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Abstract

Women are twice as likely to be diagnosed with major depressive disorder. However, fewer studies 

in rodent models of depression have used female animals, leading to a relative lack of 

understanding of the female brain’s response to stress, especially at a neural circuit level. In this 

study, we utilized a 6-day subchronic variable stress (SCVS) mouse model and measured novelty 

suppressed feeding as behavioral criteria to evaluate susceptibility to SCVS in male and female 

mice. First, we showed that SCVS induced a decrease in latency to eat (susceptible phenotype) in 

female mice, but not in males (resilient phenotype). After determining behavioral phenotypes, we 

investigated the firing activities of dopamine (DA) neurons in the ventral tegmental area (VTA), as 

well as the neurons that project from lateral habenula (LHb) to the VTA and from locus coeruleus 

(LC) to the VTA. Utilizing retrograding lumafluor fluorescent tracers and electrophysiology 

techniques, we performed cell type- and circuit-specific measures of neuronal firing rates. Our 

data show that SCVS significantly increased the firing rate of LHb-VTA circuit neurons in female 

*Corresponding authors: Jun-Li Cao, Jiangsu Province Key Laboratory of Anesthesiology, Xuzhou Medical University, 209 
Tongshan Road, Xuzhou, Jiangsu 221004, China. caojl0310@aliyun.com; Ming-Hu Han, One Gustave Levy Place Box 1215, New 
York, NY 10029, US. ming-hu.han@mssm.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest
The authors have declared no conflict of interest.

HHS Public Access
Author manuscript
Neuroscience. Author manuscript; available in PMC 2019 April 15.

Published in final edited form as:
Neuroscience. 2018 April 15; 376: 108–116. doi:10.1016/j.neuroscience.2018.02.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice when compared to that of their female controls, an effect that was absent in SCVS-exposed 

males. Interestingly, SCVS did not induce significant firing alterations in VTA DA neurons and 

LC-VTA circuit neurons in either female mice or male mice when compared to their stress-naïve 

controls. Overall, our data shows sex differences in the LHb-VTA circuit responses to SCVS, and 

implicates a potential role of this projection in mediating vulnerability of female mice to stress-

induced depression.
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Introduction

According to a WHO report (Piccinelli and Gomez Homen, 1997), women are twice as 

likely as men to be diagnosed with stress-related psychiatric disorders, including major 

depression and anxiety disorder (Kessler et al., 1994; Kendler et al., 1995; Kessler, 2003). It 

has been suggested that females may respond differently to stress and use distinct stress-

coping strategies as compared to males (Kendler et al., 2001; Maciejewski et al., 2001; Klein 

and Corwin, 2002; Nemeroff et al., 2006). While widely used rodent models of depression 

have contributed enormously to unravel the neural mechanisms that underlie behavioral 

responses to stress, these animal models have largely used males only (Solomon et al., 2007; 

Dalla et al., 2008; Trainor et al., 2011; Ver Hoeve et al., 2013). Due to these limitations, the 

mechanisms underlying sex differences in stress vulnerability remain largely unknown.

The subchronic variable stress (SCVS) model is used to cause stress-induced depression by 

exposing mice to three alternating stressors across 6 days (LaPlant et al., 2009; Hodes et al., 

2015). Historically, this paradigm induces a depressive phenotype in females, but not in 

males. Thus, the SCVS model provides an ideal model for exploring sex differences of 

vulnerability to stress. Based on this model, it has also been demonstrated that male and 

female mice show differential patterns of gene expression in the nucleus accumbens (NAc) 

(Hodes et al., 2015). Furthermore, Dnmt3a and NF-κB have been identified as important 

mediators that contribute to sex differences between male and female mice in stress 

susceptibility (LaPlant et al., 2009; Hodes et al., 2015). In contrast, less is known about the 

neurophysiological mechanisms that underlie sex differences in stress vulnerability.

The ventral tegmental area (VTA) dopamine (DA) system is a key part of the brain’s reward 

circuitry and plays an important role in mediating stress response (Chaudhury et al., 2013; 

Friedman et al., 2014). The lateral habenula (LHb) and the locus coeruleus (LC) both send 

substantial efferents to innervate VTA DA neurons (Omelchenko et al., 2009; Chandler et 

al., 2013; Juarez and Han, 2016). Accordingly, multiple lines of evidence have demonstrated 

that the VTA, LHb and LC brain areas all play crucial roles in mediating stress responses. 

