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SUMMARY

Chronic stress (CS) is a major risk factor for the development of depression. Here, we demonstrate
that CS-induced hyperactivity in ventral tegmental area (VTA)-projecting lateral habenula (LHb)
neurons is associated with increased passive coping (PC) but not anxiety or anhedonia.
LHb—VTA neurons in mice with increased PC show increased burst and tonic firing as well as
synaptic adaptations in excitatory inputs from the entopeduncular nucleus (EP). /n vivo
manipulations of EP—LHb or LHb—VTA neurons selectively alter PC and effort-related
motivation. Conversely, dorsal raphe (DR)-projecting LHb neurons do not show CS-induced
hyperactivity and are targeted indirectly by the EP. Using single-cell transcriptomics we reveal a
set of genes that can collectively serve as biomarkers to identify mice with increased PC and
differentiate LHb—VTA from LHb—DR neurons. Together, we provide a set of biological
markers at the level of genes, synapses, cells and circuits that define a distinctive CS-induced
behavioral phenotype.
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Chronic stress is a major risk factor for depression. Cerniauskas et al. identify a lateral habenula
subcircuit involved in chronic stress-induced increased passive coping and reduced motivated
behaviors. Single-cell transcriptomics reveal potential gene targets associated with this specific
behavioral phenotype.
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INTRODUCTION

Chronic stress (CS) is a major risk factor for the development of depression in humans (Hill
etal., 2012; Mazure and Maciejewski, 2003; Willner et al., 2013). This has led to the
development of several animal models of depression that have been extensively used in basic
research over the last few decades (Czéh et al., 2016; Nestler and Hyman, 2010; Willner,
2017). In these models, rodents are exposed to CS in order to generate a variety of
behavioral changes (e.g. anhedonia, social withdrawal), which are thought to reflect some of
the core symptoms seen in depressed humans (Berton et al., 2012; Monteggia et al., 2018;
Nestler and Hyman, 2010; Willner et al., 1992). Although patients with depression show a
highly diverse set of combination of symptoms (Carragher et al., 2009; ten Have et al., 2016;
Musil et al., 2018; Willner et al., 2013), scientists often considered CS-exposed animals as a
homogeneous population in their search for a pathological mechanism (Agudelo et al., 2014;
Cui et al., 2018; Frisbee et al., 2015; Li et al., 2013; Moreines et al., 2017; Ramirez et al.,
2015; Schweizer et al., 2009; Seo et al., 2018; Tye et al., 2012; Yang et al., 2018). However,
simply dividing animals into “stressed” and “non-stressed” groups may not account for the
diversity of behavioral phenotypes that arise in response to CS exposure. Since different
behavioral phenotypes presumably involve discrete brain areas and circuits, it is critical to be
able to differentiate these behaviors in order to study their underlying neural correlates when
searching for symptom-specific therapeutic interventions. To this end, strategies that
recognize the heterogeneity of CS-induced behavioral phenotypes and their biological basis
remain largely underdeveloped.
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In recent years, the lateral habenula (LHb) has emerged as a potential key structure in
depression (Lammel et al., 2014; Lecca et al., 2014; Proulx et al., 2014; Sartorius and Henn,
2007; Yang et al., 2017). Increased neural and metabolic activity of the LHb has been
observed in various animal models of depression (Li et al., 2011; Mirrione et al., 2014;
Shumake et al., 2003; Tchenio et al., 2017), and elevated LHb firing and depression-related
behaviors can be reversed by antidepressant treatment and by employing a deep brain
stimulation (DBS)-like protocol in rodents (Li et al., 2011; Tchenio et al., 2017; Yang et al.,
2018). Notably, DBS of the LHb caused a marked reduction of depression symptoms in a
therapy-refractory patient, with interruption of the stimulation rapidly leading to the
recurrence of depressive periods (Kiening and Sartorius, 2013; Sartorius et al., 2010).
Together, these studies suggest an important role for both CS and LHb hyperactivity in
depression.

Here we introduce an unbiased approach that allows us to examine the neurobiological basis
of distinct CS-induced behavioral phenotypes in mice. Using this approach, we
deconstructed the molecular, synaptic and circuit architecture of the LHb. The identification
of biological markers that align with specific CS-induced behavioral phenotypes constitutes
an important step for reducing the complexity of depression and the development of more
specific treatments of this broad, heterogeneous disease.

Classification of chronic stress-induced behavioral phenotypes

We exposed mice to eight weeks of chronic mild stress (CMS) and subsequently analyzed
them using four different behavioral assays. We first assessed anxiety-related behaviors
using the elevated plus (EPM). We found that CMS mice spent significantly less time in the
open arms in the elevated plus maze (EPM) compared to non-stressed control (CTRL) mice,
suggesting that on average these animals develop an anxiety phenotype in response to CMS
exposure (Figure 1A, left panel). Next, we used the sucrose preference test (SPT) to assesses
an animal’s interest in rewarding stimuli. We found that CMS mice exhibited significantly
reduced sucrose preference compared to CTRL mice, suggesting that CMS promotes
anhedonia-related behavior, which is considered a core symptom of depression in humans
(Figure 1B, left panel). Next, mice were tested in the tail suspension test (TST), a behavioral
assay in which animals are exposed to an inescapable aversive environment. Mice initially
attempt vigorous escape but then transition to a passive coping (PC) state (Koolhaas et al.,
1999). PC can be modulated by genetic, behavioral, and pharmacological interventions
related to depression (Andalman et al., 2019; Castagne et al., 2011; Cui et al., 2019; Warden
et al., 2012; Willner, 2005; Yilmaz et al., 2002) and may be relevant to the pathological
motivational impairments seen in major depression in humans. We found that CMS mice
struggled significantly less in the TST when compared to CTRL mice (Figure 1C, left
panel). Moreover, struggling behavior in the TST was strongly correlated with struggling
behavior in the forced swim test (FST) within the same animals (Figures S1A and S1B)
(Porsolt et al., 1978), suggesting that these paradigms may assess a similar behavioral
phenotype. Lastly, we used a social interaction test (SIT) to assess CMS-induced deficits in
sociability behavior, as social withdrawal is a common symptom of depression in humans
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(Nestler and Hyman, 2010). Surprisingly, we found that both CTRL and CMS mice showed
a similar pattern of sociability as measured in their voluntary initiation of social interaction
and their preference for social novelty, as measured by the time spent investigating a novel
mouse (Figures S1C and S1D). Thus, CMS may distinguish itself from other stress
paradigms (e.g. social defeat stress) in regard to the magnitude and quality of the stress
response.

Our data from the behavioral screening assays showed a remarkable variability for
individual test scores in both CTRL and CMS mice, making it difficult to evaluate the effects
of CMS on individual animals. We therefore decided to generate receiver operating
characteristic (ROC) curves, which is an objective method that has been used extensively in
clinical epidemiology for the evaluation of binary classifiers (Berrar and Flach, 2012;
Sareide, 2009; Zou et al., 2007). To generate ROC curves, we used the data from the three
behavioral tests that showed statistically significant differences (i.e. EPM, SPT, TST). We
then used the ROC curves (Figures 1A-1C, right panels) to calculate optimal cutoff values
based on Youden J index (Youden, 1950), which allowed us to make an unbiased decision as
to whether an individual animal is positive for a given behavioral phenotype. The cutoff
values that have the combination of highest true positive and lowest false positive rates are
181.9 s for the EPM, 60.1% for the SPT and 93.5 s for the TST.

Animals may also exhibit variability being tested positive in the total number of CMS-
induced behavioral phenotypes. In order to examine the number of behavioral phenotypes
for individual animals, we used separate cohorts of CTRL (n = 69) and CMS (n = 107) mice
that went through the three behavioral tests on three consecutive days (Figure 1D). We then
separated both CTRL and CMS mice into four groups according to the number of positive
criteria met and assigned them a score between zero and three (D-score). An animal was
considered positive for behavioral phenotypes anxiety, anhedonia or passivity if it scored
below the respective cutoff value. Strikingly, both CTRL and CMS groups contained
animals that were positive for multiple criteria or showed only one or no phenotype (Figures
1E and 1F). Mice that met all three positive criteria represented 19% of the CMS group,
while only 3% of CTRL mice fell into this category. Conversely, despite being exposed to
CMS, a small group of animals (5%) did not test positive to any behavioral phenotype at all,
whereas the percentage of CTRL mice that did not meet positive criteria was much larger
(36%; Figures 1G and 1H).

Additional evidence to support our classification of mice into different subgroups is based
on the robustness of behavioral phenotypes. First, the intensity of behavioral phenotypes was
proportional to the number of criteria met (Figures 1E and 1F). Second, when re-testing
mice on the same behavioral assays (EPM, SPT, TST) under the same experimental
conditions two weeks after they performed the test for the first time, we observed a linear
correlation between the first and second test in all three behavioral assays suggesting that
animals exhibit persistent behavioral phenotypes that do not change over time (Figures S1E-
S1G). Third, we performed bootstrapping on our experimental data shown in Figures 1A-1C
to demonstrate the consistency of our cutoff values and the distribution of the D-score
subgroups (Figure S2).
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Together, these results suggest that rodents, like humans, show clear behavioral differences
in their response to chronic stress, and that screening mice for individual behavioral
phenotypes could facilitate the analysis of neural correlates underlying depression-related
behaviors.

Anatomical and physiological correlates of a distinctive chronic stress-induced behavioral

phenotype

Ventral tegmental area (VTA) and dorsal raphe nucleus (DR), which contain large
populations of dopamine (DA) and serotoninergic neurons, respectively, represent two major
downstream projection targets of LHb (Bernard and Veh, 2012). VTA-projecting LHb
(LHb—VTA) neurons exhibit hyperactivity in a learned helplessness model of depression
(Lietal., 2011), but whether LHb—VTA hyperactivity is associated with a specific chronic
stress-induced behavioral phenotype and whether DR-projecting LHb neurons (LHb—DR)
also undergo pathological adaptations is unknown. Consistent with previous anatomical
studies in rats (Bernard and Veh, 2012), we found that LHb projections to the VTA and DR
are organized as independent parallel projections (Figures S3A-S3C) that originate from
largely separate LHb subnuclei (Figures S3D-S3G). Despite this anatomical separation,
LHb—VTA and LHb—DR subpopulations may subserve similar functional roles, as
optogenetic stimulation of LHb terminals in either VTA (Figures S3H-S3K; Lammel et al.,
2012; Stamatakis and Stuber, 2012) or DR (Figures S3L-S30) induced robust real-time
place aversion.

Next, we performed whole-cell patch clamp recordings from retrogradely labeled
LHb—VTA (Figures 2A and 2B) and LHb—DR (Figures 2H and 2I) neurons in acute slices
from CMS and non-stressed CTRL mice that were behaviorally screened based on our D-
score classification approach (Figure 1). Animals from each group were divided into two
categories based on their individual D-scores: CTRL and CMS mice with a D-score of zero
or one (CTRLpg_1 and CMSpg_1, respectively) and CTRL and CMS mice with a D-score of
two or three (CTRLp,_3 and CMSp,_3, respectively). We found that under resting
conditions, both LHb—VTA and LHb—DR neurons remained mostly silent and did not fire
spontaneous action potentials. However, following the injection of depolarizing ramp
currents, we observed remarkable differences in the firing rates of LHb—VTA neurons from
animals with different D-scores. LHb—VTA neurons in CMSp,_3 mice showed very high
firing rates in response to +150 pA current injection that were significantly higher when
compared to CTRLpg-1 or CMSpg_1 mice. Surprisingly, the evoked firing rate of
LHb—VTA neurons from CTRLp,_3 mice was only marginally lower when compared to
CMSpy_3 mice, though not statistically different from CTRLpg_; mice (Figures 2C, 2D and
S3P).

