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Abstract 

Deconstructing the Role of Nucleus Accumbens Medium Spiny Neuron Subtypes in 

Depression-like Behavior 

T. Chase Francis, Doctor of Philosophy, 2016 

Dissertation Directed by: Dr. Mary Kay Lobo, Ph.D., Assistant Professor, Department of 

Anatomy and Neurobiology 

The prevalence of depression worldwide and the ineffectiveness of many of the current 

treatments warrants significant study into genesis of depression. The Nucleus Accumbens 

(NAc), an integrator of emotional information and a key regulator of depression 

symptomology, displays profound electrophysiological, signaling, and molecular changes 

following repeated stress. The NAc consists primarily of two projection neuron subtypes, 

medium spiny neurons (MSNs), which are differentiated by dopamine receptor expression, 

either dopamine 1 receptors (D1) or dopamine 2 receptors. These MSN subtypes often 

display opposing outcomes to a variety of behaviors. Whole-cell patch clamp recordings 

following 10 days of chronic (C) social defeat stress (SDS), a well-validated stress model, 

reveal D2-MSNs from susceptible mice display enhanced excitatory synaptic transmission, 

while D1-MSNs display reduced excitatory transmission and increased excitability in 

susceptible mice. To attempt to restore normal excitatory input, we used optogenetic 

stimulation and found repeated high frequency (≥50Hz) stimulation of D1-MSNs promotes 

resilience to CSDS, while D1-MSN chemogenetic inhibition promotes susceptibility. 

Similar stimulation parameters for D2-MSN stimulation promotes susceptibility to 

subthreshold (S)SDS. Using quantitative RT-PCR, we discovered repeated stimulation 

reduced the expression of the transcription factor Egr3. Cell-type specific RiboTag analysis 



 

 

revealed Egr3 expression was significantly enhanced in susceptible mice, suggesting a role 

for Egr3 in susceptibility. NAc D1-MSN specific, microRNA knockdown of Egr3 

promoted resilience to CSDS, while D1-MSN Egr3 overexpression produced susceptibility 

to subthreshold stress. We further discovered D1-MSN dendritic arbor was significantly 

reduced by CSDS. These changes, along with changes in excitatory synaptic transmission 

and excitability were blocked by Egr3 knockdown. The negative cytoskeletal regulator and 

Egr3 target RhoA displayed increased expression in D1-MSNs of susceptible mice and 

increased Egr3 binding to its promoter, suggesting a potential role in dendritic atrophy. 

RhoA inhibition via the drug Rhosin prevented susceptibility to CSDS and blocked both 

intrinsic excitability changes and excitatory transmission deficits in D1-MSNs, but failed 

to restore dendritic arbor. However, enhancements in D1-MSN spine density were 

observed. Together, findings in this dissertation demonstrate novel roles for NAc MSN 

subtypes in depression and elucidate D1-MSN-specific molecular, electrophysiological, 

and morphological mechanistic underpinnings of stress-induced susceptibility.  
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Chapter 1: Introduction 

Each year depression affects a significant portion of the world’s population and the 

World Health Organization states it is the leading cause of disability worldwide. In the 

United States alone, 6.9% of all adults have experienced at least one episode of major 

depression (NSDUH Series, 2013). The disorder comes with a heavy economic burden 

(Wang et al., 2003) and symptoms are psychologically debilitating. Common symptoms of 

depression include depressed mood, lethargy, anhedonia, weight disturbances, insomnia, 

and fatigue (DSM-5, 2013). At its worst, depression can lead to suicide. Understanding the 

underlying neurobiological factors that drive depression symptomology is essential for the 

well-being of human kind. Fortunately, the past 10 years has seen an expansion in new 

technologies to discover and treat maladaptive behavioral symptoms caused by depression.  

Studies examining antidepressant efficacy reveal 30% of depressed patients fail to 

achieve remission to common antidepressant treatment (Gaynes et al., 2009), suggesting a 

need for new targeted therapies. Further, common anti-depressants target receptors 

throughout both the central and peripheral nervous system leading to complicating factors 

and unwanted side-effects (Little, 2009). Many of these therapies target well-studied 

neurotransmitters (e.g., serotonin, dopamine, norepinephrine, etc.), with aims of balancing 

signaling within the brain (Ferguson, 2000). These neurotransmitters are involved in 

motivation, emotion, and reward related circuitry (Krishnan and Nestler, 2008; Neslter et 

al., 2002; Lobo et al., 2012; Thompson et al., 2015) and play a key role in balancing 

neurological firing within regions known to be involved in depression symptomology and 

complex behaviors. Research focused on stimulating or inhibiting these modulatory inputs 

to specific brain regions may prove useful in determining the action of antidepressants. 
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Focused treatments such as deep brain stimulation (DBS) or transcranial magnetic 

stimulation (TMS), aimed to restore region specific hypoactivity, show great promise in 

treating depression in even the most severe cases (Bewernick et al., 2012; Bewernick and 

Schlaepfer, 2008; Cusin and Dougherty, 2012; George et al., 1995; Mayberg et al., 2005; 

Mayberg, 2009; Schlaepfer et al., 2008; Schlaepfer and Bewernick, 2014; Williams, 2015). 

Despite the well-known symptomology of depression and an assortment of treatments to 

alleviate these symptoms, the underlying causal mechanisms of depression are largely 

unknown.  

A leading factor in the development of depression is stress. While acute stress can 

be adaptive, chronic stress can be biologically damaging (Pittenger and Duman, 2008). In 

fact, the overwhelming majority of depression models, in rodents or primates, utilize 

repeated stress to produce depression-like symptomology. Stress promotes central and 

peripheral adaptations in body systems susceptible to the hypothalamic-pituitary-adrenal 

(HPA) axis, which feeds back on the brain via release of corticosteroids (Pariante and 

Lightman, 2008). Discrete behavioral paradigms aim to produce stress in different manners 

and are critically evaluated on their distinct behavioral etiology. Stress models utilize 

naturalistic or non-naturalistic stressors or both in order to induce symptoms. Often, 

stressors aim to produce anhedonia, the central and most defining symptom of depression 

(Pizzagalli, 2014). However, other behavioral outcomes often co-vary with anhedonia 

severity including reduced motivation, helplessness, weight loss/gain, comorbid anxiety, 

and impaired social function. Based on numerous factors including stress severity, number 

of stressors, and types of stress, distinct types of depression models may function better to 

dissect circuitry underlying specific depression outcomes. This dissertation utilizes chronic 
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social defeat stress (CSDS). CSDS is a well validated stress model which results in mice 

displaying susceptibility (i.e., depression-like behavior) or resilience (normal behavior) 

(Krishnan et al., 2007; Berton et al., 2006). For a detailed CSDS and subthreshold social 

defeat stress (SSDS) methodology see Appendix 1: Protocols for Social Defeat Stress.  

Significant focus has been placed on excitatory forebrain structures including the 

hippocampus, amygdala, and prefrontal cortex, among other regions which mediate 

emotional memory and anxiety. These regions display dramatic stress-induced deficits in 

local and efferent excitatory signaling, extending deficits to integration regions such as the 

nucleus accumbens (NAc) (Pittenger and Duman, 2008). The NAc acts to integrate this 

excitatory input, triggering emotionally motivated behaviors through corticostriatal 

thalamic loops within the basal ganglia to more dorsolateral action related dorsal striatal 

subregions (Floresco, 2015; Voorn, et al., 2004). Through these global interactions and 

local NAc circuit interactions, the NAc mediates motivated and emotional behavior making 

it an attractive target for therapeutics. However, the causes of depression in relation to the 

NAc are muddled due to the diversity of connections and cell-types. 

There is a growing understanding that morphologically similar but genetically 

distinct neuronal subtypes display differing patterns of information processing and 

integration. Despite this complication, genetic dissimilarity provides an exceptional 

opportunity to differentially target cell types using drug ligands for unique receptors and 

other molecular targets or expression constructs in both animals and humans. The NAc is 

made up by a vast array of genetically distinct neuronal subtypes, where medium spiny 

neurons (MSNs) make up the majority (>95%) of the cells (Gerfen et al, 1990). These 

neurons are differentiated by their genetic profiles, including dopamine receptor 1 vs. 2 
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expression, and other enriched genes (Gerfen et al., 1990; Lobo et al., 2006; Heiman et al., 

2008). D1-MSNs are enriched in dynorphin, the muscarinic 4 (M4) receptor, and substance 

P. D2-MSNs are enriched in enkephalin, Adora2a (A2a), and G-protein coupled receptor 

6 (Gpr6) (Figure 1.1) (Lobo et al., 2006; 2007). This discrete expression among other 

factors governs differences in physiology of these neuronal subtypes. 

MSN subtypes display differential intrinsic or cell-autonomous properties. Both the 

dorsal striatum and core MSNs display similar physiological properties. At a baseline state, 

NAc D2-MSN subtypes display increased intrinsic excitability as compared to NAc D1-

MSNs (Figure 1.2) (Gertler et al., 2008). Further, input resistance is significantly larger in 

NAc D2-MSNs as compared to D1-MSNs and in the dorsal striatum. These difference are 

not governed by potassium channel density, rather differences are thought to stem from 

morphological differences (Gertler et al., 2008). The similarity between the dorsal striatum 

(DSt) and NAc MSNs would suggest this morphological difference could also be the case 

in NAc MSN subtypes. Additionally, I have found that MSN subtypes do not significantly 

differ in their spike threshold nor their resting membrane potential (Figure 1.2D, E). 

NAc D1-MSN and D2-MSNs are also distinguished by their projections to target 

regions: D1-MSNs target the ventral tegmental area (VTA) and ventral pallidum (VP), 

while D2-MSNs specifically target the VP (Figure 1.3) (Koob and Swerdlow, 1988; Smith 

et al., 2013; Kupchik et al., 2015). Input and output from the NAc follows a dorsolateral to 

ventromedial topology (Voorn et al., 2004). NAc core and dorsolateral regions of the NAc 

project mainly to the dorsolateral VP and substantia nigra (SN) while NAc medial shell 

projects mainly to the ventromedial VP and VTA (Smith et al., 2013).  Furthermore, striatal 

MSNs receive excitatory afferent input in a dorsolateral to dorsomedial fashion (Figure 1.3)  
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Figure 1.1. Differential expression, morphology, and connectivity of MSN subtypes. 

MSNs (blue neurons) express D1 receptors, a Gs coupled (green) GPCR; M4 receptors, a Gi 

coupled (red) GPCR; and M1 receptors, a Gq coupled (yellow) GPCR. D2-MSNs (red neurons) 

express D2 receptors (Gi coupled), A2a receptors (Gs coupled), Gpr6 (Gs and Gi), and M1 

receptors. D1-MSNs express substance P and dynorphin peptides and D2-MSNs express 

enkephalin. D2-MSNs display higher collateral connectivity to both D1-MSNs and D2-MSNs 

(wide arrows). D1-MSNs display weak connectivity to D2-MSNs (thin arrows) and moderate to 

weak connectivity to other D1-MSNs (medium width arrows). D1-MSNs display more primary 

branching dendrites than D2-MSNs. 
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Figure 1.2. Intrinsic properties of NAc MSN subtypes.  
(A) D2-MSN display higher action potential firing to increasing current injections compared to 

D1-MSNs. (B) Rheobase current is significantly decreased in D2-MSNs (Students t-test t(21)= 

3.32). (C) Input resistance is significantly increased in D2-MSNs (Students t-test t(21)= 2.82). 

(D-E) MSN subtypes do no differ in spike threshold (Students t-test t(21)= 0.48) and resting 

membrane potential (Students t-test t(21)= 0.09). +Mean *p<0.05 **p<0.01 
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Figure 1.3. Afferent and efferent connections of the Nucleus Accumbens. 

Upper left The Prelimibic cortex of the mPFC innervates the NAc Core (NAcC) and the 

infralimibic region of the mPFC innervates the NAc Shell (NAcS). Lower left Thalamic and 

basolateral amygdala (BLA) inputs do not display preferential innervation for NAc subregions. 

The dorsal hippocampus (dHipp) preferentially innervates the lateral NAcS. The arcuate nucleus 

(Arc) of the hypothalamus innervates shell regions of the NAc with melanocortin input. The 

lateral hypothalamus (LH) is innervated preferentially by D1-MSNs. Center NAc MSNs display 

a dorsolateral to ventromedial innervation and projection topology. NAcC D1-MSNs project to 

substantia nigra reticulata (SN) and D1-MSNs and D2-MSNs project to dorsolateral regions of 

the VP. NAcS D1-MSNs project to VTA and both subtypes in the NAcS project to ventromedial 

VP. Upper right Ventral hippocampus (vHipp) projects preferentially to ventromedial NAc and 

VTA provides diffuse terminals to all of the NAc. Lower right Lateral VP regions project to SN 

and medial VP projections project to VTA. 
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 (Voorn et al., 2004). Limbic inputs integrate on more ventromedial regions of the ventral 

striatum or NAc, while regions involved in motor output innervate dorsolateral striatal 

regions. Excitatory limbic inputs provide the most extensive control of NAc activity and 

play a major role in stress-induced behavioral outcomes. 

1.1 Stress-Induced Alterations in NAc MSN Subtype Excitatory Transmission 

Stress-induced dysfunction in forebrain excitatory transmission has led to the 

development of the excitatory synaptic transmission hypothesis of depression (Thompson 

et al., 2015; Sanacora et al., 2012; McEwen et al., 2015). Conventional antidepressant 

therapeutics including selective serotonin reuptake inhibitors (SSRIs) or non-typical 

therapeutics including ketamine and brain stimulation may alleviate depression symptoms 

by acting on systems that restore excitatory transmission across the brain.  It is well known 

that excitatory synaptic transmission is impaired in many frontal limbic brain regions 

including the prefrontal cortex and hippocampus following stress.  Stress can lead to 

functional decreases in activity across these regions through structural dendritic spine and 

dendritic arbor atrophy, as well as disruption in synaptic plasticity and intrinsic cellular 

mechanisms (McEwen et al., 2015). These excitatory deficits extend to NAc in human 

depressed patients where reduced activity and overall volume is observed in imaging 

studies (Drevets et al., 1992).  Further, a recent study demonstrated stress-induced volume 

decreases extend to the NAc of mice (Anacker et al., 2016).  

Electrophysiological studies of NAc excitatory transmission following stress reveal 

stress-model dependent and subregion specific outcomes. Lim et al. found excitatory 

synaptic transmission following repeated restraint stress promoted long-term depression in 

D1-MSNs, but not D2-MSNs of the NAc core, suggesting a D1-MSN specific change in 
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excitatory transmission mediates anhedonic outcomes. Numerous excitatory inputs 

integrate information in the NAc. Yet, it is still unclear how synaptic plasticity, at specific 

synapses, mediates stress outcomes. Cell-type specific analysis of NAc shell thin and 

mushroom spines display enhanced synaptic strength in D1-MSN mushroom spines of 

resilient animals and reduced strength in D2-MSN mushroom spines (Khibnik et al., 2016). 

While the results suggest resilient mice display opposing adaptive mechanisms at MSN 

subtypes, future studies need to be conducted analyzing cell-type specific synaptic changes 

and single synapse stubby spine signaling to better understand cell-type specific synaptic 

and morphological changes.  

Despite common cellular and physiological changes in excitatory NAc projecting 

brain regions, studies examining specific excitatory inputs to the NAc produce varying 

behavioral outcomes suggesting contrasting synaptic plasticity at these synapses. Burst-

like 100Hz stimulation of the PFC is known to promote antidepressive outcomes in mice 

(Covington et al., 2010; Vialou et al., 2014) and “high frequency” 20Hz TMS stimulation 

of the PFC in humans is antidepressant (Levkovitz et al., 2009). This stimulation in mice 

is specific to mPFC-NAc, but not mPFC-amygdala input (Vialou et al., 2014). In 

comparison, increasing activity of mPFC-NAc inputs via 4Hz optogenetic stimulation 

promotes resilience to CSDS (Bagot et al., 2015). Still it is unclear which MSN subtype 

this activity affects or how these inputs interact with other synaptic inputs. 

In contrast to PFC-NAc afferents, enhancing hippocampal and thalamic input to the 

NAc promotes depressive-like outcomes.  Increased synaptic strength is observed on 

intralaminar thalamic NAc inputs and driving the thalamic inputs promotes susceptibility 

to CSDS (Christoffel et al., 2015). Modulating activity of ventral hippocampal (vHipp) 
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inputs illustrate similar outcomes. Following 10 days CSDS, 1Hz-mediated long-term 

depression of vHipp inputs to the NAc promotes resilience to CSDS (Bagot et al., 2015). 

vHipp-NAc projections are weighted differently in a sub-region specific manner, where 

larger vHipp excitatory currents in the NAc shell are observed (Britt et al., 2012) and these 

synapses display larger NMDA currents which may suggest enhanced probability of 

plasticity. In support of this idea, NMDA receptors, which mediate much of the spike 

timing dependent calcium-dependent potentiation on MSN subtypes (Shen et al., 2008), 

D2-MSN NMDA receptor knockout mice display a resilient phenotype in the forced swim 

test (Joffe et al., 2016). Subcellular distributions of vHipp inputs on MSN subtypes are 

weighted differentially as well (MacAskill et al., 2012). vHipp inputs are found on more 

distal lengths of D2-MSN dendrites, synapses which display smaller spine volume and 

lower spike probability following activation, suggesting weaker input to D2-MSNs. This 

subcellular difference may mediate different plasticity on MSN subtypes. Taken together, 

long-term depression (LTD) of vHipp-NAc following CSDS may preferentially reduce 

action-potential promoting excitatory activity to D1-MSNs, perhaps weakening a context-

specific, hippocampal mediated associative memory and firing of D1-MSNs.  

Understanding excitatory changes on NAc MSN subtypes presents a multitude of 

challenges including that of cell-type specific input, plasticity, and connectivity and 

regional specificity. Different stressors can produce distinct physiological outcomes 

(Chaudhury et al., 2013; Tye et al., 2013; Valenti et al., 2012). This includes mild vs. severe 

stressors and duration of stress (Valenti et al., 2012). These different stressors can impact 

the recruitment and adaptations of brain regions that release modulatory neurotransmitters 
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to the NAc, ultimately leading to different physiological outcomes (Chaudhury et al., 2013; 

Tye et al., 2013).  

