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Wiring the depressed brain: optogenetic and chemogenetic
circuit interrogation in animal models of depression
Jessie Muir1, Joëlle Lopez2 and Rosemary C. Bagot2,3

The advent of optogenetics and chemogenetics has revolutionized the study of neural circuit mechanisms of behavioral
dysregulation in psychiatric disease. These powerful technologies allow manipulation of specific neurons to determine causal
relationships between neuronal activity and behavior. Optogenetic tools have been key to mapping the circuitry underlying
depression-like behavior in animal models, clarifying the contribution of the ventral tegmental area, nucleus accumbens, medial
prefrontal cortex, ventral hippocampus, and other limbic areas, to stress susceptibility. In comparison, chemogenetics have been
relatively underutilized, despite offering unique advantages for probing long-term effects of manipulating neuronal activity. The
ongoing development of optogenetic tools to probe in vivo function of ever-more specific circuits, combined with greater
integration of chemogenetic tools and recent advances in vivo imaging techniques will continue to advance our understanding
of the circuit mechanisms of depression.

Neuropsychopharmacology (2019) 44:1013–1026; https://doi.org/10.1038/s41386-018-0291-6

The past decade has witnessed an explosion in optogenetic
and chemogenetic tools. Both techniques confer
unprecedented control of cellular activity: optogenetics, via
light-activated channels and chemogenetics, via engineered
G-protein-coupled receptors activated by otherwise-inert
molecules. Both tools powerfully and precisely manipulate
neuronal activity, yet applications of chemogenetics to inter-
rogate the circuitry of depression has been limited in contrast
with the extensive use of optogenetics. Here we review the use
of both techniques in uncovering the circuitry of depression-like
behavior in animal models, suggesting that chemogenetics has
an important place alongside optogenetics in the study of
depression.

THE OPTOGENETIC AND CHEMOGENETIC TOOLBOX
The optogenetic (Table 1) and chemogenetic (Table 2) toolbox
includes a diversity of tools and techniques to achieve cell-type
and pathway-specific control of neuronal activity.
Various opsins, light-sensitive channels, have been
engineered to inhibit or excite cells (Fig. 1). Chemogenetics is
synonymous with designer receptors exclusively activated by
designer drugs (DREADDs), modified human muscarinic recep-
tors with no affinity for endogenous ligands, little
constitutive activity, and activated by an experimenter-
administered ligand (Fig. 1). Opsins and DREADDs enable
greatly enhanced spatial, cell-type, and temporal specificity
compared to traditional pharmacological techniques, allowing
for precise dissection of the neural circuits underlying
depression-like behavior.

STRATEGIES FOR TARGETING SPECIFIC CELL POPULATIONS
Opsins and DREADDs allow precise in vivo control of neural
activity via targeted expression in specified cellular populations
with viral vectors and/or transgenic mice. Stereotaxic viral
injection allows spatial specificity, with specific promoters (e.g.,
CAMKII) conferring cell-type specificity [1–3]. Cre-recombinase
transgenic mice along with Cre-dependent viral vectors allow
further cell-type specificity and double-viral strategies using Cre-
dependent opsin or DREADD viruses with retrograding or
anterograding Cre-expressing virus can target expression to
projection-defined populations [4, 5]. Inducible expression using
immediate early gene-based transgenic lines can restrict expres-
sion to cells activated by temporally defined stimuli [6–8].
Strategies for ever-greater specificity continue to emerge. FLARE
and Cal-Light confer targeted expression upon coincident
occurrence of increased calcium and blue-light, to restrict
expression to neurons active during an experimenter-defined
time window [9, 10]. vCAPTURE offers activity-dependent,
pathway-specific opsin expression [11].

RODENT MODELS OF DEPRESSION
Most animal models use stress, chronic or acute, to induce
depression-like behavior, based on the well-established connec-
tion between stress and depression [12, 13]. Depression-like
behavior is assessed in a range of simple tests thought to measure
behavioral phenotypes that parallel symptoms of depression, and
often also anxiety (Table 3 and Fig. 2). Most optogenetic and
chemogenetic studies have used two primary depression models,
social defeat and chronic mild/variable stress, reviewed in Fig. 2
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and Table 4. For more extensive discussion of animal models,
challenges and alternative approaches see ref. [14].

OPTO- AND CHEMOGENETIC INTERROGATION OF CIRCUITRY
MEDIATING DEPRESSION-LIKE BEHAVIOR
Optogenetic and chemogenetic manipulations have elaborated
the specific cell types and projection pathways of depression-like
behavior, powering a shift towards a circuit-based understanding
of depression (Fig. 3). We review major findings, organized by
discrete brain regions for expediency despite extensive inter-
connections. Optogenetics has been the preferred circuit inter-
rogation tool in depression studies (Table 5) with a relative paucity
of chemogenetic studies (Table 6). This disparity may be a cause or
consequence of a focus on the acute control of behavior rather
than prolonged behavioral change. Chemogenetics may be better
suited to chronic manipulations, for example during chronic stress.
Ultimately, probing different timescales of behavior through
application of chemogenetic and optogenetic tools will be critical
to understand how brain circuits are acutely regulated and

chronically remodeled in depression. Chemogenetic manipulation
modulates cellular excitation to endogenous stimulation whereas
optogenetic excitation directly induces spiking. While the
temporal specificity of optogenetics makes it ideal for probing
proximal neural mediators of behavior, chemogenetics may be
better suited to probing sustained circuit changes. Demonstrating
behavioral regulation by acute neural regulation is invaluable in
identifying the circuits that mediate behavior but may be of
limited relevance to the consequences of enduring adaptations
associated with stress, and other factors such as genetic
vulnerability. From a treatment perspective, acute manipulations
are interesting if therapeutic effect outlasts stimulation. While this
could occur with optogenetic manipulations, enduring effects of
either opto- or chemogenetics are rarely assessed. Treatment
strategies developed from acute manipulations may have unin-
tended consequences as long-term activation or inhibition of
neural activity will inevitably induce plasticity within and beyond
the targeted circuit that could reduce efficacy over time or induce
off-target effects. In this respect, chemogenetics could be
especially useful in probing effects of sustained circuit alterations.

Table 1. Overview of optogenetic tools indicating opsin name, family, type and optimal wavelength, ion permeability, and defining properties

Opsin Family Opsin type Optimal
wavelength

Ion permeability Defining properties and references

ChR2 Channelrhodopsin Ion channel 460 nm Mono and divalent
cations

Depolarizing
Single spike precision from 5 to 30 Hz
[87]

ChETA Channelrhodopsin Ion channel 490 nm Mono and divalent
cations

Depolarizing
Single spike precision up to 200 Hz
Rapid recovery from inactivation
[88]

NpHR Halorhodopsin Ion pump 580 nm Chloride Hyperpolarizing
Single spike precision
[89]

eNpHR3.0 Halorhodopsin Ion pump 590 nm Chloride Hyperpolarizing
Single spike precision
Enhanced membrane localization
Large photocurrent
No ER accumulation
[90]

Jaws Cruxhalorhodopsin Ion pump 600 nm Chloride Hyperpolarizing
Also sensitive to red light & non-invasive stimulation
through intact skull
[91]

Arch Archaerhodopsin Ion pump 575 nm Proton Hyperpolarizing
Quicker inactivation than NpHR
[92]

ArchT Archaerhodopsin Ion pump 575 nm Proton Hyperpolarizing
Greater light sensitivity than Arch
[93]

Chrimson Channelrhodopsin Ion channel 625 nm Mono and divalent
cations

Red shifted
Supports two color stimulation in combination with
Chronos
[94]

Chronos Channelrhodopsin Ion channel 470 nm Mono and divalent
cations

Faster kinetics light sensitivity
Used in combination with Chrimson for two color
stimulation
[94]

iC1C2 Channelrhodopsin Ion channel 470 nm Chloride Hyperpolarizing
Optogenetic silencing more efficient & physiological than
conventional ion pumps
[95]

Step
Function
Opsins (SFO)