When we separated the animals into subgroups based on whether they met individual
behavioral criteria, we found that both in CTRL and CMS groups, mice with increased
immobility in the TST, but not with anhedonia or anxiety, displayed increased firing (Figures
2E-2G). Strikingly, evoked firing of LHb—DR neurons was not significantly different
between CMSp,_3 and CTRLpg_; mice (Figures 2J and 2K). Furthermore, we examined
excitatory transmission onto LHb—DR neurons, which is known to be altered in
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LHb—VTA neurons in a learned helplessness model of depression (Li et al., 2011).
However, frequency and amplitude of miniature excitatory postsynaptic currents (mEPSCs)
recorded from LHb—DR neurons did not significantly differ between CMSp,_3 and
CTRLpg_1 mice (Figures 2L and 2M). Other electrophysiological parameters, such as
membrane resistance and conductance, did not differ significantly between LHb—VTA and
LHb—DR neurons (Figure S3Q) or LHb—VTA neurons in CTRLpg_1 and CMSp,_3 mice
(Figures S3R).

To further investigate neural activity patterns in response to CMS, we performed /n vivo
tetrode recordings from LHb—VTA neurons in freely behaving mice (Figure 3A).
Specifically, we tagged LHb—VTA neurons with channelrhodopsin-2 (ChR2) by injecting a
retrogradely transported virus expressing Cre-recombinase (pseudotyped equine infectious
anemia virus; RG-EIAV-Cre) into the VTA and a Cre-dependent adeno-associated virus
(AAV) expressing ChR2-eYFP (AAV-DIO-ChR2-eYFP) into the LHb of C57BL/6 mice. In
the same animals, a driveable optoelectrode (optrode) was implanted above the LHb and
lowered in steps throughout the LHb during the recording sessions. CTRLpg_; and
CMSpy_3 mice were identified using our D-score classification approach. Importantly, all
CMSpy_3 mice had increased immobility in the TST (i.e. time spent struggling < 93.5 s), but
none of the CTRLpg_; mice had this phenotype. RG-EIAV-Cre-mediated ChR2-eYFP
expression and optrode placement in the LHb was confirmed using histological methods
(Figure 3B). To identify LHb neurons that expressed ChR2 (i.e. LHb—VTA neurons), we
tested whether recorded LHb cells responded with minimal latency to 473 nm light
stimulation (Figures S4A-S4F). Consistent with direct excitation, all optogenetically
identified LHb neurons responded with short (4.79 = 0.25 ms, n = 12 cells) latency after the
light onset. Comparison of spontaneous and light-evoked spikes revealed that stimulation did
not induce detectable changes in the action potential shape (Figures S4D). After ChR2-
tagged LHb—VTA neurons were identified, their spontaneous activity was recorded over a
five-minute period while the mice were freely behaving in their home cages. The average
action potential waveform of the LHb—VTA neurons was similar in CTRLpg_q and
CMSp,_3 mice with no significant differences in spike width (Figure 3C). Notably,
LHb—VTA neurons from CMSp,_3 mice showed an overall increase in both burst activity
and tonic firing compared to LHb—VTA neurons from CTRLpg_; mice (Figures 3D-3I and
S3G). As a result, the mean firing frequency was also significantly higher in CMSp,_3 than
in CTRLpg-1 mice (Figure 3J). We also analyzed non-light responsive LHb cells that were
concurrently recorded at the same depth and during the same session as the optogenetically-
tagged LHb neurons, and found that tonic firing and burst activity of untagged LHb neurons
was very similar between CMSp,_3 and CTRLpg_; mice (Figures S4H-S4M). Taken
together, LHb hyperactivity consists of both increased tonic and burst activity and is
substantially defined by topographic organization, axonal projections and behavioral
phenotype.

Distinct inputs onto LHb neurons based on their projections

We hypothesized that differences in the architecture of afferent inputs to projection-defined
LHb neurons contribute to their selective CMS-induced hyperactivity phenotype. Classical
anatomical tracing studies have shown that major inputs to the LHb arise from various brain
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regions including the entopeduncular nucleus (EP), lateral preoptic area (LPO), lateral
hypothalamus (LH), DR and VTA (Herkenham and Nauta, 1977), but the connectivity of
upstream brain structures with projection-defined LHb subpopulations has not yet been
investigated. In order to map whole-brain monosynaptic inputs onto LHb—VTA and
LHb—DR neurons, we used a rabies virus-based tracing strategy (Osakada and Callaway,
2013). We injected a retrogradely transported canine adenovirus expressing Cre-
recombinase (CAV2-Cre) into either the VTA or DR of C57BL/6 mice. In addition, we
injected two Cre-dependent AAVs, one expressing the avian tumor virus A receptor (AAV-
DIO-TVA-mCherry) and the other expressing the rabies virus glycoprotein (AAV-DIO-RG)
into the LHb. Four weeks later, we injected a modified rabies virus expressing GFP (Rabies-
EnvA-AG-GFP) into the LHb (Figure 4A). Histological analysis revealed the specificity of
the CAV2-Cre injection-sites in the VTA or DR (Figure S5A) and the localization of starter
cells (i.e. cells that are both TVA-mCherry- and RV-GFP-immunopositive) in the LHb
(Figures 4B, S5B and S5C). We then determined the anatomical locations as well as the
number of GFP-expressing cells that synapse onto LHb—VTA and LHb—DR neurons
(Figure 4C). We found that LHb—VTA and LHb—DR neurons receive qualitatively similar
inputs, with dominant projections from the LH, VTA, pallidum, LPO and EP. Quantitatively,
however, we found that the EP provides a significantly greater share of input to LHb—VTA
neurons, while LH and VTA provide significantly more inputs to LHb—DR neurons (Figure
4D). Collectively, the EP sends substantially stronger inputs to LHb—VTA compared to
LHb—DR and we speculate that chronic stress-induced synaptic adaptations in specific
excitatory inputs (e.g. EP) to LHb—VTA neurons may promote their hyperactivity in
depression-related states.

Aberrant pre- and postsynaptic plasticity in the LHb

To further examine the synaptic properties of identified excitatory inputs to LHb—VTA
neurons, we injected an AAV expressing ChR2 under the control of the CaMKII promoter
into the EP, VTA or LH and retrobeads into the VTA of C57BL/6 mice. We focused on EP,
VTA and LH inputs because our whole brain mapping experiments revealed that these are
the major inputs to LHb—V/TA neurons (Figure 4D). We then performed whole-cell patch
clamp recordings in acute brain slices from retrogradely labeled LHb neurons and recorded
light-evoked excitatory postsynaptic currents (EPSCs; in 50 pM picrotoxin) by stimulating
ChR2-expressing EP, VTA or LH terminals with blue light (Figure 4E). Our data revealed
that even under control conditions the synaptic properties of individual excitatory inputs
onto LHb—VTA neurons are remarkably different. Though the functional connectivity of
the three inputs to LHb—VTA neurons is similar, the mean amplitude of light evoked
EPSCs (at =70 mV) from the LH was significantly greater compared to the EP and VTA
(Figures 4F and 4G), which is remarkably consistent with the relative input strength seen in
our rabies tracing experiments (Figure 4D). Moreover, NMDA receptor (NMDAR)-mediated
currents (recorded at +40 mV) evoked by stimulation of LH inputs exhibited significantly
greater decay time compared to VTA and EP inputs, suggesting possible differences in the
composition of NMDARs between individual inputs (Figures 4F and 4H).

Next, we compared the synaptic properties of excitatory EP, VTA and LH inputs onto
LHb—VTA neurons from CTRLpg_; and CMSp,_3 mice. While the AMPAR/NMDAR
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ratio was not significantly altered for any input when comparing CTRLpg_1 with CMSp,_3
mice (data not shown), we observed notable differences in the presynaptic release
probability (PRP). The PRP of excitatory EP synapses was higher in CMSp,_3 compared to
CTRLpg_1 mice (i.e. decreased paired pulse ratio (PPR)), whereas it was the opposite for
VTA inputs (increased PPR), and no significant differences were observed for LH inputs
(Figure 5A).

Postsynaptically, AMPAR subunit composition can influence cell excitability and synaptic
efficacy (Liu and Zukin, 2007). In contrast to GluR2-containing ones, GluR2-lacking
AMPARSs are calcium-permeable and exhibit higher single-channel conductance (Hollmann
et al., 1991). We found that EP, VTA and LH inputs exhibit a characteristic inwardly
rectifying AMPAR-mediated currents at +40 mV. However, only in EP inputs onto
LHb—VTA neurons was the rectification index of AMPAR-mediated currents significantly
increased in CMSp,_3 compared to CTRLpg_; mice, suggesting an increase in surface
expression of GluR2-lacking AMPARs (Figure 5B). To confirm an increase in GluR2-
lacking AMPARSs at the EP synapses, we applied 30 uM 1-naphthyl acetyl spermine
(NASPM, a selective blocker of GluR2-lacking AMPARS) to brain slices prepared from
CMSp,_3 and CTRLpg_1 mice. As expected, this reduced the amplitude of light-evoked
AMPAR-mediated currents in both CMSp,_3 and CTRLpg_; mice, indicating an already
rectifying nature of AMPARS at the EP synapse. Importantly, the amplitude of the light-
evoked AMPAR-mediated current was significantly more reduced in CMSp,_3 compared to
CTRLpg_1 mice, suggesting an even stronger expression of GluR2-lacking AMPARSs in
response to CMS (Figure 5C). Taken together, CMS exposure predominantly affects the
synaptic properties of EP synapses onto LHb—VTA neurons, which includes both increased
PRP as well as increased surface expression of GluR2-lacking AMPARs.

Divergent synaptic connectivity of EP inputs with LHb subpopulations

To further examine the synaptic connectivity of EP inputs with projection-defined LHb
subpopulations, we performed an additional series of experiments. First, we found that the
majority of EP terminals are located in close proximity to LHb—VTA neurons, whereas
there seems to be a clear anatomical separation between EP terminals and LHb—DR cells,
which are mainly located in the medial LHb (Figures 5D and S3D-S3G). Second, we found
that the majority of light-evoked EPSCs from excitatory EP inputs to LHb—DR neurons
exhibit a delayed onset, and the peak response latency is significantly greater in LHb—DR
neurons compared to LHb—VTA neurons (Figures 5E and 5F) suggesting that excitatory EP
neurons may not directly target LHb—DR neurons. Third, to further test whether the
EP—LHb—DR connection is indeed polysynaptic, we used a previously described
technique (Cho et al., 2013; Petreanu et al., 2009) to depolarize ChR2-positive presynaptic
terminals directly by blocking sodium channels using tetrodotoxin (TTX, 1 uM) and
potassium channels using 4-aminopyridine (4-AP, 50 pM). As expected, bath application of
TTX blocked light-evoked EPSCs in both LHb subpopulations. Subsequent application of 4-
AP, however, rescued TTX-blocked EPSCs only in LHb—VTA neurons, which indicated
the monosynaptic origin of these EPSCs. 4-AP did not rescue TTX-blocked polysynaptic
EPSCs in LHb—DR neurons as these EPSCs would require action potential firing in local
LHb neurons (Figure 5G). These results suggest that excitatory EP inputs make
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monosynaptic inputs onto LHb—VTA neurons, but their excitation of LHb—DR neurons
primarily involves a feedforward excitation of local LHb neurons.