In Chapter 2, I conduct experiments to examine the nature of excitatory 

transmission on D1-MSNs and D2-MSNs of the NAc. These experiments aim to explore 

the nature of excitatory signaling, intrinsic properties, and stimulation induced behavioral 

changes following CSDS. Given that MSN subtypes often display opposite alterations in 

signaling and excitatory transmission is impaired in depression, I hypothesized that 

susceptibility to CSDS is promoted by a reduction in excitatory transmission on D1-

MSNs and an enhancement of excitatory transmission on D2-MSNs, thereby promoting 

susceptibility to stress (Hypothesis 1). This outcome would promote a synaptic signaling 

imbalance in NAc MSN subtypes which could be recapitulated by optogenetic stimulation 

and chemogenetic inhibition.  

1.2 Brain Stimulation Therapies 

Activation of brain regions can be achieved by direct magnetic or electrical 

stimulation within these areas. In cases of treatment resistant depression, doctors may rely 

on brain stimulation. Historically somatic stimulation interventions such as 

electroconvulsive therapy (ECT) have been utilized for patients not responsive to drugs 

(George et al., 2013). While effective, this method of stimulation is non-specific, even with 

respect to regional specificity, thus it is unclear which brain circuits ECT is affecting. 

Alternative methods were developed to avoid this methodology such as transcranial 

magnetic stimulation (TMS) or deep brain stimulation (DBS). These strategies have proven 

effective in a number of brain regions. High frequency prefrontal cortical stimulation using 

repetitive TMS has alleviated depression symptoms in some patients (George et al., 1995; 
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George et al., 1997), an outcome replicated in animal models using optogenetics 

(Covington et al., 2010; Francis et al., 2015). DBS is more invasive than TMS. An 

implanted electrode is lowered into the brain of the subject and electrical current is used to 

evoke firing within that region. All cells including afferents from other regions are 

stimulated. Identification of brain regions involved in motor disorders initiated studies to 

investigate electrical Deep Brain Stimulation (DBS). It was serendipitously discovered that 

DBS was highly effective in treating depression, especially in a subpopulation of patients 

with treatment resistant depression. Regions including the subcallosal cingulate gyrus 

(Mayberg et al., 2005; Mayberg et al., 2009) and the nucleus accumbens (NAc) (Bewernick 

et al. 2012; Shlaepfer et al., 2008) have been targeted and highly effective in alleviating 

depression symptomology. While many have speculated DBS relies on blocking 

neurotransmission, others suggest enhancement of phase locking (de Hemptinne et al., 

2015; Williams, 2015). These studies demonstrate the effectiveness of DBS in humans, 

however they tell us little about the mechanism of action and the underlying 

pathophysiology of depression. The diversity of cell types within these stimulated regions 

as well as the diversity of inputs to these regions makes it clear that defining 

neurobiological components of depression is a challenge. 

1.3 Use of Optogenetics in Mesolimbic Systems to Understand Reward and 

Motivation 

Optogenetic stimulation and chemogenetic inhibition have provided us with a 

means to tease out cell-type specific alterations of brain stimulation (for methodology on 

cell-type specific MSN applications see Appendix 2). Optogenetics, the integration of 

optics and genetics to manipulate cellular functions and activity, has been in use for nearly 
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10 years and its utility in neuroscience research is ever increasing. Neuroscientists 

originally used naturally occurring microbial opsins and later mutated versions of these 

opsins to alter the flux of ions across membranes to drive cell activity (Boyden et al. 2005; 

Yizhar et al., 2011; Zhang et al., 2007). Microbial opsins originally from archaebacteria 

(Yizhar et al., 2011; Zhang et al., 2007) or algae (Boyden et al. 2005; Yizhar et al., 2011; 

Nagel et al., 2003), contain a ligand binding site that is sensitive to distinct wavelengths of 

light and insensitive to chemical ligands. Through a series of selective and non-selective 

mutations, a large library of effective, non-toxic, temporal, and wavelength specific 

optogenetic constructs have been generated (Lin, 2011; Yizhar et al., 2011). The versatility 

of the available optogenetic constructs allows use in a wide-variety of applications 

including in vivo behavioral manipulation. 

The most commonly used membrane-bound optogenetic constructs fall under two 

major classes: stimulatory/depolarizing opsins, often light-driven cation channels 

(channelrhodopsin; ChR), and inhibitory/hyperpolarizing opsins, light-driven chloride 

(halorhodopsin; NpHR) or proton (bacteriorhodopsin) pumps. However, other opsin 

constructs have emerged from the wealth of information about opsin mechanisms including 

light-driven constructs to regulate G-protein mediated signaling (Airan et al., 2009; 

Masseck et al., 2014; Spoida et al., 2014), intracellular signaling molecules (Airan et al., 

2009; Dietz et al., 2012; Hahn and Kuhlman 2010; Oh et al., 2010; Ryu et al., 2010; Stierl 

et al., 2011), and gene expression (Konermann et al., 2013; Motta-Mena et al., 2014). 

Microbial opsins have been incorporated in combination with numerous mouse transgenic 

technologies and viral constructs. These tools and constructs are utilized in vivo or ex vivo 

to drive activation or inhibition of specific cell subtypes in a region and temporal specific 



 

14 

manner. Optogenetic manipulation is currently used in neuroscience to understand 

temporal and activity specific alterations in neuronal circuits, circuit connectivity, 

signaling mechanisms, and gene regulation that underlie behavior. 

The limbic system and the basal ganglia circuit are critical mediators of reward, 

motivation, reinforcement, and emotion. Along with motor dysfunction observed in dorsal 

striatal MSN circuits, the balance of MSN subtype tone is predicted to control motivational 

behavioral outcomes (Albin et al., 1989; Lobo and Nestler 2011; Maia and Frank, 2011; 

Kravitz et al., 2012). Optogenetic activation of nucleus accumbens (NAc) D1-MSNs 

enhances conditioned place preference (CPP) to cocaine and morphine (Koo et al., 2014; 

Lobo et al., 2010; Lobo and Nestler 2011), indicating D1-MSN stimulation promotes 

reward. These results are likely due to the connection of D1-MSNs to ventral tegmental 

area (VTA) gamma-aminobutyric acid (GABA) interneurons, which, in part, disinhibit 

VTA dopamine (DA) neurons (Bocklisch et al., 2013; Smith et al., 2013; Xia et al., 2011).  

This disinhibition hypothesis was further investigated with optogenetic methods. High 

frequency stimulation (HFS) of the D1-MSN terminals disinhibits VTA-DA neurons and 

HFS optical stimulation of D1-MSN terminals prior to cocaine treatment subsequently 

results in an increase in cocaine locomotor sensitization and an occlusion of CPP 

(Bocklisch et al. 2013). Conversely, we observed that D1-MSN inhibition using eNpHR3.0 

decreases cocaine-induced locomotion (Chandra et al., 2013). Together these results 

indicate heightened activity of D1-MSNs on VTA inhibitory interneurons enhances reward. 

In contrast, cocaine (Lobo et al., 2010) and morphine (Koo et al., 2014) place preference 

and reward are blunted by optogenetic stimulation of D2-MSNs. Further, ArchT inhibition 

of NAc core terminals in the ventral pallidum, which includes terminals of both MSN 
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subtypes, attenuates reinstatement for cocaine seeking (Stefanik et al., 2013). In a non-drug 

paired paradigm, self-stimulation of D1-MSNs in the dorsomedial striatum causes 

persistent reinforcement whereas stimulation of D2-MSNs results in transient avoidance or 

punishment (Kravitz et al., 2012). A similar effect was observed in a goal-directed selection 

task, which demonstrated that optogenetic stimulation of distinct MSN subtypes oppositely 

mediates changes in action value (Tai et al., 2012). Collectively, optogenetic interrogation 

of striatal circuits suggests opposite behavioral functions for D1-MSNs and D2-MSNs, 

where heightened D1-MSN activity drives reward and reinforcement while D2-MSN 

activity blocks reward and reinforcement or promotes negative outcomes.  

It should be noted that several studies contrast the idea that MSN subtypes play 

opposing roles. D1-MSN and D2-MSN pathways arising from the dorsal striatum are 

transiently active during action initiation suggesting movement is not reliant on specific 

activation of D1-MSNs (Cui et al., 2013). This outcome is also the case in the dorsolateral 

striatum in the context of positive reinforcement (Vicente et al., 2016). Further, a recent 

study demonstrated stimulation of NAc D1-MSNs and D2-MSNs enhances motivation and 

activity of both neurons can predict motivational drive (Soares-Cunha et al., 2016). Despite 

the similar change in D1-MSNs and D2-MSNs, these studies are condition (e.g., often 

baseline, non-stressed conditions) and stimulation (e.g., frequency, location, etc.) specific 

and highlight the conditional nature and complexity of examining cell-type specific 

outcomes in striatal MSNs. Furthermore, the overlap in D1 receptor and D2 receptor 

expression varies. Recent studies examining co-localization find a very low percentage of 

overlap in the NAc (less than 2%) (Kupchik et al., 2015). 
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Stress-induced cell-type specific MSN mediated behavioral changes appear to 

conform to the former, dichotomous change condition. Similar activation circuitry should 

produce rewarding, anti-depressant effects by stimulating D1-MSNs and aversive, 

depressive effects by stimulating D2-MSNs. With this in mind we hypothesized 

bidirectional manipulation of MSN subtype activity will promote opposite behavioral 

outcomes to chronic social defeat stress (Hypothesis 2). Predictions can be found in Table 

1. 

1.4 Stress Induced Modulatory Transmission in the NAc 

 While excitatory and inhibitory synaptic transmission governs the binary nature of 

cell output, a variety of other modulatory factors contribute to neuronal function. The NAc 

is littered with peptides, growth factors, and other neuromodulatory factors to modify cell 

firing properties and synaptic transmission. The balance of this chemical cocktail may 

produce drastic alterations to state-dependent behavioral insults such as stress. 

Pharmacological and optogenetic studies have attempted to tease out the roles of these 

substances and enlighten our understanding of cell-type specific control of stress-related 

behaviors. 

DA is well-known to be involved in behavioral aspects of depression including 

motivation, reward, and hedonic outcomes. The NAc receives dense innervation from the 

VTA, which supplies the region with DA, GABA, and brain derived-neurotrophic factor 

(BDNF). The enrichment of MSNs with either D1 or D2 receptors, and the opposing nature 

of DA receptor signaling cascades suggests DA may act to regulate subtype-specific MSN 

output following stress. Chronic mild stress promotes altered NAc dopamine D2 receptor 

sensitivity (Willner et al., 1992) and restraint stress studies have revealed NAc D1-like 
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Cell Subtype CSDS Phenotype Stimulation Inhibition 

D1 MSN 
Susceptible Anti-depressant No Effect 

Resilient No effect Depressant 

D2 MSN 
Susceptible No effect Anti-depressant 

Resilient Depressant No effect 

 Table 1. Predictions for optogenetic or chemogenetic alteration of NAc subtype activity 
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receptor density increases (Cabib et al., 1998). Further, cAMP/PKA signaling, which is 

downstream of dopamine receptor signaling, plays a role in stress. NAc D1-MSN specific 

knockout of Cdk5 reduces cAMP levels, increases PKA activity, and promotes 

antidepressant outcomes (Plattner et al., 2015). Enhanced DA release is observed following 

a single social defeat stress episode (Barik et al., 2013), suggesting phasic firing of 

dopamine neurons is increased by acute high-intensity stressors. These results suggest a 

role for D1 receptor signaling in stress-induced susceptibility. The effect of chronic stress 

on VTA DA neuron firing is lasting (Krishnan et al., 2007; Chaudhury et al., 2013; Cao et 

al., 2010), is driven by activity of intrinsic potassium channels (Friedman et al., 2014), and 

phasic but not tonic optogenetic stimulation of VTA-NAc projecting neurons promotes 

susceptibility to CSDS (Chaudhury et al., 2013; Friedman et al., 2014; Koo et al., 2015; 

Walsh et al., 2014). Thus, it would seem appropriate to conclude DA tone is enhanced 

following chronic stress and lower affinity D1 receptors would be activated by phasic DA 

release, thereby preferentially enhancing activity of D1-MSNs. However, this effect is not 

as straightforward as it seems. First, phasic firing changes in VTA DA neurons are 

inconsistent across stress models (Chaudhury et al., 2013; Tye et al., 2013). Furthermore, 

a recent paper using DA voltammetry in the NAc discovered dopamine release was 

unaltered from the VTA to the NAc following CSDS and blockade of dopamine receptors 

had no effect on depression-like outcomes (Koo et al., 2015). Rather, BDNF was 

responsible for stress susceptibility and antagonism of the BDNF receptor TrkB, prevented 

susceptibility (Berton et al., 2006; Cao et al., 2010; Friedman et al., 2014; Koo et al., 2015; 

Krishnan et al., 2007; Walsh et al., 2014).  
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Consistent with these findings, BDNF is observed to be increased in the NAc of 

human depressed patients (Krishnan et al., 2007). Stress-induced BDNF release primarily 

occurs between the VTA-NAc circuit and VTA-specific knockout of BDNF promotes 

resilience to CSDS (Berton et al., 2006). Increased BDNF and TrkB receptor activation are 

observed in NAc tissue from susceptible mice (Krishnan et al., 2007). These results provide 

strong evidence for the role of VTA supplied, NAc BDNF in depression. TrkB is enriched 

in D2-MSNs and BDNF signaling through TrkB has different roles in NAc MSN subtypes 

in psychostimulant and opiate motivation (Lobo et al., 2010; Koo et al., 2012), but BDNF 

signaling in MSN subtypes in depression is unclear. A major role of BDNF is modulation 

of structural morphology and plasticity. Perhaps the structural plasticity observed increases 

in NAc stubby spine growth (Christoffel et al., 2015) can be explained by a consistent 

release of BDNF and ongoing remodeling of synapses, in a D2-MSN specific manner. 

Further, BDNF interacts with a variety of other signaling pathways to promote these 

depression-like effects, including factors involved in glucocorticoid signaling. The HPA-

axis acts to release corticosterone in mice, which can feedback on neurons within the brain 

(Pariante and Lightman, 2008). The NAc expresses one of the primary targets of 

corticosterone, glucocorticoid receptors, suggesting stress-mediated corticosterone release 

and binding in the NAc may affect outcomes of stress. Glucocorticoid receptor knockout 

specifically in NAc D1-MSNs, but not VTA-DA neurons, promotes resilience to CSDS 

(Barik et al., 2013) and heightened DA release is blunted in these mice following an acute 

social defeat stress episode, suggesting glucocorticoid signaling plays a dynamic role in 

affecting VTA signaling in the NAc. Further, another molecule involved in stress signaling, 

corticotropin releasing factor (CRF), enhances release of BDNF in the NAc and promotes 
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susceptibility to stress caused by the paired induction of phasic firing and social stress 

(Walsh et al., 2014).  

Among the many neuropeptides found within the NAc, cell subtype enriched 

peptides such as dynorphin and enkephalin play a role in depression. Dynorphin is enriched 

in D1-MSNs of the striatum. Restraint stress, the forced swim test, and inescapable shock 

increases NAc dynorphin (Shirayama and Chaki, 2006) and NAc specific infusion of kappa 

opioid receptor antagonists has antidepressant effects (Mague et al., 2003). Further, 

inhibition of dynorphin in the NAc produces antidepressant effects (Newton et al., 2002). 

Activation of kappa opioid receptors, the primary target of dynorphin, promotes aversion, 

potentially through regulation of dopamine terminals in the NAc (Chefer et al., 2013). 

Activation of dynorphin cells can produce either aversive or reinforcing outcomes (Al-

Hasani et al., 2015). In contrast, enkephalin, which is highly enriched in striatal D2-MSNs 

(Lobo et al., 2006) is thought to be antidepressant. Chronic mild stress reduces NAc 

enkephalin (Poulin et al., 2014) and chronic antidepressant treatment increases striatal 

enkephalin levels (De Felipe et al., 1985). Additionally, agonism of the delta-opioid 

receptor, the primary receptor target of enkephalin, promotes antidepressant outcomes 

(Broom et al., 2002), while delta receptor knockout promotes depressive-like behavior 

(Filliol et al., 2000). These results indicate peptides release from MSN subtypes in the NAc 

can oppositely affect behavior amid the many other factors contributing to depression-like 

symptoms. 

1.5 Molecular Correlates Regulating Stress-Induced Activity of MSN Subtypes 

Many of the aforementioned cellular signaling cascades converge on one another 

or are activated in conjunction or in parallel with other cascades to coordinate molecular 
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expression. The need for new molecular targets is growing and despite the emergence of 

various molecular tools to probe specific cell subtypes, very little research has been 

conducted examining molecular expression profiles in MSN subtypes following stress. 

Further, observed molecular expression in one MSN subtype could be occluded by 

examining total NAc expression. Despite the lack of research, information can be gleaned 

from analysis of molecular manipulation in all MSNs. 

Significant research on the immediate early gene ΔFosB has demonstrated its role 

in resilience to stress. NAc ΔFosB expression is significantly reduced in human depressed 

patients (Vialou et al., 2010). Additionally, NAc ΔFosB expression is significantly 

enhanced in mice resilient, but not susceptible to CSDS. CSDS mice treated with the 

common SSRI fluoxetine display enhanced ΔFosB expression and enhanced resilience. 

Further, NAc overexpression of ΔFosB using a bitransgenic mouse line 11A, promotes 

resilience to CSDS, which is thought to be through enhancement of GluR2 expression. 

Interestingly, the 11A mouse line serendipitously expresses ΔFosB in D1-MSNs, 

suggesting this effect is primarily due to D1-MSN enrichment of ΔFosB (Kelz et al., 1999). 

Comparatively, ΔFosB expression is enhanced in D1-MSNs of resilient mice and enhanced 

in D2-MSNs of susceptible mice in both NAc core and shell regions (Lobo et al., 2013). 

These results further suggest ΔFosB may mediate adaptive resilience through D1-MSNs. 

Despite enhancements in overall resilience and excitatory transmission following 

expression of ΔFosB in all NAc neurons, overexpression in a stress naïve mice decreased 

excitatory synaptic strength in D1-MSNs via an increased number of silent synapses and 

stubby spines, while in D2-MSNs, overexpression increased excitatory transmission in the 

shell and decreased silent synapses (Grueter et al., 2013). These results seem at odds with 
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previously mentioned stress-mediated results revealing the complexity of signaling within 

the NAc and MSN subtypes. Rac1 expression, which is significantly decreased in human 

depressed patients, has been shown to mediate changes in stubby spine formation in mice 

via an epigenetic mechanism (Golden et al., 2013). It is possible ΔFosB and signaling 

pathways involved in regulating Rac1 are coordinated to produce these results. More 

research is necessary to tease out the cell-type specificity of these results. 