Channelrhodopsin Ion channel 460 nm ON
546 nm OFF

Mono and divalent
cations

Bistable opsin discretely activated by 460 nm and
inactivated by 546 nm allowing stable steps in membrane
potential with ms precision
[96]
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Ventral tegmental area
The ventral tegmental area (VTA) is a predominantly dopaminergic
structure in the mesolimbic reward circuit. VTA dopamine (DA)
neurons exhibit both tonic and phasic firing, with phasic firing
encoding reward-predictive signals, and tonic firing regulating the
post-synaptic response to phasic DA [15]. Due to the well-
established role of VTA-DA cells in motivation and reward, much
work has focused on the VTA in depression-like behaviors with
crucial insight provided by optogenetic and chemogenetic
approaches.
Mice susceptible to chronic social defeat stress (CSDS), have

elevated VTA-DA phasic firing, an adaptation not observed in
resilient mice [16, 17]. Optogenetic interrogation has established
the causal importance of VTA-DA firing in behavioral adaptation to
chronic stress, delineating contrasting roles of projection-defined
sub-populations. Chaudhury et al. [18] demonstrated that
increasing VTA-DA phasic firing in resilient mice following
CSDS induced susceptibility, measured by social avoidance and
decreased sucrose preference.
Despite the efficacy of bulk VTA stimulation, the VTA is

heterogeneous with diverse projections. Nucleus accumbens
(NAc) and medial prefrontal cortex (mPFC) projections are
differentially altered by chronic stress and exert distinct behavioral
control [18, 19]. Manipulations of VTA-NAc cells mirror the profile
of whole VTA; optogenetic stimulation promotes susceptibility
whereas inhibition promotes resilience. Activating the VTA-mPFC
pathway, however, increases resilience, increasing social interac-
tion and sucrose preference, whereas inhibition of this pathway
decreases social interaction.
The role of VTA in behavioral stress responses may depend

upon stressor type. Chronic mild stress (CMS), another mouse
model of depression in which mice are subjected to less severe
forms of stress over a longer time period, oppositely regulates
VTA-DA activity compared to CSDS, suppressing phasic activity
[20]. Inhibition of VTA-DA cells during testing increases anhedonia
and time immobile in a tail suspension test (TST) while stimulating
the VTA following CMS reverses these behaviors [19]. Pharmaco-
logical DA receptor inhibition in the nucleus accumbens (NAc)
blocked the anti-depressant effect of VTA stimulation, demon-
strating involvement of NAc-DA signaling. This discrepancy was
attributed to differing stress protocols; mild stressors and aversive
stimuli may decrease DA cell firing in the VTA whereas severe
stress may cause hyperactivity in these neurons [18, 20]. These
studies also use different light cycles. Chaudhury et al. [18] used a
12 h light-dark cycle with experiments in the light phase, whereas
Tye et al. [19] used a reverse light cycle, testing in the dark phase.
Stress hormones exhibit diurnal rhythms and the magnitude of
the glucocorticoid stress response is significantly greater for
stressors administered in the light phase [21], mediating time-
dependent effects of even the same stress (e.g., Fonken et al. [22]).
It is possible that the repeated, robust stress response from CSDS
during the light cycle could induce VTA-NAc plasticity, disrupting
normal reward function such that activity in this pathway
increases depressive-like behaviors. However, the relatively

attenuated stress response with dark cycle stress may not induce
similar alterations, with activity in this pathway remaining
rewarding.
Optogenetic experiments also defined an active resilience

mechanism in the VTA by which homeostatic plasticity normalizes
defeat-induced cellular dysregulations to support resilience [23].
This self-tuning mechanism can be induced via optogenetic
stimulation in susceptible mice to counteract the stress-induced
VTA hyperactivity and induce resilience (increased social interac-
tion, and sucrose preference and decreased immobility in a forced
swim test (FST)) via increased potassium channel current. This
mechanism is specific to VTA-NAc and not observed in VTA-mPFC.
In combination with pharmacology, optogenetic manipulations
have also contributed important insights into the molecular basis
of susceptibility and resilience. Optogenetic stimulation of the
VTA-NAc increases NAc brain derived neurotrophic factor (BDNF),
inducing social avoidance following sub-threshold defeat [24].
Both BDNF and DA are necessary to induce susceptibility as
blocking BDNF signaling through its receptor, TrkB, knocking out
BDNF, or blocking D1 DA receptors all prevent the pro-
susceptibility effect of VTA-NAc stimulation [24, 25]. These effects
also required corticotropin releasing factor (CRF), which gates
BDNF released by VTA-NAc phasic firing [24].
Chemogenetic approaches have informed depression-relevant

VTA molecular mechanisms. Cdk5 cKO mice (lacking a kinase for
phosphorylating tyrosine hydroxylase (TH) in VTA-DA neurons)
show increased anxiety, decreased sucrose preference, increased
latency to feed in a novel environment and increased immobility
in FST after CMS [26]. Decreased TH phosphorylation decreases
VTA cAMP signaling, decreasing DA in NAc. Activation by rM3Ds
DREADD in VTA-DA neurons restored cAMP levels and normalized
behavior, identifying a key mechanism in the VTA underlying
depression-like behavior.

Nucleus accumbens
The NAc, contains primarily medium spiny neurons (MSN) defined
by their pre-dominant expression of D1- or D2-type DA receptors
[27], and is innervated by DAergic projections from the VTA as well
as glutamatergic projections from cortical and subcortical
structures [28]. D1 and D2-MSNs have important opposing roles
in reward and motivation, implicating NAc dysfunction in
depression [29–31].
Experiments using cell-type-specific manipulations identified

opposing roles for these cell types in stress susceptibility.
Optogenetically stimulating D1-MSNs in susceptible mice follow-
ing CSDS promotes resilience while stimulating D2-MSNs in stress-
naïve mice induces susceptibility to subthreshold defeat [32].
Inhibiting D1-MSNs by hM4Di induced susceptibility in resilient
mice. Optogenetics are also redefining existing notions of MSN
function. Reduced motivation is a symptom of depression and
susceptibility which can be modeled using operant behavior. For
example, Pavlovian to instrumental transfer (PIT) measures the
ability of a reward-predicting cue to enhance a rewarded operant
behavior, and progressive ratio (PR) assesses willingness to work

Table 2. Overview of chemogenetic tools indicating signaling pathway, activating compound, and neuronal effect

DREADD Activating ligand Signaling pathway Neuronal effect

hM3Dq Clozapine-N-oxide Gαq Increased firing

hM4Di Clozapine-N-oxide Gαi Decreased firing

rM3Ds Clozapine-N-oxide Gαs Increased firing

Rq Clozapine-N-oxide β-arrestin Specific β-arrestin signaling

KORD Salvinorin B Gαi Decreased firing
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for reward. Optogenetic excitation of either D1- or D2-MSNs
increases motivation in these tasks and surprisingly, inhibition of
D2-MSNs decreases motivation [33]. Moreover, in rats exposed to
in utero glucocorticoids, a manipulation that increases depressive-
like behavior, targeted optogenetic stimulation of NAc D2-MSNs

increases motivation in both tests, suggesting a more complex
role for D2-MSNs. It is important to note, that the vast majority of
studies investigating drug sensitivity, motivation and reward
support the classical roles of D1 and D2-MSNs in reward and
aversion [31, 34–36]; however, this study suggests that the
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Fig. 1 Schematic overview of optogenetic and chemogenetic techniques. Upper panel: A chronically implanted fiber delivers light to activate
opsin-expressing cells; CNO is delivered either systemically (via injection or in drinking water) or intra-cranially to activate DREADD-expressing
cells leading to depicted increases (e.g. ChR2, HM3Dq) or decreases in cellular activity (e.g., NpHR, HM4Di). Lower panel: Optogenetics confers
high temporal resolution, illustrated by single action potentials time-locked to discrete light pulses, and efficiently controls neuronal activity
over millisecond to minute timescales. DREADD signaling increases (or decreases) activity, regulating excitability to endogenous stimulation,
for sustained periods ranging from hours to days or even weeks, maintained by a regimen of CNO delivery
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function of these neurons may be context, task and condition
dependent.

