neural adaptations in the NAc in response to stress. Indeed, Lobo et al. (2013) showed that

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knowland and Lim

Page 8

AFosB expression is enhanced in D1-MSNs of resilient mice and enhanced in D2-MSNs of
susceptible mice in NAc. This corroborates an earlier study reporting increased numbers

of AFosB-positive neurons in the NAc and mPFC after stress (Nikulina et al., 2008).
Furthermore, using engineered zinc-finger proteins to target the Fo0sB gene, induction

of histone acetylation in D2-MSNs, or histone methylation in D1-MSNSs, promoted a
susceptible phenotype in mice undergoing CSDS. Conversely, histone methylation of D2-
MSNs or histone acetylation in D1-MSNs induced a pro-resilience (Hamilton et al., 2018).
These results provide interesting insight into the role of cell-type specific epigenetic and
histone modifications and their effect on the development of depressive-like phenotypes.

Moreover, increased protein levels of AFosB in the NAc, but not other isoforms, FosB and
A2AFosB, negatively correlated with the level of defeat animals exhibited (Vialou et al.,
2015). Paradoxically, chronic fluoxetine treatment, an FDA-approved selective serotonin
reuptake inhibitor commonly prescribed as an antidepressant, reversed CSDS-induced
behavioral deficits yet AFosB protein levels were found to be further increased from control
and susceptible levels in the NAc (Vialou et al., 2015). Thus, levels of AFosB may be tightly
regulated in which increased levels induce susceptibility, yet a further increase can promote
resilience or reverse depressive behaviors in susceptible animals, similar to what has been
seen with increasing Iy, current in the VTA (Friedman et al., 2014). Furthermore, Slc6al5,

a molecule linked to MDD susceptibility in humans, was specifically reduced in D2-MSNs
after CSDS (Chandra et al., 2017). Artificially enhancing Slc6al5 in D2-MSNs promoted
susceptibility to subthreshold defeat stress (Chandra et al., 2017).

While accumulating data highlights the differential roles of D1-MSNs and D2-MSNs,
recent reports paradoxically show that the anatomical projections of these neurons are quite
similar (Knowland et al., 2017; Kupchik et al., 2015). Thus, interpretation of these cell-type
differences likely go beyond efferent circuitry disparities. Separate downstream synaptic
adaptations from D1- and D2-MSNs to VP have begun to be reported (Creed et al., 2016),
yet how NAc D1-MSNs or D2-MSNs separately modulate downstream circuitry in response
to stress has not yet been explored and will be required for future studies.

In addition to the canonical D1- and D2-MSN cell-type dichotomy in the NAc, neurons
can also be discriminated by their expression of dynorphin (it is of note that these neurons
are not an independent sub-population, they co-express with predominantly D1-MSNs, but
to a lesser degree D2-MSNs), the endogenous ligand of the kappa opioid receptor (KOR,
Al-Hasani et al., 2015). Activation of KORs are well known to elicit aversive behaviors in
humans and mice, and present a tractable pharmacologic target for MDD (Laman-Maharg
etal., 2017; Mucha and Herz, 1985; Pfeiffer et al., 1986).In regards to depression-related
behaviors, infusion of a KOR antagonist in both mice and rats reduced immaobility time

in the forced swim test which correlated with a selective increase in expression of the
immediate early gene, cfos, in the NAc (Carr et al., 2010; Mague et al., 2003; McLaughlin
et al., 2003). Similarly, KOR antagonist infusion into the NAc, but not hippocampus,
attenuated depressive-like behaviors in mice exposed to the learned helplessness model