The firing activities of neurons in these three brain regions are altered when exposed to 

various stressors (Ungless et al., 2004; Krishnan et al., 2007; Sartorius and Henn, 2007; Cao 

et al., 2010; Li et al., 2011; Valenti et al., 2012; Li et al., 2013; Isingrini et al., 2016). 

Furthermore, recent studies show that the firing activities of VTA DA neurons, LHb-VTA 
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circuit neurons and LC-VTA circuit neurons determine susceptible versus resilient behaviors 

seen in male animals in a variety of stress-induced psychiatric disorders (Li et al., 2011; 

Chaudhury et al., 2013; Tye et al., 2013; Isingrini et al., 2016). However, how the activity of 

these neurons is affected following the SCVS paradigm remains unknown in both female 

and male mice.

Here, utilizing the SCVS model and cell type- and projection-specific in vitro 
electrophysiological recording techniques, we investigated the firing activity alterations of 

VTA DA neurons, LHb-VTA projecting neurons and LC-VTA projecting neurons in both 

male and female mice following SCVS. Our findings provide useful evidence that the hyper-

activation of the LHb-VTA circuit may play an important role in mediating the vulnerability 

of female mice to stress-related disorders, as compared to males.

Experimental procedures

Animals

7-week-old C57BL/6J female and male mice (The Jackson Laboratory) were used to set up 

the SCVS paradigm. All mice were group-housed on a 12 h light/dark cycle with food and 

water available ad libitum. Following the last day of SCVS, all mice were singly housed for 

behavioral testing and in vitro recording. All procedures were approved by the Institutional 

Animal Care and Use Committee of the Icahn School of Medicine at Mount Sinai and in 

accordance with the National Institutes of Health guidelines. Twenty-eight female mice and 

twenty-five male mice were used in this study. Electrophysiological recordings were 

obtained from the same cohort of mice after behavioral tests (see below).

Subchronic variable stress

SCVS was performed as described previously (Hodes et al., 2015). Female and male mice 

were put through three unpredictable stressors over 6 days (Fig. 1A). To prevent habituation, 

mice were subjected to stress in the following order: 100 random foot shocks at 0.45 mA for 

1 h (6–8 mice/chamber) on day 1 and day 4; tail suspension stress in which all mice were 

fixed to hang in an inverted position for 1 h on day 2 and day 5; and restraint stress, in which 

mice were placed inside a 50-ml falcon tube for 1 h within the home cage on day 3 and day 

6. After each stressor, mice were returned to their home cage except on the last day of SCVS 

when they were then singly housed.

Novelty suppressed feeding (NSF)

It has been shown that the SCVS paradigm induces several consistent behavioral deficits in 

female mice, but not in males, specifically depression-associated behaviors (Hodes et al., 

2015). To minimize the effect of behavioral test-related stress on our electrophysiological 

recordings, we chose less stressful NSF as a test to confirm the behavioral phenotypes 

before carrying out the electrophysiological experiments. The NSF test was carried out as 

previously described (Santarelli et al., 2003; Hodes et al., 2015). Briefly, mice were food 

deprived 24 h before testing. Water was offered ad libitum. On the day of testing, mice were 

transferred to the testing room 1 h prior to start of the experiment. Under red light 

conditions, corncob bedding was lightly distributed on the floor of a plastic box of 

Zhang et al. Page 3

Neuroscience. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



50×50×20 cm. A single food pellet was placed on a platform where a petri dish was covered 

with a white circle cut out from Whatman paper and the platform was positioned in the 

center of the box. Mice were then placed in the corner of the box and a timer was started. 

The latency for mice grasping the food pellet with their forepaws and biting was recorded 

with a limit up to 10 min during testing. As soon as the mice began to eat, or the 10-min 

time limit was reached, they were immediately transferred back to their home cage.