Hippocampus
The hippocampus is longitudinally heterogeneous, with dorsal
and ventral hippocampi displaying unique functions [37]. While
the dorsal hippocampus is important for spatial navigation, the
ventral hippocampus (vHIP) is a key node in brain circuits
mediating emotional behavior [38]. The vHIP projection to the
NAc has been implicated in stress susceptibility. In vivo, low
frequency stimulation of this pathway, a manipulation that
induces lasting synaptic plasticity to reduce post-synaptic activity
(long-term depression), induces a pro-resilient effect in defeated
mice, increasing social interaction in a later test. An opposing
manipulation to acutely increase vHIP-NAc signaling during
testing, induces susceptibility in defeated mice, suppressing
social interaction. Thus, through its interaction with NAc, the
vHIP bi-directionally modulates susceptibility to depression-like
behavior [1].
Recent work implicates the ventral hippocampal dentate gyrus

(vDG) in stress susceptibility [39]. Chemogenetic inhibition of vDG
in socially defeated mice is pro-resilient, increasing social
interaction and open field center exploration. In contrast,
chemogenetic vDG excitation increased susceptibility to sub-
threshold defeat. Intriguingly, the effect of stress on vDG appears
to be mediated by a small population of adult born neurons, and
targeting these neurons accounted for whole vDG manipulations.
Chemogenetic silencing of adult born vDG neurons increased
susceptibility in mice exposed to a sub-threshold defeat, suggest-
ing an important inhibitory role for adult born neurons and that
loss of these neurons is one mechanism of stress-induced
increased vHIP activity.
Ketamine, an NMDA antagonist (amongst other effects), is a

promising novel anti-depressant [40]. In mice, ketamine decreases
immobility in the forced swim test (FST) through activation of the
vHIP projection to mPFC. Optogenetic inhibition of this pathway
abolishes the anti-depressant-like effect of ketamine in FST [4].
Optogenetic activation, in contrast, increases climbing behavior,
similar to ketamine, but decreases swimming, leading to an overall
non-significant effect on immobility. Inhibition of the dorsal raphe
nucleus (DRN), which receives feedback projections from mPFC,

prior to optogenetic activation of vHIP-mPFC, eliminates the
decreased swimming to reproduce ketamine-like effects. This
DRN-mediated effect could be an artifact of optogenetic stimula-
tion. Chemogenetic activation of vHIP-PFC produces both
increased climbing and swimming, mimicking ketamine. Further-
more, these effects are specific to vHIP-PFC and are not produced
by vHIP-NAc activation. This study demonstrates the utility of
combining optogenetic and chemogenetic tools to probe drug
mechanism, and it would be interesting to see such findings
replicated in a chronic stress model.
Optogenetic technology has implicated hippocampal memory

in depression-like behavior. Tonegawa and colleagues developed
a c-fos-TetTag (tTA) transgenic mouse for activity-dependent
labeling and later reactivation of cells active during encoding a
positive experience (positive memory engrams) [41, 42]. Reactiva-
tion of engrams in the hippocampal dentate gyrus (DG) after
chronic immobilization stress decreased immobility in TST,
anxiety-like behavior on OFT and EPM and increased sucrose
preference. This effect required glutamatergic transmission in NAc
and was blocked by inhibition of BLA-NAc transmission, suggest-
ing the effect required reactivation of a DG-BLA-NAc engram.
Interestingly, stimulating BLA-NAc projections in socially defeated
mice also exerts an aantidepressant-like effect, increasing social
interaction [1], suggesting that reactivation of positive memories
may recruit activation of a pre-existing pro-resilient circuit. These
experiments elegantly connect memory engrams with depressive-
like behaviors, introducing a possible new mechanism for
targeting maladaptive behaviors.

Prefrontal cortex
Reduced PFC activation is observed in depressed humans as well
as in rodent depression models, making it a key area of interest
[43, 44]. Optogenetically stimulating the mPFC reverses
depression-like behaviors such as social avoidance and anhedonia
in defeated mice [43]. This may be specifically mediated by NAc-
projecting mPFC neurons as targeted stimulation of this pathway
increases social interaction in defeated mice [1, 43]. However,
despite evidence implicating increased mPFC-NAc activity in
resilience, suppression of this pathway does not induce social
avoidance, suggesting a potential dissociation between circuit
mechanisms of resilience and susceptibility [1]. Indeed, other

Table 3. Overview of stress paradigms used to model depression in rodents

Test Procedure Common interpretation Indicator of susceptibility

Forced Swim Mouse/rat is placed in an inescapable cylinder of water. After initial
struggling (swimming, climbing), animals will eventually stop
struggling and float immobile. Latency to first become immobile and
total time immobile are measured.

‘Behavioral despair’
or passive vs. active
coping

Increased immobility

Tail Suspension Mouse is suspended by tail. After initial struggling, mice stop struggling
and hang immobile. Latency to first become immobile and total time
immobile are measured.

‘Behavioral despair’
or passive vs. active
coping

Increased immobility

Sucrose
Preference

Mouse/rat has free access to bottles of water and sucrose solution in
home cage or in a discrete test. The volume of each solution consumed
is measured and compared to calculate a preference score.

Anhedonia Decreased preference for
sucrose

Social Interaction Mouse is placed in an arena with a mesh enclosure that is empty on an
initial ‘no target’ trial and contains a novel mouse on a ‘target’ trial.
Time spent in vicinity of the enclosure (interaction zone) while the
social target is present vs absent is measured and used to calculate a
social interaction ratio.

Social withdrawal Reduced time interacting
with social target

Open Field Mouse/rat is placed in an empty arena and time spent exploring the
center vs. periphery is measured. Manipulations associated with
increased anxiety reduce center exploration.

Anxiety Reduced time in center

Elevated Plus
Maze

Mouse is placed in the center of a plus (+) shaped maze with two
walled ‘closed’ arms and two exposed ‘open’ arms. Time spent in open
and closed arms is measured. Manipulations associated with increased
anxiety reduce time spent in open arms.

Anxiety Reduced time in open arms
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molecular players act in concert with glutamatergic mPFC
projections to regulate susceptibility. Upregulation of ΔFosB
induces susceptibility following CSDS and increases expression
of CCKB, the CCK receptor, in the prelimbic cortex (PrL) which in
turn may decrease PrL activity, leading to social avoidance,
reduced sucrose preference and increased immobility in FST [45].
Infusing CCK into the PrL reduces social interaction in mice after
defeat and optogenetic stimulation of PrL-NAc projections
counteracts the effects of increased CCK signaling to reverse
social avoidance. By integrating optogenetics with pharmacology,
this experiment sheds light on the molecular mechanisms
underlying susceptibility and resilience. Parvalbumin (PV)-expres-
sing GABA neurons in the mPFC have also been studied in the
learned helplessness depression model. Animals susceptible to
this type of stress show decreased excitatory synaptic activity on
mPFC-PV interneurons [46]. Chemogenetic silencing of these

neurons facilitates learned helplessness behaviors, increasing
escape latency and number of failures.
Given the numerous regions innervated by the mPFC, it is