of depression (Newton et al., 2002). KOR activation and inhibition has also been shown
to modulate dopamine release in the NAc. Microdialysis and fast scan cyclic voltammetry
studies in the NAc in response to KOR antagonist administration increased DA release in
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the NAc, while supra-threshold concentrations of KOR agonist treatment decreased phasic
dopamine release concordant with a reduction in VTA DA activity (Di Chiara and Imperato,
1988; Ebner et al., 2010; Shippenberg and Rea, 1997). How then might this paradoxical
situation arise, in which KOR agonists induce pro-depressive like behavioral effects, yet
elicits a reduction in VTA DA activity and DA release in the NAc, contrary to previous
reports on increased VTA DA activity projecting to NAc in models of depression (Cao et
al., 2010; Chaudhury et al., 2013)? Curiously, optogenetic activation of dynorphin neurons
induces either aversion and preference dependent on their anatomical localization within
the NAc (Al-Hasani et al., 2015). Thus, future studies investigating whether subpopulations
of VTA DA neurons projecting to distinct prodynorphin-rich subregions of the NAc may
be differentially affected during depression-related behaviors are required. It has also been
proposed that the timing of KOR antagonist administration, whether before, during, or after
stressors are given to the animal, may be critical to specify its effects (Knoll and Carlezon,
2010).

Together, we see a convergence of putative cell-type specific factors capable of contributing
to the expression or attenuation of depressive-like behaviors. Further identification of the
interactions or overlap between these neurons using a Boolean viral intersectional strategy
(Fenno et al., 2014) and the ideal temporal manipulation to target them for treatment remain
important unanswered questions.

4. Roles of afferent connections to NAc in depressive behaviors

4.1. Medial prefrontal cortex (MPFC)

The nucleus accumbens is known to receive input from a broad array of brain areas. In
addition to dopaminergic signaling from the VTA, afferents originating from the ventral
hippocampus (vHPC), basolateral amygdala (BLA), and medial prefrontal cortex (mPFC)
have received particular attention in both depression and addiction (Dumitriu et al., 2012;
Khibnik et al., 2016; MacAskill et al., 2014; MacAskill et al., 2012). How these input-
specific afferents generate diverse adaptations at D1- and D2-MSN synapses have been
outlined in several motivational contexts. In humans, chronic deep brain stimulation (DBS)
of the subgenual cingulate cortex (Cg25), the equivalent of the rodent vmPFC, restores

and alleviates several symptoms of depression in treatment-resistant MDD patients (Dunlop
and Mayberg, 2014; Mayberg et al., 2005). DBS in the vmPFC of rodents exposed to
CSDS also reversed social withdrawal deficits as well as normalized aberrant structural

and physiological changes in serotonergic dorsal raphe nuclei neurons (Veerakumar et al.,
2014). Subsequent rodent studies have reinforced these results and shown that electrical and
optogenetic stimulation of the mPFC in rats alleviated depressive-like symptoms (Hamani
et al., 2010). Furthermore, precise optogenetic manipulation of mPFC neurons projecting
to NAc promoted resiliency in animals exposed to CSDS (Covington Il et al., 2010).

Other studies using light delivery to manipulate precise circuits show that mPFC efferents
to other brain areas including lateral habenula (LHb) and dorsal raphe nucleus (DRN)

are also involved in several symptoms of depression (Warden et al., 2012). Interestingly,
reduced dopaminergic activity in the mPFC correlates with reductions in social interaction in
subthreshold defeat mice (Fig. 2) (Chaudhury et al., 2013).
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The mPFC contribution to depression has also been thoroughly investigated at the epigenetic
and molecular level. A comprehensive transcriptional profiling study identified Sdk1, among
others, as a susceptible-specific transcriptional regulator. Sdk1 overexpression in the mPFC
increased sociability in susceptible mice, while Sdk1 overexpression in the vHPC had

the opposite effect (Bagot et al., 2016). This highlights the importance of brain region-
specific manipulations and analyses, as the same protein may have drastically difference
effects dependent on its regional localization. Epigenetic modifications in the mPFC have
also been reported in depression. Inhibition of histone deacetylases in the mPFC induces
anti-depressive-like effects after CSDS (Covington Il1 et al., 2015). Furthermore, the
histone demethylase, PA78 s highly expressed in the mPFC. Knockout of PAf8 confers

no developmental effects, however mice exhibit a significant increase in resilience to CSDS
(Walsh et al., 2017). Specific deletion of Ph78in mPFC induces a substantial upregulated

of serotonin receptors (Htrla, Htrlb, and Htr2a) in the area, suggesting that histone
modifications are crucial regulators of depression. Interestingly, 5-Htrlb has been suggested
to regulate the response to selective serotonin reuptake inhibitors and has been shown to be
downregulated in the NAc in susceptible animals (Bagot et al., 2017). This downregulation
was reversed after treatment with ketamine, a promising treatment for MDD (Bagot et

al., 2017; Zanos et al., 2016). Further studies investigating subregional differences within
the mPFC, and whether projection-specific epigenetic or transcriptional changes occur are
required as technologies advance.