In vitro slice electrophysiology

The electrophysiological recording procedures were followed as previously described 

(Chaudhury et al., 2013; Friedman et al., 2014). Under blinded conditions, mice were 

anesthetized with isofluorane and perfused immediately for 40–60 s with ice-cold artificial 

cerebrospinal fluid (aCSF) containing (in mM): 128 NaCl, 3 KCl, 1.25 NaH2PO4, 10 D-

glucose, 24 NaHCO3, 2 CaCl2 and 2 MgCl2 (oxygenated with 95% O2 and 5% CO2, pH 7.4, 

295–305 mOsm). Acute brain slices (250 μm) containing VTA, LHb or LC were cut using a 

vibratome microslicer (DTK-1000, Ted Pella) in ice-cold sucrose aCSF, which was derived 

by fully replacing NaCl with 254 mM sucrose and saturated by 95% O2 and 5% CO2. Slices 

were maintained in holding chambers with aCSF for 1 h recovery at 37 °C. Brain slices were 

then transferred into the recording chamber fitted with a constant flow rate of aCSF 

equilibrated with 95% O2 and 5% CO2 at 34 °C (2.5 ml/min). Glasspatch pipettes (3–5 MΩ) 

for cell-attached recordings were filled with internal solution containing the following: 115 

mM potassium gluconate, 20 mM KCl, 1.5 mM MgCl2, 10 mM phosphocreatine, 10 mM 

HEPES, 2 mM magnesium ATP and 0.5 mM GTP (pH 7.2, 285 mOsm). Putative VTA DA 

neurons were identified by their location and electrophysiological criteria: regular and 

spontaneous action potentials with triphasic waveforms (Ungless et al., 2004; Krishnan et 

al., 2007; Friedman et al., 2014). LHb-VTA and LC-VTA circuit neurons were visualized by 

lumafluor in brain slices containing LHb and LC, respectively. For cell-attached action 

potential recordings, signals were band-pass filtered at 300 Hz–1 kHz (Multiclamp 700B, 

Molecular Devices) and were then Bessel filtered at 10 kHz. Data acquisition and analysis 

were collected using a Digidata 1440A digitizer and pClamp 10.2 (Molecular Devices). The 

average electrophysiological firing activity per mouse was performed for statistical analyses.

Stereotaxic surgeries

All surgeries were performed under aseptic conditions. Mice were anesthetized with a 

mixture of ketamine (100 mg/kg) and xylaxine (10 mg /kg), and then placed in a small-

animal stereotaxic apparatus (Kopf Instruments). The skull was exposed by scalpel incision. 

For lumafluor injections, 33-gauge syringe needles (Hamilton Co.) were used to bilaterally 

infuse 0.5 μL lumafluor into the VTA at a 7° angle (anterior/posterior, −3.3 mm, lateral/

medial, +0.5 mm; dorsal/ventral, −4.4 mm) at a rate of 0.1 μL/min. Needles were slowly 

removed 5 min after injection to prevent backflow. After microinjection, the skin was 

sutured using 5-0 silk threads and covered with an antibiotic ointment. Red lumafluor was 

purchased from Lumafluor Inc.

Immunohistochemistry

Mice were transcardially perfused with 30 mL ice-cold PBS, followed by 30 mL 4% 

paraformaldehyde (PFA) under general anesthesia with 15% urethane (Chaudhury et al., 
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2013; Friedman et al., 2014). Brain tissue was removed and post-fixed in PFA overnight at 

4°C, and then transferred to 30% sucrose in PBS to equilibrate at 4°C for 2 days. The brains 

were sectioned with a thickness of 30 μm. LHb and LC sections were directly imaged for 

lumafluor expression on a Zeiss LSM780 confocal microscope at the Icahn School of 

Medicine Microscope Core.

For cresyl violet staining, frozen sections were mounted on glass slides, air dried overnight, 

placed directly into 1:1 alcohol/chloroform overnight and rehydrated through 100% and 

95 % alcohol to distilled water. Then, sections were stained in 0.1% cresyl violet solution 

(Millipore) for 5–10 min, rinsed quickly in distilled water, differentiated in 95% ethyl 

alcohol for 2–30 min, dehydrated in 100% alcohol 2×5 min, cleared in xylene 2×5 min and 

mounted with permanent mounting medium. The site of intracerebral infusion was examined 

under Olympus light microscopy.