ΔFosB has been found to interact with molecules that regulate plasticity. CaMKII 

is a protein kinase which is sufficient to activate long-term synaptic potentiation (Lisman 

et al., 2002) and could play a role in storage of aversive memories during stress states. 

ΔFosB binds to the promoter of CaMKIIα and CSDS enhances its binding enrichment on 

this promoter (Robison et al., 2014). Chronic treatment with the SSRI fluoxetine reduces 

binding of ΔFosB to the CaMKII promoter and NAc overexpression of CaMKII blocks the 

antidepressant efficacy of fluoxetine in stressed mice. These effects are through an 

epigenetic mechanism of reducing acetylation and increasing H3meK9 methylation. SSRI 

treatment results may seem inconsistent with previous literature discussing increased 

ΔFosB expression in resilient animals. It is possible that ΔFosB differentially affects 

CamKIIα expression in MSN subtypes and mediates this curious effect. In that regard, 

enhanced ΔFosB to CaMKIIα in D2-MSNs may induce structurally plasticity and 

potentiation in these cells, weighting signaling in D2-MSNs more heavily. This outcome 

would be consistent with our results showing enhanced excitatory signaling to D2-MSNs 

following stress and other results showing overexpression of a constitutively active 

CaMKII promotes plasticity (Pi et al., 2010), while developmental inhibition of CaMKII 

reduces functional numbers of synapses (Klug et al., 2012). 
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These changes extend to other parallel, susceptibility-promoting signaling cascades 

in D2-MSNs. Disheveled (DVL1) activity inhibition in the WNT-DVL-β-catenin signaling 

cascade promotes susceptibility to CSDS and DVL1 is found to be significantly 

downregulated in the NAc of human depressed patients. Comparatively, pharmacological 

and dominant negative activity inhibition of the downstream inhibition target of DVL1, 

GSK3β, promotes resilience to CSDS (Wilkinson et al., 2011). β-catenin is activated by 

the non-phosphorylated form of GSK3β. In fact, β-catenin expression in NAc D2-MSNs, 

but not D1-MSNs promotes resilience to CSDS (Dias et al., 2014). This effect was shown 

to be specific to expression of a microRNA synthesis related protein Dicer1 downstream 

of β-catenin signaling, suggesting post-transcriptional regulation of a wide variety of 

mRNAs by β-catenin in D2-MSNs in part mediate outcomes to social stress. 

 Another candidate target for cell-type specific manipulation is the immediate early 

gene early growth response 3 (Egr3). Egr3 is among a group of early growth response (Egr) 

transcription factor proteins which are expressed at basal levels throughout the brain 

including limbic regions and the striatum and whose expression can be enhanced by 

excitatory stimulation or receptor signaling (Beckmann and Wilce, 1997). In particular, 

Egr3 is activated by numerous cascades including activation of BDNF-TrkB signaling, D1 

receptor signaling, and NMDAR-dependent calcium signaling and may also be inhibited 

by D2 receptor signaling (Figure 1.4). Transcriptional activation of Egr proteins differ. For 

instance, seizure induction rapidly induces the transcription of Egr1 which peaks around 1 

hours following stimulation and falls after 4 hours (O’Donovan et al., 1999). In contrast, 

Egr3 expression is elevated starting around 2 hours after stimulation, peaks at 4-6 hours 

and expression does not return to basal levels until 24 hours. This may suggest, in contrast  
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Figure 1.4. Signaling cascades that activate Egr3 expression with relevant Egr3 binding 

targets. 

NMDAR, TrkB, and D1 receptor (D1R) signaling activate Egr3 expression. D2 receptor (D2R) 

signaling inhibits Egr3 induction. Egr3 binds to a number of promoters, notably Rho GTPase 

(RhoA and RhoB), Arc/Arg3.1, NMDAR 1 subunit (NR1), Nab2, and Egr3 promoters. 
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to other Egr proteins, Egr3 would regulate genetic expression of genes involved in long-

term cellular processes. Egr3 knockout mice display deficits in late-phase synaptic long-

term depression in the hippocampus, which was shown to be mediated by deficits in 

NMDAR signaling (Gallitano-Mendel et al., 2007). Further, there is some indication that 

Egr3 is necessary for hippocampal LTP and is necessary for hippocampal dependent 

learning and memory (Li et al., 2007). Behaviorally, Egr proteins are known to be involved 

in stress and novelty (Gallitano-Mendel et al., 2007), reward (Chandra et al., 2015, Jouvert 

et al., 2002), and social interactions (Gallitano-Mendel et al., 2008). Acute and repeated 

injections of cocaine enhance the expression of Egr3 mRNA in the striatum (Jouvert et al., 

2002). In MSN subtypes, Egr3 is oppositely regulated following rewarding drugs such as 

cocaine (Chandra et al., 2015). However, the role of Egr3 in MSN subtypes following stress 

has yet to be characterized. I hypothesize bidirectional manipulation of Egr3 expression 

in D1-MSNs will promote opposite outcomes to social defeat stress (Hypothesis 3). 

Egr3 has been shown to promote morphological alterations in muscle spindle fiber 

formation (Tourtellotte et al., 2001) and sympathetic neuron outgrowth (Quach et al., 2013). 

RhoGTPases regulate cytoskeletal rearrangement and morphology of dendrites and spines 

in neurons (see ref (Etienne-Manneville and Hall, 2002) for review). A notable binding 

target of Egr3 is the RhoGTPase RhoA. Constitutively activated RhoA promotes dendritic 

retraction and dominant negative expression of RhoA prevents induction of dendritic 

retraction (Chen et al., 2007, Tashiro et al., 2000). It is possible that Egr3 regulation of 

RhoA transcription could control stress-induced alterations in neuronal morphology 

observed throughout the brain. This would be achieved by enhancing the available RhoA 

and during an insult, would increase the magnitude of RhoA signaling, causing widespread 
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changes in cellular morphology. In this regard, I hypothesize Egr3 knockdown in NAc D1-

MSNs blocks changes in dendritic arborization following a reduction in RhoA 

expression (Hypothesis 4). 

1.6 Concluding Remarks 

There is emerging evidence for functional changes in MSN subtypes to 

differentially and in some cases oppositely mediate outcomes to stress. Yet there is still 

more research needed to determine the differences in circuit function, cell signaling, and 

molecular genetic expression in these cell types. Exploration into converging and 

coordinating genetic and molecular interactions is needed and cell-specific RNA-

sequencing can further elucidate molecular targets. The research within this thesis aims to 

couple molecular, cellular, and circuit-level findings about stress-induced alterations on 

NAc MSN subtypes. 
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 1.8 Initial Hypotheses and Predictions 

Overarching hypothesis: Chronic social defeat stress promotes behavioral effects through 

differential physiological and molecular adaptations that underlie activity of Nucleus 

Accumbens D1-MSNs and D2-MSNs. 

Hypothesis 1 (Chapter 2 and Chapter 3): Susceptibility to CSDS is promoted by a 

reduction in excitatory transmission on D1-MSNs and an enhancement of excitatory 

transmission on D2-MSNs. 

Prediction 1.1: A reduction in either frequency and/or amplitude of miniature 

excitatory post-synaptic currents (mEPSCs) will be observed on NAc D1-MSNs 

following CSDS. 

Prediction 1.2: An enhancement in either frequency and/or amplitude of mEPSCs 

will be observed on NAc D2-MSNs following CSDS. 

Hypothesis 2 (Chapter 2): Bidirectional manipulation of MSN subtype activity will 

promote opposite behavioral outcomes to chronic social defeat stress (for detailed 

prediction see Table 1.1). 

Prediction 2.1: Enhancing D1-MSN activity will promote resilience to CSDS in a 

previously susceptible animal, while inhibition will promote susceptibility in 

previously resilient mice. 

Prediction 2.2: Enhancing D2-MSN activity will promote susceptibility to SSDS 

in stress naïve mice, while inhibition will promote resilience in CSDS mice.  

Hypothesis 3 (Chapter 3): Bidirectional manipulation of Egr3 expression in D1-MSNs 

will promote opposite behavioral, electrophysiological, and morphological outcomes to 

social defeat stress through RhoA signaling. 
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Prediction 3.1: Egr3 overexpression in NAc D1-MSNs will promote susceptibility 

to a subthreshold social defeat stress. 

Prediction 3.2: Egr3 knockdown in NAc D1-MSNs will prevent susceptibility by 

blocking electrophysiological changes observed in D1-MSNs of susceptible mice. 

Prediction 3.3: Chronic social defeat stress will reduce complexity of dendritic 

arbors which is blocked by Egr3 knockdown. 

Hypothesis 4 (Chapter 3): Egr3 knockdown in NAc D1-MSNs blocks changes in 

dendritic arborization following a reduction in RhoA expression. 

Prediction 4.1: Egr3 binds and regulates stress-induced expression of RhoA in the 

NAc. 

Prediction 4.2: Blockade of RhoA activation during stress prevents susceptibility 

by preventing electrophysiological and morphological alterations caused by 

repeated stress. 

Prediction 4.3: RhoA activation will promote susceptibility to subthreshold social 

stress. 

Prediction 4.4: Egr3 overexpression-induced susceptibility will be prevented by 

RhoA inhibition. 
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Chapter 2: Nucleus Accumbens Medium Spiny Neuron Subtypes Mediate 

Depression-Related Outcomes to Social Defeat Stress 

2.1 Introduction 

Converging human and rodent studies demonstrate a critical role for the nucleus 

accumbens (NAc) in depression symptomatology including reduced motivation and 

anhedonia (Berton et al., 2006; Christoffel et al., 2011; Krishnan et al., 2007; Lim et al., 

2012; Russo and Nestler, 2013; Vialou et al., 2010). The NAc integrates information from 

afferent inputs leading to motivation and reward functions (Stuber et al., 2011; Britt et al., 

2012). Recent studies demonstrate these NAc afferent inputs become dysfunctional after 

stressful stimuli resulting in altered cellular and molecular mechanisms in NAc that 

mediate depression-like outcomes (Berton et al., 2006; Chaudhury et al., 2013; Christoffel 

et al., 2011; Covington et al., 2009; Covington et al., 2010; Krishnan et al., 2007; Kumar 

et al., 2013; Lobo et al., 2013; Vialou et al., 2010; Walsh et al., 2014). Additionally, clinical 

studies demonstrate a role for altered NAc activity in depression since high frequency deep 

brain stimulation (DBS) has antidepressant effects in individuals with treatment resistant 

depression (Bewernick et al., 2012; Mayberg, 2009; Nauczyciel et al., 2013; Schlaepfer et 

al., 2008; Schlaepfer and Bewernick, 2014). Despite the important role for NAc in 

mediating emotional behaviors in depression, the function of the two main projection 

neuron subtypes, the medium spiny neurons (MSNs), in affective behaviors are poorly 

understood. 

The MSNs in NAc and dorsal striatum are differentially enriched in dopamine 

receptor D1 vs. D2, as well as other genes (Gerfen et al., 1990; Lobo et al., 2006; Heiman 

et al., 2008) and they send distinct projections to downstream basal ganglia and reward 
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structures (Gerfen, 1992; Nicola, 2007; Smith et al., 2013). NAc D1-MSNs project to the 

ventral pallidum (VP), globus pallidum internal, ventral tegmental area (VTA), and 

substantia nigra; while NAc D2-MSNs project to the VP (Nicola, 2007; Smith et al., 2013). 

These two neuronal populations work together to promote normal behavioral output, while 

imbalance of one MSN subtype can drive dysfunctional motivational states (Albin et al., 

1989; Kravitz and Kreitzer, 2012; Lenz and Lobo, 2013; Maia and Frank, 2011;). This 

network balance model is supported by positive and negative outcome tasks in humans and 

studies in rodents, which demonstrate a role for activation of the D1 MSN pathway in 

positive reward and activation of the D2 MSN pathway in aversion while inhibition of 

these pathways produces opposing outcomes (Carlezon and Thomas, 2009; Freeze et al., 

2013; Lobo and Nestler, 2011; Maia and Frank, 2011), implicating imbalance of these 

MSN subtypes in psychiatric and neurological disease. Indeed, rodent studies shed light on 

D1-MSN vs. D2-MSN function demonstrating that both NAc and dorsal striatum MSN 

subtypes have opposing roles in reward, action-value, reinforcement, motor function, and 

sensitized responses to drugs of abuse (Bock et al., 2013; Chandra et al., 2013; Ferguson 

et al., 2011; Hikida et al., 2010; Kravitz et al., 2010; Kravitz et al., 2012; Kravitz and 

Kreitzer 2012; Lenz and Lobo, 2013; Lobo et al., 2010; Tai et al., 2012). Additionally, a 

recent study demonstrated that decreased excitatory synaptic strength of NAc D1-MSN 

synapses, but not D2-MSN synapses, mediates anhedonia after restraint stress (Lim et al., 

2012). Furthermore, using a highly validated model of depression, chronic social defeat 

stress (CSDS) (Berton et al., 2006; Golden et al., 2011; Krishnan et al., 2007), we 

demonstrated opposite molecular properties, in MSN subtypes in mice that are susceptible 
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(those displaying depression-like behaviors) vs. resilient (those that do not display 

depression-like behaviors) to CSDS (Lobo et al., 2013).  

To provide new insight into the function of the NAc MSN subtypes in depression, 

we examined excitatory synaptic input and intrinsic excitability in MSNs after CSDS.  We 

then used optogenetic or pharmacogenetic approaches to test, for the first time in vivo, how 

repeated manipulation of activity in the MSN subtypes alters depression-like outcomes to 

social defeat stress. Our data demonstrate that excitatory input onto MSN subtypes, in mice 

displaying susceptible phenotypes after CSDS, is bidirectionally altered in NAc MSNs. 

Further, repeated bidirectional control of activity in D1-MSNs can oppositely alter 

behavioral responses to CSDS, whereas repeated activation of D2-MSNs in stress naïve 

mice can induce a depression-like behavior to a subthreshold social defeat stress (SSDS). 

Our findings provide new insight into the role of the two NAc MSN subtypes in depression-

like outcomes to social stress.  

2.2 Materials and Methods 

2.2.1 Experimental Subjects. Male D1-GFP and D2-GFP hemizygote mice (Gong 

et al., 2003, gensat.org) on a C57BL/6J background were used for electrophysiological 

recordings. Male Drd1a-Cre (D1-Cre, Line FK150) or Drd2a-Cre (D2-Cre, Line ER44) 

hemizygote BAC transgenic mice (Gong et al., 2003; Gerfen et al., 2013) on a C57BL/6J 

background were used for optogenetic and pharmacogenetic experiments. CD1 retired 

breeders (Charles River) were obtained at ~3 months old. Experimental mice were 8 weeks 

of age and CD1 retired breeders were ≥3 months at the start of the experiment. Mice were 

maintained on a 12 hr light dark cycle ad libitum food and water. All studies were 
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conducted in accordance with the guidelines set up by the Institutional Animal Care and 

Use Committee at the University of Maryland, School of Medicine. 

2.2.2 AAV and Optic Fiber Stereotaxic Surgeries. Mice were anestitized with 

3% isoflurane and underwent stereotaxic surgery to inject serotype 5 adeno-associated 

viruses (AAV; UNC Viral Vector Core, Chapel Hill, North Carolina) and implant optic 

fibers. For stimulation experiments, D1-Cre and D2-Cre mice were stereotaxically injected 

bilaterally into the NAc (anterior/posterior (A/P): +1.6, lateral (Lat): +1.5, dorsal/ventral 

(D/V): -4.4 from top of skull) with a double inverted open reading frame (DIO) AAV (Lobo 

et al., 2010; Chandra et al., 2013; Francis et al., 2014). For cell-type specific expression, 

D1-Cre and D2-Cre mice were injected with DIO-AAVs containing ChR2(E123A)-EYFP 

also known as ChETAA-EYFP, EYFP, or the inhibitory designer receptor exclusively 

activated by a designer drug (DREADD) construct hM4(Gi)-mCherry (Armbruster et al., 

2007). Virus was infused at a rate of 0.1 µl per minute. The injection needle was left in 

place for 5-10 min following the infusion. For optogenetics, mice were implanted with 4 

mm chronically implantable fibers (0.22 NA, 105 µM core) following CSDS or prior to 

SSDS (Chandra et al., 2013; Francis et al., 2014; Sparta et al., 2011). 

Male wild type C57BL/6J mice (JAX, Bar Harbor, Maine) were used for AAV 

human synapsin promoter (hsyn) constructs, a promoter which specifically targets neurons. 

For stimulation experiments, C57BL/6J mice were injected in the nucleus accumbens (NAc) 

with AAV-hsyn-ChR2(H134)-EYFP, AAV-hsyn-ChETAA-eYFP, AAV-hsyn-eYFP, or 

AAV-hsyn-eNpHR3.0 for whole NAc expression. For 10 Hz and some 130 Hz stimulations, 

(DIO)-ChR2(H134)-EYFP was injected into D1-Cre and D2-Cre mice. Mice were 



   

33 

implanted with chronically implantable fibers (Sparta et al., 2011) 1 day following social 

interaction (SI). 

2.2.3 Slice Electrophysiological Recordings. Whole-cell patch clamp recordings 

occurred 2-4 weeks following social interaction (SI). D1-GFP or D2-GFP mice were 

perfused with oxygenated (95% O2, 5% CO2) ice-cold ACSF containing (in mM): 125 

NaCl, 25 NaHCO3, 10 glucose, 3.5 KCl, 1.25 NaH2PO4, 0.1 CaCl2, 3 MgCl2, pH 7.45; 

osmolarity 285–295 mOsm. Brains were rapidly extracted and 300 µm coronal sections 

containing the NAc were cut with a Vibratome in ice-cold ACSF. Slices were incubated 

for 1 hr at 33°C before recording. For recording, ACSF Ca2+ concentrations were altered 

(in mM): 2 MgCl2 and 1 CaCl2. All recordings were performed at 33°C in oxygenated 

ACSF.  

MSNs were visualized under differential interference contrast with a 40x water-

immersion objective (Olympus, Center Valley, Pennsylvania).  Patched cells were verified 

to be D1- or D2-MSNs by GFP, EYFP, or mCherry fluorescence using a QiClick camera 

(Q-Imaging, Surrey, Canada). Recordings were obtained using a computer-controlled 

amplifier (MultiClamp 700B; Molecular Devices, Sunnyvale, California). Signals were 

digitized at 20 kHz (Digidata 1322; Molecular Devices) and acquired with AxoScope 9 

(Molecular Devices). Patch pipettes were pulled with resistances of 3-7 MΩ. For intrinsic 

excitability recordings and validation recordings, patch pipettes were filled with (in mM): 

115 K-gluconate, 10 HEPES, 2 MgCl2, 20 KCl, 2 MgATP, 2 Na2-ATP, 0.3 GTP, pH 7.4; 

285–295 mOsm. 