In vivo modulation of LHb circuitry selectively alters passive coping and effort-related
motivated behavior

Because hyperactivity of the LHb—VTA pathway was specifically associated with
increased immobility in the TST, but not anxiety or anhedonia (Figures 2E-2G), we
hypothesized that /n vivo manipulations of the LHb involving downstream VVTA or upstream
EP projections will selectively affect transitions from active struggling to PC behavior and
that this transition can become maladaptive in response to CMS exposure. Our hypothesis is
supported by a recent study which reported that optogenetic stimulation of the LHb—RMTg
pathway selectively increases immobility in the FST (Proulx et al., 2018), though it is likely
that FST and TST are not fully represented by the same neurocircuitry. To test this, we
performed a series of behavioral experiments that involve targeting of chemogenetic or
optogenetic constructs to projection-defined LHb and EP neurons. First, consistent with our
hypothesis, we found that optogenetic stimulation (10 Hz, 5 ms pulses) of ChR2-expressing
LHb—VTA neurons in non-stressed wildtype (C57BL/6) mice was sufficient to increase
immobility in the TST; this was indicated by a significant decrease in the time mice spent
struggling when compared to mice that expressed eYFP in LHb—VTA neurons. In contrast,
anxiety, anhedonia and locomotor activity were not significantly altered in response to
optogenetic activation of LHb—VTA neurons in ChR2 mice compared to eYFP mice
(Figures S6A and S6B). Second, chemogenetic activation (4 mg/kg CNO) of LHb—VTA
neurons in non-stressed wildtype mice confirmed the selective effects on passive immaobility
in the TST (Figures 6A and 6B). Third, we found that chemogenetic silencing of
LHb—VTA neurons selectively reduced immobility in the TST in CMS mice, while other
behaviors were not affected (Figures 6C and 6D). Fourth, chemogenetic activation of
EP—LHb neurons selectively increased immobility in the TST in non-stressed wildtype
mice (Figures 6E and 6F), whereas chemogenetic silencing of EP—LHb neurons in CMS-
exposed mice selectively reduced immobility in the TST without affecting other behaviors
(Figures 6G and 6H). Fifth, chemogenetic activation of LHb—VTA or EP—LHb neurons
also increased immobility in the FST in non-stressed wildtype mice (Figures S6C and S6D).

The reduced ability to experience rewarding feelings and pleasure (anhedonia) and a loss of
motivation are both hallmarks of depression (Nestler and Carlezon, 2006), but it is possible
that these traits are represented by different neural circuits. To examine whether increased
activity in LHb pathways is sufficient to decrease effort-related motivated behaviors, we
tested animals in an operant task in which animals have to perform nose pokes under a fixed
or progressive ratio schedule in order to receive rewards. Chemogenetic activation of
LHb—VTA or EP—LHb neurons did not influence nose poking behavior of animals when
the requirements to obtain a reward remained constant (i.e. under a fixed ratio; low level
effort required; Figures S6E and S6G). In contrast, in the operant task where increasing the
number of nose pokes was required to obtain a reward (i.e. progressive ratio), chemogenetic
activation of LHb—VTA, significantly reduced nose poking behavior when compared to
eYFP animals (Figure S6F). Surprisingly, activation of EP—LHb neurons did not influence
effort-related motivated behaviors, which raises the possibility that other inputs or a
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combined activation of inputs may be necessary to elicit a behavioral response (Figure S6H).
Taken together, although anxiety and anhedonia are major components of chronic stress-
induced behavioral syndrome, they may not be regulated through downstream VTA and
upstream EP projections of the LHb, which predominantly appear to be relevant for
pathological impairments in motivated behaviors.

Molecular and physiological correlates of passive coping

We then designed a multi-level approach that describes a behavioral phenotype from circuit
to physiology to gene-expression profile (Figure 7A). Specifically, we collected
electrophysiological and RNA expression data from single, projection-defined LHb neurons
(Figure S7A) and examined their correlation with PC. Importantly, instead of pooling
animals based on the number of criteria they met and separating them into CTRL and CMS
groups, we pooled all animals based solely on whether they are positive or negative for
prolonged immobility in the TST using our cutoff values determined in Figure 1 (TST+ or
TST-, respectively). We argue that this approach will lead to greater precision in detecting
meaningful molecular biomarkers that are associated with this specific behavioral
phenotype.

As expected, while the number of action potentials in response to depolarizing current
injections could not be distinguished between TST- LHb—VTA and LHb—DR cells, TST+
LHb—VTA neurons consistently fired more action potentials compared to the other groups
(Figures 7B and S7C). In contrast, no significant difference was observed when we
compared evoked firing from animals that were positive or negative in the EPM and SPT
assays (Figures S7B and S7C). As most projection-defined LHb neurons were silent in our
whole-cell recordings, we transiently hyperpolarized the cells, which resulted in action
potential firing under resting conditions. We then evaluated the firing modes of cells in the
three groups. 62% (n = 26/42 cells) of LHb—VTA neurons in TST— mice were
predominantly bursting, whereas this number increased to 77% (n = 41/53 cells) in TST+
LHb—VTA neurons, which was similar high in TST- LHb—DR neurons (85%, n = 11/13
cells; Figure 7C). We further corroborated this observation by quantifying the relative and
cumulative frequency of inter spike intervals (Figures 7D and 7E). In addition, we found that
TST+ LHb—VTA cells display a more hyperpolarized resting membrane potential (RMP)
compared to TST- LHb—VTA cells. By contrast, the RMP in TST+ LHb—VTA and TST-
LHb—DR cells was not significantly different (Figure 7F). Consistent with previous studies
(Weiss and Veh, 2011; Yang et al., 2018), we found that a more hyperpolarized RMP was
associated with increased burst firing (Figures 7F, 7G, S7D and S7E).

To evaluate transcriptomic differences between different LHb subpopulations, we analyzed
differential gene expression between LHb—VTA and LHb—DR neurons. Among the most
significant differences, we found strong enrichment of synaptic glutamate receptors Grik2
and Grid2, and the neuronal excitability-relevant potassium channel Kecne2 (Kv3.2) in
LHb—VTA (n =16 cells, 5 mice) compared to LHb—DR neurons (n = 14 cells, 5 mice).
As biomarkers, collective expression pattern of these genes sufficiently identifies the two
cell populations (Figures 7H and S7F). We also analyzed differential gene expression
between TST- (n = 16 cells, 5 mice) and TST+ (n = 37 cells, 10 mice) in LHb—VTA
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neurons (Figures 71 and S7G). We found significant upregulation of Kcncl in TST+
compared to TST- neurons, making its expression similar to those we found in LHb—DR
cells (Figure 7J). In addition, we found downregulation of synaptic regulators Lrrtm3and
glutamate-receptor subunit Grin (Figures 71 and S7G). Together, these transcriptomic
analyses revealed the identity of select genes that collectively can serve as biomarkers to
differentiate LHb—VTA and LHb—DR (Grid2, Grik2and Kcnc2), as well as TST- and
TST+ LHb—VTA neurons (Lrrtm3, Grinl and Kcnel). The contrasting nature of Kenel in
differentiating TST- and TST+ LHb—VTA neurons prompted us to examine the full extent
of genes that may follow similar patterns. For this, we performed regression analysis on the
fold difference of gene expression in LHb—VTA and LHb—DR, and in TST—and TST+
LHb—VTA comparisons (Figures 7K and S7H). Surprisingly, we found that the overall
gene-expression profile of TST+ LHb—VTA neurons changes towards that in TST
-LHb—DR neurons. While its importance remains elusive, this finding underscores a
pronounced plasticity of LHb—VTA neurons that is linked to a specific behavioral
phenotype. Importantly, differential gene expression analysis made after grouping cells as
CTRL (n = 26 cells, 9 mice) versus CMS (n = 27 cells, 6 mice) revealed fewer and more
modest differences in LHb—VTA neurons (Figure S8), further highlighting the importance
of phenotypic (TST- versus TST+) rather than experience-based (CTRL versus CMS)
classification.

Together, these outcomes link a specific behavioral phenotype that involves increased PC to
specific molecular, cellular and circuit characteristics. Because increased PC behavior may
be related to the pathological motivation impairments seen in major depression in humans,
our results may serve as a foundation for the development of symptom-specific therapeutic
interventions as well as predictive biomarkers, both of which are severely lacking in current
medicine.

DISCUSSION

Relevance to depression symptomatology

The clinical manifestations of depression are highly variable, and patients with different
symptoms are often grouped into the same diagnostic category even if they have distinct
underlying pathophysiologies (Akil et al., 2018; Drysdale et al., 2017; Waters and Mayberg,
2017). Recent years have witnessed a growing awareness of this problem, and several
attempts have been made to identify valid and meaningful subtypes based on symptoms,
onset, course or severity (ten Have et al., 2016; van Loo et al., 2012; Musil et al., 2018).
Importantly, a recent study suggested that patients with depression can be subdivided into
four symptomatic subtypes based on distinct patterns of dysfunctional connectivity in limbic
and frontostriatal circuits (Drysdale et al., 2017). In basic research, this issue is particularly
challenging and often neglected when working with animal models of depression (Berton et
al., 2012; Monteggia et al., 2018). Over the last decades, several animal models of
depression that are based on chronic stress (CS) exposure have been used (Nestler and
Hyman, 2010), but these models often do not discriminate between individual behavioral
phenotypes. The fact that rodents, like humans, display a high degree of individual
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variability in responding to CS questions whether it makes sense to consider CS-exposed
animals as a homogeneous population when searching for pathophysiological mechanisms.

To address this issue, we developed an approach that involves behavioral screening and
classification of both non-stressed and stressed animals before studying underlying
neurobiological mechanisms. While this strategy provides insights into assigning changes in
circuit function, cell firing and gene expression to discrete behavioral patterns, one should
proceed with caution. First, it remains uncertain whether depression should be defined as a
collection of separable behavioral symptoms or as a single disorder that manifests itself in
different behavioral pathologies. Therefore, understanding how neural circuits contribute to
individual depression symptoms may not solve the neural basis of depression in its entirety.
However, understanding the relationship between circuit and symptom is certainly an
important and much-needed step towards establishing a platform for symptom-specific
treatments of depression. Second, although our behavioral screening is based on paradigms
that are widely use to assess depression-related behaviors in rodents (e.g. Tye et al., 2012;
Knowland et al., 2017; Yang et al., 2018; Seo et al., 2018), additional measures of
depression (e.g. cortisol levels, weight gain or loss, circadian abnormalities) may be
necessary to further characterize D0-D3 subgroups and their relevance to depression. It is
possible that other CMS-induced pathologies that have not been assessed in this study may
contribute to the cellular and circuit adaptations in the LHb. Third, it remains uncertain
whether the non-stressed mice that show LHb hyperactivity and increased PC possess a bona
fide depression phenotype and future studies will need to determine whether they also
exhibit other depression-related phenotypic markers. However, it is conceivable that some
control mice develop a depression phenotype, for example, caused by stress during
transportation or fighting with littermates within the cage. Fourth, while our approach
produced resilient mice that did not show a depression-related phenotype, similar to the
social defeat stress model (Krishnan et al., 2007), we noticed that CMS does not induce
impairments in social interaction behavior, as in social defeat stress. Conversely, social
defeat stress does not affect passive immobility in the TST or FST (Krishnan et al., 2007).
Thus, each animal model may recapitulate different aspects of depression. Fifth, while our
approach of subdividing depression phenotypes is based on categorial differences with
boundaries that are defined by statistical procedures, it neglects the fact that there is a
continuum in the severity of the symptoms which lacks sharp boundaries (Figure 1D). Thus,
a model with even greater precision in detecting meaningful subtypes would consider both
qualitatively distinct phenotypes as well as quantitative differences in severity along an
underlying continuum (ten Have et al., 2016). Despite these limitations, given that CS is a
well-known trigger for depression in humans as well as for LHb hyperactivity (Figure 2; Li
etal., 2011; Lecca et al., 2016; Yang et al., 2018) which can be reversed by antidepressant
treatment (Yang et al., 2018; Shabel et al., 2014), our data points to the possibility that
LHb—VTA hyperactivity may be linked to a specific symptom of major depression in
humans that involves motivational impairments but not anxiety or anhedonia.