4.2. Ventral hippocampus (VHPC)

An abundance of evidence has also implicated the vHPC as another good candidate for
differentially regulating NAc D1- and D2-MSNs. Interestingly, unlike mPFC-NAc afferents,
attenuating synaptic strength of vHPC-NAc wia an artificial long term depression induces
resiliency to CSDS, while enhancement of these inputs induces a susceptible phenotype

to stress (Fig. 2) (Bagot et al., 2015). Indeed, synaptic transmission from vHPC to

NAc is increased in mice susceptible to CSDS whereas that from mPFC to NAc is
decreased; supporting the notion of pathway specific neural adaptations in response to
CSDS. Moreover, chronic optogenetic stimulation within the vHPC induced distinct changes
in the expression of AFosB (Lobo et al., 2013). As previously mentioned, AFosB expression
in the NAc D1-MSNs and D2-MSNs has separate roles in depressive behaviors, suggesting
that these different cell types may receive different information from the vHPC in response
to stress.

Studies have also reported transcriptional changes within the vHPC that underlie
susceptibility to depression. Dkkl1, NeurodZ, and SdkI were all identified as genes that were
upregulated in the vHPC following CSDS. Overexpression of these molecules specifically

in the vHPC all induced susceptibility (Bagot et al., 2016). Moreover, chronic imipramine
treatment, a tricyclic antidepressant, induced a significant upregulation in CTLA4, a gene
previously implicated in cohorts of Korean and Chinese MDD patients (Bagot et al.,

2017; Jun et al., 2001; Liu et al., 2011). Circuit specific manipulations, in particular how
NAc-projecting vVHPC neurons differentially express these genes compared to other vHPC
neurons, will be interesting to elucidate whether the efferent targets of neurons within a
single brain region can affect gene expression in response to aversive environmental events.
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4.3. Basolateral amygdala (BLA)

The BLA also sends strong projections to the NAc. While optogenetic stimulation of
amygdala inputs to NAc in susceptible animals acutely reversed social withdrawal behavior,
synaptic changes as tested by paired pulse ratio (PPR) were not as significant as those seen
from vHPC and mPFC afferents (Fig. 2) (Bagot et al., 2015). Additionally, optogenetically
inducing LTD at BLA-NACc synapses had no effect on behavior in contrast to vHPC
afferents. Correspondingly, expression of the immediate early genes Arcand Egr showed
no significant change in the BLA of depressed animals while a significant reduction in Arc
was measured in susceptible, but not resilient animals in NAc-projecting mPFC neurons
(Bagot et al., 2015). Other studies using extracellular /n vivo recordings show that activity
of the mPFC-to-BLA circuit is predictive of stress vulnerability (Kumar et al., 2014).
Collectively, it appears that the NAc, mPFC, vHPC, and BLA circuits are all inextricably
linked and it is likely that epigenetic, transcriptional, and cellular changes in one region
induces adaptations in other regions that ultimately manifest as MDD. Studies analyzing
how these separate regions integrate changes from other areas will be necessary in the future
to comprehensively describe the etiology of depression.

5. Thalamic inputs

More recent NAc afferent studies have expanded focus to thalamic areas (Zhu et al., 2016).
Christoffel et al. (2015) reported significantly increased excitatory synaptic strength of
intralaminar thalamic (ILT) neurons projecting to the NAc in susceptible, but not resilient
mice (Fig. 2). Artificial reduction of the ILT-NAc pathway induced a reversal in social
withdrawal behavior, and caused structural changes in NAc MSNs as well as measured by
spine density (Christoffel et al., 2015).

Together, the broad and varied input circuitry to the NAc beget diverse and separate roles
for specific inputs. As evidenced here, different inputs to the same brain area may have
opposing roles. Thus, it is increasingly imperative to consider specific afferents, and specific
cell types within a single brain area to fully capture the heterogeneous roles in a condition as
complex and nuanced as MDD.