 In current clamp, current was injected to hold cells at -75 mV. Cells with resting 

membrane potentials >-70 mV were excluded. Rheobase was determined by injecting a 
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ramp of current and examining the current needed to elicit the first spike. The number of 

spikes elicited from current injections was determined by injecting 500 msec square 

currents from 50-400 pA. For voltage clamp recordings, a cesium-gluconate internal 

solution was used (in mM): 115 Cs-gluconate, 20 CsCl, 10 HEPES, 2 MgCl2, 2 MgATP, 

2 Na2ATP, 0.3 GTP, pH brought to 7.3 with CsOH (290-295 mOsm). In voltage clamp 

recordings, miniature excitatory post-synaptic current (mEPSC) was observed at a -70 mV 

holding potential and performed in the presence of 50 µM picrotoxin and 1.5 µM 

tetrodotoxin. Responses were verified to be excitatory by wash in of 20 µM 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX) and 100 µM of 2-Amino-5-phosphonopentanoic acid 

(AP-5; data not shown). If series resistance was altered by more than 20%, recordings were 

discarded. 

D1-Cre and D2-Cre mice were injected with AAV-DIO-ChETAA-EYFP for opsin 

validation or AAV-DIO-hM4(Gi)-mCherry for DREADDs validation. Cells were tested 

for a response in current clamp with a short 5 msec 473 nm blue light pulse and stimulated 

at 50 Hz for 5 min. For DREADDs validation, patched cells were exposed to a pulse ramp 

protocol, similar to excitability recordings, before and 1 hr after 1 µM clozapine-N-oxide 

(CNO; LKT Laboratories, Inc., St. Paul, Minnesota) wash in. 

2.2.4 CSDS and Social Interaction Test. D1-Cre, D2-Cre, D1-GFP, and D2-GFP 

mice underwent 10 day CSDS.  This is a well-established protocol that yields stress 

susceptible (mice displaying depression-like behaviors) or resilient cohorts (Berton et al., 

2006; Golden et al., 2011; Krishnan et al., 2007). Experimental mice were exposed to an 

aggressive retired CD1 breeder for 10 minutes per day and then housed within the same 

cage as the CD1 on the opposite side of a perforated divider to maintain sensory contact. 
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This was repeated for 10 days with a novel CD1 mouse on each day. On day 11, mice were 

screened in a SI behavior. Animals were placed in an open field with a perforated box 

located in a designated interaction zone for 2.5 min and assessed for time spent in the 

interaction zone using TopScan video tracking software (CleverSys, Reston, Virginia). 

Subsequently, a novel CD1 was placed in the perforated box and experimental mice were 

assessed for time spent interacting with the novel social target in the interaction zone. Mean 

interaction time was assessed in each experiment. For each experiment, animals were 

deemed susceptible, if interaction times were two standard deviations below the mean of 

non-defeated controls, or resilient if they did not fall into this category. Mice that received 

CSDS and optogenetic or pharmacogenetic manipulations underwent a second SI. 

2.2.5 Sucrose Preference Test. Sucrose preference was examined the two days 

following the second SI test for CSDS mice or the first SI test for SSDS mice (see below) 

using a two bottle choice preference paradigm. Two days prior to sucrose, animals were 

habituated to two bottles filled with water. For testing, bottles were filled with either 1% 

sucrose or water and placed evenly on two sides of a cage top. Bottles were alternated to 

the opposite side following each daily measurement. Preference was measured by 

examining the change in liquid weight of sucrose containing bottles compared to water 

bottles (sucrose day 1- sucrose day 2)/[(sucrose day 1- sucrose day 2)+(water day 1- water 

day 2)].   

2.2.6 In Vivo Optogenetic Stimulation after CSDS. Following CSDS, D1- and 

D2-Cre mice were implanted with chronic fibers (see above) and stimulated with 473 nm 

blue light two times a day (morning and evening), 15 min per session, for 5 days at 50 Hz, 

5 sec on/off cycles, 50% duty cycle, 3-5 mW from tip of fiber using 473 nm DPSS lasers 
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obtained from OEM Laser Systems (Midvale, Utah). On day 26, mice were stimulated once 

in the morning prior to SI in their home cage which was placed adjacent to the CD1 

aggressor cage.  

To assess the behavioral effect of a range of frequencies for repeated stimulation, 

C57BL/6J mice (JAX) injected with AAV-hsyn-ChR2(H134)-EYFP or AAV-hsyn-

ChETAA-eYFP were stimulated for 5 days with either 10 Hz (ChR2(H134)) or 20-130 Hz 

(ChETAA) 473 nm blue light stimulation, 5 sec on/off cycles, 50% duty cycle, 3-5 mW 

from the end of the fiber tip. Two stimulations were performed each day (morning and 

evening) for 4 days and 1 stimulation session was performed before SI. 

For acute optogenetic manipulation experiments, D1-Cre, D2-Cre, or C57BLJ/6 

mice were stereotaxically injected bilaterally with either AAV-DIO-ChR2(H134)-EYFP, 

AAV-hsyn-ChETAA-EYFP, or the halorhodopsin AAV-hsyn-eNpHR3.0-EYFP in the 

NAc prior to CSDS. Following CSDS, mice were tested in SI and, the next day, were 

implanted with bilateral chronically implantable fibers (see above). For stimulation, 473 

nm blue light was delivered at frequencies of 10 Hz and 130 Hz (5 sec on/off cycles, 50% 

duty cycle, 3-5 mW from end of the fiber tip) during a second test. For inhibition, 

continuous green light (532 nm, 3-5 mW from fiber tip) was delivered through the fibers 

during a second SI test using a 532 nm DPSS laser (OEM Laser Systems).  

2.2.7 SSDS and Optogenetic Stimulation. On day 1, D2-Cre mice were injected 

with AAV-DIO-ChETAA-eYFP and implanted with 4 mm chronically implantable fibers. 

On days 4-17, mice were stimulated morning and evening with 50 Hz, 473 nm blue light 

stimulation, 5 sec on/off cycles, 50% duty cycle (see above). On day 18, mice were exposed 
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to 3 social defeat sessions: 5 min of physical defeat followed by 15 min with no defeat. 

During the 15 min of no social defeat, mice received blue light stimulation.  

2.2.8 Pharmacogenetic Inhibition after CSDS. For repeated inhibition 

experiments, D1-Cre and D2-Cre mice were stereotaxically injected bilaterally with AAV-

DIO-hM4D(Gi)-mCherry and subsequently run through CSDS on days 7-17. On days 19-

22, animals were injected at 8:00 and 18:00 intraperitoneally with 5 mg/kg of CNO (LKT 

Laboratories), the ligand designed to activate the receptors (Armbruster et al., 2007; 

Ferguson et al., 2011; Ferguson et al., 2013; Rogan et al., 2011), or 0.9% saline. On day 

23, animals were injected at 8:00 prior to SI. 

2.2.9 Immunohistochemistry. D1-Cre and D2-Cre mice were perfused with 4% 

paraformaldehyde (PFA) in 1X phosphate buffered saline (PBS), brains were extracted, 

and left in PFA solution overnight. Brains were cryoprotected in 30% sucrose and 

cryosectioned at 35 µm (Leica, Buffalo Grove, Illinois). Immunofluorescence was 

performed according to previous studies (Lobo et al., 2010; Chandra et al., 2013). Sections 

were blocked for 1 hr in 3% normal donkey serum with 0.3% Triton-X then incubated in 

1:5000 chicken anti-GFP primary antibody (Aves Labs, Tigard, Oregon) for EYFP or 

1:1000 rabbit anti-dsRed primary antibody (Clontech, Mountain View, California) for 

mCherry overnight. Brain sections were rinsed with 1X PBS and underwent 1 hr incubation 

in secondary antibody: 1:1000 donkey anti-chicken Alexa488 (Jackson ImmunoResearch, 

West Grove, Pennsylvania) or 1:500 Cy3 anti-rabbit (Jackson ImmunoResearch). 

Immunofluorescence imaging was performed on an Olympus Bx61 confocal microscope.  

2.2.10 Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-

PCR). NAc tissue punches were collected under a fluorescent dissecting scope after 
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behavioral testing of mice that underwent optogenetic and pharmacogenetic manipulation. 

Tissue was flash frozen on dry ice and stored at -80°C until further use. RNA was extracted 

using the E.Z.N.A. MicroElute Total RNA Kit (Omega, Norcross, Georgia) with a DNase 

digestion. RNA concentration was determined using a Nanodrop Spectrophotometer 

(Thermo Scientific, Waltman, Massachusetts). cDNA was synthesized from RNA using 

reverse transcriptase qScript cDNA Superscript kit (Quanta, Gaithersburg, Maryland). 

Quantitative PCRs using PerfeCTa SYBR Green FastMix (Quanta, Gaithersburg, 

Maryland) were performed to measure differences in RNA expression. A 2-∆ΔCt method, as 

previously described (Krishnan et al., 2007; Vialou et al., 2010) was used to analyze 

changes in RNA expression. GAPDH was used as a normalization control. The following 

primers were used: 

caspase 1,  

forward: ATGCCTGGTCTTGTGACTTGG, reverse: 

AATGTCCCGGGAAGAGGTAGA;  

caspase 3,  

forward: AGCTGTCAGGGAGACTCTCAT, reverse: TTGAGGTAGCTGCACTGTGG;  

caspase 8,  

forward: GCGTGAACTATGACGTGAGC, reverse: AAGCCATGTGAACTGTGGAGA;  

caspase 9,  

forward:CGAAGCTCTCATGGCTTGGA, reverse: ACTGCTCCACATTGCCCTAC;  

neuronal nuclei (NeuN),  

forward: CAGACACTGGGGAAGACCTG, reverse: CCTAGGAACCCCCTGTCTGG;  

GAPDH,  
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forward: AGGTCGGTGTGAACGGATTTG, reverse: 

TGTAGACCATGTAGTTGAGGTCA 

2.2.11 Statistical Analyses. Analyses were performed using Graphpad Prism 5 

software. Behavioral data from one SI session and electrophysiological data was analyzed 

by one-way ANOVA analyses. Two-way repeated measure ANOVA analysis was used to 

analyze behavioral changes for pre- and post- treatment (light or CNO; i.e., two SI sessions). 

Two-way ANOVA tests were used to analyze differences in sucrose preference. 

Differences between the non-defeated group and other groups were determined by 

Bonferroni post-hoc tests. Students t-tests were used to compare changes in RNA 

expression between stimulated or inhibited groups and control groups. A students t-test 

was used to analyze differences in medium spiny neuron (MSN) firing rates in Day 1 vs 

Day 5. All other statistics were performed as described in the main text or figure legends. 

2.2 Results 

2.2.1 Bidirectional Changes in Excitatory Input in MSN Subtypes from 

Susceptible Mice. Using whole cell patch-clamp recordings, we examined physiological 

properties in MSN subtypes in D1-GFP or D2-GFP bacterial artificial chromosome (BAC) 

transgenic mice (Gong et al., 2003) that are susceptible (those displaying depression-like 

behaviors) or resilient (those that do not display depression-like behaviors) to a 10 day 

CSDS (Beron et al., 2006, Krishnan et al., 2007). CSDS is a well validated stress- induced 

model of depression (Berton et al., 2006; Christoffel et al., 2011; Krishnan et al., 2007; 

Vialou et al., 2010; Chaudhury et al., 2013) in which experimental mice undergo 10 min 

social defeat episodes with a novel retired CD1 breeder each day for 10 days. On day 11, 

mice were assayed in a social interaction (SI) test and separated into susceptible and 
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resilient cohorts based on their SI scores (Krishnan et al., 2007) (Figure 2.1). We examined 

excitatory synaptic input onto MSN subtypes after CSDS. Susceptible mice display 

decreased time interacting with a novel social target, while resilient mice interact with the 

social target similar to non-defeated animals (Figure 2.2A). There was no difference in 

interaction time without the target present between all groups (Figure 2.2A). D1-MSN 

mEPSC frequency was decreased in susceptible conditions while amplitude remained 

unchanged (Figure 2.2B). In contrast, the frequency of mEPSCs increased in D2-MSNs 

from susceptible mice, with no alterations in mEPSC amplitude (Figure 2.2C).  

2.2.2 Intrinsic Excitability is Altered in D1-MSNs from Susceptible Animals. 

To determine if the change in excitatory synaptic input corresponds to excitability changes 

in MSN subtypes after CSDS, we measured the intrinsic excitability of these MSN 

subtypes. Susceptible animals displayed significantly decreased time interacting with a 

novel target as compared to no defeat and resilient animals (Figure 2.3A). In D1-MSNs 

from susceptible mice, we observed an increase in current-induced neuronal firing at 200-

300pA, with a decrease in rheobase (the current needed to elicit firing) (Figure 2.3B), 

while resilient mice displayed no change in D1-MSN intrinsic excitability (Figure 2.3B). 

Intrinsic excitability and current-induced neuronal firing was unaltered in D2-MSNS in 

susceptible and resilient mice (Figure 2.3C).  

2.2.3 Optogenetic Stimulation of D1-MSNs After CSDS Promotes Resilience. 

Since we observed altered excitatory synaptic input and/or intrinsic excitability in MSN 

subtypes after CSDS, we next used an optogenetic strategy to enhance activity of D1-MSN 

or D2-MSNs in susceptible or resilient mice (Kravitz et al., 2012; Kravitz et al., 2010; Lobo 

et al., 2010; Tai et al., 2012; Bock et al. 2013; Ferguson et al., 2013). We performed blue 
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Figure 2.1. Distribution of Social Interaction Times following CSDS. 

 (A-C) Time in the interaction zone with the target present was used to assay social interaction. 

Social interaction times are grouped by genotype and contain interaction times from all 

experiments. (A) Social interaction times of D1-GFP and D2-GFP mice used for 

electrophysiological recordings. (B-C) Social interaction times of D1-Cre and D2-Cre mice used 

for ChETAA stimulation and DREADDs inhibition experiments.   
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Figure 2.2. Excitatory Input is Altered in MSN Subtypes After CSDS.  

(A) Susceptible mice, used to examine alterations in excitatory input, spend significantly less 

time interacting with a novel mouse, while resilient mice used in these measures interact the 

same as control (no defeat) animals (One-way ANOVA F2,19 = 12.00, p < 0.01, n = 6-8 per 

group). No differences were observed when a social target was not present (One-way ANOVA 

F2,19 = 0.80, p > 0.05). (B-C) Excitatory synaptic input measures in D1-MSNs and D2-MSNs 

in susceptible and resilient mice after CSDS. (B) Susceptible mice displayed decreased mEPSC 

frequency in D1-MSNs (One-way ANOVA F2,33 = 3.49, p < 0.05, n = 9-13 cells per group) 

with no change in mEPSC amplitude (One-way ANOVA F2,33 = 0.29, p > 0.05). (C) D2-MSNs 

from susceptible animals displayed increased mEPSC frequency in D2-MSNs (One-way 

ANOVA F2,23 = 23.87, p < 0.0001, n = 7-9 cells per group), but not in mEPSC amplitude (One-

way ANOVA F2,23 = 0.23, p > 0.05). 
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Figure 2.3. Intrinsic Excitability is Altered in D1-MSNs After CSDS.  
(A) Susceptible mice, used to examine intrinsic excitability, spend significantly less time in the 

interaction zone while resilient mice interact the same as controls (One-way ANOVA F2,21 = 

16.50, p < 0.0001, n = 6-10 animals per group). No target conditions were similar across groups 

(One-way ANOVA F2,21 = 0.54, p > 0.05). (B-C) Intrinsic excitability measures of D1-MSNs 

and D2-MSNs from susceptible and resilient mice after CSDS. (B) Susceptible mice display 

increased rheobase, the amount of current needed to elicit an action potential (One-way ANOVA 

F2,30 = 10.71, p < 0.001, n = 8-13 cells per group) and current-evoked spikes in D1-MSNs (Two-

way ANOVA with a main effect of CSDS phenotype F2,119 = 8.15,  p < 0.001, n = 5-8 cells per 

group). (C) In D2-MSNs, no changes were observed in rheobase (One-way ANOVA F2, 27 = 

0.08, p > 0.05, n = 8-12 cells per group) or current-evoked spiking (Two-way ANOVA no effect 

of CSDS Phenotype F2,115 = 1.23, p > 0.05, n = 6-11 cells per group). 
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(473 nm) light stimulation of the channelrhodopsin ChR2(H134) and ChETAA expressing 

D1-MSNs, D2-MSNs, or total NAc neurons (Figure 2.4, Figure 2.5). We previously 

demonstrated selective expression of ChR2(H134)-EYFP in MSN subtypes of D1-Cre and 

D2-Cre mice (Lobo et al., 2010) and observed ChETAA-EYFP expression in NAc cell 

bodies and appropriate terminals of D1-Cre and D2-Cre mice (Figure 2.4A). Blue light 

(473 nm) stimulation reliably activated MSNs expressing ChETAA (Figure 2.4B). Acute 

stimulation of all NAc neurons or NAc MSN subtypes in susceptible mice during SI 

produced no behavioral changes (Figure 2.5A).  

Recent studies demonstrate that repeated optogenetic stimulation paradigms alter 

emotional behaviors and molecules implicated in such behaviors (Ahmari et al., 2013; 

Lobo et al., 2013; Lobo et al., 2010; Sidor and McClung, 2014). Furthermore, repeated 

high frequency stimulation (HFS) of the NAc in DBS patients promotes antidepressant 

effects in individuals with treatment resistant depression (Bewernick et al., 2012; 

Schlaepfer et al., 2008; Schlaepfer and Bewernick, 2014).  Therefore, we assessed a range 

of stimulation frequencies of NAc neurons after CSDS in mice injected with ChETAA or 

ChR2(H134) using a repeated stimulation paradigm (Figure 2.4C, Figure 2.5B). Five days 

of repeated high frequency (≥50 Hz) blue light pulses to D1-MSNs restored SI time to no 

defeat control levels in mice susceptible to CSDS (Figure 2.4D, Figure 2.5B) and this 

stimulation did not alter interaction time when the novel social target was not present. 