Circuit mechanisms of LHb hyperactivity

Although the outputs of the LHb to dopaminergic and serotoninergic neuromodulatory
centers are of high biological importance to a broad range of psychiatric diseases (Hikosaka
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et al., 2008), relatively little is known about the effects of CS on projection-defined LHb
subpopulations. While some studies suggested that depression-related LHb neuronal
hyperactivity may occur throughout the LHb (Li et al., 2013; Yang et al., 2018), others
pointed to specific LHb subtypes projecting to downstream structures such as the VTA (Li et
al., 2011). By performing patch clamp recordings from projection-defined LHb neurons in
mice, we found that CS-induced LHb hyperactivity was directly associated with the
projection to downstream VTA/RMT(g structures, but not the DR. Even though evoked firing
and excitatory transmission was not altered in LHb—DR neurons, we cannot rule out that
other CS-induced adaptations occur in these cells. Because evidence suggests a close link
between the LHb and DR circuitry in depression and LHb lesions alleviate depression-
related behaviors by increasing serotonin levels (Y ang et al., 2008), it may be important to
further examine this LHb subtype using other types of stress (e.g. social defeat stress).

We also examined whether LHb—V/TA hyperactivity can be detected /n vivo in freely
behaving animals (Figure 3). Importantly, our data does not support the idea put forward by
Yang et al. (2018) who showed that increased burst but not tonic activity in LHb neurons is
instrumental for aversion behavior and multiple depression-like symptoms such as increased
PC in the FST and anhedonia in the SPT. This may explain why simply increasing the
number of spikes by using low frequency optogenetic stimulation of LHb—VTA neurons
was sufficient to induce both place aversion and immobility in the TST. It is possible that
discrepancies are due to differences in burst detection and analysis (see methods).
Alternatively, it is conceivable that pathway-specific optogenetic stimulation may generate
behavioral effects that are not induced by stimulation of cell bodies independent of their
projection target (Tye et al., 2011). Nonetheless, our findings are largely consistent with
recordings from LHb neurons in acute brain slices demonstrating an increase in tonic firing
in depression-related states (Lecca et al., 2016; Li et al., 2011; Tchenio et al., 2017).
Accordingly, we propose a model in which CS-induced increased burst and tonic firing of
LHb—VTA neurons directly and indirectly affects different subtypes of VTA DA neurons,
which may produce symptoms that are related to reduced motivation rather than a reduced
ability to experience pleasure.

Aberrant circuit-specific synaptic plasticity in the LHb

Increasing evidence suggests that imbalances in glutamate transmission play a critical role in
the development of depression (Pittenger and Duman, 2008; Thompson et al., 2015). In the
LHb, changes in presynaptic plasticity have been reported which involve increased release
probability at glutamatergic synapses in congenitally helplessness rats (Li et al., 2011).
However, the identity of the inputs that exhibit presynaptic adaptations was unknown. By
combing ex vivo electrophysiology and optogenetics, we were able to selectively examine
specific inputs to LHb—VTA neurons in response to CS. As a result, we could link the
effects of stress-induced changes in presynaptic release probability to a specific set of
excitatory inputs that originate from the EP and make direct monosynaptic connections onto
LHb—VTA neurons. In addition to these presynaptic adaptations at the EP synapse, we also
discovered postsynaptic changes that involve an increased surface expression of GIuR2-
lacking AMPARSs. These results are in line with the finding that upregulation of the beta
form of calcium/calmodulin-dependent protein kinase type Il resulted in increased
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expression of GIuUR1 AMPAR subunits at the plasma membrane of LHb neurons (Li et al.,
2013). Strikingly, by increasing or decreasing the neural activity of EP—LHb neurons /n
vivo, we were able to selectively modulate immobility behavior in the TST and FST, but not
anhedonia or anxiety. Although our results suggest that CS induces pre- and postsynaptic
adaptations of excitatory EP inputs to LHb—VTA neurons, which may contribute to
hyperactivity of these cells, our /n vivo manipulations targeted all EP neurons that project to
the LHb. The EP also contains a separate population of cells that co-releases GABA and
glutamate in the LHb and it is possible that changes in inhibitory and excitatory inputs
operate in concert to promote LHb hyperactivity and depression-related behaviors (Lecca et
al., 2016; Shabel et al., 2014). Because EP neurons that release only glutamate or co-release
GABA and glutamate can be differentiated based on the expression of parvalbumin or
somatostatin markers, respectively, (Wallace et al., 2017) future research will be needed to
investigate the precise contribution of each neuronal subtype to CS-induced LHb
dysfunction.

Lastly, we found that most excitatory EP inputs do not target LHb—DR neurons directly.
LHb cells that interact within the LHb through local glutamatergic connections have been
reported previously (Kim and Chang, 2005; Weiss and Veh, 2011), and the idea that
excitation of LHb—DR neurons by EP inputs involves a local feedforward mechanism is
supported by several lines of evidence. First, we found an anatomical separation of EP
terminals and LHb—DR cell bodies. Second, we detected an increased peak response
latency for EP inputs to LHb—DR neurons. Third, 4-AP did not rescue TTX-blocked
EPSCs from EP to LHb—DR neurons. Fourth, we found a higher number of local LHb
neurons that are connected with LHb—DR compared to LHb—VTA neurons. Thus, an
intriguing possibility is that LHb—DR neurons lack CS-induced hyperactivity because of
fundamental differences in LHb circuit architecture. An important future research direction
is to examine the precise role of local glutamatergic connectivity in the LHb in light of the
differential stress susceptibility of LHb subpopulations reported here.

Identification of circuit-specific biomarkers based on behavioral phenotyping

Acute and CS-induced transcriptional dysregulations have been demonstrated in several
brain regions (Akil et al., 2018; Bagot et al., 2016), but the effects of CS on the regulation of
gene expression in the LHb have not yet been examined. We developed a platform based on
single-cell transcriptomics that allowed us to determine potential molecular biomarkers that
are associated with circuit-specific neural dysfunction (hyperactivity of LHb—VTA) and
specific behavioral phenotypes (Figure 7). We argue that behavioral phenotyping in response
to CS is critical because simply comparing stressed versus non-stressed animals may not
identify specific biomarkers due to the heterogeneity of behavioral phenotypes. Consistent
with this, we find that experience dependent classification (i.e. CTRL versus CMS; Figure
S8) revealed fewer and more modest differences in our gene expression analysis of
LHb—VTA neurons compared to phenotypic classification. Because animals were analyzed
solely based on whether they were positive or negative for TST, it remains uncertain, as
mentioned earlier, whether the TST positive animals have a bona fide depression phenotype.
Thus, future studies are needed to examine whether candidate genes discovered based on
behavioral phenotyping can serve as true biomarkers for depression. For instance, cell type-
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specific editing of candidate genes using CRISPR-Cas9 may be a particularly fruitful
approach towards understanding how molecular dysfunction gives rise to LHb hyperactivity
and depression-related behaviors. These approaches will yield valuable insights for
translational research, given that the LHb is a phylogenetically conserved structure that is
present in virtually all vertebrate species and that depression-related LHb hyperactivity has
been observed in both animals and humans.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact Stephan Lammel (lammel@berkeley.edu). This study did not
generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6 mice (Jackson Laboratory, 25-35 g, 8-12 weeks old, male) were used for all
experiments. Mice were maintained on a 12:12 hr light cycle (lights on at 07:00). All
procedures complied with the animal care standards set forth by the National Institutes of
Health and were approved by University of California Berkeley’s Administrative Panel on
Laboratory Animal Care.

METHOD DETAILS

STEREOTAXIC SURGERIES—As previously described (Lammel et al., 2012) all
stereotaxic injections were performed under general ketamine—dexmedetomidine anesthesia
using a stereotaxic instrument (Kopf Instruments, Model 1900). For red/green fluorescent
retrobead labeling, mice were injected unilaterally with fluorescent retrobeads (200 nL;
LumaFluor Inc.) in the ventral tegmental area (VTA, bregma: —=3.4 mm, lateral: 0.4 mm,
ventral: 4.4 mm) or dorsal raphe nucleus (DR, bregma: —4.55 mm, lateral: 0 mm, ventral:
3.35 mm) using a 1 pL Hamilton syringe (Hamilton). The AAVs (adeno associated virus)
used in this study were from the Deisseroth laboratory (AAV5-EF1a-DIO-hChR2(H134R)-
eYFP; AAV5-EF1a-DIO-eYFP; AAV5-CaMKII-ChR2-eYFP; ~1012 infectious units per
mL, prepared by the University of North Carolina Vector Core Facility), from the Uchida
laboratory (AAV5-flex-RG; AAV5-flex-TVA-mCherry; ~1012 infectious units per mL,
prepared by the University of North Carolina Vector Core Facility), or from Addgene (AAV-
DIO-hM3DGg-mCherry and AAV-DIO-hM4DGi-mCherry). AG-Rabies-GFP and RV-EnvA-
AG-GFP were from Salk Institute. CAV2-Cre was from Plateforme de Vectorologie de
Montpellier. RG-EIAV-Cre was from the Lim laboratory (UC San Diego). For viral
injection, 300-500 nL of concentrated virus solution was injected into the lateral habenula
(LHb, bregma: —1.6 mm, lateral: 0.5 mm, ventral: 3.15 mm), entopeduncular nucleus (EP,
bregma: —1.2 mm, lateral: 1.85 mm, ventral: 4.4 mm), lateral hypothalamus (LH, bregma:
—-0.8 mm, lateral: 1.0 mm, ventral: 5.1 mm), VTA or DR (same coordinates as above) using a
syringe pump (Harvard Apparatus) at 150 nL/min. The injection needle was withdrawn 5
min after the end of the infusion. For /n vivo optogenetic experiments, mice received
unilateral (Figure S3) or bilateral (Figure S6) implantation of a chronically implanted optical
fiber (NA = 0.22; Doric Lenses) dorsal to the LHb (bregma: 1.65 mm, lateral: £0.6 mm,
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ventral: 2.47 mm), VTA (bregma: —3.4 mm, lateral: 0.4 mm, ventral: 3.9 mm) or DR
(bregma: —4.55 mm, lateral: 0 mm, ventral: 2.85 mm). One layer of adhesive cement (C&B
Metabond; Parkell) was followed by acrylic (Jet Denture Repair; Lang Dental) to secure the
fiber to the skull. The incision was closed with a suture and tissue adhesive (Vetbond; 3M).
The animal was kept on a heating pad until it recovered from anesthesia. Experiments were
performed 6-8 weeks (for AAVS) or 3 days (for retrobeads) after stereotactic injection.
Injection sites and optical fiber placements were confirmed in all animals by preparing
coronal sections (100 um) of injection and implantation sites. We routinely carried out
complete serial reconstruction of the injection sites and optical fiber placements.

Although fluorescent retrobeads and retrograde viruses were targeted to the VTA, it is
important to mention that the caudal VTA contains at least some parts of the rostromedial
tegmental nucleus (RMTg; Jhou et al., 2009). The boundary between the VTA and RMTg is
difficult to determine, particularly in the caudal VTA, which makes it difficult to determine
with certainty whether retrogradely labeled LHb neurons are projecting to the VTA or
RMTg. Thus, when referred to in the text, the VTA includes the RMTg, which was
originally termed the ‘tail of the VTA’ (Kaufling et al., 2009).

CHRONIC MILD STRESS

The chronic mild stress (CMS) animal model of depression has been used extensively to
study the pathophysiology of depression in rodents (Frisbee et al., 2015; Willner et al.,
1992). This model is based on the fundamental concept that chronic exposure to stressors is
an important cause for the development of depression in humans. Animals were exposed to a
randomized series of mild stressors on a daily basis. Specifically, two stressors per day for 8
weeks were delivered before behavioral screening. Mice experienced one stressor during the
day and a different stressor during the night. Well-validated and approved standard stressors
(Frisbee et al., 2015; Willner et al., 1992; Tye et al., 2012) were randomly chosen from the
following list so that they are unpredictable for the subjects: cage tilt on a 45° angle for 12 to
16 h; food deprivation for 12 to 16 h; strobe light illumination for 2 to 6 h; crowded housing
for 2 to 6 h; cage shaking (100 RPM) for 2 to 6 h; individual housing for 2 to 6 h;
continuous illumination for 24 to 36 h; continuous darkness for 24 to 36 h; water deprivation
for 12 to 16 h; damp bedding (200 mL water poured into bedding) for 12 to 16 h; bedding
removal for 12 to 16 h. When not undergoing food or water deprivation stressors, water and
food were available ad /ibitum. Non-CMS (control, CTRL) animals were housed for 8 weeks
under standard housing conditions with access to food and water ad /ibitum. Most CTRL
and CMS mice underwent three behavioral screening tests on three consecutive days in the
following order: 1. Elevated plus maze (EPM), 2. Sucrose Preference Test (SPT), 3. Tail
Suspension Test (TST). However, some mice shown in Figure 1A-1C did not experience all
three behavioral screening tests, and some animals also underwent a social interaction test
(SIT; Figure S1). In addition, for the data shown in Figures 6 and S6, all mice also
underwent an open field locomotor test (OFT), which was performed on the fourth day.