6. Roles of LHb in depressive behaviors

The lateral habenula (LHDb), a relatively small epithalamic structure, has received
considerable preclinical and clinical attention in treating MDD in recent years. The LHb

is broadly believed to signal aversion, with increases in activity resulting in behavioral
avoidance in many animal studies (Proulx et al., 2014). The LHb also extensively connects
with monoaminergic centers of the brain including the DRN containing serotonergic neurons
and the previously mentioned VTA DA neurons, which have been heavily linked to
development of MDD (Beier et al., 2015; Watabe-Uchida et al., 2012; Weissbourd et al.,
2014).

These connections make the LHb anatomically poised to encode monoaminergic tone into
motivational output. Indeed, previous reports have shown that inputs to the LHb from the
entopeduncular nucleus (EP), the rodent correlate of the human globus pallidus interna,
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mediate aversion and negative affect associated with cocaine withdrawal (Meye et al., 2016;
Shabel et al., 2014). While dopamine has no effect on EP-to-LHb synaptic transmission,
serotonin suppressed both excitatory input to the LHb and the intrinsic excitability of

LHb neurons (Shabel et al., 2012). Alteration of glutamate and GABA co-release at the
EP-to-LHb synapse has been reported in the chronic learned helplessness (cLH) model

of depression as well. In line with the hypothesis that increased activity in LHb encodes
aversion, cLH animals exhibited reduced ratios of inhibitory/excitatory response at the EP-
to-LHb synapse primarily driven by reduced GABAergic transmission. Furthermore, chronic
citalopram (a commonly prescribed SSRI antidepressant) administration not only alleviated
behavioral symptoms of cLH animals, but also increased GABA/AMPA ratios providing a
possible mechanism for antidepressant action in the LHb (Shabel et al., 2014).

Other reports have corroborated these results and found that increased activity in VTA-
projecting LHb neurons correlates with the severity of helplessness behavior exhibited by
animals subjected to cLH (Li et al., 2011). This potentiation of excitatory activity in the

LHb was reported to be due to an increase in presynaptic release probability. Furthermore,
injection of the GABA agonist muscimol into LHb induced antidepressant-like effects in
cLH rats (Winter et al., 2011). These effects do not appear limited to the cLH model of
depressive-like symptoms, as chemogenetic inhibition of the LHb with DREADDs increased
social approach behavior in animals that underwent CSDS (Sachs et al., 2015).

The plethora of preclinical work has underscored the LHb as a potential therapeutic target in
humans. Promising preclinical work in rodents using DBS of the LHb has yielded significant
reversal of depressive-like behaviors (Li et al., 2011). This has translated into promising
nascent studies using LHb DBS in humans in treatment resistant depression. DBS resulted

in complete remission of depressive-like symptoms in one patient, with relapses closely
corresponding with malfunctions in the DBS pacer, and an ongoing second patient showing
50% improvement on a depressive symptom scale (Kiening and Sartorius, 2013; Sartorius et
al., 2010). Collectively, the work generated from animal models and human clinical studies
highlight the LHb as a critical mediator of depressive-like behaviors that merits further
study.

of distinct ventral pallidal circuits in CSDS-induced depressive

The ventral pallidum (VP) is known to receive dense inputs from both D1- and D2-MSNs
in the NAc and transmits this information to downstream targets such as the LHb, VTA,
and lateral hypothalamus (LH) (Kupchik et al., 2015; Root et al., 2015). Studies have

also underscored the dopaminergic, glutamatergic, and GABAergic VTA neurons as major
efferent targets of the VP (Beier et al., 2015; Faget et al., 2016). Thus, it follows that the
VP is proposed to be an important convergent point at the interface of the motivational and
reward circuitry implicated in drug addiction and depression. Its varied outputs and close
connections with aversive centers such as the LHb, and reward-promoting centers such as
the VTA, make it potentially well situated to encode diverse types of valence information
(Root et al., 2015). Indeed, a recent study revealed differential cocaine-induced synaptic
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alterations in VTA-projecting VP neurons receiving input from either D1- or D2-MSNs
(Creed et al., 2016). This synapse requires further investigation in the context of depression.