Repeated 50 Hz activation of D1-MSNs promoted similar sucrose consumption in 

susceptible mice compared to EYFP no defeat controls. However, we also observed an 

increase in sucrose preference when activating D1-MSNs in no defeat controls (Figure 

2.4D) suggesting increases in sucrose preference was a result of stimulation alone in 
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defeated and non-defeated groups. Additionally, repeated HFS (≥50 Hz) of total NAc 

expressing AAV-hSyn-ChETAA-EYFP neurons enhanced the SI time in susceptible mice, 

similar to the D1-MSN results (Figure 2.5B). We observed no change in SI or sucrose 

preference following 50 Hz repeated stimulation in MSN subtypes of susceptible D2-Cre 

and resilient D1-Cre and D2-Cre mice (Figure 2.6E, Figure 2.7). There was no observed 

change in locomotor activity in D1-Cre and D2-Cre mice with the 50 Hz stimulation 

paradigm (Figure 2.7B). Furthermore, 50 Hz stimulation had no effects on expression of 

cell death markers and NeuN in NAc (Figure 2.7C).  

2.2.4 Stimulation of D2-MSNs in Stress Naïve Mice Promotes Susceptibility to 

SSDS. Since we observed a change in excitatory input onto D2-MSNs in susceptible mice 

(Figure 2.2C), but were unable to alter behavioral outcomes to CSDS when activating 

these MSNs (Figure 2.4E), we then tested whether repeated activation of D2-MSNs in 

stress naïve mice would confer vulnerability to a 1 day SSDS (Chaudhury et al., 2013; 

Christoffel et al. 2011; Krishnan et al., 2007; LaPlant et al., 2010; Vialou et al., 2010; 

Walsh et al., 2014). D2-Cre mice received blue light, 50 Hz priming pulses to ChETAA 

expressing NAc D2-MSNs for 4 days prior to SSDS (Figure 2.6). Mice then underwent 

three 5 min social defeat episodes with 15 min time periods during which D2-MSNs 

received blue light pulses in their home cages. We found that this priming stimulation 

paired with stimulation of D2-MSNs between SSDS sessions could induce susceptibility 

in SI with no change in sucrose preference (Figure 2.6B). This stimulation paradigm had 

no effect on time spent in the interaction zone without the novel social target present or on 

locomotor behavior (Figure 2.6B and Figure 2.7B). 
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Figure 2.4. Repeated Activation of D1-MSNs, but Not D2-MSNs Following CSDS Promotes 

Resilience. 

(A) Sagittal brain images in D1-Cre and D2-cre animals demonstrating ChETAA expression in 

appropriate terminals of each MSN subtype. ChETAA expressing D1-MSNs project to ventral 

pallidum (VP), globus pallidus internal (GPi), ventral tegmental area (VTA), and substantia nigra 

(SN) and D2-MSNs project to VP (scale bar 200 µm). (B) 50 Hz blue light stimulation of 

ChETAA elicits 13-14 Hz firing frequencies in a representative MSN. (C) Experimental Timeline 

of CSDS, repeated optogenetic activation, and behavioral assays in D1-Cre and D2-Cre mice. 

(D) Repeated 50 Hz blue light pulses to the NAc of susceptible D1-Cre mice expressing ChETAA 

produces an increase in time spent interacting with a novel CD1 target (Two-way repeated 

measures ANOVA significant interaction F3,20 = 6.26, p < 0.01, with a main effect of stimulation 

F3,20 = 7.88, p < 0.01, n = 4-8 animals per group), but does not alter interaction time without the 

social target (Two-way repeated measures ANOVA non-significant interaction F3,20 = 1.52, p > 

0.05). Repeated 50 Hz blue light pulses to D1-MSNs also enhanced sucrose preference in 

susceptible and no defeat controls (Two-way ANOVA main effect of stimulation F1,24 = 13.96, 

p = 0.001 and CSDS F1,24=18.81, p < 0.001) (E) Repeated 50 Hz blue light pulses to the NAc of 

susceptible D2-Cre animals does not alter time spent interacting with the target or no target 

(Two-way repeated measures ANOVA non-significant interaction: Target F3,19 = 0.21, p > 0.05; 

No target: F3,19 = 2.28, p > 0.05) and mice remained anhedonic as measured by sucrose 

preference (Two-way ANOVA non-significant interaction F1,19 = 0.00003, p > 0.05; n = 4-8 per 

group). Groups were compared to no defeat EYFP group using a Bonferroni post hoc test: n.s. 

not significant, *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. 
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Figure 2.5. SI Outcomes to Acute and Repeated ChR2(H134) and ChETAA Blue Light 

Stimulation at Multiple Frequencies.  
(A) Susceptible mice receiving acute 130 Hz stimulation to the whole NAc display no alteration 

in social interaction (Two-way ANOVA no interaction F1,16 = 0.21, p > 0.05, n = 4-6 per group). 

D1-Cre mice and D2-Cre mice remain susceptible after acute 10 Hz or 130 Hz stimulation of 

ChR2(H134) expressing D1-MSNs (One-way ANOVA F2,12 = 11.01 , p < 0.01, defeat groups 

are not significantly different, n = 3-5 per group) or D2-MSNs (One-way ANOVA F2,12 = 9.81, 

p < 0.01, defeat groups are not significantly different, n = 3-5 per group). (B) Stimulation 

frequencies ≥50 Hz in the whole NAc (Two-way repeated measures ANOVA significant 

interaction F5,35 = 2.72, p < 0.05 with a main effect of stimulation F5,35 = 10.67, p < 0.0001, n = 

6-8 animals per group) increased social interaction. In D1-MSNs, frequencies >50 Hz restores 

normal sucrose preference (Two-way repeated measures ANOVA with a significant interaction 

F5,23 = 3.17, p < 0.05 and a main effect of pre- post-stimulation time F1,23 = 5.25, p < 0.05 and a 

main effect of frequency of blue light stimulation F5,23 = 3.51, p < 0.05). Bonferroni post-hoc 

test: n.s. non-significant, *p < 0.05, **p < 0.01. Error bars represent SEM. 
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2.2.5 Pharmacogenetic Inhibition of D1-MSNs Shifts Resilient mice to a 

Susceptible Phenotype. To determine if inhibiting NAc neurons could alter depression-

like outcomes to CSDS, we first examined acute optogenetic inhibition of NAc during SI. 

C57BL/6J CSDS mice were injected in the NAc with AAV-hsyn-eNpHR3.0. No effects 

were observed from acute inhibition of the NAc in both susceptible and resilient animals 

(Figure 2.9). Next, we took a pharmacogenetic approach to repeatedly silence MSN 

subtypes using the hM4(Gi) inhibitory designer receptor exclusively activated by a 

designer drug (DREADD; (Bock et al., 2013; Ferguson et al., 2011; Ferguson et al. 2013; 

Rogan and Roth, 2011). D1-Cre or D2-Cre mice received stereotaxic infusion of the DIO-

AAV-hM4(Gi)-mCherry to NAc. We observed hM4(Gi)-mCherry expression in NAc cell 

bodies and respective D1-MSN and D2-MSN terminals (Figure 2.8A) and we reliably 

inhibited neuronal firing with the hM4(Gi) ligand, clozapine-N-oxide (CNO, 1 µM; Figure 

2.8B). Following CSDS, CNO (5 mg/kg) or saline was administered (intraperitoneal 

injections) (Rogan and Roth, 2011) for 5 days to CSDS D1-Cre and D2-Cre mice (Figure 

2.8C). Repeated inhibition of D1-MSNs in resilient mice decreased SI time and sucrose 

preference (Figure 2.8D). No effect was observed with CNO administration to resilient 

D2-Cre mice (Figure 2.8E) or susceptible mice of both genotypes (Figure 2.9B,C). CNO 

treatment did not alter interaction zone times when the novel social target was not present 

(Figure 2.8D,E, Figure 2.10A),   

nor did it have effects on locomotion (Figure 2.9B). NeuN and cell death markers are 

unaltered after this 5 day inhibition paradigm (Figure 2.10C).  
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Figure 2.6. Repeated Activation of D2-MSNs in Stress Naïve Mice Induces Susceptibility to 

SSDS.  
(A) Experimental timeline of D2-Cre optogenetic stimulation and SSDS. (B) D2-Cre mice 

receiving repeated priming 50 Hz blue light pulses to NAc prior to SSDS and during SSDS 

displayed reduced social interaction (One-way ANOVA F2,28 = 3.75, p < 0.05, n = 6-8 animals 

per group) with no alteration in no target interaction (One-way ANOVA F2,28 = 0.26, p > 0.05). 

Sucrose preference was unaltered in these conditions (One-way ANOVA F2,13 = 0.10, p > 0.05). 

Groups were compared to no defeat EYFP group using a Bonferroni post hoc test *p < 0.05. 

Error bars represent SEM. 
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Figure 2.7. D1-Cre and D2-Cre Resilient Mice CSDS Behaviors, Locomotor Measures, and 

Cell Death Marker Analysis with ChETAA stimulation.  
(A) Resilient D1-Cre mice display no change in target times (Two-way repeated measures 

ANOVA non-significant interaction F3,21 = 1.82, p > 0.05, n = 4-6 animals per group), no target 

times (Two-way repeated measures ANOVA no interaction F3,21 = 0.55, p > 0.05), or sucrose 

preference (Two-way ANOVA interaction F1,21 = 4.12, p > 0.05) after repeated 50 Hz blue light 

stimulation of D1-MSNs. Resilient D2-Cre animals display no change in target times (Two-way 

repeated measures ANOVA non-significant interaction F3,34 = 0.26, p > 0.05, n = 6-8 animals 

per group), no target times (Two-way repeated measures ANOVA no interaction F3,19 = 1.825, 

p > 0.05), or sucrose preference (Two-way ANOVA no interaction F1,18 = 0.002, p > 0.05) after 

repeated 50 Hz blue light stimulation of D2-MSNs. (B) In all D1-Cre SDS animals, no changes 

in distance (Two-way repeated measures ANOVA no interaction F3,24 = 1.97, p > 0.05) or 

velocity (Two-way repeated measures ANOVA no interaction F3,40 = 0.65, p > 0.05) are observed 

following blue light stimulation. In all D2-Cre SDS animals, no changes in distance (Two-way 

repeated measures ANOVA non-significant interaction F2,22 = 0.22, p > 0.05) or velocity (Two-

way repeated measures ANOVA non-significant interaction F2,22 = 0.27, p > 0.05) are observed 

following blue light stimulation. There are no alterations in cell-death markers or the neuronal 

marker, NeuN, as shown by real-time quantitative RT-PCR analysis (means are not different 

between all EYFP and ChETAA pairs Students t-test p>0.05). 
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Figure 2.8. Repeated Pharmacogenetic Inhibition of D1-MSNs but not D2-MSNs Induces 

a Pro-Depressive Phenotype.  
(A) Experimental Timeline of CSDS and repeated pharmacogenetic inhibition of D1-Cre and 

D2-Cre mice. (B) Sagittal confocal images of hM4(Gi)-mCherry expression D1-MSNs and D2-

MSNs in the NAc. hM4(Gi) expressing D1-MSNs project to ventral pallidum (VP), globus 

pallidus internal (GPi), ventral tegmental area (VTA), and substantia nigra (SN) and D2-MSNs 

project to VP (scale bar 200 µm). (C) Representative traces from a current clamp slice recording 

of an MSN expressing the hM4(Gi) receptor. A decrease in spiking and input resistance was 

observed 1 hr following CNO wash on. (D) In resilient D1-Cre mice, repeated CNO injections 

reduced social interaction time (Two-way repeated measures ANOVA significant interaction 

F3,21 = 5.40, p < 0.01 with a main effect of treatment F3,21 = 6.354, p < 0.01; n = 4-8 animals per 

group) and decreased sucrose preference (Two-way ANOVA significant interaction F1,21 = 

11.19, p < 0.01 with a main effect of treatment F1,21 = 11.65, p < 0.01) without altering interaction 

zone times without the target present (Two way repeated measures ANOVA non-significant 

interaction F3,21 = 1.13, p > 0.05). (E) No effects were observed in time spent in the interaction 

zone with the target or no target (Two-way repeated measures ANOVA non-significant 

interaction: Target F3,15 = 0.26, p > 0.05); No target F3,15 = 1.28, p > 0.05), or in sucrose 

preference (Two-way ANOVA non-significant interaction F1,15 = 0.52, p > 0.05) in resilient D2-

Cre mice. Groups were compared to no defeat saline group using a Bonferroni post hoc test *p 

< 0.05, ***p < 0.001. Error bars represent SEM. 
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Figure 2.9. Optogenetic inhibition of NAc Cells in Susceptible and Resilient Mice has No 

Effect on Social interaction.  
No changes in social interaction are observed during inhibition of MSNs in susceptible animals 

(One-way ANOVA F2,11 = 10.53, p < 0.01, defeat groups are not significantly different, n = 3-6 

per group) or resilient animals (One-way ANOVA F2,10 = 0.22, p > 0.05, n = 3-5 per group) 

during SI. Error bars are SEM. 

 

Figure 2.10. D1-Cre and D2-Cre Susceptible Mice CSDS Behaviors, Locomotor Measures, 

and Cell Death Analysis with Pharmacogenetic Inhibition.  
(A) Susceptible D1-Cre mice display no change in target times (Two-way repeated measures 

ANOVA no interaction F3,23 = 0.39, p > 0.05, n = 4-8 animals per group), no target times (Two-

way repeated measures ANOVA no interaction F3,14 = 1.13, p > 0.05), or sucrose preference 

(Two-way ANOVA no interaction F1,20 = 1.11, p > 0.05) after repeated injections of CNO. 

Susceptible D2-Cre mice display no changes in target times (Two-way repeated measures 

ANOVA no interaction F3,22 = 0.41, p > 0.05, n = 4-8 animals per group), no target times (Two-

way repeated measures ANOVA no interaction F3,22 = 1.01, p > 0.05), or sucrose preference 

(Two-way ANOVA no interaction F1,20 = 0.55, p > 0.05) after repeated injections of CNO. (B) 

In all D1-Cre CSDS mice, no change in distance (Two-way repeated measures ANOVA F3,20 = 

0.61, p > 0.05) or velocity (Two-way repeated measures ANOVA F3,20 = 0.81, p > 0.05) are 

observed following CNO-mediated inhibition of MSN subtypes. In all D2-Cre CSDS mice, no 

change in distance (Two-way repeated measures ANOVA no interaction F3,15 = 0.28, p > 0.05) 

or velocity (Two-way repeated measures ANOVA no interaction F3,15 = 1.24, p > 0.05) are 

observed following CNO-mediated inhibition of MSN subtypes. (C) There are no alterations in 

cell-death markers as shown by real-time quantitative RT-PCR analysis (means are not different 

between all EYFP and ChETAA pairs Students t-test p > 0.05). 



   

53 

2.3 Discussion 

Our study validates distinct roles for NAc MSN subtypes in mediating behavioral 

outcomes to social defeat stress. We demonstrate that repeated optogenetic enhancement 

of D1-MSN firing restores normal social interaction and sucrose preference; whereas 

pharmacogenetic-mediated inhibition of these neurons produces social avoidance and 

anhedonia. Furthermore, repeated stimulation of D2-MSNs produces social avoidance 

following a SSDS paradigm without changing sucrose preference. These results agree with 

findings demonstrating repeated restraint stress selectively produces anhedonia through 

attenuation of the strength of NAc D1-MSNs excitatory synapses (Lim et al., 2012). We 

observed a reduction in excitatory signaling to D1-MSNs following CSDS which further 

supports this point. In contrast, recent studies demonstrate enhancement of excitatory 

signaling and spine growth in MSNs of susceptible mice (Christoffel et al., 2011, Golden 

et al., 2013). Our findings suggest these observed plasticity changes are weighted toward 

D2-MSNs, since we identified enhanced excitatory input to these MSNs in susceptible 

mice.  

It is unclear which excitatory afferents regulate the bidirectional change in 

excitatory synaptic input onto MSN subtypes in susceptible conditions. The medial 

prefrontal cortex (mPFC) is a likely candidate because previous studies demonstrate 

optogenetic manipulation of mPFC or mPFC-NAc terminals promotes resilient responses 

after CSDS (Covington et al. 2010; Kumar et al., 2013; Challis et al. 2014; Vialou et al., 

2014). Other brain regions, including the ventral hippocampus (vHipp), are potentially 

responsible for these cell-type specific excitatory input adaptations through differences in 

dendritic subcellular connectivity (MacAskill et al., 2012). Similar enhancement in reward 
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and reinforcement outcomes of driving vHipp input (Britt et al., 2012) and D1-MSNs 

(Lobo et al., 2010) may suggest a role for vHipp afferent signaling to D1-MSNs in stress 

behaviors. Furthermore, chronic activation of vHipp as well as mPFC result in distinct 

patterns of induction of the transcription factor ∆FosB in NAc MSN subtypes; and ∆FosB 

mediates resiliency through D1-MSNs, while ∆FosB is induced in D2-MSNs in susceptible 

mice (Lobo et al., 2013; Vialou et al., 2010). These findings are consistent with our results 

showing repeatedly driving D1-MSN firing promotes positive, resilient outcomes 

following stress, while driving D2-MSNs promotes susceptibility.  

Surprisingly, acute activation of MSN subtypes or total NAc had no effect on 

behavioral outcomes to CSDS. It is plausible that repeated stimulation or repeated 

inhibition, which alter behavioral responses to CSDS or SSDS, results in long-term 

plasticity adaptations in the NAc (Christoffel et al. 2011; Golden et al., 2013; Lobo et al., 

2013; Vialou et al., 2010; Wilkinson et al., 2009; Wilkinson et al. 2009) that regulate stress 

outcomes. Analogously, patients with treatment resistant depression receiving HFS DBS 

display larger improvements in depression symptoms after repeated stimulation as 

compared to acute stimulation (Bewernick et al., 2012; Schlaepfer et al. 2008; Schlaepfer 

and Bewernick, 2014). These effects are similar to the resilient outcomes observed from 

repeated optogenetic HFS to the total NAc or D1-MSNs. It is also unclear as to why HFS 

is effective, whereas < 50 Hz stimulation is not. The effectiveness of HFS DBS could be 

potentially mediated by frequency band shifts in LFP oscillations and mesolimbic 

synchrony as a result of HFS (McCracken and Grace, 2009).   

The observed enhanced intrinsic excitability in susceptible D1-MSNs was 

surprising. However, this alteration could reflect a homeostatic plasticity mechanism 
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occurring in these cell subtypes to compensate for attenuation in excitatory synaptic input. 