perhaps not surprising that it regulates many behaviors. During
FST, for example, the activation of subsets of neurons associates
with specific behaviors, such that some neurons are active during
kicking and others during immobility, although with considerable
overlap. As such, bulk stimulation of the mPFC does not elicit
these behaviors, potentially due to simultaneous activation of
competing activity profiles. Projection-targeted stimulation has
helped resolve the complexity of mPFC circuits [2]. Stimulating
mPFC neurons projecting to DRN increases kicking whereas
stimulating the lateral habenula (LHb)-projecting mPFC neurons
decreases mobility. These findings disentangle the neural path-
ways mediating motivated behavior in the face of acute stress. In a
CSDS study, photoinhibition of the vmPFC-DRN during the acute
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Fig. 2 Schematic overview of commonly used animal models of depression and tests of depression- and anxiety-like behavior. a Chronic
social defeat stress (CSDS) [17, 86] is useful in modeling differential susceptibility. Many people remain resilient to depression in the face of
stress. After CSDS, susceptible mice exhibit a depression-like phenotype characterized by reduced social interaction (also reduced sucrose
preference, increased immobility in a forced swim test, circadian, and metabolic changes) whereas resilient mice continue to seek out social
interaction and, unlike susceptible mice, are similar to non-stressed controls on a range of depression-relevant metrics, although, like
susceptible mice, they show increased anxiety indicated by reduced center exploration in an open field. b Learned helplessness is another
commonly used model of depression. After experiencing repeated inescapable footshock, susceptible animals fail to escape from signaled
shocks when given the opportunity, but some animals will escape, demonstrating resilience. Chronic mild stress or chronic variable stress (c)
refer to a number of protocols in which mice or rats are repeatedly exposed to a single stressor or a variety of stressors over days or weeks.
Stressors may include a wide range of manipulations such as tail suspension, restraint, footshock, noise and bright light. d Susceptibility is
assessed by increases in depression- and anxiety-like behavior. Depression-like behavior is typically assessed by tests such as forced swim, tail
suspension, sucrose preference, or open field. Anxiety-like behavior is also assessed in an open field or elevated plus maze test. See Table 3 for
a complete description of paradigms and tests
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physical aggression blocks acquisition of social avoidance [47].
Through an elegant series of optogenetic experiments targeting
the various DRN cell populations, the authors demonstrated that
vmPFC-DRN stimulation excites GABAergic DRN neurons, to inhibit
5-HT DRN neurons. Inhibiting GABAergic DRN neurons increases 5-
HT neuron activity, suppressing acquisition of social avoidance
[48]. These studies report seemingly opposing effects of
optogenetic manipulations of the same vmPFC-DRN pathway.
The divergent results may arise from methodological differences,
with the studies ultimately addressing distinct questions. Key
among these differences is the type and chronicity of stress.
Manipulating activity in this pathway while acutely exposing rats
to FST may reveal how a healthy brain adapts to a challenging
situation Warden et al. [2] whereas probing the development of
social avoidance across chronic social stress [48] may inform
understanding of stress-induced adaptation. While more work is
needed to resolve these discrepancies, these studies demonstrate
a complex role for the mPFC-DRN in stress behavior that is likely
context/ experience dependent.
Recent chemogenetic experiments identified a role for a

previously unexamined circuit in depression-like behavior, the
mPFC to medial dorsal thalamus (MDT). The MDT is the main
thalamic input to the mPFC and integrates information from the
ventral pallidum, substantia nigra, VTA, amygdala, and DRN [49].
Chemogenetic activation of the MDT-mPFC pathway via hM3Dq
DREADDs decreased immobility in FST and TST. As knocking out
GluN2B receptors in the PFC selectively increases MDT drive onto
the PFC, the authors suggest this pathway as a target for
ketamine.

Habenula
The lateral habenula (LHb), a small brain region in the dorsal
diencephalon, receives projections from the limbic forebrain and
projects to brainstem nuclei including VTA and DRN [50].
Habenula deep-brain stimulation has seen success in treatment-
resistant depression spurring further research into its role in
depression [51, 52]. Chemogenetic inhibition of the LHb via hM4Di
DREADDs in rats reduces immobility in FST. Furthermore, in 5-HT-
deficient animals that are resistant to SSRI treatment, chemoge-
netic inhibition of the LHb in mice reverses social defeat stress-
induced social avoidance [52].

Dorsal and medial raphe nucleus
The raphe nucleus, divided into dorsal and medial nuclei (DRN,
MRN), is the main source of serotonin (5-HT). Chemogenetic

studies suggest an interesting dissociation between anxiety—and
depression-like behaviors in the raphe. Activation of 5-HT neurons
increased anxiety—but decreased depression-like behaviors in
elevated plus maze and FST, respectively [53]. Furthermore, there
is a functional dichotomy between the DRN and MRN, with DRN
neurons primarily mediating anxiety- and MRN neurons primarily
mediating depression-like behavior, mirroring earlier optogenetic
findings [2, 54]. The chronicity of DRN activation may also be
relevant [55]. Both short- (30 min) and long-term (3 weeks)
activation induced anti-depressant effects, but only short-term
activation was anxiogenic. DREAMM mapping of brain-wide
metabolic changes revealed that acute DRN activation increased
metabolic activity in areas including the cingulate cortex, primary
somatosensory and motor cortices, and decreased metabolic
activity in the periaqueductal gray, and central and medial
thalamic nuclei. In contrast, chronic activation of DRN neurons
resulted in decreased metabolic activity in many forebrain
structures, including hippocampus, habenula, central and medial
thalamic nuclei, and cortical areas. This study reveals the utility of
chemogenetics in probing temporal dynamics of neural activity in
behavior on an entirely different time scale as well as the potential
widespread consequences of specific manipulations of neuronal
activity, raising an important caveat in attributing effects of a local
manipulation solely to the targeted region.
The serotoninergic projection from DRN to NAc impacts

motivation and depression-like behavior [56]. Chemogenetic
stimulation of 5-HT DRN-NAc projections in Fev-cre mice
expressing Cre in 5-HT-synthesizing neurons decreases time
immobile in TST [57], confirming a role for DRN-NAc in
depression-like behavior.

Other limbic areas
Optogenetic experiments have also point to a role for thalamo-
striatal projections to NAc in stress susceptibility. In vitro
optogenetic electrophysiological interrogation of CSDS effects in
ILT-vSTR found increased synaptic strength in susceptible mice
[58]. Targeted optogenetic manipulation of ILT-vSTR prevented
defeat-induced social avoidance, whereas stimulation increased
susceptibility to subthreshold defeat.
Chronic stress induces a wide variety of behavioral adaptations,

suggesting that different symptoms may be mediated by distinct
neural circuits. The ventral pallidum (VP) is highly implicated in
depression-like behavior given its direct connections to the
mesolimbic reward circuit [59]. This area contains mostly
GABAergic, but also some glutamatergic parvalbumin (PV)
expressing cells that project to a number of downstream targets,
notably, the LHb and VTA, which receive projections from distinct
populations of VP-PV cells. Although by different mechanisms,
CSDS induces hyperactivity in both LHb and VTA-projecting VP-PV
neurons. Optogenetically silencing LHb projecting cells decreases
immobility following defeat. Inhibiting VTA-projecting cells has no
effect on immobility but increases social interaction after CSDS. In
fact, stimulating VTA projections without defeat induces social
avoidance [60], providing convincing evidence for the specificity
of behavioral control.
Stress-induced changes in hormone secretion are regulated

by the paraventricular nucleus of the hypothalamus which
receives limbic input from the bed nuclei of the stria terminalis
(BNST). Tail suspension stress activates the HPA-axis, increasing
corticosterone (CORT) and adrenocorticotropic hormone (ACTH).
Optogenetically inhibiting the avBNST increases not only
immobility but also plasma CORT and ACTH [61]. However,
inhibiting the avBNST-PVH pathway upregulates HPA-axis
activity, but does not alter behavior, whereas inhibition of
avBNST projections to the ventrolateral periaqueductal gray
increases immobility without affecting plasma CORT or ACTH,

Fig. 3 Schematic illustrating neuronal pathways implicated in
depression-like behavior by optogenetic or chemogenetics. Red
arrows indicate pro-susceptible projections where activation leads
to increased depression-like behavior (social avoidance, immobility,
etc.) and blue arrows indicate pro-resilient projections. Dashed lines
indicate pathways in which conflicting findings exist

Wiring the depressed brain: optogenetic and chemogenetic circuit. . .
J Muir et al.

1020

Neuropsychopharmacology (2019) 44:1013 – 1026



Ta
bl
e
5.

O
ve

rv
ie
w

o
f
o
p
to
g
en

et
ic

st
u
d
ie
s
o
f
d
ep

re
ss
io
n
-li
ke

b
eh

av
io
r
in
d
ic
at
in
g
p
ri
m
ar
y
fi
n
d
in
g
s
fo
r
ea
ch

sp
ec
ifi
c
p
at
h
w
ay

an
d
ce
ll-
ty
p
e,

st
im

u
la
ti
o
n
p
ro
to
co

l,
an

d
th
e
an

im
al

m
o
d
el

em
p
lo
ye
d

R
eg

io
n

M
o
d
el

St
im

u
la
ti
o
n
p
ro
to
co

l
Pr
im

ar
y
fi
n
d
in
g
s

R
ef
er
en

ce
s

V
TA

C
SD

S
C
h
R
2;

10
m
in
s,
20

H
z,
40

m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty

in
re
si
lie
n
t
m
ic
e.