Additional studies have shown selective decreases in VP serotonin receptor binding in
patients with MDD, and that the V/P is critical for the antidepressant effects of ketamine
(Murrough et al., 2011; Yamanaka et al., 2014). However, it remains largely unknown how
the VP circuitry contributes to depression, and whether specific cell types within the VP are
responsible for these effects, much like what has been described in the NAc (Chandra et al.,
2017; Francis et al., 2015).

Recent studies have identified parvalbumin-positive (PV) neurons in the VP as key
regulators of phenotypes induced by CSDS (Knowland et al., 2017). Chronic silencing

of VP PV neuronal activity during the induction phase of CSDS promotes a pro-resilient
phenotype in mice. VP PV neurons were found to send largely non-collateralized projections
to the lateral habenula (LHb) or ventral tegmental area (VTA), but not both and exhibited
different electrophysiological adaptations in response to CSDS. VP PV neurons that project
to the VTA receive increased excitatory input in susceptible, but not animals resilient to
CSDS (Fig. 2) (Knowland et al., 2017). Conversely, neurons projecting to the LHb from
susceptible animals exhibited significant increases in intrinsic excitability, an effect not seen
in resilient animals. Furthering their relevance towards depression, these cellular adaptations
were normalized back to control levels when susceptible animals were given two weeks of
chronic fluoxetine treatment (Knowland et al., 2017).

Interestingly, LHb-projecting VP PV neurons were found to be predominantly
glutamatergic. Thus, increased activity in this population of neurons found in susceptible
animals would ultimately drive increased LHb cellular activity, in line with what other
studies have seen in animal models of depression (Proulx et al., 2014). On the other hand,
the neurotransmitter identity of VTA-projecting VP PV neurons depended on their cellular
target within the VTA. GABAergic VTA neurons received exclusively GABAergic input
from VP PV neurons while DA VTA neurons received mixed excitatory and inhibitory input,
with a slight bias towards glutamatergic innervation. Given that VTA-projecting VP PV
neurons exhibited increased firing in animals susceptible to CSDS, it may be that increased
GABAergic innervation onto local VTA GABAergic neurons results in net disinhibition of
VTA DA neurons. Net disinhibition would increase VTA DA activity and be in line with
previous studies describing hyperactivity of VTA DA neurons in the depressive state (Cao et
al., 2010; Chaudhury et al., 2013). Furthermore, since glutamatergic VVP neurons are biased
towards VTA DA neurons, this may provide another, more direct mechanism by which
susceptible animals exhibit enhanced VTA DA activity. Collectively, hyperactivity within the
VP may lie upstream of aberrant VTA DA activity that has been highlighted as a hallmark of
animals susceptible to CSDS, however more studies are required to support this hypothesis.

It was also found that selective chemogenetic or optogenetic silencing of LHb-projecting VP
PV neurons attenuated behavioral despair in the tail suspension test, with no effect on VTA-
projecting VP PV manipulation. Conversely, silencing of VTA-projecting VP PV neurons in
susceptible animals reversed social withdrawal induced by CSDS (Knowland et al., 2017).

Together, this suggests that separate circuits that originate from the same brain area and even
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same cell type can mediate discrete behavioral facets of depression and can exhibit separate
cellular adaptations as well. Further studies are required to differentiate whether VP-to-VTA
DA neurons or VP-to-VTA GABAergic neurons are selectively necessary or sufficient to
engage a depressive circuit, or if coordinated activity between these two downstream areas is
more important.

In contrast, another study in rats reported a reduction in VTA DA firing after CMS was
given (Chang and Grace, 2014), paralleling other studies using the CMS model of stress-
elicited depression-related behaviors (Tye et al., 2013). This CMS-induced reduction in VTA
DA firing was dependent on VP activity, as blockade of glutamatergic inputs to the VP

via local infusion of kynurenic acid reversed this effect (Chang and Grace, 2014). These
inputs likely originated from the BLA, as attenuation of BLA activity recapitulated the effect
on VTA DA neurons. While the direction of stress-induced changes in VTA DA activity
remains to be parsed out on a model by model basis, these studies highlight the intimate
relationship of the VP-VTA circuitry and its putative relevance towards MDD.