Statistics

Data are represented as mean ± s.e.m or median ± interquartile range, depending on the data 

normality. Statistical analyses were performed by using GraphPad Prism 5.0 software 

(Graph-Pad Software Inc). If assumptions of normality (Shapiro–Wilk test) and equal 

variance (F test) were met, two-tailed unpaired Student’s t test was used to analyze the 

effects of SCVS on NSF test and firing rates of VTA DA, LHb-VTA and LC-VTA projecting 

neurons in both male and female mice. If the dataset were not normally distributed (Shapiro-

Wilk test, P<0.05), then we performed the Mann-Whitney U test. A P value < 0.05 is 

considered statistically significant.

Results

Firing rate of VTA DA neurons in response to SCVS

The firing rate of VTA DA neurons is highly involved in mediating stress responses 

(Chaudhury et al., 2013; Friedman et al., 2014). To investigate the possible firing rate 

changes of VTA DA neurons in response to SCVS, we first used NSF as a behavioral test to 

evaluate the susceptibility or resilience of both male and female mice to SCVS (Fig. 1A). 

After the last stressor, mice were singly housed and food deprived overnight. 24 h later, mice 

were put into a novel environment where latency to eat was recorded. Consistent with our 

previous study (Hodes et al., 2015), the NSF test showed that the SCVS paradigm 

significantly increased the latency to eat in female mice (t14=2.83, P<0.05; stressed female 

versus female control) (Fig. 1B), while the latency did not change in male mice (Mann-

Whitney U=10, P=0.23; stressed male versus male control) (Fig. 1C). Next, using in vitro 
cell-attached recording technique, we recorded from putative VTA DA neurons in this batch 

of mice and found that there was no significant alteration in the firing rate of VTA DA 

neurons in female (t14=1.88, P=0.08) (Fig. 1D) and male mice (t10=0.97, P=0.36) (Fig. 1E) 

when compared to their stress-naïve controls after the 6-d SCVS. These data suggest that the 

VTA may not be directly responsible for the susceptibility of female mice to SCVS 

treatment.
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Firing rate of LHb-VTA circuit neurons in response to SCVS

The LHb is an important upstream structure of the VTA (Omelchenko et al., 2009; Juarez 

and Han, 2016) and the activity alteration of LHb-VTA projecting neurons has been shown 

in depressive-like states (Li et al., 2011). To investigate the firing activity of LHb-VTA 

circuit neurons in response to SCVS, we first injected retrograding red lumafluor into the 

VTA to label projection-specific neurons in the LHb (Fig. 2A-C). We also observed labeled 

neurons in the medial habenula (MHb), which is consistent with an earlier study that 

uncovered synaptic inputs from the MHb to the VTA (Watabe-Uchida et al., 2012). For this 

study, we focused on the stress-responsive LHb cells that project to the VTA.

One week after the injection surgery, male and female mice underwent SCVS and significant 

behavioral differences in NSF were seen selectively in SCVS female mice as compared to 

control female mice (t10=2.35, P<0.05) (Fig. 2D and E). We next performed circuit-specific 

electrophysiological recordings from brain slices containing LHb and found that the firing 

rate of LHb-VTA circuit neurons was dramatically increased in female mice that underwent 

SCVS when compared to control female mice (t10=4.08, P<0.01) (Fig. 2F). This stress-

induced effect was not seen between SCVS and control male mice (t10=1.20, P=0.26) (Fig. 

2G). These findings indicate that the distinct alterations in the firing activity of LHb-VTA 

projecting neurons of male and female mice may potentially determine the different 

phenotypes after SCVS.

Firing rate of LC-VTA projecting neurons in response to SCVS

The LC is another upstream nucleus of the VTA (Chandler et al., 2013). Given the roles of 

LC-VTA circuit in modulating susceptibility and resilience to social stress (Zhang et al., 

2015; Isingrini et al., 2016), we further investigated the firing activity of the LC-VTA circuit 

neurons in response to SCVS by injecting lumafluor into the VTA (Fig. 3A and B). Using 

the same batch of SCVS animals for the LHb recording (Fig. 3D and E), we cut LHb-

containing slices as stated above and obtained LC-containing slices for LC-VTA circuit 

neuron recordings from the same brains. Our recording data showed that the LC-VTA circuit 

neurons of SCVS mice displayed firing rates comparable to their controls in both sexes 

(female: t10=1.11, P=0.30; male: t10=1.30, P=0.22) (Fig. 3C and D).