C
h
au

d
h
u
ry

et
al
.
[1
8]

C
SD

S
C
h
R
2;

20
m
in
s,
20

H
z,
40

m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce

in
su
sc
ep

ti
b
le

m
ic
e
b
y
in
d
u
ci
n
g
an

in
cr
ea
se

in
p
o
ta
ss
iu
m

ch
an

n
el

cu
rr
en

t
an

d
n
o
rm

al
iz
in
g
h
yp

er
ac
ti
vi
ty
.

Fr
ie
d
m
an

et
al
.
[2
3]

C
M
S

C
h
R
2;

20
H
z

eN
p
H
R
3.
0:

3
o
r
30

m
in

lig
h
t
o
n

St
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce
,i
n
h
ib
it
io
n
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty
.

Ty
e
et

al
.
[1
9]

V
TA

-N
A
c

C
SD

S
C
h
R
2;

10
m
in
s
20

H
z,
40

m
s
p
u
ls
e
w
id
th

N
p
H
R
;
8
s
lig

h
t
o
n
,
2
s
lig

h
t
o
ff

St
im

u
la
ti
o
n
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty

fo
llo

w
in
g
su
b
th
re
sh
o
ld

C
SD

S
(S
SD

S)
,
in
h
ib
it
io
n
in
d
u
ce
s
re
si
lie
n
ce

in
su
sc
ep

ti
b
le

m
ic
e.

C
h
au

d
h
u
ry

et
al
.
[1
8]

C
h
R
2;

20
m
in
s,
20

H
z,
40

m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce

in
su
sc
ep

ti
b
le

m
ic
e
b
y
in
d
u
ci
n
g
an

in
cr
ea
se

in
p
o
ta
ss
iu
m

ch
an

n
el

cu
rr
en

t
an

d
n
o
rm

al
iz
in
g
h
yp

er
ac
ti
vi
ty
.

Fr
ie
d
m
an

et
al
.
[2
3]

C
h
R
2;

10
s
ep

o
ch

s
d
u
ri
n
g
SI
,
20

H
z

St
im

u
la
ti
o
n
in
cr
ea
se
s
B
D
N
F
in

N
A
c,
in
cr
ea
si
n
g
su
sc
ep

ti
b
ili
ty
.B

lo
ck
in
g
B
D
N
F
si
g
n
al
in
g
b
lo
ck
s
o
p
ti
ca
lly
-

in
d
u
ce
d
su
sc
ep

ti
b
ili
ty
.E

ff
ec
ts

re
q
u
ir
e
C
R
F
re
le
as
e.

W
al
sh

et
al
.[
24

]

C
h
R
2;

5
m
in
s,
20

H
z

B
lo
ck
in
g
D
1
re
ce
p
to
rs

b
lo
ck
s
o
p
ti
ca
lly
-in

d
u
ce
d
su
sc
ep

ti
b
ili
ty

fo
llo

w
in
g
SS

D
S.

W
o
o
k
K
o
o
et

al
.
[2
5]

V
TA

-m
PF

C
C
SD

S
N
p
H
R
;
8
s
lig

h
t
o
n
,
2
s
lig

h
t
o
ff

In
h
ib
it
io
n
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty

fo
llo

w
in
g
SS

D
S.

C
h
au

d
h
u
ry

et
al
.
[1
8]

C
h
R
2;

20
m
in
s,
20

H
z,
40

m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce

in
su
sc
ep

ti
b
le

m
ic
e
vi
a
a
d
iff
er
en

t
m
ec
h
an

is
m

th
an

V
TA

-N
A
c.

Fr
ie
d
m
an

et
al
.
[2
3]

N
A
c

C
SD

S
C
h
ET
A
A
;1

5
m
in
s,
50

H
z

D
1-
M
SN

st
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce

in
su
sc
ep

ti
b
le

m
ic
e.

D
2-
M
SN

st
im

u
la
ti
o
n
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty

fo
llo

w
in
g
SS

D
S.

Fr
an

ci
s
et

al
.
[3
2]

PI
T/
PR

h
C
R
H
2;

1
s,
40

H
z;
12

.5
m
s

eN
p
H
R
3.
0;

10
s
co

n
st
an

t
lig

h
t

St
im

u
la
ti
o
n
o
f
b
o
th

D
1-

an
d
D
2-
M
SN

s
in
cr
ea
se
s
m
o
ti
va
ti
o
n
.I
n
h
ib
it
io
n
o
f
D
2-
M
SN

s
d
ec
re
as
es

m
o
ti
va
ti
o
n
.

So
ar
es
-C
u
n
h
a
et

al
.
[3
3]

V
H
IP
-N
A
c

C
SD

S
C
h
R
2;

4
H
z,
5
m
s
p
u
ls
e
w
id
th

(a
cu

te
)

C
h
R
2:

10
m
in
,1

H
z,
4
m
s
p
u
ls
e
w
id
th

(L
TD

in
d
u
ct
io
n
)

En
h
an

ce
m
en

t
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty

fo
llo

w
in
g
C
SD

S;
at
te
n
u
at
io
n
vi
a
in
d
u
ct
io
n
o
f
LT
D

p
ri
o
r
to

te
st
in
g

in
d
u
ce
s
re
si
lie
n
ce
.

B
ag

o
t
et

al
.
[1
]

V
H
IP
-m

PF
C

FS
T

eN
p
H
R
3.
0;

20
m
in
,1

0
H
z

In
h
ib
it
io
n
b
lo
ck
s
th
e
an

ti
-d
ep

re
ss
an

t
ef
fe
ct
s
o
f
ke
ta
m
in
e
ad

m
in
is
tr
at
io
n
.

C
ar
re
n
o
et

al
.[
4]

D
G
-B
LA

-N
A
c

C
IS

C
h
R
2;

20
H
z,
15

m
s
p
u
ls
e
w
id
th

A
rc
h
T;

co
n
st
an

t
st
im

u
la
ti
o
n

A
ct
iv
at
in
g
p
o
si
ti
ve

en
g
ra
m
s
in

D
G
re
ve

rs
es

d
ep

re
ss
io
n
-li
ke

b
eh

av
io
rs
.I
n
h
ib
it
in
g
B
LA

-N
A
c
p
o
si
ti
ve

en
g
ra
m
s

b
lo
ck
s
th
is
re
sc
u
e.

R
am

ir
ez

et
al
.
[4
2]

A
M
Y
-N
A
c

C
SD

S
C
h
R
2;

4
H
z,
5
m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce

fo
llo

w
in
g
C
SD

S.
B
ag

o
t
et

al
.
[1
]

m
PF

C
C
SD

S
C
h
R
2;

40
m
s,
10

0
H
z,
9.
9
m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
cr
ea
se
s
re
si
lie
n
ce

fo
llo

w
in
g
C
SD

S.
C
o
vi
n
g
to
n
et

al
.
[4
3]

m
PF

C
-N
A
c

C
SD

S
C
h
R
2;

4
H
z,
5
m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce

fo
llo

w
in
g
C
SD

S.
B
ag

o
t
et

al
.
[1
]

Pr
L-
N
A
c

C
SD

S
C
h
R
2;

40
m
s,
10

0
H
z,
9.
9
m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
re
si
lie
n
ce

an
d
p
ro
te
ct
s
ag

ai
n
st

th
e
ef
fe
ct
s
o
f
C
C
K
B
o
ve

r-
ex
p
re
ss
io
n
.

V
ia
lo
u
et

al
.
[4
5]

m
PF

C
-L
H
b

FS
T

15
m
in
;2

m
in

lig
h
t-
o
n
-li
g
h
t-
o
ff
ep

o
ch

s
St
im

u
la
ti
o
n
in
cr
ea
se
s
im

m
o
b
ili
ty
.