These studies begin to shed light on how the VP integrates with other major players in the
depressive circuitry such as the NAc and VTA and how concerted activity between these
areas may contribute to the diverse behavioral phenotypes that manifest in MDD. However
there remains a dearth of studies examining the role of the VP in the context of depression.
While a few human imaging studies also support this idea (Murrough et al., 2011; Yamanaka
et al., 2014), further efforts to elucidate the underlying mechanisms must be undertaken to
provide more useful insight for relevant and effective human clinical studies.

8. Monoamines

Alterations in monoaminergic tone have long been believed to be a critical etiology in
MDD (Chaudhury et al., 2015; Heninger et al., 1996). Indeed, many available, approved
therapeutic treatments such as serotonin and norepinephrine reuptake inhibitors (SSRIS)
target these chemical pathways. DBS stimulation in the vmPFC in rodents reversed

social deficits induced by CSDS while also reversing CSDS-induced serotonergic neuronal
alterations (Veerakumar et al., 2014). Many animal studies have highlighted antidepressant
serotonergic effects on the EP-LHb pathway (Li et al., 2011; Shabel et al., 2014; Shabel

et al., 2012). Others have found significant effects of fluoxetine on neural activity in the
VP which receives dense input from the major serotonergic nuclei in the brain, the dorsal
raphe nucleus (DRN) (Knowland et al., 2017). Moreover, reports have delineated differential
effects of fluoxetine, ketamine, and imipramine on gene expression in the mPFC, NAc,
amygdala, and vHPC (Bagot et al., 2017; Vialou et al., 2015). Social defeat in rats resulted
in a significant increase in cfos reactivity in serotonergic neurons in the DRN, suggesting
that they play a critical role mediated social defeat-induced depressive-like behaviors (Paul
etal., 2011). Tryptophan hydroxylase 2 knockin mice which display a 60-80% reduction
in brain serotonin levels were more susceptible to CSDS and resistant to antidepressant
treatment (Sachs et al., 2015).

Since aberrations in VTA DA neuronal activity have been heavily studied in MDD and
the DRN is one of the largest input structures to these neurons, the DRNSerotonin tq
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VTAdopamine pathway remains an interesting, yet largely unexplored circuit. Norepinephrine
(noradrenaline) may also contribute to the expression of depression-related behaviors, as
chronic stimulation of norepinephrine terminals in the VTA originating from the locus
coeruleus (LC) after CSDS promoted recovery of social withdrawal deficits. Similarly,
chronic treatment of the a2noradrenergic receptor antagonist idazoxan which increases LC
firing recapitulates the optogenetic antidepressant effects (Isingrini et al., 2016).

How interconnected or separate are monoaminergic pathways involved in the expression

of depressive-like behaviors? Few studies have attempted to examine the concerted relative
contributions of serotonin and dopamine towards discrete depressive-like behaviors. This

is in spite of the fact that one of the main inputs to the VTA is the DRN (Beier et

al., 2015; Faget et al., 2016; Watabe-Uchida et al., 2012) and alterations of this circuitry
have been shown to mediate antidepressant efficacy (Adachi et al., 2017; Neumaier et al.,
1996). Understanding how serotonergic inputs to the VTA can affect animals’ response to
stress, especially in the context of depression, and how this input may modulate different
downstream targets such as the LHb or dopaminergic signaling in the NAc or mPFC remain
important questions to answer in the future.

Beyond monoamines, as previously described in detail in this review, other studies have
honed in on aberrant dopamine signaling in the VTA-NAc and VTA-mPFC circuit or NAc
dynorphinergic activity as a critical driver of depressive-like behaviors (Chaudhury et al.,
2013; Knoll and Carlezon, 2010; Tye et al., 2013). Additional studies have highlighted the
antidepressant effects of increased oxytocin in CSDS (Lukas et al., 2011), further revealing
the complex etiology and path towards an effective treatment for MDD.