Discussion

In this study, a 6-d subchronic variable stress model was used to induce susceptible 

phenotypes in female mice and resilient phenotypes in males, as has been shown previously 

(Hodes et al., 2015). We then used cell type- or projection-specific electrophysiological 

recordings and found that the firing activity of LHb-VTA projecting neurons was 

dramatically increased in female mice that underwent SCVS when compared to their 

controls. This stress-induced effect on LHb-VTA circuit neurons was not seen in male mice. 

In contrast, we did not observe any differences in respect to the firing activity of VTA DA 

neurons and LC-VTA circuit neurons between SCVS female or SCVS male mice and their 

respective controls. To our knowledge, this is the first study that shows the sex differences in 

circuit-specific neuronal adaptations among the reward-related system in response to SCVS. 
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This work demonstrates the potential functional role of the LHb-VTA circuit in mediating 

the vulnerability of females to stress-related affective disorders.

Current stress models including learned helplessness (LH), repeated social defeat stress 

(RSDS) and chronic mild stress (CMS) have been used to unravel novel mechanisms 

underlying behavioral deficits to variable stressors, but most of these studies have been 

conducted in males (Dalla et al., 2008; Chaudhury et al., 2013; Tye et al., 2013). There is an 

urgent need to understand stress responses in females because stress-related psychiatric 

disorders such as major depression have a higher incidence in women than men. Previous 

studies have shown that the SCVS paradigm can induce a depressive phenotype in female 

mice, whereas males display resilience in response to SCVS. This provides us an ideal stress 

model to investigate the sex difference in stress vulnerability. Utilizing this model, two 

studies have revealed interesting molecular mechanisms that underlie these sex differences 

(LaPlant et al., 2009; Hodes et al., 2015). Here, we replicated this 6-d stress paradigm and 

used an NSF test to confirm the different phenotypes before conducting electrophysiological 

studies.

VTA DA neurons in the brain’s reward circuit are highly involved in mediating stress 

responses (Nestler and Carlezon, 2006; Friedman et al., 2014; Friedman et al., 2016; Holly 

and Miczek, 2016). The firing activity of VTA DA neurons has also been implicated in 

determining susceptibility versus resilience in response to stress. It has been shown that 

CMS or physically aversive stimuli inhibit the activity of VTA DA neurons (Ungless et al., 

2004; Valenti et al., 2012). Tye et al. found that selectively inhibiting VTA DA neurons 

induces a depression-like phenotype, and optogenetically activating VTA DA neurons 

reverses CMS-induced behavioral abnormities in tail suspension test, sucrose preference test 

and forced swim test (Tye et al., 2013). In contrast, RSDS enhances the activity of VTA DA 

neurons (Krishnan et al., 2007; Cao et al., 2010). Chaudhury et al. demonstrated that 

optogenetic activation of phasic, but not tonic, firing in VTA DA neurons during or after 

exposure to subthreshold defeat rapidly produces social avoidance and anhedonic behaviors, 

and optogenetic inhibition of VTA DA neuron firing reverses depressive behaviors in 

susceptible mice following RSDS exposure (Chaudhury et al., 2013). This divergence 

indicates that effects of stress on VTA DA neurons are highly complex and different stress 

protocols may cause distinct responses in VTA neurons (Valenti et al., 2012; Walsh and Han, 

2014). It is also known that estrus or sex hormones regulate the firing activity of VTA DA 

neurons (Zhang et al., 2008; Calipari et al., 2017; Locklear et al., 2017), but the baseline 

firing of VTA DA neurons may have no differences between male and female animals 

(Locklear et al., 2017). Here we find that although 6-d SCVS segregates susceptible and 

resilient phenotypes from female and male mice, there are no alterations in the firing activity 

of VTA neurons both in female and male mice when compared to their controls, suggesting 

a divergent and model-dependent neuronal alteration of VTA DA neurons.