It is plausible that neuromodulatory signaling, via increased phasic VTA-DA neuron firing, 

release of dopamine, or BDNF from VTA inputs, which has been demonstrated in animals 

susceptible to CSDS (Barik et al., 2013; Berton et al., 2006; Chaudhury et al., 2013; 

Krishnan et al., 2007; Walsh et al., 2014) mediates this potential homeostatic mechanism.  

Our study demonstrates a dynamic role for MSN subtypes in depression-like 

outcomes to social defeat stress. Intriguingly, enhancement of D1-MSN activity reverses 

the social avoidance and anhedonia behaviors characteristic of susceptible mice after CSDS 

while enhancement of D2-MSN activity promotes susceptibility to SSDS. Collectively, our 

study reveals opposing actions of these MSN subtypes in behavioral outcomes to social 

stress. 
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Chapter 3: Homeostatic recovery of stress-induced susceptibility by transcriptional 

regulation of Nucleus Accumbens D1-MSN dendritic morphology 

3.1 Introduction 

Current estimates report depression has affected at least 6.9% of the United States 

population (NSDUH Series, 2013). The pervasiveness of major depressive disorder 

warrants significant, brain region-specific mechanistic study of underlying symptomology. 

It is likely the genesis of depression is multifaceted and occurs in many distinct but 

connected limbic, cortical, and mesolimbic circuits. Of the many regions involved in the 

expression of depression, the Nucleus Accumbens (NAc) is an attractive region which 

integrates a multitude of excitatory limbic and cortical inputs involved in the expression of 

depression symptoms. In particular, NAc connectivity and activity is attenuated in 

depressed patients (Drevets et al., 1992; Savitz and Drvets, 2009) and the NAc controls the 

most prominent symptom in depression: anhedonia (Gorwood, 2008). Deep brain 

stimulation of this region is sufficient to alleviate depression in the most severe, treatment-

resistant populations (Bewernick et al., 2012; Schlaepfer and Bewernick, 2014). 

Additionally, optogenetic stimulation at similar frequencies produces anti-depressant 

outcomes to chronic social defeat stress (CSDS) (Francis et al., 2015). CSDS is a well-

validated, high throughput stress model which allows for specific analysis of individual 

phenotypes and susceptibility to stress. Social defeat stress produces profound changes in 

the NAc across many levels of neuronal homeostasis and regulation including changes in 

NAc architecture (Golden et al., 2013; Christoffel et al., 2011), synaptic excitatory 

transmission (Bagot et al., 2015; Covington et al., 2010; Christoffel et al., 2011; Christoffel 
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et al., 2015; Francis et al., 2015; Golden et al., 2013; Vialou et al., 2014), and gene 

expression (Bagot et al., 2016; Berton et al., 2006; Krishnan et al., 2007).  

NAc cellular composition is dominated by the principle projection neurons of the 

region: medium spiny neurons (MSNs). Most commonly distinguished by dopamine 

receptor expression, either dopamine 1 (D1) or dopamine 2 (D2) receptor, MSNs differ in 

their projections and peptide expression. We recently discovered dichotomous, subtype-

specific optogenetic manipulation of MSN subpopulations is sufficient to oppositely 

control outcomes to social defeat stress (Chapter 2: Nucleus Accumbens Medium Spiny 

Neuron Subtypes Mediate Depression-Related Outcomes to Social Defeat Stress). In particular, 

repeated stimulation of NAc D1-MSNs promotes anti-depressive outcomes to CSDS. NAc 

D1-MSNs, but not D2-MSNs, are required for expression of sucrose preference, a common 

measure of anhedonia in rodents (Francis et al., 2015, Lim et al., 2012). Further, D1-MSNs 

display robust changes in excitatory input (Francis et al., 2015, Lim et al., 2012) and 

excitability in mice displaying anhedonic behaviors following chronic or repeated stress 

(Francis et al., 2015). However, the overlapping changes in excitatory input and excitability 

following CSDS is unknown. Mechanistically, these changes could both be generated by 

alterations in dendritic morphology and synaptic density. In fact, social defeat stress 

produces reduced volume in susceptible mice (Anacker et al., 2016), supporting the idea 

that morphological reductions may drive these changes. Examining all MSNs within the 

NAc reveals an increase in stubby spines and increased miniature excitatory synaptic 

current (mEPSC) frequency (Golden et al., 2013; Christoffel et al., 2011); however, 

electrophysiological data indicates these changes could be restricted to D2-MSNs, 

neglecting cell-type specific changes attributable to NAc D1-MSNs. Therefore, 
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morphological changes, a factor which can generate the previously observed synaptic and 

intrinsic electrophysiological changes, may drive the observed volumetric and activity 

changes within the NAc through D1-MSNs. 

NAc-specific molecular and transcriptional control of MSN-subtype 

electrophysiological properties and dendritic morphology underlying depressive-like 

behavior is relatively unknown. The immediate early gene and transcription factor early 

growth response 3 (Egr3) is a prime candidate due to its role in stress and novelty 

(Gallitano-Mendel et al., 2007), learning and memory (Li et al., 2007), and social 

interaction (Gallitano-Mendel et al., 2008). Furthermore, control of Egr3 expression in 

MSN subtypes oppositely affects cocaine-induced reward (Chandra et al., 2015). 

Mechanistically, Egr3 is thought to act by altering expression of a wide-array of targets 

involved in neural plasticity and cytoskeletal remodeling (Quach et al., 2013). Among the 

many targets, we have identified an Egr3 binding site on the rhoA gene. RhoA is involved 

in negative regulation of dendritic morphology and once activated causes wide-spread 

retraction of dendrites and spines (Chen et al., 2007; Jan and Jan, 2010; Lee et al., 2000; 

Li et al., 2000; Nakayama et al., 2000). Therefore, negative regulation of dendritic 

morphology may be mediated by Egr3 transcriptional control of RhoA, which may underlie 

stress-induced electrophysiological and behavioral changes in NAc D1-MSNs. 

In this chapter, analysis of electrophysiological and morphological changes in NAc 

D1-MSNs demonstrates drastic morphological dendritic arborization atrophy, reduced 

excitatory synaptic activity, and reduction in intrinsic excitability following CSDS. These 

behavioral and electrophysiological deficits are recovered by D1-MSN specific Egr3 

knockdown and partially restored by both NAc specific and systemic RhoA inhibition. 
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These observations provide the first data demonstrating enhanced intrinsic excitability 

caused by deficits in synaptic excitatory activity in the NAc as an underlying mechanism 

for susceptibility to CSDS. 

3.2 Experimental Methods 

3.2.1 Experimental Subjects. Drd1a-Cre mice (D1-Cre; Line FK150) (Gong et al., 

2007) were used for viral manipulation behavioral experiments and follow-up 

electrophysiological recordings. RiboTag mice (Sanz et al., 2009) were bred with Cre mice 

to generate D1-Cre X RiboTag (D1-RiboTag) or D2-Cre Drd2-Cre (D2-Cre; Line ER44) 

X RiboTag (D2-RiboTag) mice were used for cell-type specific analysis of gene expression. 

The cell-permeable RhoA specific inhibitor Rhosin hydrochloride (R&D systems) was 

administered to D1-GFP or D1-tdTomato mice and these mice were used in follow-up 

electrophysiological recordings. C57Bl6/J wild-type mice were used for chromatin 

immunoprecipitation (ChIP) experiments and for RhoA activation assays. All mice were 

bred on a C57Bl6/J background. CD-1 retired breeders, greater than 4 months of age, were 

utilized as aggressors for social defeat stress. All subjects used in these experiments were 

male. All studies were conducted in accordance with the guidelines set up by the 

Institutional Animal Care and Use Committee at the University of Maryland, School of 

Medicine.  

3.2.2 Chronic and Subthreshold Social Defeat Stress and Drug Administration. 

CSDS was run as described previously (Francis et al., 2015; Krishnan et al., 2007; Berton 

et al., 2006). Briefly, mice were placed in a large hamster cage containing a novel, 

aggressive CD-1 retired breeder for 10 min per day. Mice were then subjected to sensory 

interaction across a perforated divider following defeat and overnight until the next defeat 
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session. On day 11, behavior was assessed using a social interaction procedure. 

Experimental mice freely explored an open field with an empty perforated plastic box for 

2.5min. A novel CD-1 was placed in the perforated box and experimental mice explored 

the open field for another 2.5 min. The amount of time experimental mice spent in an 

interaction zone surrounding the perforated box was measured. Subthreshold social defeat 

stress (SSDS) was administered similar to previously described methods (Francis et al., 

2015).  In short, mice were exposed to three distinct CD-1 aggressors for 2 min per defeat 

session. Between sessions mice received sensory contact from the same CD-1 mice for 15 

min. Social interaction as described above was performed the next day.  

For RhoA experiments, mice were injected intraperitoneally with the specific RhoA 

inhibitor Rhosin (Novus Biologicals; 40 mg/kg unless otherwise specified) or vehicle (5% 

DMSO in 0.9% saline) each day 15 min prior to the start of physical defeat. The same 

timing was used for SSDS experiments. A subset of mice were cannulated in the NAc and 

infused with 30 µM of Rhosin immediately before physical defeat. 

3.2.3 Stereotactic surgery and viral injections. The NAc (from Bregma, 

anterior/posterior: +1.6, medial/lateral: +1.5, dorsal/ventral: -4.4) of D1-Cre mice was co-

injected with AAV2.5-Ef1a-DIO-Egr3-EYFP (custom product from UNC viral vector core) 

(22) or AAV2.5-Ef1a-DIO-EYFP and AAV2.5-hsyn-DIO-Egr3miR-mCitrine or AAV2.5-

hsyn-DIO-Scramble-miR-mCitrine (22) and AAV2.5-EF1a-DIO-mCherry (UNC Viral 

Vector Core).  

3.2.4 Electrophysiological Recordings. Mice were anesthetized with isoflurane 

no later than two weeks following social interaction and perfused with oxygenated (95% 

oxygen, 5% carbon dioxide) ice cold sucrose artificial cerebrospinal fluid (ACSF) 
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containing (in mM/L): 194 sucrose, 30 NaCl, 26 NaHCO3, 10 Glucose, 4.5 KCl, 3 MgCl2, 

1.2 NaH2PO4, osmolarity 330 mOsm. NAc coronal slices (300 µm) were prepared in ice 

cold sucrose ACSF. Slices were placed in 33°C for a 1 hr incubation period before 

recording in incubation ACSF containing (in mM/L): 125 NaCl, 25 NaHCO3, 10 Glucose, 

3.5 KCl, 3 MgCl2, 1.25 NaH2PO4, 0.1 CaCl2. Whole-cell recordings were performed in 

33°C normal ACSF (altered magnesium and calcium: 1 mM MgCl2 1 mM CaCl2) under 

visual guidance of a 40x water-immersion objective (Olympus, Center Valley, 

Pennsylvania) and pseudo DIC red light. D1-MSNs were verified by mCherry coinjection 

(D1-Cre) or tdTomato/GFP genetic fluorescence expression.  Potassium gluconate based 

internal solution (concentration in mM: 126 K Gluconate, 10 HEPES, 4 KCl, 2 ATP-Mg, 

2 Na2ATP, 0.3 GTP, 0.2 EGTA, osmolarity 290-300mOsm) was used to fill all patch 

pipettes (3-8 MΩ). Signals were amplified (Multiclamp 700B; Molecular devices), 

acquired (Axoscope 9; Molecular Devices), and digitized at 20kHz (Digidata 1322; 

Molecular Devices). 

Current clamp analysis was used to examine intrinsic excitability measures while 

dynamically clamping at -75 mV. A pulse-ramp protocol generated by Master 9 (AMPI) 

was used to obtain rheobase current. Current (50-300 pA) was injected to determine 

current-firing frequency relationships across groups. Voltage clamp recordings (holding at 

-70 mV) to analyze mEPSC frequency and amplitude were performed the presence of 100 

µM PTX and 1.5 µM TTX. Series resistance was monitored online every 2 min.  

3.2.5 MSN reconstruction and dendrite and spine analysis. Following recording, 

brain slices were immediately placed in 4% PFA overnight. The following day, slices were 

processed by washing 6 times for 15 min per wash in 1X PBS followed by 5 hrs of blocking 
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in 10% normal donkey serum and 0.05% Triton X (20%) at room temp. Slices were 

incubated in 1:1000 streptavidin-Cy3 (Jackson Immuno) in blocking solution overnight. 

Slices were then washed 6 times for 10 minutes and mounted. Imaging was performed on 

an Olympus Bx61 confocal microscope. Spines found on secondary dendrites were 

analyzed. To analyze dendritic arbor, images were acquired using a Z-stack at 2 µm using 

a 20X oil immersion objective at 1.5X digital zoom. Z-stacks were then analyzed using the 

ImageJ (NIH) plugin simple neurite tracer. The built-in sholl analysis classified concentric 

ring intersections at 1 µm diameter increments. For spines, 0.2 µm slice Z-stacks were 

acquired with a 40X oil immersion objective at 3X digital zoom. Images were deconvolved 

(ImageJ, NIH) and NeuronStudio (MSSM, CNIC) was used to analyze spine density and 

classify spines. Two to three spines were analyzed per cell and all spines were averaged 

across brain sections. 

3.2.6 Chromatin Immunoprecipitation (ChIP; samples prepared by Ramesh 

Chandra). ChIP was performed as described previously (Chandra et al., 2015). Fresh 14 

gauge NAc punches were taken from 1 mm brain slices (5 animals pooled per sample), 

cross-linked with 1% formaldehyde, and quenched in 2 M glycine prior to freezing at -

80°C. NAc tissue was dounce homogenized in lysis buffer 1 containing (in mM): 50 

HEPES-KOH, 140 NaCl, 1 EDTA, pH 7.5, 10% glycerol, 0.5% NP-40, 0.25% Triton X-

100, and protease inhibitors. This step was followed by constant rotation at 4°C for 10 

minutes and centrifugation at 1350 g for 5 min. The pellet were resuspended in lysis buffer 

2 (in mM) 10 Tris, 200 NaCl, 1 EDTA, 0.5 EGTA, pH 8 and protease inhibitors (Catalog 

number) and incubated at room temperature for 10 min. Following centrifugation pellet 

were resuspended in lysis buffer 3 containing (in mM): 10 Tris-HCl, 100 NaCl, 1 EDTA, 
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0.5 EGTA, pH 8.0, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, and protease 

inhibitors. Chromatin was sheared to 500-700 bp (Diagenode Bioruptor Pico) by 8 cycles 

of 30 sec ON and 30 sec OFF. Then 1/10 volume of 10% Triton X-100 added to each 

sample to solubilize the membrane the collect the clear supernatant by centrifugation for 

10 min at 20,000 g at 4°C. 50 µl sample were save for input in -80°C. Samples were mixed 

with bead conjugates with Egr3 antibody for 16 hrs at 4°C with constant rotation. Samples 

were washed with low salt buffer, high salt buffer, LiCl wash buffer, 1xTE +50mM NaCl 

one time each and finally eluted in elution buffer by placing in thermomixter at 65°C at 

1000 RPM for 30 min. The samples were spin for 16000 g for 1minute to collect the 

supernatant in new tubes. Samples and including inputs went underwent reverse cross-

linked at 65°C overnight. The DNA was purified (Qiagen PCR purification kit). Samples 

were normalized to input controls and compared with IgG samples for qRT-PCR analysis. 

The primer sequences for ChIP samples were as follows: RhoA forward: 

GTTCTTAGCCTGTTCGGAGC, reverse: GATCACATTGGGTTTGGCGG. 

3.2.7 Cell-type specific RiboTag RNA Extraction and quantitative (q)RT-PCR 

(samples and cDNA prepared by Ramesh Chandra). Immunoprecipitation of 

polyribosomes was prepared as described previously with little modification (Chandra et 

al., 2015; Sanz et al., 2009). We pooled NAc tissue collected from two D1-RiboTag or D2-

RiboTag mice per sample 24 hr after social interaction. The NAc tissue were homogenized 

by dounce homogenizer with pestle ‘A’ and ‘B’ 15-20 times each in 500µl buffer 

containing (if unspecified units in mM): 50 Tris, 100 KCl, 12 MgCl2, and 1% NP-40 

supplemented with 1 DTT, 100 µg/ml cyclohexamide, 1 mg/ml heparin, RNAase, and 

protein inhibitors (Promega), pH 7.4. Samples were then centrifuged to collect the clear 
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supernatant and 80 µl of which was saved as an input for sample validation and stored in -

80°C. The supernatant was added directly to the anti-HA antibody (Invitrogen: 100.03D; 

Covance: MMS-101R) and incubated overnight at 4°C with agitator rotation. The 

following day, 400µl of magnetic beads protein G (Life technologies 10009D) added to 

lysate and incubate over night again with constant rotation. Next day, magnetic beads were 

washed in a magnetic rack in high-salt buffer containing (in mM): 50 Tris, 300mM KCl, 

12mM MgCl2, 1 DTT, 1% NP-40, and 100 µg/ml cyclohexamide, pH 7.4. Finally, RNA 

was extracted by adding TRK lysis buffer to the pellet (Omega, MicroElute Total RNA 

Kit) according to the manufacturer’s instructions. RNA was quantified with a NanoDrop 

(Thermo Scientific). For qRT-PCR, RNA was extracted using Trizol (Invitrogen) and the 

MicroElute Total RNA Kit (Omega) with a DNase step (Qiagen). Then, 400 ng of cDNA 

was synthesized using the reverse transcriptase iScript cDNA synthesis kit (Bio-Rad). 

mRNA expression changes were measured using qRT-PCR with Perfecta SYBR Green 

FastMix (Quanta). Quantification of mRNA changes was performed using the -ΔΔCT 

method described previously (Chandra et al., 2013; Chandra et al 2015; Francis et al 2015; 

Lobo et al., 2010) using GAPDH as a housekeeping gene. The sequence for primers used 

with RiboTag samples were as follows: GAPDH forward: 

AGGTCGGTGTGAACGGATTTG, reverse: TGTAGACCATGTAGTTGAGGTCA;  

Egr3 forward: ACTCGGTAGCCCATTACAATC, reverse: 

TGGCTGGAAAGAGCTCGAAT;  

RhoA forward: GTGAAGCCTTGTGAACGCA, reverse: 

TGAAAAGGCCAGTAATCATACACT 
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3.2.8 Statistical Analysis. All bar graphs are displayed as mean with SEM error. 