ELECTROPHYSIOLOGY

Ex vivo electrophysiology—Mice were deeply anaesthetized with pentobarbital (200
mg/kg IP; Vortech). Coronal slices (250 um) were prepared after intracardial perfusion with
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ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 50 sucrose, 125 NaCl, 25
NaHCOsg, 2.5 KCl, 1.25 NaH,POQy, 0.1 CaCls, 4.9 MgCl,, and 2.5 glucose (oxygenated with
95% 0,/5% COy). After 60 min of recovery, slices were transferred to a recording chamber
and perfused continuously at 2-4 mL/min with oxygenated ACSF, containing (in mM) 125
NaCl, 25 NaHCOs3, 2.5 KCl, 1.25 NaH,PQy, 11 glucose, 1.3 MgCl, and 2.5 CaCl, at

~35 °C. For recording of excitatory postsynaptic currents (EPSCs), picrotoxin (50 UM,
Sigma) was added to block inhibitory currents mediated by GABA, receptors. Miniature
excitatory postsynaptic currents (mEPSCs) were recorded at =70 mV in the presence of 1
UM tetrodotoxin (TTX, Hello Bio) and 50 uM picrotoxin. Cells were visualized with a 40x
water-immersion objective on an upright fluorescent microscope (BX51WI; Olympus)
equipped with infrared-differential interference contrast video microscopy and
epifluorescence (Olympus). Patch pipettes (3.2-4.4 MQ) were pulled from borosilicate glass
(G150TF-4; Warner Instruments) and filled with internal solution, which consisted of (in
mM) 117 CsCH3SO3, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA, 4 MgATP, 0.3 NaGTP, 5
QX314, 0.1 Spermine, pH 7.35 (270-285 mOsm). For recordings of action potential firing
from retrogradely labeled LHb neurons, the internal solution contained (in mM): 135 K-
gluconate, 5 KCI, 10 HEPES, 0.1 EGTA, 2 MgCl,, 2 MgATP, 0.2 NaGTP, pH 7.35 (290-
300 mOsm). Electrophysiological recordings were made using a MultiClamp700B amplifier
and acquired using a Digidata 1550 digitizer, sampled at 10 kHz, and filtered at 2 kHz. Al
data acquisition was performed using pCLAMP software (Molecular Devices).

ChR2-expressing axon terminals were stimulated by flashing 473 nm light through the light
path of the microscope using an ultrahigh-powered light-emitting diode (LED) powered by
an LED driver (Prizmatix) under computer control. A dual lamp house adaptor (Olympus)
was used to switch between fluorescence lamp and LED light source. The light intensity of
the LED was not changed during the experiments and the whole slice was illuminated (5
mW/mm2). Light-evoked EPSCs were obtained every 10 s with one pulse of 473 nm light (5
ms) with neurons voltage clamped at =70 mV, —-40mV, 0 mV or +40 mV. Light-evoked
EPSC amplitudes were calculated by averaging responses from 10 sweeps and then
measuring the peak amplitude in a 20 ms window after the light pulse. Cells that did not
show a peak in this window that exceeded the baseline noise were classified as non-
responders (Figure 4G). Series resistance (5-25 MQ) and input resistance were monitored
online. Neurons were voltage-clamped at =70 mV to record AMPAR EPSCs and at +40 mV
to record dual component EPSCs containing AMPAR and NMDAR EPSCs. To calculate the
AMPAR/NMDAR ratio at +40 mV, an average of 10 consecutive EPSCs at +40 mV was
computed before and after application of the NMDAR antagonist D-AP5 (50 uM for 5 min).
NMDAR EPSCs were generated by subtracting the average EPSC in the presence of AP5
from that recorded in AP5’s absence. The peak of the AMPAR EPSC (2 ms window
compared to a 2 ms window on the baseline) was divided by the peak of the NMDAR EPSC
to yield an AMPAR/NMDAR ratio. The rectification index was calculated by dividing the
amplitude of the AMPAR EPSCs measured at =70 mV by the amplitude at +40 mV. The
decay time constant () of the AMPAR and NMDAR EPSCs at +40 mV was calculated by
fitting a double exponential function to each average EPSC and using the following formula
T =[(A1 % T1) + (A2 x )] / (A1 + Ap); where A; and A, are the amplitudes and 1 and <,
are the decay time constants of the fast and slow components respectively. Paired-pulse
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ratios (PPR) were recorded at =70 mV with a 100 ms interval and calculated by dividing the
mean amplitude of the second peak by the mean amplitude of the first peak (i.e. averaged
responses from 10 sweeps).

For recordings of action potential firing (Figures 2 and 7), cells were held in current clamp
and 2 s ramps of depolarizing currents (+50 pA, +100 pA or +150 pA) were injected.
Notably, 89.4% of all recorded LHb—VTA (n = 93/104 cells) and 92.6% of all LHb—DR
(n = 50/54 cells) neurons were silent and did not fire spontaneous action potentials under
resting conditions. These percentages are substantially smaller than reported previously for
recordings from non-projection-defined LHb neurons (Yang et al., 2018). No differences in
the number of spontaneous action potentials were observed between CTRLpg_1 and
CMSpy_3 animals. As most projection-defined LHb neurons were silent in our whole-cell
recordings, we transiently hyperpolarized the cells, which resulted in action potential firing
under resting conditions. We noticed that some cells switched between burst and tonic firing.
For these cells, we defined them as bursting if > 50% of spikes in a 5 s interval were in
bursts or tonic if < 50% were in bursts (Figure 7C)

For the pharmacological experiments in Figure 5C, we recorded baseline responses for 4
min and bath applied 30 pM NASPM (1-naphthyl acetyl spermine, Tocris) for 6 min, which
selectively blocked GluR2-lacking AMPARS. For the experiments in Figure 5G, we first
recorded baseline EPSCs and then added the voltage-gated sodium channel antagonist TTX
(1 uM) and subsequently the potassium channel antagonist 4-aminopyridine (4-AP, 50 uM,
Sigma) to the bath solution in order to isolate monosynaptic inputs (Petreanu et al., 2009).
All electrophysiological data were analyzed offline using Clampfit (Molecular Devices) or
Matlab (MathWorks).

In vivo electrophysiology and burst analysis—Animals were implanted with a
custom-built driveable optoelectrode (optrode) above the LHb, which consisted of four
tetrodes (12 pm polyimide-coated NiCr wire protected by silica tubing) glued to the 200 um
optical fiber using epoxy. The tetrodes protruded from the tip of the optical fiber by ~0.5
mm. Wire tips were cut flat and gold-plated to reduce electrode impedances to ~200 kQ at 1
kHz. A small screw fixed to the skull served as a ground electrode. Data collection began
one week after the optrode implantation. Neural signals were recorded using a Digital Lynx
4SX system (Neuralynx) and HS-18-MM headstage pre-amplifier (Neuralynx). Recorded
signals were filtered between 0.6 and 6 kHz and sampled at 32 kHz. Spikes were sorted
offline using SpikeSort 3D (Neuralynx) software. At the end of each recording session, the
optrode was moved ventrally for ~80 um. The final recording location was verified using
histology after the electrolytic lesions (12 pA, 30 s).

ChR2-tagged neurons were identified by delivering 473 nm (10 mW/mm2, 5 ms pulses) light
at 1 Hz frequency for 2 min (120 trials of 1s). A 2 ms bin with the highest number of spikes
in the interval [0, +100 ms] around the laser pulse was identified. To test if the identified
strongest response to light was higher than chance, we shuffled all the spike times in the
same [0, +100 ms] interval 10,000 times and counted the highest number of spikes in a 2 ms
bin for each iteration. If the number of spikes in the 2 ms bin from the real data exceed the
99.9th percentile value of the distribution of number of spikes in the most active 2 ms bin for

Neuron. Author manuscript; available in PMC 2020 December 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cerniauskas et al.

Page 19

the shuffled data, we classified the cell as light-responsive. Response latency was defined as
the average response time in the most active 2 ms bin (Figure S4E; adapted from Zhang et
al., 2013).

Bursts in spike trains were detected using a “Rank Surprise” burst detection algorithm
(Gourévitch and Eggermont, 2007). First, all interspike intervals (I1Sls) in the spontaneous
spike train were assigned a rank (/,), with the shortest ISI getting rank one and the longest
ISI getting the last rank. Next, we define v as the sum of ISl ranks in a burst with g spikes,
where v = Rp; # Rpz+ ... + Ry.z. We expect a burst with g number of spikes to have 1SIs
with short values, i.e. small 7, sums of the ISIs in that burst. We then defined T as the sum
of gdiscrete uniform random variables between 1 and A, where Nis the total number of ISls
in the spike train (V= g- 1). Intuitively, we would expect a burst to have smaller v
compared to 7, however, this would be a surprise if all the spike time values were
independently and uniformly distributed. This degree of surprise can be defined as rank
surprise (RS) statistic:

RS = — log(P(Tq < u))

where P(7, < v) is the probability that burst in question have higher or equal 1SI rank sum
than the sum of random independent and uniformly distributed ISI ranks. To identify “true
bursts” we intended to keep this probability low (i.e. make the RS high), so we would only
identify bursts with such small ISIs sums that those sums would not be observed by
summing random uniformly distributed 1SI ranks. Once the RS statistic is defined, possible
bursts were identified in the spike trains and compared to the RS statistic. A candidate burst
that has higher RS than our defined one was identified as a burst. See (Gourévitch and
Eggermont, 2007) for more details on how candidate bursts are selected from the spike train.
The largest acceptable interspike interval value in a burst was set to 100 ms and the
minimum significance for the surprise statistic was set to 5% (i.e. RS = —-10g(0.05)). The RS
burst detection algorithm is preferable over a simple 1SI-threshold burst detection method. In
the 1SI-threshold method, researchers have to define an 1Sl threshold for burst initiation
(maximum ISI between two consecutive spikes for these spikes to be still considered as the
first two spikes in the burst) and burst termination (maximum ISI between two consecutive
spikes for the last of these two spikes to be still considered part of a burst). The latter
parameter is particularly problematic as it heavily depends on the firing rate of a cell. A
common ISl threshold for burst termination is 100 ms (Y ang et al., 2018). This means that
the 1SI interval between the last two spikes in the burst can be up to 100 ms. If this threshold
is applied to cells with mixed tonic and burst firing and these cells fire above 10 Hz (mean
firing rate of LHb—VTA cells in CMSp,_3 group: 13.8 + 1.9 Hz), it results in many false
positive additions of spikes to bursts. By chance, a cell that fires at 10 Hz may have many
ISI intervals < 100 ms, meaning that a lot of tonic spikes would be added to the end of
identified bursts. RS burst detection solves this problem by taking the firing rate of the cell
into consideration.
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BEHAVIORAL ASSAYS

All behavioral tests were performed during the light phase in a temperature (68-74°F) and
humidity (40-60%) controlled room that is illuminated by eight 32 W fluorescent lights each
producing 2925 lumens (TST and EPM apparatus were 7 feet away from the light source;
SPT and FR/PR were carried out in boxes where light source was a single 0.6 W light bulb).
All behaviors were carried out between 9 am and 6 pm. SPT and FR/PR behaviors were
carried out in sound proof behavioral boxes. All behaviors were carried out without the
experimenter being present in the room. Behavioral equipment was cleaned with 70% EtOH
between individual animals.