9. Modelling depression-related behaviors in females

MDD and related affective disorders are nearly twice as prevalent in females than males
(Kessler et al., 1993, 2005). In spite of this significant disparity, male-centric preclinical
animal studies of MDD predominate the literature. In particular, CSDS relies upon male on
male intruder-resident aggressive behavior which is absent in female C57BL6 mice. Thus,
significant efforts to develop and adopt new models of MDD, or adapt existing models, with
sufficient predictive and face validity are currently underway.

California mice, as opposed to the widely used C57BL6 laboratory strain, are territorial
creatures that will actively attack intruders encroaching on their home. This unbiased
aggression allows for social defeat in both males and females. Curiously, CSDS in
California mice induces social avoidance only in females (Trainor et al., 2011) and results
in an increase in the number of tyrosine hydroxylase, a marker for putative dopaminergic
neurons, positive neurons in the VTA (Greenberg et al., 2015). In line with studies in male
C57BL6 mice, social defeat stress in both male and female California mice also elicited
increases in dopamine in the NAc and that stress-induced social withdrawal ins dependent
on D1 receptors in the NAc (Campi et al., 2014). While useful, a significant drawback using
California mice is the substantial lack of genetic lines expressing Cre-recombinase. Thus,
circuit-based studies using cell type-specific expression of viral opsins remain severely
limited at this point in time.
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Bypassing the need to use California mice, a recent study successfully adapted CSDS in
C57BL6 female animals. Instead of the classical two part physical/sensory stage CSDS
paradigm, females observe the physical defeat of a conspecific male intruder by a male CD1
aggressor. Aptly named vicarious defeat stress (VDS), females only observe physical defeat
but never actually experience it. 10 consecutive days of VDS induces the typical phenotypes
of social avoidance, anhedonia, and increased serum corticosterone levels normally found

in CSDS (Ifiiguez et al., 2018). Although the induction protocol is slightly different than
regular CSDS and different circuits may be involved, VDS offers a close correlate by which
investigators can utilize the myriad viral-genetic approaches in C57BL6 female mice.

As previously mentioned, there also exist models such as CMS or learned helplessness that
are capable of inducing depressive-like phenotypes in both males and females. Despite this,
many studies still choose to focus strictly on male subjects (Chang and Grace, 2014; Li et
al., 2013; Moreines et al., 2017; Tye et al., 2013). This may be, in large part, due to the

fact that studies which incorporate both sexes find significant sex-dependent molecular and
physiological differences (Brancato et al., 2017; Hodes et al., 2015; Labonté et al., 2017).
Ironically, this also underscores the pressing need to not only adopt sex-inclusive models of
depression, but to compare both sexes in a study.

An adaptation of CMS, the subchronic variable stress model (SCVS) which relies upon
roughly a week of daily variable unpredictable stressors, induces depressive-like behaviors
only in females, which may mirror the increased susceptibility of females to MDD in
humans (Hodes et al., 2015). Using SCVS, researchers found measured a more pronounced
upregulation of DNA methyltransferase 3a (Dnmt3a) in the NAc in females than in males
(Hodes et al., 2015). Interestingly, NAc-specific overexpression of Dnmt3ain females
promoted resilience, while the same treatment in males promoted susceptibility (Hodes

et al., 2015). Other studies have utilized to SCVS to uncover sex-specific synaptic and
micro-RNA profile changes in the NAc as well (Brancato et al., 2017; Pfau et al., 2016).
Females undergoing SCVS exhibited an increase in expression of the vesicular glutamate
transporter-2, and a reduction in vesicular glutamate transporter-1 in the NAc (Brancato et
al., 2017).

Beyond the NAc, region specific RNA-seq analysis after CVS (similar to SCVS but for

3 weeks and elicits depression-related behaviors in both sexes) also found a selective
downregulation of Duspé6in females in mPFC. Correspondingly, viral downregulation

of mPFC Dusp6 also promoted anhedonia and increased latency to eat in the novelty-
suppressed feeding test as well (Labonté et al., 2017). Contrarily, Emx1 was found to be
selectively upregulated in males post CVS and viral over-expression promoted susceptibility
to depression-related behaviors (Labonté et al., 2017).