Graphpad Prism 5.0 software was used for statistical analysis. Data obtained from D1-Cre-

Ribotag or D2-Cre-Ribotag samples were analyzed by one-way ANOVA followed by 

Bonferroni post-hoc comparisons. ChIP samples were analyzed by unpaired Students t-

tests.  All data with four or more groups was analyzed using two-way ANOVA followed 

by Bonferroni post-hoc comparisons. For all post-hoc tests and figures: *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

3.3 Results 

3.3.1 D1-MSN Egr3 expression promotes susceptibility to social stress.  We 

utilized RiboTag mice (Sanz et al., 2009) crossed with D1-Cre or D2-Cre bacterial artificial 

chromosome (BAC) mice for Cre-dependent, cell-type specific isolation of MSN RNA for 

specific analysis of egr3 expression. RiboTag-Cre mice provide a powerful method to 

isolate currently translating RNA in a cell-type specific manner and has been used to 

examine the roles of Egr3 in cocaine-mediated reward behavior (Chandra et al., 2015). D1-

RiboTag or D2-RiboTag mice were run through 10 day CSDS and NAc tissue punches 

were collected. Egr3 expression was significantly up-regulated in D1-MSNs from 

susceptible mice as compared to both resilient and control mice (Figure 3.1A). No changes 

in Egr3 expression were observed in D1-MSNs of resilient mice or in D2-MSNs from any 

phenotype (Figure 3.1A). Additionally, Egr3 expression was significantly down-regulated 

following anti-depressant, repeated channelrhodopsin stimulation in D1-Cre mice (see 

Chapter 2, Figure 2.4D- groups here correspond to samples analyzed in Figure 3.1B), 

suggesting reducing Egr3 levels may promote resilience to CSDS (Figure 3.1B). Next, to 

mimic changes observed in D1-MSN subtypes, we utilized D1-Cre mice and a previously 

validated Cre-dependent adeno-associated virus (AAV) injected bilaterally in the NAc two 
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weeks prior to stress to overexpress Egr3 (Egr3-OE) in D1-MSNs (Chandra et al., 2015). 

Mice underwent a one day subthreshold social defeat stress (SSDS) to examine enhanced 

susceptibility phenotypes. D1-MSN Egr3-OE produced a robust avoidance phenotype 

while mice injected with a Cre-dependent EYFP construct displayed no significant change 

in social interaction (Figure 3.1C). Following SSDS, 27% of defeated EYFP injected mice 

and 79% of defeated Egr3-OE injected mice displayed a susceptible phenotype. No 

changes in sucrose preference were not observed, suggesting these changes were specific 

to avoidance, but not hedonic outcomes (Figure 3.1D). No alterations in locomotion were 

observed (Figure 3.2).  

3.3.2 Knockdown of Egr3 Promotes Resilience to CSDS. To examine if Egr3 

regulation could bidirectionally control outcomes to CSDS, a previously validated Cre-

dependent AAV containing a microRNA (miR) construct was used in combination with 

D1-Cre mice to knockdown transcribed Egr3 mRNA in D1-MSNs (Chandra et al., 2015). 

Previous studies displayed a NAc specific mRNA knockdown of 50% and a 60% 

knockdown in Egr3 protein in D1-Cre mice as compared to sequence scramble miR 

(Scramble-miR) injected mice (Chandra et al., 2015). We have found around 30% of cells 

express our genetic constructs (data not shown). CSDS caused social avoidance and 

reduced sucrose preference in mice injected with an AAV containing a Scramble-miR 

construct (Figure 3.3A, B). These effects were blocked by knockdown of Egr3 in D1-

MSNs. Egr3 knockdown in D1-MSNs did not affect locomotion (Figure 3.4A,B). Of the 

Scrambled-miR defeated group, 55% of mice displayed susceptibility and only 28% 

displayed susceptibility in the Egr3-miR defeated group. 
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Figure 3.1. Egr3 overexpression in NAc D1-MSNs promotes susceptibility to CSDS.  
(A) Egr3 is significantly up-regulated in NAc D1-MSNs (One-way ANOVA F2,22= 4.98, n= 5-

13 samples per group), but not D2-MSNs (One-way ANOVA F2,20= 0.51, n= 5-10 samples per 

group) in mice susceptible to CSDS. (B) ChR2(E123A) (ChETAA) anti-depressant stimulation 

of D1-MSNs significantly reduces egr3 expression (Main effect of stimulation two-way 

ANOVA F1,18= 15.11). (C) NAc D1-MSN Egr3 overexpression (OE) significantly reduces time 

mice spend in the interaction zone (Two-way ANOVA significant interaction F1,30= 7.01, n= 7-

12 mice per group). (D) NAc D1-MSN Egr3-OE does not affect sucrose preference (Two-way 

ANOVA no interaction F1,18= 0.09, 3-7 mice per group). 

 

 

 

 

 

 

 

 

 
Figure 3.3. NAc D1-MSN Egr3 knockdown promotes resilience to CSDS.  

(A) Egr3-miR blocks defeat-induced social aversion (Two-way ANOVA: Target interaction 

F1,71= 7.01, No Target no interaction F1,71= 2.79). (B) Egr3-miR blocks reduction in sucrose 

preference caused by social stress (Two-way ANOVA F1,36= 4.26).  

 

 

 

 

 

 

 

 

 
Figure 3.4. NAc D1-MSN Egr3 knockdown does not affect locomotion. 

Egr3 knockdown has no effect on (A) distance (Two-way ANOVA no interaction F1,26= 0.06) 

or (B) velocity measures (Two-way ANOVA no interaction F1,26= 0.09). 
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Figure 3.2. D1-MSN specific Egr3-OE does not affect locomotion. 

 (A) Distance (Two-way ANOVA no interaction F1,20= 1.02, 5-7 mice per group) or (B) velocity 

(Two-way ANOVA no interaction F1,20= 0.97, 5-7 mice per group) remained unchanged 

following NAc D1-MSN Egr3-OE and SSDS. 
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3.3.3 Egr3 knockdown blocks stress-induced excitatory and intrinsic 

electrophysiological changes on NAc D1-MSNs. The fact that blocking D1-MSN Egr3 

expression was capable of preventing susceptibility and that electrophysiological 

properties of D1-MSNs are altered in susceptible mice suggests Egr3-miR treatment may 

be capable of preventing changes in electrophysiology promoted by stress. To examine the 

effects of Egr3 knockdown on electrophysiological properties in NAc D1-MSNs, whole-

cell patch clamp slice physiology guided by fluorescent expression in D1-Cre mice was 

employed. CSDS produced significant reductions in frequency, but not amplitude of 

miniature excitatory post-synaptic currents (mEPSCs) (Figure 3.5A) as observed 

previously in susceptible mice (Francis et al., 2015), while D1-MSN Egr3 knockdown 

prevented mEPSC frequency changes. Next, intrinsic properties were examined in each of 

these same conditions. First, spontaneous potentials recorded in current clamp were 

verified to be excitatory by CNQX and APV wash on, which abolished all observed 

potentials (Figure 3.5B). In line with mEPSC findings, D1-MSN specific Egr3-miR 

expression blocked decreases in sEPSP frequency (Figure 3.5C).  Amplitude was observed 

to be increased by defeat and blocked by Egr3 knockdown, suggesting enhancements in 

intrinsic excitability were blocked by Egr3 knockdown (Figure 3.5C). Indeed, Egr3-miR 

injection blocked changes in intrinsic excitability caused by CSDS, while scramble-miR 

control injected mice displayed enhanced intrinsic excitability (Figure 3.6A), as observed 

previously (Francis et al., 2015). Interestingly, these CSDS changes in excitability seemed 

to be driven by enhancement in input resistance (Figure 3.6B) which was attenuated by 

D1-MSN Egr3 knockdown. Furthermore, reduced whole-cell capacitance was observed in 

CSDS mice, but not mice with D1-MSN specific Egr3 knockdown (Figure 3.6C). Taken 
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together, reduced capacitance, along with all other electrophysiological changes may 

indicate dendritic morphology is altered by CSDS. 

3.3.4 Egr3 knockdown blocks morphological changes caused by CSDS. At this 

point, no studies to date have examined dendritic arbor in NAc MSNs following stress. 

During recording, D1-MSNs were filled with neurobiotin and were stained with 

streptavidin-Cy3 fluorophore conjugate. Sholl analysis revealed D1-MSNs display 

decreased dendritic arbor complexity following CSDS (Figure 3.7A). This reduced arbor 

was blocked by Egr3-miR injections in D1-Cre mice. Comparatively, total dendritic length 

was significantly reduced in defeated Scramble-miR mice and blocked in Egr3-miR mice 

(Figure 3.7B). While a significant reduction in branch points was not observed in CSDS 

mice injected with a scrambled control miR, Egr3 knockdown significantly enhanced 

branched points in mice that underwent CSDS (Figure 3.7C). A similar change was 

observed in total spine density and immature spine types including thin spine density and 

stubby spine density (Figure 3.7D, E). No changes were observed in mushroom spine 

density, a mature spine type (Figure 3.7E). Taken together, these results suggest Egr3 

knockdown deregulates cytoskeletal proteins involved in dendritic and spine retraction 

exclusively in the context of social stress.  

3.3.5 The behavioral action of Egr3 is in part mediated through RhoA. In order 

to determine what structural molecule mediates this effect, mRNA of the RhoA, a negative 

effector of dendritic growth and a transcriptional target of Egr3, was analyzed in cDNA 

prepared from D1-RiboTag mice. We found rhoA expression significantly increased in D1-

MSNs of susceptible, but not resilient mice or D2-MSNs across all phenotypes (Figure 

3.8A). To further assess Egr3 binding to the RhoA promoter, chromatin 
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Figure 3.5. D1-MSN Egr3 knockdown prevents excitatory physiological changes caused by 

stress. 

(A) Amplitude remained unchanged by defeat or Egr3-miR (Two-way ANOVA no interaction 

F1,55= 2.78) and frequency significantly decreased by defeat was blocked by Egr3-miR (Two-

way ANOVA significant interaction F1,55= 5.34). (B) CNQX (50µM) and APV (100µM) blocked 

all detectable potentials. (C) Amplitude was significantly enhanced by defeat (Two-way 

ANOVA interaction F1,43= 4.68) and frequency is significantly decreased by defeat (Two-way 

ANOVA no interaction F1,43= 0.05; significant main effect of defeat F1,43= 18.58 and main effect 

of virus  F1,43= 8.04), which were enhanced by Egr3 knockdown. 
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Figure 3.6. D1-MSN Egr3 knockdown blocks alterations in intrinsic excitability. 

(A) Decreased rheobase by CSDS was blocked by Egr3-miR (Two-way ANOVA interaction 

F1,55= 7.25) and enhanced spiking was also blocked by Egr3 knockdown. (B) Input resistance 

changes were blocked by Egr3 knockdown (Two-way ANOVA interaction F1,58= 10.46). (C) 

Capacitance was significantly decreased by CSDS, which was blocked by Egr3 knockdown 

(Two-way ANOVA interaction F1,58= 4.37). 
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Figure 3.7. NAc D1-MSN Egr3 knockdown prevents dendritic morphological changes 

caused by stress.  
(A) The number of concentric ring intersections is decreased following CSDS. Representative 

filled cells are found below. (B) The total length of dendrites is significantly reduced by CSDS 

and restored by D1-MSN Egr3 knockdown (Two-way ANOVA interaction F1,29= 9.31). (C) 

Branch points were significantly increased by D1-MSN Egr3-miR (Two-way ANOVA 

interaction F1,29= 7.16) (D) Total density of spines was significantly increased in D1-MSN Egr3-

miR defeated mice (Two-way ANOVA interaction F1,31= 15.06). Representative spines are found 

below. Scale bar 10 µm. (E) Thin spine density (Two-way ANOVA interaction F1,31= 9.04) and 

stubby spine density (Two-way ANOVA interaction F1,31= 7.55) were increased by Egr3-miR 

and CSDS. Mushroom spine density was unchanged by virus or defeat (Two-way ANOVA 

interaction F1,31= 1.87). 
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immunopreciptation (ChIP) was performed on tissue isolated from the NAc of CSDS mice. 

Egr3 binding was significantly enhanced on the rhoA promoter (Figure 3.8B) in CSDS 

mice, suggesting Egr3 does in fact regulate rhoA expression.  

Next, we utilized the RhoA specific inhibitor Rhosin in order to inhibit the action 

of accumulated RhoA. Injection of Rhosin (i.p., 40 mg/kg) each day prior to the start of 

defeat prevented social avoidance and blocked sucrose preference deficits (Figure 3.9A,B). 

To verify Rhosin was specific to the NAc, the NAc was cannulated and Rhosin was infused 

prior to the start of defeat (Figure 3.9C). Intracranial infusion of Rhosin prior to the start 

of daily physical defeat enhanced social interaction in CSDS mice, suggesting RhoA is in 

fact mediating this effect in the NAc. To further confirm the link between Egr3 and RhoA, 

a subthreshold social defeat test was performed on mice with D1-MSN overexpression of 

Egr3, where a subset of mice were injected with either vehicle or Rhosin. Rhosin injection 

blocked susceptibility promoted by Egr3-OE (Figure 3.9D). This outcome may suggest 

accumulation Egr3 and subsequently RhoA by defeat and repeated activation of RhoA is 

necessary for a susceptible phenotype. Intraperitoneal injection (i.p.) of Rhosin did not 

affect baseline locomotion at varying doses or exploration of an open field (Figure 3.10). 

 3.3.6 RhoA inhibition blocks stress-induced electrophysiological changes in 

D1-MSNs. To determine if RhoA inhibition produces the same electrophysiological effects 

as D1-MSN Egr3 knockdown, whole-cell patch clamp was performed on defeated and non-

defeated mice injected with either Rhosin or vehicle. Similar to Egr3 knockdown, Rhosin 

blocked CSDS-induced increase in amplitude and reduction in frequency of sEPSPs 

(Figure 3.11A). Further, RhoA inhibition blocks defeat-induced enhancement of 

excitability and restores normal input resistance (Figure 3.11B,C). Capacitance was 
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Figure 3. 8. Susceptibility to CSDS enhances rhoA expression through Egr3 binding.  

(A) Expression of rhoA was significantly enhanced in D1-MSNs of susceptible mice (One-

way ANOVA F(2,18)= 3.84), without changing expression in D1-MSNs of resilient mice or 

in any D2-MSNs from any CSDS phenotype (One-way ANOVA F(2,19)= 0.40). (B) Egr3 

displayed enhanced binding on the rhoA promoter (Students t-test t(12)= 2.35). 
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Figure 3.9. Egr3 mediates susceptibility in part through NAc-specific RhoA activation.  
(A) RhoA inhibition partially restores social interaction (Two-way ANOVA, no target: no 

interaction F1,72= 0.66; target: interaction F1,72= 4.50). (B) Sucrose preference is partially 

restored by Rhosin-mediated inhibition (Two-way ANOVA, interaction F1,33= 4.24). (C) 

Intracranial injection of Rhosin in the NAc partially restores social interaction (Two-way 

ANOVA, main effect of drug F1,14= 7.14, main effect of defeat F1,14= 80.65). (D) Susceptibility 

by NAc-specific D1-MSN Egr3-OE was blocked by RhoA inhibition (Students t-test, no 

target: t(17)= 0.64 ; target: t(17)= 2.27). 
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reduced in both defeated Rhosin and vehicle treated mice (Figure 3.11D). Given the lack 

of change in whole-cell capacitance and the restoration of excitatory signaling on D1- 

MSNs with RhoA inhibition, we hypothesized the effects of RhoA may be more profound 

and specific to synaptic density rather than dendritic arbor.  

 3.3.7 RhoA inhibition partially blocks CSDS-induced changes on D1-MSN 

dendritic morphology. During recording, cells were filled, slices were fixed, and dendritic 

morphology was analyzed. Sholl analysis revealed Rhosin inhibition of RhoA had no 

apparent effect on dendritic arbor morphology (Figure 3.12A). Rhosin treatment did not 

affect defeat-induced reduction of total dendritic length (Figure 3.12B) nor did it affect 

dendritic branching (Figure 3.12C). Spine analysis revealed an increase in total spine 

density for all Rhosin treated mice (Figure 3.12D). Specifically, this change was generated 

by an increase in density of mushroom spines in all Rhosin-treated mice and an increased 

in thin spines in Rhosin-treated defeated mice (Figure 3.12E). These results suggest 

behavioral restoration by Rhosin treatment is likely generated by enhancement of spine 

density and restoration of excitatory synaptic transmission in NAc D1-MSNs. 

3.4 Discussion 

 We demonstrate for the first time NAc D1-MSNs display significant alterations in 

dendritic morphology following chronic stress. These changes have the ability to 

profoundly change excitatory input to D1-MSNs, affecting the way in which the cells 

receive and integrate information. Loss of dendritic arbor confers a change in the total 

number of synapses, an effect that could alter excitatory transmission. Egr3 knockdown 

and RhoA inhibition were sufficient to block susceptibility and restore normal intrinsic 

excitability through blockade of defeat-induced enhancement in input resistance. Both 
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Figure 3.10. Locomotor measures remained unchanged in Rhosin injected mice.  

(A) Distance traveled (One-way ANOVA no interaction F2,11= 0.71) and velocity (One-way 

ANOVA no interaction F2,11= 2.79) remained unchanged by Rhosin injection. (B) Open field 

behavior including time in center (One-way ANOVA no interaction F2,11= 0.40), time in border 

(One-way ANOVA no interaction F2,11= 0.06), and bouts in center (One-way ANOVA no 

interaction F2,11= 3.10) remained unchanged by Rhosin injection. (C) Distance traveled (Two-

way ANOVA no interaction F1,55= 0.79) and velocity (Two-way ANOVA no interaction F1,55= 

0.45) did not interact with Rhosin injection or defeat. 
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Figure 3.11. RhoA inhibition prevents D1-MSN specific enhanced excitability and changes 

in sEPSPs caused by stress.  
(A) Amplitude reduction in sEPSP (Two-way ANOVA interaction F1,45= 8.11) and reduced 

frequency in sEPSPs (Two-way ANOVA interaction F1,45= 5.79) are blocked by Rhosin 

treatment. (B) Rheobase and normal spiking is restored in defeated, Rhosin injected mice (Two-

way ANOVA interaction F1,72= 4.50). (C) Input resistance is restored by Rhosin treatment (Two-

way ANOVA interaction F1,55= 5.90), but (D) capacitance remains unchanged (Two-way 

ANOVA interaction F1,51= 0.64). Scale bar 1mV/1sec.  
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Figure 3.12. Rhosin does not influence D1-MSN dendritic arbor but may affect spine 

density.  
(A) Rhosin did not affect dendritic complexity. Representative cells are found below. (B) Total 

length (Two-way ANOVA main effect of defeat F1,26= 16.17) and (C) branch points were 

unaffected by Rhosin treatment (Two-way ANOVA main effect of defeat F1,26= 14.24). (D) 

Rhosin treatment increased total spine density in defeat mice (Two-way ANOVA main effect of 

drug F1,24= 12.17).  Representative spines are found below. Scale bar 10 µm.  (E) Thin spine 

density was significantly increased in defeated, Rhosin treated mice (Two-way ANOVA 

interaction F1,24= 6.05) and mushroom spines were increased in all non-defeated and defeated 

Rhosin injected mice (Two-way ANOVA main effect of drug F1,24= 19.12). Stubby spine density 

remained unchanged (Two-way ANOVA no interaction F1,24= 1.56). 
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manipulations were able to increase spine growth, in particular thin spine growth, but each 

treatment does not affect dendritic complexity to the same degree. Behavioral restoration 

and rheobase correlations with behavioral scores (see Discussion, Figure 4.1) would 

suggest intrinsic excitability changes drive behavioral susceptibility. 