W
ar
d
en

et
al
.[
2]

m
PF

C
-D
R
N

FS
T

15
m
in
;2

m
in

lig
h
t-
o
n
-li
g
h
t-
o
ff
ep

o
ch

s
St
im

u
la
ti
o
n
in
cr
ea
se
s
ki
ck
in
g
.

W
ar
d
en

et
al
.[
2]

C
SD

S
C
h
R
2;

20
m
in
,2

5
H
z,
10

m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
ex
ci
te
s
G
A
B
A
er
g
ic

ce
lls

to
in
h
ib
it
5-
H
T
ce
lls

in
D
R
N

an
d
in
cr
ea
se

so
ci
al

av
o
id
an

ce
.

C
h
al
lis

et
al
.[
47

,4
8]

IL
T-
vS

TR
C
SD

S
C
h
R
2;

20
H
z,
20

m
s
p
u
ls
e
w
id
th

St
im

u
la
ti
o
n
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty

an
d
in
h
ib
it
io
n
in
d
u
ce
s
re
si
lie
n
ce

fo
llo

w
in
g
C
SD

S.
C
h
ri
st
o
ff
el

et
al
.
[5
8]

V
P-
LH

b
C
SD

S
C
h
R
2;

20
H
z,
5
m
s
p
u
ls
e
w
id
th

Si
le
n
ci
n
g
d
ec
re
as
es

im
m
o
b
ili
ty
.

K
n
o
w
la
n
d
et

al
.
[6
0]

V
P-
V
TA

C
SD

S
N
p
H
R
;
0.
1
H
z,
9
s
o
n
,1

s
o
ff

In
h
ib
it
io
n
in
cr
ea
se
s
so
ci
al

in
te
ra
ct
io
n
.

K
n
o
w
la
n
d
et

al
.
[6
0]

av
B
N
ST

TS
T/
FS

T
C
h
R
2;

20
H
z,
5
m
s
p
u
ls
e
w
id
th

A
rc
h
;
co

n
st
an

t
ill
u
m
in
at
io
n

In
h
ib
it
io
n
u
p
re
g
u
la
te
s
H
PA

-a
xi
s
an

d
in
cr
ea
se
s
im

m
o
b
ili
ty
.

Jo
h
n
so
n
et

al
.
[6
1]

av
B
N
ST

-P
V
H

TS
T/
FS

T
C
h
R
2;

20
H
z,
5
m
s
p
u
ls
e
w
id
th

A
rc
h
;
co

n
st
an

t
ill
u
m
in
at
io
n

In
h
ib
it
io
n
u
p
re
g
u
la
te
s
H
PA

-a
xi
s.

Jo
h
n
so
n
et

al
.
[6
1]

av
B
N
ST

-v
lP
A
G

TS
T/
FS

T
C
h
R
2;

20
H
z,
5
m
s
p
u
ls
e
w
id
th

A
rc
h
;
co

n
st
an

t
ill
u
m
in
at
io
n

In
h
ib
it
io
n
in
cr
ea
se
s
im

m
o
b
ili
ty
.

Jo
h
n
so
n
et

al
.
[6
1]

VT
A
ve

n
tr
al

te
g
m
en

ta
l
ar
ea
,
N
A
c
n
u
cl
eu

s
ac
cu

m
b
en

s,
m
PF
C
m
ed

ia
l
p
re
fr
o
n
ta
l
co

rt
ex
,
vH

IP
ve

n
tr
al

h
ip
p
o
ca
m
p
u
s,
D
G
d
en

ta
te

g
yr
u
s,
BL
A
b
as
o
la
te
ra
l
am

yg
d
al
a,

A
M
Y
am

yg
d
al
a,

Pr
L
p
re
lim

b
ic

ar
ea
,
LH

b
la
te
ra
l

h
ab

en
u
la
,
D
RN

d
o
rs
al

ra
p
h
e
n
u
cl
ei
,
IL
T
in
tr
al
am

in
ar

th
al
am

u
s,

vS
TR

ve
n
tr
al

st
ri
at
u
m
,
VP

ve
n
tr
al

p
al
lid

u
m
,
av
BN

ST
an

te
ro
ve

n
tr
al

b
ed

n
u
cl
ei

o
f
th
e
st
ri
a
te
rm

in
al
is
,
PV

H
p
ar
av
en

tr
ic
u
la
r
h
yp

o
th
al
am

u
s,

vl
PA

G
ve

n
tr
o
la
te
ra
lp

er
ia
q
u
ed

u
ct
al

g
ra
y,
CS

D
S
ch

ro
n
ic
so
ci
al

d
ef
ea
t
st
re
ss
,S
SD

S
su
b
-t
h
re
sh
o
ld

so
ci
al

d
ef
ea
t
st
re
ss
,C

M
S
ch

ro
n
ic
m
ild

st
re
ss
,P
IT
Pa

vl
o
vi
an

to
in
st
ru
m
en

ta
lt
ra
n
sf
er
,P

R
p
ro
g
re
ss
iv
e
ra
ti
o
,F
ST

fo
rc
ed

sw
im

te
st
,
TS
T
ta
il
su
sp
en

si
o
n
te
st

Wiring the depressed brain: optogenetic and chemogenetic circuit. . .
J Muir et al.

1021

Neuropsychopharmacology (2019) 44:1013 – 1026



Ta
bl
e
6.

O
ve

rv
ie
w

o
f
ch

em
o
g
en

et
ic

st
u
d
ie
s
in

an
im

al
m
o
d
el
s
o
f
d
ep

re
ss
io
n
-li
ke

b
eh

av
io
r
in
d
ic
at
in
g
p
ri
m
ar
y
fi
n
d
in
g
s
fo
r
ea
ch

sp
ec
ifi
c
p
at
h
w
ay

an
d
ce
ll-
ty
p
e,

D
R
EA

D
D

an
d
th
e
an

im
al

m
o
d
el

em
p
lo
ye
d

R
eg

io
n

M
o
d
el

D
R
EA

D
D

R
o
u
te

o
f
ad

m
in
is
tr
at
io
n

D
o
si
n
g
re
g
im

en
Pr
im

ar
y
fi
n
d
in
g
s

R
ef
er
en

ce
s

V
TA

C
U
M
S

rM
d
3(
G
s)

I.P
.i
n
je
ct
io
n

Si
n
g
le

C
N
O
(2
m
g
/k
g
)
in
je
ct
io
n
30

m
in

b
ef
o
re

ki
lli
n
g

Im
p
ai
ri
n
g
cA

M
P
si
g
n
al
in
g
vi
a
C
d
k5

d
el
et
io
n
in
cr
ea
se
s
su
sc
ep

ti
b
ili
ty
.

In
cr
ea
si
n
g
cA

M
P
le
ve
ls
re
sc
u
es

b
eh

av
io
r

Z
h
o
n
g
et

al
.[
26

]

N
A
c

C
SD

S
h
M
4(
G
i)

I.P
.i
n
je
ct
io
n

C
N
O

(5
m
g
/k
g
)
in
je
ct
io
n
at

8A
M

an
d
6P

M
fo
r

4.
5
d
ay
s
fo
llo

w
in
g
d
ef
ea
t

D
1-
M
SN

in
h
ib
it
io
n
in
d
u
ce
s
su
sc
ep

ti
b
ili
ty

in
re
si
lie
n
t
m
ic
e

Fr
an

ci
s
et

al
.[
32

]

V
H
IP
-

m
PF

C
FS

T
h
M
3D

(G
q
)

I.P
.i
n
je
ct
io
n

Si
n
g
le

C
N
O

(0
.5
m
g
/k
g
)
in
je
ct
io
n
30

m
in

b
ef
o
re

FS
T

A
ct
iv
at
io
n
m
im

ic
s
th
e
an

ti
-d
ep

re
ss
an

t
ef
fe
ct
s
o
f
ke
ta
m
in
e

C
ar
re
n
o
et

al
.[
4]

M
D
T-

m
PF

C
TS

T/
FS

T
h
M
3D

(G
q
)