Tail Suspension Test (TST)—The TST (Can et al., 2012a) involves hanging the mouse
by the tail using tape, where one end of the tape is secured to a horizontal bar 40 cm from
the ground, thus ensuring that the animal cannot climb on other objects during the assay.
Over the course of the experiment (6 min), the mouse switches from vigorous struggling
behavior to increasing immobility. The experiment was recorded on video and the time spent
struggling was measured by blind scoring of the video after testing was completed.
Experimenters were blinded to allocation of groups and outcome assessment.

For optogenetic experiments (Figure S6), the animals’ fiberoptic implant was connected to a
473 nm DPSS laser diode (Laserglow) using a fiberoptic cable and rotary adaptor. Laser
output was controlled using a Master-8 pulse stimulator (A.M.P.1.). Power output for the
cable was tested using a digital power meter (Thorlabs) and was checked before and after
each experimental animal; output during light stimulation was estimated at the targeted
tissue 200 pm from the fiber tip (www.optogenetics.org/calc). Animals expressing ChR2 (or
eYFP) received 473 nm light stimulation (10 Hz, 5-8 mW/mm2, 5 ms pulses) during the
experiment.

For chemogenetic experiments (Figure 6), animals expressing DREADDs (or eYFP) were
injected intraperitoneally with 4 mg/kg CNO (in 0.5% DMSOQ) 30 min before the start of the
experiment. Injections of 4 mg/kg CNO in C57BL/6 mice did not significantly alter
struggling in the TST, sucrose preference in the SPT, time in open arms in the EPM or
locomotor activity in the OFT when compared to C57BL/6 mice injected with 0.9% saline
of an equivalent volume (data not shown).

Sucrose Preference Test (SPT)—The SPT assesses an animal’s preference for a sweet
solution (1% sucrose dissolved in water) relative to plain water, and failure to do so is
indicative of anhedonia, a core symptom of depression. Volume of sucrose or water
consumed was measured using a computer-controlled ‘lickometer’. Specifically, a Med
Associates operant chamber was used to count every tongue contact made (‘licks’) with
bottle spouts from either the 1% sucrose solution or water alone. Animals were water-
restricted overnight before the experiment. Bottle side and animal group tested were
counterbalanced between each trial. Testing was for 90 min and the percentage of sucrose
solution over total consumption was calculated. Mice that made in total < 30 licks at any
port were excluded from the experiment. Experimenters were blinded to allocation of groups
and outcome assessment.
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For optogenetic experiments (Figure S6), the stimulation parameters were identical to the
TST (see above). For the chemogenetic experiments (Figure 6), animals expressing
DREADD:s (or eYFP) were injected intraperitoneally with 4 mg/kg CNO (in 0.5% DMSO)
20 min before the start of the experiment.

Elevated Plus Maze (EPM)—The EPM test is used as a measure of anxiety-related
behavior in rodents (Tye et al., 2011). During the test, mice explore a plus shaped maze
(length of each arm: 91 cm). Two arms were closed (wall height: 38 cm) and two arms were
open. Mice typically spent time exploring all arms, but a substantial amount of time spent in
the closed arms compared to open arms is indicative of anxiety-related behavior. Animals
were placed in the EPM for 10 min. The movement of the mice was recorded via an
automated video tracking system (Biobserve) and the time spent in open and closed arms
was calculated. Experimenters were blinded to allocation of groups and outcome
assessment.

For optogenetic experiments (Figure S6), the stimulation parameters were identical to the
TST (see above). For the chemogenetic experiments (Figure 6), animals expressing
DREADDs (or eYFP) were injected intraperitoneally with 4 mg/kg CNO (in 0.5% DMSO)
30 min before the start of the experiment. Note that two mice jumped from the EPM
platform during the experiment and these animals were excluded from the data shown in
Figures 6B and 6H.

Social Interaction Test (SIT)—The SIT is widely used in rodents to assess sociability
and interest in social novelty. The social interaction testing apparatus was a rectangular
three-chamber clear Plexiglas box (20 cm L x 40.5 cm W x 22 cm H). During the
habituation phase, experimental mice were placed in the box for a 10 min session.
Afterwards, an unfamiliar stranger mouse (stranger 1) was placed in a round wire cup at the
corner of the box. The wire cup (7 cm L x 10 cm H) had small holes which allowed contact
between mice, but prevented fighting. At the opposite corner, a second empty wire cup was
located. The animals used as strangers were male C57BL/6 mice which were previously
habituated to the placement in the cup. The location of strangers in the apparatus (i.e. left
versus right side cups) was counterbalanced between mice and trials. In the first phase of the
test (sociability test), the experimental mouse was placed in the box and allowed to explore
for 10 min. The movement of the mice was recorded via an automated video tracking system
(Biobserve) and the time spent exploring the wire cups was evaluated. Sociability was
defined as the preference for the cup containing a novel mouse over an empty cup. At the
end of the first 10 min session, each mouse was tested in a second 10 min session to evaluate
the interest in social novelty. A second, unfamiliar C57BL/6 mouse (stranger 2) was placed
in the empty cup. The amount of time spent exploring the wire cups was evaluated again
during the second 10 min session. Social novelty indicates the preference for cup containing
the unfamiliar, newly introduced second mouse compared to the familiar mouse.
Experimenters were blinded to allocation of groups and outcome assessment.

Forced swim test (FST)—The FST is a behavioral challenge assay that, similar to the
TST, assesses passive coping (PC; Can et al., 2012b). Mice were placed in a transparent
glass beaker filled with ~25 °C tap water. The water level in the beaker was high enough so
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mice could not touch the bottom of the beaker while they were trying to stay afloat. The
behavioral test lasted for 6 minutes and mice were recorded on video during the entire
session. Typically, in the beginning of the test mice struggled vigorously, but eventually they
switched to a more passive floating state. Only the last 4 minutes were analyzed due to the
fact that most mice are very active in the first 2 minutes of the test. The time spent struggling
was measured by blind scoring of the video after testing was completed. Experimenters were
blinded to allocation of groups and outcome assessment.

For chemogenetic experiments (Figures S6C and S6D), animals expressing hM3DGy
DREADDs (or mCherry) were injected intraperitoneally with 4 mg/kg CNO (in 0.5%
DMSO) 30 min before the start of the experiment.

Fixed and progressive ratio operant tasks (FRT and PRT)—FRT and PRT are
commonly used to evaluate effort-related motivated behavior in rodents (Hodos, 1961). In
both tasks, mice were trained to make a choice between two nose pokes, one of which was
rewarded with a sugar pellet. Experiments were performed in Med Associates operant
chambers. Mice were food restricted to 90-95% of their body weight prior to training and
testing periods. In the FRT, mice had to make one correct nose poke to receive a sucrose
pellet. Subsequently, there was a 10 s timeout period where repeated correct nose pokes
were not rewarded. Each FRT session lasted for 1 hr. Mice that learned to choose the correct
nose poke to receive the reward were selected for the subsequent PRT. In the PRT, mice had
to make a progressively higher number of correct nose pokes to receive a sucrose pellet; the
number of nose pokes required to receive a sucrose pellet was calculated based on [5e(R*02)]
-5 (Richardson and Roberts, 1996). After each successful sucrose pellet delivery, there was
again a 10 s timeout. Each PRT session lasted a maximum of 3 hours, or it was stopped
when no correct nose pokes were made for 10 min. The total number of correct nose pokes
mice made during a PRT session was used to evaluate motivated behavior. A higher number
of correct nose pokes is indicative of an increased effort to obtain a reward (i.e. increased
motivation). Animals expressing DREADDs (or eYFP) were injected intraperitoneally with
4 mg/kg CNO (in 0.5% DMSO) or the equivalent volume of 0.9% saline solution (in 0.5%
DMSO) 20 min before the start of the experiment. Experimenters were blinded to allocation
of groups and outcome assessment.

Real-time Place Preference / Aversion—Muice with fiberoptic implants were
connected to a fiberoptic cable and placed in a custom-made three-compartment chamber
(Lammel et al., 2012). One randomly assigned side of the chamber was assigned as the
initial stimulation side (Phase 1), and after 10 min the stimulation side was switched to the
previously non-stimulated side of the chamber (Phase 2). The two stimulation sides were
separated by a neutral middle compartment. At the start of each session, the mouse was
placed in the neutral compartment, and every time the mouse crossed to the stimulation side,
473 nm laser stimulation (10 Hz, 10 mW/mm2, 5 ms pulses) was delivered until the mouse
crossed back into the neutral, non-stimulation side. There was no interruption between Phase
1 and Phase 2. The movement of the mice was recorded via a video tracking system
(Biobserve) and the time spent in each area (stimulated, non-stimulated, neutral) was
calculated.
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Open Field Test (OFT)—The open-field test was conducted to measure the effect of
optogenetic or chemogenetic manipulations on general locomotor ability. The mice were
placed in a custom-made open field chamber (50 cm L x 50 cm W x 50 cm H) and their
movement was recorded and analyzed for 10 min using video-tracking software (Biobserve).
For optogenetic experiments (Figure S6), the stimulation parameters were identical to the
TST (see above). For the chemogenetic experiments (Figure 6), animals expressing
DREADD:s (or eYFP) were injected intraperitoneally with 4 mg/kg CNO (in 0.5% DMSO)
30 min before the start of the experiment. Experimenters were blinded to allocation of
groups and outcome assessment.

WHOLE BRAIN INPUT MAPPING

We used monosynaptic rabies virus tracing to map and characterize inputs to different LHb
subpopulations (Osakada and Callaway, 2013). Specifically, mice were injected with 150 nL
AAV-FLEX-TVA (i.e. a cellular receptor for subgroup A avian leukosis viruses) and 150 nL
AAV-FLEX-RG (i.e. rabies virus glycoprotein) into the LHb and 300 nL CAV2-Cre into
either VTA or DR. 4 weeks later, 300 nL RV-EnvA-AG-GFP (i.e. glycoprotein deficient,
GFP expressing rabies virus with the envelope protein from avian ASLV type A) was
injected into the LHb. 7 days after injection, mice were perfused with 4% PFA in PBS.
Brains were stored in 10% sucrose in PBS at +4°C overnight and then processed for
analysis. For input mapping, 100 um sections of the whole brain were prepared and imaged
using an Axio Imager 2 microscope (Zeiss). GFP-expressing input cells to LHb—VTA or
LHb—DR neurons were counted manually. Animals were randomized and investigators
were blinded to group allocation (i.e. projection target).

NEXT-GENERATION SINGLE-CELL RNA SEQUENCING

Sample collection—Procedure was described previously in Foldy et al., 2016. To
minimize interference with subsequent molecular experiments, only a small amount of
intracellular solution (~1 pl; not autoclaved or treated with RNase inhibitor) was used in the
glass pipette during electrophysiological recordings. Before and during recording, all surface
areas - including manipulators, microscope knobs, computer keyboard, etc. - that the
experimenter needed to contact during the experiment were cleaned with RNaseZAP
solution (Sigma). After whole-cell patch-clamp recordings, the cell’s cytosol was aspirated
via the glass pipette used during the recording. Although the aspirated cytosol may have
contained genomic DNA, our choice of cDNA preparation, which involved poly-A based
mRNA selection, virtually eliminated the possibility of genomic contamination in the
RNAseq data. For sample collection, we quickly removed the pipette holder from the
amplifier head stage and used positive pressure to expel samples into microtubes containing
cell collection buffer while gently breaking the glass pipette tip. Cell collection microtubes
were stored on ice until they were used.

cDNA library preparation—Described previously in Foldy et al., 2016. Briefly, single-
cell MRNA was processed using Clontech’s SMARTer Ultra Low RNA Input v4 or SMART-
Seq HT kit. As a first step, cells were collected via pipette aspiration into 1 uL of 10x
collection buffer, and were spun briefly and snap frozen on dry ice. Samples were stored at
—-80°C until further processing, which was performed according to manufacturer’s protocol.
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Resulting cDNA was harvested and analyzed on a Fragment Analyzer (Advanced
Analytical). Library preparation was performed using Nextera XT DNA Sample Preparation
Kit (I1lumina) as described in the protocol. Following library preparation, cells were pooled
and sequenced using NextSeq 150 high-output kit in an lllumina NextSeq 500 System with
2x75 paired-end reads.