The LHb sends efferents to VTA DA neurons (Omelchenko et al., 2009; Juarez and Han, 

2016) and several lines of evidence suggest heightened LHb activity in multiple depressive-

like states (Sartorius and Henn, 2007; Li et al., 2011; Li et al., 2013). Aversive stimuli that 

induce anxiety- and depression-related phenotypes, such as foot shocks and physical 

restraint, will increase c-Fos expression and bursting action potentials in LHb neurons, 
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respectively (Shumake et al., 2003; Brown and Shepard, 2013; Seo et al., 2017). 

Congenitally helpless rats that display helpless behavior in response to stress show elevated 

metabolism in the LHb (Shumake et al., 2003). In addition, a recent study using both acute 

learned helplessness (aLH) and congenital learned helplessness (cLH) models of depression 

also found that excitatory synapses onto LHb-VTA projecting neurons of helpless rats are 

potentiated (Li et al., 2011). An imaging study using positron emission tomography (PET) in 

humans showed that tryptophan depletion treatment, which will induce transient depressive 

relapses, increases blood flow in the habenula (Morris et al., 1999). Consistent with these 

previous studies, our data show that LHb-VTA projecting neurons exhibit an increased firing 

rate in susceptible female mice after SCVS, whereas the effect was not observed in resilient 

male mice after SCVS. These points raise the possibility that the activity of LHb plays a key 

role in mediating stress-related abnormalities.

In the last decade, progress has been made in treating depressive disorders by interfering 

with the activity of LHb neurons both in animals and humans. Yang et al. found that 

chemically lesioning the LHb reduces the immobility time and increases the climbing time 

during forced swim test in depressed rats that underwent CMS or clomipramine injection 

(Yang et al., 2008). Local infusion of GABAA receptor agonist muscimol, or the knocking-

down of βCaMKII to silence LHb neurons, attentuates helpless behaviors in the cLH model 

(Winter et al., 2011; Li et al., 2013). More recently, Seo et al. reported that knockdown of 

p11 in LHb neurons, which abolishes LHb hyperexcitability, ameliorates depressive 

phenotypes in physically restrained mice (Seo et al., 2017). Indeed, it has been reported that 

DBS of the LHb suppresses excitatory synaptic transmission and ameliorates helpless 

behavior in rats (Li et al., 2011). In addition, DBS of the LHb also elevates numbers of 

crossings and rearings during the open-field test in rats subjected to CMS, which is 

accompanied by increased concentrations of monoamines in blood serum and the brain 

(Meng et al., 2011). In accordance with evidence from animals, a clinical case has been 

reported that bilateral DBS of the major afferent bundle of the LHb achieves a sustained full 

remission of major depression in a patient who was therapy-resistant to all standard 

treatments (Sartorius et al., 2010). Accordingly, deep brain stimulation (DBS) that can 

functionally suppress LHb neural activity may be a potent method for treating depression. 

Therefore, further work to investigate the relationship between activity alterations of LHb-

VTA neurons and behavioral outcomes after SCVS would be of great interest.

The LC, through direct anatomical (Chandler et al., 2013) and functional (Guiard et al., 

2008) connections to the VTA, is suggested to be an intermediate hub between external 

stressors and the regulation of the stress response. Studies focusing on sex differences in the 

LC structure from rodents have shown that the LC is a sexually dimorphic structure where 

the adult females have a larger volume and greater number of NE containing neurons than in 

males (Ohm et al., 1997; Pinos et al., 2001). Additionally, a morphological research focuses 

on LC reveals a greater dendritic extension and complexity in females than in males 

(Bangasser et al., 2011). Multiple reports have also shown that estrogen is able to increase 

norepinephrine (NE) synthesis and release in LC terminal regions and decrease NE 

degradation (Bangasser et al., 2016). Since corticotropin-releasing factor (CRF) is the 

primary mediator in response to emotional stress (Vamvakopoulos and Chrousos, 1994), a 

few studies have found that males and females have sex differences with regard to CRF 
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regulation of LC physiology, CRF1 receptor signaling, coupling and CRF1 receptor 

trafficking, potentially explaining the heightened incidence of stress-related disorders in 

females (Bangasser et al., 2016). These findings suggest an important role of LC in 

mediating sex differences in response to stress.