I.P
.i
n
je
ct
io
n

Si
n
g
le

C
N
O
(1
m
g
/k
g
)
in
je
ct
io
n
30

m
in

b
ef
o
re

FS
T/
TS

T
A
ct
iv
at
io
n
d
ec
re
as
es

im
m
o
b
ili
ty

M
ill
er

et
al
.[
49

]

LH
b

C
SD

S
h
M
4D

(G
i)

I.P
in
je
ct
io
n

C
N
O

(1
m
g
/k
g
)
in
je
ct
io
n
12

h
an

d
1
h
b
ef
o
re

te
st
in
g

In
h
ib
it
io
n
re
ve
rs
es

C
SD

S
in
d
u
ce
d
so
ci
al

av
o
id
an

ce
in

5-
H
T-
d
efi

ci
en

t
an

im
al
s

Sa
ch

s
et

al
.[
52

]

FS
T

h
M
4D

i
I.P
.i
n
je
ct
io
n

C
N
O

(1
m
g
/k
g
)
in
je
ct
io
n
30

m
in

an
d
15

h
fo
llo

w
in
g
p
re
-t
es
t
an

d
30

m
in

b
ef
o
re

FS
T

In
h
ib
it
io
n
d
ec
re
as
es

im
m
o
b
ili
ty

N
ai
r
et

al
.[
50

]

D
RN

FS
T

h
M
3D

(G
q
)

Sh
o
rt
-t
er
m
:
I.P
.i
n
je
ct
io
n

Lo
n
g
-t
er
m
:D

ri
n
ki
n
g

w
at
er

Sh
o
rt
-t
er
m
:S

in
g
le

C
N
O

(2
m
g
/k
g
)
45

m
in

b
ef
o
re

b
eh

av
io
r

Lo
n
g
-t
er
m
:C

N
O

(5
m
g
/k
g
)
in

d
ri
n
ki
n
g
w
at
er

fo
r
3
w
ee

ks

Lo
n
g
-t
er
m

C
N
O

ad
m
in
is
tr
at
io
n
d
ec
re
as
es

ti
m
e
im

m
o
b
ile
.S

h
o
rt
-t
er
m

ac
ti
va
ti
o
n
d
ec
re
as
es

ti
m
e
im

m
o
b
ile

an
d
ti
m
e
in

o
p
en

ar
m
s
o
n
EP

M
U
rb
an

et
al
.[
55

]

D
RN

-N
A
c

TS
T

h
M
3D

q
I.P
.i
n
je
ct
io
n

Si
n
g
le

C
N
O
(1
m
g
/k
g
)
20

m
in
s
b
ef
o
re

te
st
in
g
/

co
n
d
it
io
n
in
g

A
ct
iv
at
io
n
d
ec
re
as
es

im
m
o
b
ili
ty

Yo
u
et

al
.[
57

]

VT
A
ve

n
tr
al

te
g
m
en

ta
la

re
a,
N
A
c
n
u
cl
eu

s
ac
cu

m
b
en

s,
m
PF
C
m
ed

ia
lp

re
fr
o
n
ta
lc
o
rt
ex
,M

D
T
m
ed

ia
ld

o
rs
al

th
al
am

u
s,
LH

b
la
te
ra
lh

ab
en

u
la
,D

RN
d
o
rs
al

ra
p
h
e
n
u
cl
ei
,C

SD
S
ch

ro
n
ic
so
ci
al

d
ef
ea
t
st
re
ss
,C

U
M
S
ch

ro
n
ic

u
n
p
re
d
ic
ta
b
le

m
ild

st
re
ss
,F
ST

fo
rc
ed

sw
im

te
st
,T

ST
ta
il
su
sp
en

si
o
n
te
st
,C

RS
ch

ro
n
ic

re
st
ra
in
t
st
re
ss

R
ef
s.
[8
7–

96
]

Wiring the depressed brain: optogenetic and chemogenetic circuit. . .
J Muir et al.

1022

Neuropsychopharmacology (2019) 44:1013 – 1026



suggesting a dissociation in the circuits responsible for HPA
regulation and behavioral control.

OPTOGENETICS VS CHEMOGENETICS: ADVANTAGES,
LIMITATIONS, AND CAVEATS
Both optogenetics and chemogenetics are powerful tools for
dissecting the neural circuits underlying behavior. The great
promise of optogenetics is the ability to manipulate neuronal
populations with greater spatial, temporal and cell-type specificity
than traditional techniques. Electrical stimulation excites and
inhibits cells but lacks spatial and cell-type specificity. Gene
expression manipulations (e.g., potassium channel to alter
excitability) and pharmacological techniques offer precise control
but poor temporal resolution. Optogenetics offers control of cell
populations precisely defined by spatial location, genetic identity,
circuit connectivity or even temporally defined activity, with fast
temporal precision in awake behaving animals to probe the
causality between brain and behavior [2]. The exquisite temporal
precision has also been applied in opto-electrophysiology in
which optogenetic stimulation, either in vivo or in vitro, is used to
probe synaptic function and sometimes to administer patterned
stimulation to induce lasting synaptic plasticity [1]. However
certain limitations necessitate caution in interpreting results.
Limited penetrance of light in brain tissue is an inherent challenge
to in vivo optogenetic manipulations: generally only ~1mm3 is
effectively stimulated posing a particular challenge in larger
animals (e.g. non-human primates) [62]. Recent innovations in
fiber shape to deliver broad or focal illumination may help to
address some spatial limitations [63]. Chemogenetics, in contrast,
has high spatial reach; systemic administration allows diffusion
across the entire nervous system, while targeted DREADD
expression allows manipulation of specific cell populations. As
chemogenetics uses a chemical actuator, systemic administration
will affect all DREADD-expressing cells. Although intra-cranial
infusions of CNO can limit effects to a specific region of interest
[56], diffusion of the actuator can be hard to control, rendering
this technique less spatially precise.
Both optogenetic and chemogenetic manipulations can also have

unexpected effects on neuronal firing properties. Back-propagation
of depolarization of illuminated axons may alter activity in structures
not explicitly manipulated. Opsin permeability is another considera-
tion. For example, eNphR3.0 is permeable to Cl−, which alters the
reversal potential of GABA, and therefore the response to GABA
release [64]. In cells that release multiple neurotransmitters, such as
LH neurons that co-release GABA and glutamate, optogenetics
cannot directly interrogate the neurotransmitters involved [65].
Chemogenetic activation may have effects beyond activation or
inhibition of targeted cells as GPCRs have many downstream targets
which may elicit unintended effects. There is some concern that
long-term CNO administration could desensitize DREADD receptors,
although this may be circumvented by high levels of DREADD
expression, easily achievable with viral-mediated expression. Con-
sidering these limitations, it is important to integrate other
techniques (e.g., pharmacology) to resolve precise questions of
neurotransmitter action [66].
Appropriate controls are critical. Extended or developmental

opsin expression can alter cell morphology [67]. Light alone may
increase blood flow measured by fMRI and tissue heating in
animals [68]. Ideally, the behavioral effects of opsin stimulation
should be interpreted relative to both light stimulation without
opsin (e.g., viral expression of EYFP or mCherry without opsin) and
opsin expression without light stimulation. For chemogenetics,
there is evidence that CNO alone may induce effects, reducing the
acoustic startle reflex and amphetamine induced hyperlocomo-
tion and amphetamine-evoked dopamine [69]. Furthermore,
recent evidence challenges the assertion that CNO is the DREADD
actuator [70], showing that systemic CNO does not cross the blood

brain barrier and has low affinity for DREADDs but is rapidly
metabolized to clozapine, which readily enters the brain and has
high affinity for DREADDs. Clozapine also interacts with endogen-
ous receptors, and is administered as an anti-psychotic, however it
is notable that its affinity for DREADDs is substantially higher than
for endogenous receptors, indicating the potential to achieve
specific DREADD activation via low-dose clozapine. Another
alternative rapidly gaining popularity is the use of an alternative
ligand, Compound 21. This non-CNO actuator appears to potently
activate DREADDs without metabolizing to clozapine [71, 72].
Irrespective of ligand choice, the recent controversy concerning
CNO effects is a timely reminder of the need for appropriate
ligand-only control groups.
Another important consideration is the difference between