Indeed, several useful models capable of inducing depression-related behaviors in strictly
males, females, or both are being developed; each with their advantages and drawbacks.
Careful consideration of the construct, face, and predictive validities of each in the context
of interpreting results remain critical to effectively driving the field forward and to properly
model the sex differences that exist in human MDD patients.
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10. Conclusions and future directions

The development of viral-mediated gene delivery tools, transgenic mice approaches, and the
increased accessibility of RNA sequencing (RNA-seq) in single cells have created exciting
avenues for in depth analysis of the mesolimbic circuitry including the NAc, VP, and VTA.
Even with several decades of research on reward circuitry, the molecular diversity of these
brain circuitry has not been fully elucidated. As we have seen, discrete cell types (/.e.
dopaminergic neurons) within a single brain region might display considerable functional
heterogeneity depending on its efferent target. Thus, uncovering separate molecular markers
that can discriminate between these two populations will make development of precise
therapeutics that can pharmacologically target them more tractable. Single cell molecular
profiling techniques such as Drop-seq, which utilizes cell-specific DNA barcodes to
sequence individual cells, allow for unbiased screening and identification of potentially
novel subpopulations of neurons not previously identified that could have functional
relevance in depression-related behaviors (Macosko et al., 2015). Further refinement of
other existing techniques utilizing fluorescence-activated cell sorting (FACS) combined with
single cell profiling techniques would allow for researchers to virally label cell-type and
projection-specific populations and obtain sequencing data for these separate populations as
well (Tirosh et al., 2016). Combining the available anatomical circuit information with the
precise molecular identity of neurons will be beneficial to provide a fundamental framework
to understand the neural basis of MDD as well as reward-related behaviors and their
disorders.

Given these recent advances, why then is there such a disconnect between bench discoveries
to bedside treatments? Clearly, no obvious answer exists except for that MDD is a multi-
faceted, complex condition; but we can offer a supplementary explanation. Provided that
most manipulations either directly or indirectly target activity within the reward and/or
motivational circuitry, it is fair to wonder if these experiments are simply temporary
alleviations of depression-related behaviors by virtue of acutely increasing reward, but
ultimately don’t address the underlying etiology. Acute optogenetic-induced reversals of
depression-related behavior may simply be epiphenomena. How do we separate temporary
induced aversion from exacerbation of the core cause of depression, or is it simply a debate
of semantics? It is telling that the vast majority of studies using optogenetic manipulations
or overexpression of certain genes after CMS or CSDS look predominantly at a single
time-point tested right after the CMS or CSDS protocol, even though certain CSDS-induced
symptoms are reported to persist 40 days after stress cessation (Krishnan et al., 2007).

Most manipulations report a reduction in social avoidance and anhedonic behavior during
manipulation; however, no long-term follow up is provided. Do depression-related behaviors
that are temporarily attenuated during manipulation re-emerge one day, a week, or even
immediately after cessation? While manipulating reward or motivation-related brain areas
may be necessary or sufficient to induce acute reward that can temporarily ‘override’
depressive-like behaviors in animals, the ultimate goal towards the development of better
treatments or a cure, so to speak, for MDD based on animal research is not just a temporary
fix but understanding and reversing the core etiology. Thus, adjusting the standard for
studies to use long-term follow up as a critical study endpoint is imperative for the future.
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In sum, the wide patient to patient variability of behavioral symptoms of depression compel
researchers to understand how separate circuits or cell-types in the brain can underlie
specific depressive-like phenotypes. Future studies that take a systematic approach to
integrate separate pathways and how they differentially regulate behavioral symptoms of
depression will be critical to uncover the etiology of MDD and drive the discovery of more
effective therapeutics.
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Schematic diagram of chronic social defeat stress (CSDS) (A), and commonly used
behavioral tests for different depressive behaviors, social interaction (B), helplessness (C,

D), and anhedonia (E).
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Fig. 2.

Optogenetic manipulations of neural circuits in animal models of depression. Schematic
diagram of the reward circuitry and its connections. Summary of accumulated optogenetic
evidence of NAc afferent projections and dopaminergic outputs in animal models of

depression.
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