Processing of RNA sequencing data—After sequencing, raw reads were de-
multiplexed and pre-processed using Trimmomatic and Flexbar. Then, raw sequencing reads
were aligned to the Ensembl GRCm38 reference transcriptome (Version-2015-06-25), using
the STAR aligner with the following parameters: trimLeft=10, minTailQuality=15,
minAverageQuality=20 and minReadLength=30. ‘Single-end/paired-end’ and ‘sense/
antisense/both’ options. Gene counts were calculated using featureCounts. For convenience,
Ensembl gene IDs were converted to gene symbols using the mouse GRCm38 gtf file (ftp://
ftp.ensembl.org/pub//release86/gtf/mus_musculus/Mus_musculus.GRCm38.86.gtf.gz) as a
reference. In the few cases where different Ensembl gene IDs identified the same gene
symbol, average gene counts were used.

Gene categories—Altogether, expression of N = 22,800 genes were analyzed (‘All’).
This list was generated using Ensemble Biomart, with the following specifications
“Database=Ensembl Genes 85, Dataset=Mus Musculus genes (GRCm38.p4),
Attributes=Ensemble Gene ID and Associated Gene Name”. ‘CAM’ (N = 396) and ‘ion
channel’ (N = 207): these categories included genes as described previously (Foldy et al.,
2016).

Quality control—All data analysis was performed using Python. First, for each cell, we
calculated the number of unique genes and the fraction of aligned reads. Second, we
calculated the mean and standard deviation of these two values across all cells. Cells that
had both values less than 1 standard deviation below the mean, or had one value above the
mean and the other less than 1.5 standard deviations below the mean were considered to pass
quality control. For the rest, we calculated their correlation (minimum of Pearson and
Spearman) against the average of all cells within their respective cell type that passed quality
control. Cells with correlation >0.4 were considered to pass quality control, otherwise they
failed quality control.

Normalization of gene expression—After quality control, cells (represented by raw
gene count vectors) were pooled together and normalized using scran (Lun et al., 2016),
with sizes 20, 40, 60, 80, 100. Cells that had negative or zero size were removed. For further
analysis, gene counts were converted into log-space by the g;” = In(1 + g)) transformation,
where g;was the normalized gene count of the i-th gene.

HISTOLOGY AND MICROSCOPY

Immunofluorescence and confocal microscopy were performed as described previously in
Lammel et al., 2012. Briefly, after intracardial perfusion with 4% paraformaldehyde in PBS,
pH 7.4, the brains were post-fixed overnight and coronal brain sections (100 or 50 pm) were
prepared. Sections were stained overnight in a primary antibody solution (mouse anti-Cre
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(1:200, Sigma). Twenty-four hours later, sections were stained for 4 hours in secondary
antibody solution (goat anti-mouse Alexa Fluor 488, Thermo Fisher). Image acquisition was
performed with Zeiss LSM710 laser scanning confocal microscope using 20x or 40x
objectives and on a Zeiss Axio Imager 2 upright widefield fluorescence/differential
interference contrast microscope with charge-coupled device camera using 5x or 10x
objectives. Confocal images were analyzed using ImageJ. Sections were labeled relative to
bregma using landmarks and neuroanatomical nomenclature as described in “The Mouse
Brain in Stereotaxic Coordinates” (Franklin and Paxinos, 2013).

QUANTIFICATION AND STATISTICAL ANALYSIS

In order to determine whether individual animals were positive or negative for a specific
behavioral phenotype as measured in the EPM, SPT and TST, we used receiver operating
characteristic (ROC) curves (Zou et al., 2007). ROC curve analysis has been used
extensively in clinical epidemiology for the assessment of diagnostic ability of biomarkers
and imaging tests in classification of diseased from healthy subjects (Metz, 1978; Swets,
1988; Zweig and Campbell, 1993). It is considered the most objective method for evaluating
and comparing classification performances and recommended for the evaluation of binary
classifiers (Berrar and Flach, 2012; Sgreide, 2009). ROC curves are uninfluenced by
decision biases and prior probabilities and they depict a classifier’s performance over the
range of thresholds for sensitivity and specificity. Youden J Index was calculated from ROC
curves in order to identify the optimal cutoff value that gives the lowest false positive rate
(FPR) and the highest true positive rate (TPR). Youden J index maximizes the difference
between TPR (sensitivity) and FPR (1 — specificity):

Youden J Index = TPR — FPR = Sensitivity + Specificity — 1.

Thus, by maximizing (Sensitivity + Specificity) across various cutoff points, the optimal
cutoff point was calculated.

In order to determine statistical differences for anatomical, behavioral and
electrophysiological data, we performed Student’s t tests (paired and unpaired), and one-
and two-way ANOVAs using Prism 7 (Graphpad). Bonferroni, Tukey’s or Sidak’s post hoc
analysis was applied, when applicable, to correct for multiple comparisons. Statistical
significance was * p < 0.05, ** p < 0.01, *** p < 0.001. All data are presented as means +
SEM. Investigators were blinded to allocation of groups and outcome assessment for all
experiments except for data shown in Figures 4E-4H, 5D-5G and S3A-S30.

DATA AND CODE AVAILABILITY

The RNAseq datasets generated during this study are available at [NAME OF
REPOSITORY] [ACCESSION CODE/WEB LINK].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Unbiased classification of chronic mild stress (CMS)-induced behavioral
phenotypes

CMS promotes activity and synaptic changes in a lateral habenula (LHb)
subcircuit

In vivo manipulations of specific LHb subcircuits affect motivated behaviors

Single-cell RNA-seq reveals genes associated with a distinct behavioral
phenotype
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Figure 1. Classification of chronic stress-induced behavioral phenotypes
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(A) Left: Time spent in open arms for CTRL (green) and CMS (blue) mice in the EPM;
Right: Receiver operating characteristic (ROC) curve (blue line) for EPM data. Orange line:
maximum Youden’s J index (JI; *** p < 0.001, data represent means £ SEM).

(B) Left: Sucrose consumption (%) for CTRL (green) and CMS (blue) mice in the SPT;
Right: ROC curve (blue line) for SPT data. Orange line indicates maximum JI (** p < 0.01,

data represent means + SEM).

(C) Left: Time spent struggling for CTRL (green) and CMS (blue) mice in the TST; Right:
ROC curve (blue line) for TST data. Orange line indicates maximum JI (*** p < 0.001, data

represent means = SEM).

(D) 3D plot showing results from EPM, SPT and TST for individual CTRL (green) and

CMS (blue) mice.

(E) CTRL mice positive for zero (brown), one (purple), two (jade) or three (orange)
behavioral criteria. An animal was considered positive if it scored below the corresponding

cutoff value (dashed line; data represent means + SEM).
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(F) CMS mice positive for zero (brown), one (purple), two (jade) or three (orange)
behavioral criteria. An animal was considered positive if it scored below the corresponding
cutoff value (dashed line; data represent means + SEM).

(G) Comparison of total population of CTRL (green) and CMS (blue) mice positive for zero,
one, two or three criteria (D-score of zero to three, respectively).

(H) Percentage of the total population of CTRL (top) and CMS (bottom) mice positive for
zero, one, two, or three criteria (D-score of zero to three, respectively).
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Figure 2. Hyperactivity of LHb neurons is associated with projection target and behavioral

phenotype

(A) Experimental design.
(B) Injection site of beads (red) in the VTA (IPN: interpeduncular nucleus; Scale bar: 300

um).

(C) Firing in response to +150 pA depolarizing current injection in LHb—VTA neurons
from CTRL and CMS mice with different D-scores: CTRLpg_1 (top left), CMSpg_1 (top
right), CTRLp,_3 (bottom left) and CMSp,_3 (bottom right) mice (Scale bars: 20 mV/0.5 s).
(D) Mean number of action potentials in response to injection of different depolarizing ramp
currents recorded in LHb—VTA neurons from CTRLpg-1 (light green), CTRLpo_3 (dark
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green), CMSpg_1 (pink) and CMSp,_3 (blue) mice (* p < 0.05, ** p < 0.01, data represent
means + SEM).

(E-G) Mean number of action potentials in response to injection of a +150 pA depolarizing
current in LHb—VTA neurons from CTRL or CMS mice that were pooled according to
whether they were positive or negative for specific behavioral phenotypes (i.e. anxiety
assessed in EPM (E), anhedonia assessed in SPT (F), immobility assessed in TST (G)).
Animals were considered positive if they scored below the corresponding cutoff value
defined in Figures 1A-1C (* p < 0.05, ** p < 0.01; data represent means + SEM).

(H) Experimental design.

(1) Injection site of beads (red) in the DR (AQ: cerebral aqueduct; Scale bar: 400 um).

(J) Firing in response to +150 pA depolarizing current injection in LHb—DR neurons from
CTRL and CMS mice with different D-scores: CTRLpg_1 (top) and CMSp,_3 (bottom) mice
(Scale bars: 20 mV/0.5s).

(K) Mean number of action potentials in response to injection of different depolarizing ramp
currents recorded in LHb—DR neurons from CTRLpg_1 (light green) and CMSp,_3 (blue)
mice (data represent means + SEM).

(L) mEPSCs recorded in LHb—DR neurons from CTRLpg-1 (top) and CMSp,_3 (bottom)
mice (Scale bars: 10 pA/1 s).

(M) Mean mEPSC frequencies (left) and mEPSC amplitudes (right) recorded in LHb—DR
neurons from CTRLpg_1 and CMSp,_3 mice (data represent means + SEM).

Neuron. Author manuscript; available in PMC 2020 December 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cerniauskas et al.

Virus injection  CTRL or CMS & Behavioral screening  Implantation & in vivo recording

= —— "=

AAV-DIO-ChR2{ 3RG-EIAV-Cre

Normalized frequency (%

0

Page 36

TOP VIEW

.. _ 18 channel connector to
> Mill-Max headstage

a a \____/~optical fiber connector
{ WH 3
\ Y.

RECORDING SITE

E F G
0.4 35- * 8 * < 1.57 d
. < 30 n . . <
i b ° ] 6< (&} [
0.3 2 25 & £ g 4
320 84 g
02 = 15_ ° g ..6}.. f .
e [72] B
0.1 $ 10 = 2 £7°)
S 5 < g .
S OF Vv OF NS OF S OF
& o & & &
H | J
= 300 < 15 *k 207 X%
T . T . N P’
> . 212 o L 16 .
c | c >
% 200 . qg’_ 9 S 121
g y £ Z
= p . Qo i °
Z 1001 | 2% & =
8 S 31| " S 4] "
Iy - E g ° L °
01 02 03 04 05 e B e A
Interspike interval (s AR\l M @ N @

Figure 3. Chronic stress increases burst and tonic firing of LHb—VTA neurons
(A) Experimental design.

(B) Top: Injection-site of EIAV-Cre (red) in the VTA (left) and expression of ChR2-eYFP
(green) in LHb—V/TA neurons (right) (IP: interpeduncular nucleus, 3V: 3™ ventricle, MHb:
medial habenula; DAPI: blue; Scale bars: 300 um (left), 250 um (right)). Bottom:
Localizations of optrodes in LHb for CTRLpg-1 (green) and CMSp,_3 (blue) mice (fr:
fasciculus retroflexus, DG: dentate gyrus).

(C) Left: Action potential waveforms for LHb—VTA neurons in CTRLpg_; (green) and
CMSpo_3 (blue) mice (Scale bars: 20 pV/0.5 ms (CTRLpg-1), 30 uVv/0.5 ms (CMSp,_3)).
Right: Mean action potential width for LHb—VTA neurons in CTRLpg_1 (green) and
CMSpo_3 (blue) mice (data represent means + SEM).