demonstrating that modulating a circuit produces a behavior and
that this occurs under physiological conditions. To optogenetically
elicit behavior, experimenters have at times induced cells to fire at
frequencies outside physiological range. Findings based on non-
physiological stimulation protocols should be interpreted with
caution. While efforts to achieve more physiological stimulation
protocols are important, as generally employed, optogenetic
stimulation results in synchronous activation (or inhibition) of an
entire cell population [41, 73, 74]. Inhibition of circuit activity can
theoretically be more informative concerning the necessity of a
circuit to behavior, although there are a number of technical
concerns. For example, optogenetic inhibition can induce rebound
excitation in cells once released from non-physiological inhibition
and inhibition of terminal activity has been problematic [75]. Recent
advances enable more physiologically accurate stimulation patterns.
Closed-loop optogenetic systems can be triggered by endogenous
activity to deliver light stimulation. Although originally designed to
deliver light in response to EEG-detected seizures, it can be modified
to be triggered by other activity inputs. Such innovation is extremely
important for modeling physiologically relevant stimulation.
Reviewing multiple studies in animal models of depression points

to regulation of similar behaviors by divergent brain regions. It is
common to assert sufficiency of a brain circuit when optogenetic or
chemogenetic excitation elicits a particular behavior and necessity
when inhibition suppresses this behavior. However, concluding that
a brain circuit is sufficient to drive a behavior because activating it
increases the behavior can erroneously imply that this is the unique
and complete mechanism [76]. Establishing true sufficiency would
require demonstrating not only that circuit activation can elicit
behavior, but that it is the only requirement, something rarely true. A
more appropriate conclusion is that circuit activity induces the
behavior, which does not exclude the possibility that other circuits
may also exert control over the same behavior. In fact, with complex,
motivated behaviors, as examined in animal models of depression, it
would be surprising for a single brain region or circuit to exert
unique and complete mechanistic control. In this light, it is to be
expected that optogenetic and chemogenetic studies will identify
multiple brain regions mediating the same depression-relevant
behaviors. While chemogenetics and optogenetics are powerful
tools to probe the circuitry underlying depression-related circuits,
we should be mindful not to overstate conclusions from individual
experiments.

IN VIVO IMAGING ADVANCES
Many of these limitations highlight a potential disconnect
between control of cellular activity and behavior by optogenetics
and chemogenetics and the in vivo physiological realities of circuit
function. A solution that is currently gaining popularity is to
complement perturbation experiments with population or single-
cell in vivo imaging such as fiber photometry and microendo-
scopes [77]. We employed fiber photometry to identify reductions
in NAc D1-MSN activity that preceded the emergence of
depression-like behaviors in susceptible mice [97], complementing
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earlier findings that optogenetically increasing D1-MSN activity in
susceptible mice after CSDS is pro-resilient [32]. Single-cell calcium
imaging was also recently applied to interrogate D1-MSN firing
following social defeat. At the single-cell level, defeat reduced the
frequency of events in D1-MSNs, although somewhat paradoxi-
cally, the average neural response during social interaction was
increased. Of interest, Egr3 knockdown increased social interac-
tion behavior and normalized D1-MSN firing [78]. In the vDG,
single-cell calcium imaging revealed that chronic social defeat
sensitizes neural activity induced by an aggressive encounter [39].
This effect was exacerbated by ablation of adult neurogenesis, a
manipulation that increases defeat-induced social avoidance. In
the lateral septum (LS), single-cell calcium imaging was used to
probe the role of Drd3 DA receptors in social dysfunction
following early social deprivation (ESD) [79]. Increases in Drd3
expressing LS cells coincident with social interaction were blunted
in ESD mice, decreasing social preference. This behavioral and
cellular dysregulation can be rescued by optogenetically stimulat-
ing these cells or overexpressing Drd3. Likewise, these dysregula-
tions can be induced by knocking down Drd3 or reducing activity
in these cells. Into the future, chemogenetic manipulations may be
easily combined with optogenetics, or in vivo imaging techniques
such as calcium imaging, or behavioral µPET imaging to gain a
more comprehensive picture of circuit function. For example,
DREADD-assisted metabolic mapping (DREAMM) allows metabolic
mapping in awake animals, revealing whole-brain consequences
of inhibiting specific cell populations during behavior [80]. This
allows the unique opportunity to interrogate in vivofunction and
manipulate specific cell populations in the same animals.
Continued efforts to integrate optogenetic and chemogenetic
manipulations with in vivo imaging techniques will be essential to
understand pathological changes in brain activity driving depres-
sion and stress susceptibility.

TRANSLATING ADVANCES FROM ANIMAL MODELS TO
HUMANS
While initial excitement about neural control techniques raised
suggestions of therapeutic use in humans, direct translation to
humans is unlikely. The great promise of optogenetic and
chemogenetics for depression lies in the power of these technol-
ogies to reveal novel mechanistic insight into the disorder to
support development of effective treatments. By probing the
specific brain regions, pathways or cell types mediating behavioral
dysregulation it is possible to precisely identify the locus of disease-
associated dysfunction. In the context of drug-addiction, a report
exists of an experimental treatment based on translating optoge-
netic findings to guide non-invasive stimulation protocols [81] using
transcranial magnetic stimulation. It is conceivable that such
approaches could be applied to depression. Invasive deep-brain
stimulation is also being investigated as a potential therapy for
treatment-resistant depression, and circuit investigation in animal
models will be critical to refine stimulation strategies [82]. Using
intersectional approaches in circuit studies, the defining molecular
identity of relevant neural populations can be revealed and used to
design pharmacological strategies to regulate activity of specific
circuits or cell populations. Identifying the site of neural dysregula-
tion can also localize the search for molecular mechanisms of
depression. For example, optogenetic identification of opposing
roles of mPFC and vHIP in susceptibility inspired transcriptional
profiling studies in mice [83] and humans [84] that identified novel,
region-specific transcriptional regulators of depression and
depression-like behavior. These transcriptional profiles of relevant
cellular populations can ultimately provide novel molecular targets
for future drug development.
A major caveat of animal depression studies, by no means

unique to opto- and chemogenetics, is the almost exclusive use of
males. This is particularly concerning given the increased

prevalence of depression in women [85]. Enough evidence of
sex differences exists to caution against assuming that findings
from males will translate directly to females and it is essential that
future research probe circuit function in both sexes. Another
important consideration is the need to expand the repertoire of
depression-relevant behavior. Existing studies have largely
employed simple behaviors that can be difficult to directly
compare to humans, and often rely on loosely defined constructs
with validity based on superficial similarity or efficacy of existing
anti-depressant drugs. Expanding to include an alternative
approach, exemplified by the work of Soares-Cunha et al. [33],
that uses more structured behaviors to probe endophenotypes of
depression will help to increase the translational potential of this
field.

CONCLUSIONS
Optogenetics and chemogenetics afford powerful and precise
manipulation of specific cellular subtypes and circuits in vivo.
These complementary tools have made it possible to probe brain
function in behaving animals with a previously unimagined
spatial, temporal and genetic precision and resolution, heralding
a new era in understanding of circuit function. Experiments
employing the ever-evolving toolboxes have provided a wealth of
information regarding the neural substrates of depression by
uncovering the circuitry underlying depression-like behaviors as
well as the molecules and activity profiles that contribute to these
states. Optogenetics and chemogenetics offer distinct ways to
manipulate specific populations of cells in vivo. Although
optogenetics has been more extensively used in depression
studies, chemogenetics offers unique advantages for probing
circuit function, notably allowing targeted, chronic inhibition or
activation, ideal for probing sustained cellular alterations. Further,
it offers a complementary method to circumvent limitations of
optogenetics. Ultimately, complementing optogenetic or chemo-
genetic interrogations with in vivo imaging techniques, such as
fMRI, DREAMM, fiber photometry, or single-cell calcium imaging
will provide important new perspectives on the physiological
significance of identified circuits, bringing us ever closer to
developing treatments founded in a precise understanding of the
neural circuit mechanisms of depression.
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