Two recently reported studies investigated the roles of LC-VTA circuit in response to RSDS 

(Zhang et al., 2015; Isingrini et al., 2016). By using optogenetics and electrophysiological 

techniques, they showed that in male mice, LC-VTA projecting neurons exhibit increased 

firing in resilient mice when compared to control and susceptible mice, and NE 

neurotransmission from the LC to the VTA is both necessary and sufficient to promote 

resilience to social defeat. However, in our study we do not find any differences in the firing 

rate of LC-VTA projecting neurons between males and females as compared with their 

controls after SCVS. The disparities among the studies may due to different stress models or 

due to homeostatic resilience in response to SCVS. However, although no alteration is seen 

in activity of these neurons, there may be some other neurobiological intrinsic differences 

between sexes which mediate the different behavioral coping mechanisms with stress.

Our study, for the first time, depicts the phenomenon that SCVS increases the neuronal 

activity of LHb-VTA projecting neurons exclusively in female mice. No activity alterations 

of VTA DA neurons and LC-VTA projecting neurons were seen in female or male mice after 

SCVS. These results shed light on a potential important role of the LHb-VTA circuit in 

mediating sex differences in response to stress. Further understanding of the functional role 

of the LHb-VTA circuit is required to develop potential sex-specific treatment for stress-

related psychiatric disorders such as major depression.
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DA dopamine

DBS deep brain stimulation

LC locus coeruleus

LH learned helplessness

LHb lateral habenula

MHb medial habenula

NAc nucleus accumbens

NE norepinephrine

NSF novelty suppressed feeding

SCVS Subchronic variable stress

VTA ventral tegmental area
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• We replicated that SCVS induced a depressed susceptible phenotype in 

female but not male mice.

• The firing activity of LHb-VTA circuit neurons was dramatically increased 

selectively in female mice that underwent SCVS.

• VTA dopamine neurons and LC-VTA circuit did not display firing differences 

between stressed and control mice in both sexes.
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Fig. 1. 
VTA dopamine (DA) neurons of female and male mice display firing rates comparable to 

that of their control mice after SCVS. (A) Experimental timeline of SCVS, novelty 

suppressed feeding (NSF) test and in vitro electrophysiological recording. (B) NSF data 

from female mice (SCVS female vs. control female: t14=2.83, *P<0.05, n=8 female mice/

group). (C) NSF data from male mice (SCVS male vs. control male: Mann-Whitney U=10, 

P=0.23, n=6 male mice/group). (D) Sample traces and statistical data of neuronal activity of 

VTA DA neurons in female mice following SCVS (t14=1.88, P=0.08, n=8 mice/group). (E) 

Sample traces and statistical data of neuronal activity of VTA DA neurons in male mice 

following SCVS (t10=0.97, P=0.36, n=6 mice/group).
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Fig. 2. 
LHb-VTA circuit neurons display increased neuronal activity in SCVS female mice when 

compared to their control. (A) Experimental timeline. (B) Schematic showing retrograding 

red lumafluor (red luma) injected into VTA. (C) Red lumafluor-labeled LHb-VTA circuit 

cells (scale bar=100 μm). (D) NSF data from female mice (SCVS female vs. control female: 

t10 =2.35, *P<0.05, n=6 female mice/group). (E) NSF data from male mice (SCVS male vs. 

control male: t11=0.15, P=0.88, n=6-7 male mice/group). (F) Sample traces and statistical 

data of neuronal activity of LHb-VTA circuit neurons in female mice following SCVS 

(t10=4.08, **P<0.01, n=6 mice/group). (G) Sample traces and statistical data of neuronal 

activity of LHb-VTA circuit neurons in male mice following SCVS (t10=1.20, P=0.26, n=6 

mice/group).
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Fig. 3. 
LC-VTA circuit neurons in female and male mice display firing rates comparable to that of 

their control mice after SCVS. (A) Experimental timeline. (B) Red lumafluor-labeled LC-

VTA circuit neurons (scale bar=100 μm). (C) Sample traces and statistical data of neuronal 

activity of LC-VTA circuit neurons in female mice following SCVS (t10=1.11, P=0.30, n=6 

mice/group). (D) Sample traces and statistical data of neuronal activity of LC-VTA circuit 

neurons in male mice following SCVS (t10=1.30, P=0.22, n=6 mice/group).
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