(D) Normalized frequencies of interspike intervals for LHb—VTA neurons in CTRLpg_1
(green) and CMSp,_3 (blue) mice.

(E) Mean percentage of spikes in bursts recorded for LHb—VTA neurons in CTRLpg_1
(green) and CMSp,_3 (blue) mice (* p < 0.05, data represent means + SEM).
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(F) Mean number of spikes per burst for LHb—VTA neurons in CTRLpg_; (green) and
CMSpy_3 (blue) mice (* p < 0.05, data represent means + SEM).

(G) Mean interburst frequencies for LHb—VTA neurons in CTRLpg_1 (green) and
CMSpy_3 (blue) mice (* p < 0.05, data represent means + SEM).

(H) Mean intraburst frequencies for LHb—VTA neurons in CTRLpg_1 (green) and
CMSpy_3 (blue) mice (data represent means + SEM).

(1) Mean tonic firing frequencies for LHb—VTA neurons in CTRLpg_; (green) and
CMSpy_3 (blue) mice (** p < 0.01, data represent means + SEM).

(J) Mean firing frequencies for LHb—VTA neurons in CTRLpg_; (green) and CMSp,_3
(blue) mice (** p < 0.01, data represent means + SEM).
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Figure 4. Anatomical and functional mapping of inputs to LHb subpopulations

(A) Experimental design.

(B) Left: Anatomical distribution of starter cells in the LHb for mapping inputs to

*kk

&

. AMPA+NMDA
m AMPA
m NMDA

LHb—VTA neurons. Starter cells: cells that co-express RV-GFP (green) and TVA-mCherry
(red; Scale bar: 150 um). Right: Higher magnification image (DAPI: blue; Scale bar: 60

um).

(C) Anatomical distribution of input neurons (i.e. RV-GFP-positive cells) to LHb—VTA

(top) and LHb—DR (bottom) neurons in the entopeduncular nucleus (EP, left), lateral
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hypothalamus (LH, middle) and VTA (right; Scale bars: 200 um (left, right), 400 um
(middle)).

(D) Quantification of inputs to LHb—VTA (purple) and LHb—DR (green) neurons
(percentage of total input counted in each individual brain). See Figure S4 legend for
abbreviations (*** p < 0.001, data represent means + SEM).

(E) Experimental design.

(F) Left: EPSCs for light stimulation of EP (top; Scale bar: 50 pA/20 ms), VTA (middle;
Scale bar: 50 pA/20 ms) or LH (bottom; Scale bar: 200 pA/20 ms) inputs to LHb—VTA
neurons. Right: EPSCs showing dual AMPAR+NMDAR- (black), AMPAR- (jade; in 50 pM
AP5) and NMDAR (purple; after digital subtraction)-mediated currents (purple) for light
stimulation of EP (top; Scale bar: 20 pA/20 ms), VTA (middle; Scale bar: 40 pA/20 ms) or
LH (bottom; Scale bar: 20 pA/20 ms) inputs to LHb—VTA neurons.

(G) Mean EPSC peak amplitudes and connectivity for EP, VTA and LH inputs to
LHb—VTA neurons (*** p < 0.001, data represent means + SEM).

(H) Mean decay time for dual AMPAR+NMDAR (black), AMPAR (jade) and NMDAR
(purple) components for EP, VTA or LH inputs to LHb—VTA neurons (* p < 0.05, ** p <
0.01, data represent means + SEM).
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Figure 5. Chronic stress induces synaptic adaptations in excitatory EP inputs to LHb—VTA

neurons

(A) Left: Paired pulse EPSCs (100 ms interval; =70 mV) in response to light stimulation of
EP (left), VTA (middle) or LH (right) inputs to LHb—VTA neurons in CTRLpg_; (top) and
CMSpo_3 (bottom) mice (Scale bars: 20 pA/20 ms). Right: Mean paired pulse ratios (PPR,
calculated as peak2/peakl) for EP, VTA and LH inputs to LHb—VTA neurons in CTRLpg_1
(green) and CMSp,_3 (blue) mice (* p < 0.05, ** p < 0.01, data represent means + SEM).
(B) Left: AMPAR-mediated currents at +40 mV and =70 mV (in 50 uM AP5) for EP (left),

VTA (middle) or LH (right) inputs to LHb—VTA neurons from CTRLpg_; (top) and
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CMSp_3 (bottom) mice (Scale bars: 20 pA/20 ms). Right: Mean rectification index (peak
amplitude. 7omv/peak amplitude+49my) for EP, VTA and LH inputs to LHb—VTA neurons
from CTRLpg. 1 (green) and CMSp,_3 (blue) mice (** p < 0.01, data represent means +
SEM).

(C) Left: EPSCs (=70 mV) for stimulation of EP inputs to LHb—VTA neurons during
baseline and after wash-in of 30 uM NASPM in CTRLpg_1 (green) and CMSp,_3 (blue)
mice. The amplitude of baseline EPSCs does not change over time when NASPM was not
applied (black; Scale bar: 100 pA / 40 ms). Right: Normalized mean AMPAR-mediated
EPSC amplitudes with and without bath application of NASPM for the three experimental
groups. Arrows indicate sample traces shown on the left (* p < 0.05, data represent means +
SEM).

(D) Left: EP terminals (eYFP, green) in lateral LHb adjacent to retrogradely labeled (beads,
red) LHb—VTA neurons (DAPI: blue; Scale bars: 160 um (left), 80 um (right)). Right: EP
terminals (eYFP, green) in lateral LHb and retrogradely labeled (beads, red) LHb—DR
neurons in medial LHb. Squares indicate higher magnification images (Scale bars: 160 pm
(left), 40 pm (right)).

(E) Heat map representing peak response latencies of LHb—VTA (left) and LHb—DR
(right) neurons in response to light stimulation of excitatory EP terminals in the LHb. Each
row represents individual cells. Color code represents normalized EPSC amplitude.

(F) Left: EPSCs from LHb—DR (top) or LHb—VTA (bottom) neurons in response to light
stimulation of EP terminals in the LHb (Scale bars: 40 pA/5ms (top), 60 pA/5ms (bottom)).
Right: Mean peak response latencies for light stimulation of excitatory EP inputs to
LHb—DR or LHb—VTA neurons (*** p < 0.001, mean + SEM).

(G) Left: EPSCs from LHb—DR (left) or LHb—VTA (right) neurons in response to light
stimulation of EP terminals at baseline (top), after bath application of TTX (middle) and
TTX + 4-AP (bottom; Scale bars: 20 pA/20 ms (left), 50 pA/20 ms (right)). Right: Relative
amplitudes of EPSCs recorded from LHb—DR and LHb—VTA neurons in response to light
stimulation of EP terminals in the LHb at baseline and after wash-in of TTX or TTX + 4-AP
(** p < 0.01, data represent means + SEM).
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Figure 6. In vivo chemogenetic modulation of LHb circuitry selectively alters passive coping and

effort-related motivation

(A) Experimental design (left) and injection-site of EIAV-Cre (green) in VTA (middle) and
hM3DGg-mCherry (red) expression in LHb—VTA neurons (right) (DAPI: blue; Scale bars:

300 um (left), 200 um (right)).

(B) Time spent in open arms in EPM, sucrose consumption in SPT, time spent struggling in
TST and total distance travelled in OFT after CNO injections for non-stressed mice
expressing eYFP or hM3DGg-mCherry in LHb—VTA neurons (* p < 0.05, data represent

means + SEM).
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(C) Experimental design (left) and injection-site of EIAV-Cre (green) in VTA (middle) and
hM4DGi-mCherry (red) expression in LHb—VTA neurons (right) (DAPI: blue; Scale bars:
left: 300 um (left), 200 um (right)).

(D) Time spent in open arms in EPM, sucrose consumption in SPT, time spent struggling in
TST and total distance travelled in OFT after CNO injections for CMS mice expressing
eYFP or hM4DGi-mCherry in LHb—VTA neurons (* p < 0.05, data represent means +
SEM).

(E) Experimental design (left) and injection-site of EIAV-Cre (green) in LHb (middle) and
hM3DGg-mCherry (red) expression in EP—LHb neurons (right) (DAPI: blue; Scale bars:
300 um (left), 200 pm (right)).

(F) Time spent in open arms in EPM, sucrose consumption in SPT, time spent struggling in
TST and total distance travelled in OFT after CNO injections for non-stressed mice
expressing eYFP or hM3DGg-mCherry in EP—LHb neurons (* p < 0.05, data represent
means + SEM).

(G) Experimental design (left) and injection-site of EIAV-Cre (green) in LHb (middle) and
hM4DGi-mCherry (red) expression in EP—LHb neurons (right) (DAPI: blue; Scale bars:
300 um (left), 200 um (right)).

(H) Time spent in open arms in EPM, sucrose consumption in SPT, time spent struggling in
TST and total distance travelled in OFT after CNO injections for CMS mice expressing
eYFP or hM4DGi-mCherry in EP—LHDb neurons (** p < 0.01, data represent means +
SEM).
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Figure 7. Molecular and physiological correlates of passive coping
(A) Experimental design.

(B) Left: Firing in response to +150 pA depolarizing current injection from LHb—VTA
neurons in TST-negative (TST—, top), TST-positive (TST+, middle) mice and LHb—DR
neurons (TST-, bottom; Scale bars: 20 mV/0.5 s). Right: Mean number of action potentials
in response to +150 pA depolarizing current injection for the three groups (* p < 0.05, ** p
< 0.01, data represent means + SEM).
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(C) Current clamp recordings and pie charts showing an increased number of cells with burst
firing in TST+ LHb—VTA and TST- LHb—DR compared to TST- LHb—VTA neurons.
Firing was initiated with a brief, transient injection of a hyperpolarizing current (Scale bars:
20 mV/150 ms).

(D) ISI histogram with corresponding Kernel density functions for TST+ LHb—VTA, TST-
LHb—VTA and TST- LHb—DR neurons.

(E) Cumulative frequency histogram displaying a shift to shorter ISls in TST+ LHb—VTA
cells compared to TST- LHb—VTA neurons. By contrast, TST— LHb—DR neurons
display the shortest ISls.

(F) Mean resting membrane potentials (RMP) for TST+ LHb—VTA, TST- LHb—VTA and
TST- LHb—DR neurons (grey: cells that displayed tonic firing, black: bursting cells; * p <
0.05, ** p < 0.01, data represent means + SEM).

(G) Number of spikes per burst is inversely correlated with RMP. Zero spikes per burst
represent data from cells that displayed only tonic, but no burst firing.

(H) Volcano plots displaying differential gene expression between single LHb—VTA and
LHb—DR neurons in TST- mice. Gold and brown data points denote genes that are
significantly enriched in LHb—VTA versus TST— LHb—DR neurons from TST- mice,
respectively. Highlighted are the ion channel-coding and synapse-related genes. Gray data
points represent genes that are not significantly enriched in either category (i.e. absolute
value of Log2(Fold Change) <2 and p < 0.01).

(1) Violin plot displaying differential gene expression between single LHb—VTA neurons in
TST- versus TST+ mice. Green and blue data points denote genes that are significantly
enriched in cells from TST- versus TST+ mice, respectively. Gray data points represent
genes that are not significantly enriched in either category (i.e. absolute value of Log2(Fold
Change) <2 and p < 0.01).

(J) Violin plots showing upregulation of Kcrnicl gene expression in single-cells from TST+
compared to TST— mice. Kcncl is also significantly higher expressed in TST- LHb—DR
versus TST- LHb—VTA neurons, but not different between TST- LHb—DR versus TST+
LHb—VTA neurons.

(K) Regression analysis of differential gene expression between TST- LHb—VTA versus
TST+ LHb—VTA neurons and between TST- LHb—DR versus TST- LHb—VTA
neurons. For each gene, data points represent Log2 (Fold Change) values in both
comparisons; colored data points highlight the same genes as identified in panels (H) and (1).
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