It is hypothesized that intrinsic excitability changes drive susceptibility; however, 

excitatory transmission could be the cause of the change in excitability. Curiously, spine 

density remains unchanged in CSDS mice. In Egr3 knockdown and RhoA inhibition 

defeated mice, spine density was significantly enhanced.  It is possible the weight of the 

inputs driven by overall firing rates or probability of release is diminished following stress, 

thereby reducing input. The enhancement of spine density in both Egr3-miR and Rhosin 

defeated mice may act as a compensatory mechanism for restoring excitatory transmission, 

thus restoring normal intrinsic excitability. 

 Previously, comparison of morphological and cell-autonomous properties of MSN 

subtypes revealed morphology can in fact control excitability through a non-potassium 

based mechanism (Gertler et al., 2008). However, given the lack of restoration in 

arborization in Rhosin treated mice and the restoration of intrinsic excitability and behavior 

by RhoA inhibition, it seems unlikely that intrinsic excitability changes are driven by 

morphological changes. Rather, a homeostatic mechanism which regulates channel 

expression could be at play in order to regulate output. While reduced dendritic arbor may 

contribute to intrinsic excitability enhancements, MSN excitability is controlled by a 

number of other factors including dopamine (Azdad et al., 2009; Nicola et al., 2000; Onn 

et al., 2003), calcium conductance (Hernandez-Lopez et al., 1997), and potassium channel 

expression and conductance (Calabresi et al., 1990; Shen et al., 2004; Shen et al., 2005). It 
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is plausible that homeostatic effects caused by repetitive or constitutive enhancement of 

excitatory signaling via spine density increases could restore normal intrinsic excitability. 

These results would explain why a single defeat (i.e., SSDS) is not sufficient to produce 

susceptibility behavior; rather, repeated stress drives deficits in excitatory signaling and 

enhancements in intrinsic excitability. These results would also explain why repeated, but 

not acute manipulation of D1-MSNs is sufficient to control behavioral outcomes to CSDS 

(Francis et al., 2015). Future experiments aim to assay the activity of D1-MSNs throughout 

the defeat period with and without Egr3 knockdown.  

Results indicate Egr3 knockdown deregulates factors which negatively regulate 

cytoskeletal regression and allow for growth, specifically in the presence of stress. Social 

stress alone appears to stimulate expression of factors that positively regulate morphology, 

perhaps to combat alterations in morphology. However, the negative feedback seems to be 

unable to overcome these changes. It is possible the timing of the expression of these 

factors may critical for the final cellular and behavioral expression of repeated stress. 

Perhaps positively regulating cytoskeletal factors are up-regulated by acute stress as an 

adaptive mechanism and repeated stress may cause aberrant negative regulation over 

subsequent behavioral stress episodes. In fact, acute stress has be shown to induce 

spinogenesis via a corticosterone-dependent mechanism (Komatsuzaki et al., 2012; Nava 

et al., 2015). More research would be necessary to examine this idea. These results express 

the complexity of cellular signaling cascades that converge to produce NAc cellular 

changes and ultimately behavior. More research is necessary to examine the interplay 

between deficits in excitatory synaptic signaling and Egr3-mediated cell-type specific 

molecular expression in depression. 



   

83 

The fact that Egr3 overexpression is not sufficient alone in the absence of social 

stress suggests multiple overlapping pathways are involved in generating the final cellular 

and behavioral outcomes. First, the number of parallel stress pathways including 

glucocorticoid signaling, excitatory transmission and signaling, and modulatory signaling 

culminate to produce the final outcome. Secondly, stress causes epigenetic alterations in 

the NAc and a sort of “epigenetic priming” may allow for availability of Egr3 binding sites, 

while restricting others, programming a specific form of morphological and intrinsic 

plasticity to occur. In essence, stress itself adjusts the baseline plasticity and may drive 

meta-plasticity, altering the way in which D1-MSNs respond to signals. These changes in 

combination with Egr3 signaling are then sufficient to drive susceptibility to stress. 

Furthermore, the aforementioned synaptic homeostatic mechanism promoted by Egr3 

knockdown may prevent metaplasticity from occurring. More experiments are necessary 

to fully understand how these synaptic changes drive susceptibility in conjunction with 

Egr3. 
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Chapter 4: Discussion 

This dissertation has demonstrated for the first time CSDS produces long-term 

physiological changes caused by morphological alterations in NAc MSN subtypes, 

particularly in D1-MSNs, and repeated manipulation of MSN activity can restore or 

promote stress-induced behavioral deficits. These changes are mediated in part by 

alterations in molecular expression of the transcription factor Egr3 and its effects on 

expression of cytoskeletal-interacting molecules. Reduced volume and activity in the NAc 

of both humans (Drevets et al., 1992) and mice (Anacker et al., 2016) may be governed by 

these morphological changes and similar mechanisms. 

Examining MSNs in a non-specific manner has been critical to the understanding 

of the effects of stress in the NAc, but due to the often opposing changes observed in MSN 

subtypes, it has been necessary to study specific MSN subtypes. Susceptible mice display 

an increased number of stubby spines NAc MSNs, which confers increased frequency of 

mEPSCs (Christoffel et al., 2011). However, it is unknown which specific MSN subtype 

expresses this change. I demonstrated D1-MSNs display reduced mEPSC frequency, but 

not amplitude and D2-MSNs display enhanced frequency of mEPSCs in CSDS susceptible 

mice (Figure 2.2) (Francis et al., 2015). To better understand how changes in mEPSC 

frequency were related to susceptibility outcomes, I used data collected from Chapter 2 

(Francis et al., 2015) and conducted a correlational analysis between excitatory 

transmission on MSN subtypes and social interaction times, the primary behavioral metric 

of CSDS. I found D2-MSN mEPSC frequency positively and strongly correlates with 

behavior, while in D1-MSNs no correlation is observed (Figure 4.1A). This data suggests 

that D2-MSNs, not D1-MSNs, convey the change in frequency of mEPSCs observed in 
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non-cell type specific MSN recordings (Christoffel et al., 2011) and are more likely to 

contribute to susceptible outcomes. To complicate matters further, a moderate positive 

correlation is observed between behavior and intrinsic excitability of D1-MSNs, while D2-

MSNs display no change in intrinsic properties (Figure 4.1B), implicating D1-MSN 

intrinsic properties as one of the primary electrophysiological contributors to susceptibility.  

These two findings imply baseline excitatory transmission is weighted toward D2-MSNs 

following stress. Given the enhancement in excitability, perhaps during a salient, NAc 

stimulating event, D1-MSNs would display enhanced firing in a state-dependent fashion 

via an increase in the probability of D1-MSN firing. More research is necessary to 

determine how these two properties interact during specific behavioral events to mediate 

depressive-like outcomes. Future studies will utilize in vivo cell-type specific calcium 

imaging to examine calcium transients during behavior, correlating activity of MSN 

subtypes to stress-induced behavioral outcomes. Stimulation and inhibition experiments 

conducted in this dissertation may shed some light on how activity of MSN subtypes are 

affected by stress. 

Bidirectional stimulation of MSN subtypes is sufficient to oppositely affect 

outcomes to stress. Nevertheless, understanding how repeated, high frequency stimulation 

affects electrophysiological properties of MSNs is still undetermined. Repeated high 

frequency stimulation of NAc neurons alleviated depression-like outcomes to CSDS. It is 

likely D1-MSNs mediate this effect as cell-type specific stimulation of D1-MSNs 

mimicked non-specific NAc neuronal stimulation (Francis et al., 2015). Furthermore, 

repeated but not acute stimulation is necessary for this behavioral effect. It is unclear if 

direct elevation of D1-MSN activity during stimulation mediates this effect.  Several 
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Figure 4.1. Electrophysiological properties correlate with stress-induced behavioral 

changes in MSN subtypes.  

(A) D2-MSN mEPSC frequency displays a strong negative correlation with time in interaction 

zone (Pearson r(13)= -0.750, p= 0.003) and D1-MSNs show no correlation (Pearson r(13)= 

0.180, p= 0.557). (B) A moderate positive correlation between D1-MSN rheobase and time in 

interaction zone was observed (Pearson r(26)= 0.573, p= 0.002) and D2-MSNs displayed no 

correlation (Pearson r(16)= -0.195, p= 0.470). 
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mechanisms could exist to govern these changes. The most favored mechanism is one of 

homeostatic feedback and plasticity. Perhaps it is not stimulation of D1-MSNs, but a 

dampening of intrinsic excitability that negates the ill-effects of stress. It must be taken into 

consideration that intrinsic properties of cell firing is complicated and governed by a 

variety of complex and interacting mechanisms including alterations in potassium channel 

expression and conductance or homeostatic balance in excitatory signaling and intrinsic 

excitability (Bean, 2007). For instance, repeated optogenetic stimulation in the VTA is 

sufficient to dampen phasic firing of VTA neurons through alterations in Ih potassium 

conductance (Friedman et al., 2014), promoting resilience in CSDS mice, and providing a 

potential parallel in mechanism. Alternatively, optogenetic stimulation allows for dendritic, 

somatic, and axonal firing at high rates (Yizhar et al., 2011). In particular, axonal 

stimulation may drive higher fidelity firing rates by resisting amplitude dampening 

observed in the soma of cells (Meeks et al., 2005). Therefore, stimulation may be 

promoting plasticity in downstream regions such as the VP or VTA. Another possibility is 

that collateral firing rates may serve to balance D1-MSN and D2-MSN signaling. Collateral 

inhibition is observed between D1-MSNs and D2-MSNs (Taverna et al. 2008; Dobbs et al., 

2016). D2-MSN stimulation promotes depressive-like outcomes (4), suggesting an 

imbalance in firing of MSN subtypes could mediate these symptoms. D1-MSN to D2-MSN 

input comprises the lowest connectivity (Taverna et al., 2008) and imbalanced MSN firing 

may be the favored mechanism of D2-MSN repeated stimulation-induced susceptibility. 

Therefore, repeated stimulation of these subtypes may act through different but 

overlapping mechanisms in which a homeostatic mechanism is favored in antidepressant 

D1-MSN stimulation and an imbalanced signaling mechanism favors depressant D2-MSN 
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stimulation. Likewise, repeated inhibition may facilitate homeostatic process to enhance 

intrinsic excitability, as we were able to shift resilient mice to a susceptible outcome with 

repeated chemogenetic inhibition of D1-MSNs (Francis et al., 2015). This bidirectional 

manipulation of activity was only observed in D1-MSNs promoting the idea that D1-MSNs 

may provide a reversible switch for depression-like behavior, while aberrant D2-MSN 

activity may be involved in the transition to a depression state. 

My data supports the idea that NAc D1-MSN intrinsic excitability changes and 

alterations in mEPSC frequency are partially driven by morphological changes. Intuitively, 

a reduction in mEPSC frequency could be governed by a loss in the total number of 

synapses. Given the dramatic pruning of the size of dendritic arbors, especially at 

secondary dendrites, this change may still be observed from somatic whole-cell recordings. 

However, due to cable filtering properties, it may be unlikely that loss of synapses at the 

distal ends of dendrites due to pruning would be observed at the soma. Therefore, the 

reduction in frequency and loss of dendrites may reflect a change in more proximal 

dendritic arbors and perhaps branch specific changes in spine density, unrecognized by 

restricted dendritic morphological analysis, one shortcoming of the current work. 

I demonstrated knockdown of Egr3 in D1-MSNs was sufficient to block changes 

in morphology and subsequent electrophysiological and behavioral changes. Various 

putative promoter binding sites of Egr3 have been suggested, especially molecules 

involved in cytoskeletal reorganization and plasticity. NMDA receptors could be 

facilitating observed morphological plasticity. In coordination with CREB, Egr3 regulates 

expression of NR1 subunits of the NMDA receptor (Kim et al., 2012). NR1 is the primary 

subunit of the NMDA receptor. The NMDA receptor is critical for various forms of 
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plasticity. Hippocampal neurons in Egr3 knockout mice are insensitive to ifenprodil, a 

NMDA receptor activator, and are unable to establish long-term plasticity, suggesting 

NMDA receptors are dysfunctional or have low expression in these mice (Gallitano-

Mendel et al., 2007). Interestingly, this NR1 expression regulation is molecularly 

downstream of BDNF TrkB signaling (Caldeira et al., 2007), similar to Egr3.  

Egr3 expression can be enhanced by activation of several receptor subtypes (Figure 

1.4 from Chapter 1). BDNF TrkB signaling is known to activate expression of Egr3 

(Roberts et al., 2006). BDNF is required for expression of CSDS-induced susceptibility 

(Berton et al., 2006; Cao et al., 2010; Chaudhury et al., 2013; Friedman et al., 2014; Koo 

et al., 2012; Krishnan et al., 2007; Walsh et al., 2014;). Contrarily, increased BDNF 

signaling is thought to enhance growth of spines and dendrites (Kellner et al., 2014) and 

following stress, plasma, cortical, and hippocampal BDNF (McEwen, 2007; McEwen et 

al., 2015). However, there are several possibilities as to how this signaling may negatively 

affect neuronal growth. Perhaps negative regulation of Egr3 through repeated TrkB 

signaling may dampen expression of factors normally activated by BDNF. Alternatively, 

Egr factors bind to the p75 receptor promoter and could potentially act as a negative 

feedback mechanism for BDNF. Activation of the p75 receptor promotes opposite 

morphological outcomes in comparison to BDNF (Sun et al., 2012). The p75 receptor can 

be activated by both BDNF and the uncleaved immature form of BDNF, pro-BDNF. 

Interestingly, RhoA is directly activated by p75 receptor activation (Yamashita and 

Tohyama, 2003) which can cause reduction of spines and negative regulation of dendritic 

morphology (Chapleau and Pozzo-Miller, 2012). Activation of the p75 receptor and thus 

RhoA activation could be a parallel mechanism of RhoA-mediated dendritic atrophy after 
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stress. Enhanced RhoA expression through Egr3 could increase the amount of RhoA 

activated thus exacerbating morphological changes caused by CSDS. Interactions between 

BDNF TrkB activation and other signaling cascades, such as glucocorticoid signaling, may 

coordinate to alter morphology. BDNF was shown to mediate phasic VTA DA neuron 

stimulation susceptibility through a CRH receptor mechanism (Walsh et al., 2014). Further, 

glucocorticoid receptor (nr3c1) knockout from D1-MSNs prevents susceptibility to CSDS 

(Barik et al., 2013). Excessive glucocorticoids in the hippocampus at levels produced by 

chronic stress, significantly reduces hippocampal CA1 apical dendritic arbor and spine 

number (Gould et al., 1990; Woolley et al., 1990). Repeated corticosterone administration 

significantly reduces spine number and alters branching complexity in the NAc (Morales-

Medina et al., 2009), suggesting corticosterone could play a role in dendritic reorganization 

caused by stress. Further, CRH can cause dendritic regression in hippocampal cells by 

altering the cytoskeleton (Chen et al., 2008).  

It is quite likely RhoA is not the only molecule mediating stress-induced 

susceptibility via D1-MSNs. There are a multitude of genes with Egr3 binding sites 

involved in plasticity and dendritic morphology that display changes in expression in D1-

MSNs following CSDS (see Table 2). First, Egr3 regulates a multitude of gene targets 

involved in plasticity and cytoskeletal remodeling suggesting multiple parallel mechanisms 

may account for the effect. Next, RhoA inhibition does not alter dendritic arbor 

morphology, but affects density of spines, suggesting one of the following shortcomings: 

(a) a pharmacological inefficiency where a partial block is only occurring; (b) a lack of 

cell-type specificity due to pharmacological action on multiple cell types;  (c) a multi-

region effect where other regions showing dendritic loss are being affected by RhoA 
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inhibition; and/or (d) lack of inhibition of parallel pathways and proteins involved in 

dendritic and synaptic pruning.  Other RhoGTPases, which affect cytoskeletal dynamics, 

have been implicated in depressive-like outcomes to CSDS. In particular, Rac1 expression 

is significantly increased in mice susceptible to CSDS (Golden et al., 2013) and in D1-

MSNs of susceptible mice (Table 2). However, few other molecules, especially molecules 

which negatively regulate morphology have been examined until now and these negative 

effectors may  

dampen branching and spinogenesis. Dynamic regulation of morphology is a consequence 

of long-term plasticity. Evidence presented here may suggest multiple Hebbian and non-

Hebbian mechanisms may be at play, regulating both spine dynamics and dendritic 

morphology. The effects of Egr3 knockdown on dendritic morphology is paralleled in spine 

morphology where increased branching and spine formation is observed, suggesting 

cytoskeletal dynamics are in fact being regulated by Egr3. Interestingly, non-defeated mice 

with Egr3 knockdown do not show this exacerbation of growth. Negative regulation of the 

cytoskeleton appears to be lost in the Egr3 knockdown condition. Therefore, it appears 

Egr3 may be necessary for dendritic loss via factors that reduce dendritic branching and 

total synapse loss and behavior can be restored by enhancing synaptic density.  

4.1 Proposed Mechanism of Egr3 Behavioral Recovery 

The current proposed mechanism for D1-MSN Egr3-induced recovery is found in 

Figure 4.2. Egr3 expression is significantly increased following repeated stress episodes. 

Accumulation of Egr3 stimulates expression of RhoA, among other molecules, which 

traffics to dendritic regions and accumulates following repeated stress. Repeated stress 

dampens excitatory signaling on D1-MSNs and Egr3-targeted molecules involved in 



   

92 

Gene 

Target 

Cellular Function Fold 

Change, 

susceptible 

(susc) 

Fold 

Change, 

resilient 

(resil) 

Significance 

rac1 positive 

cytoskeleton 

effector 

3.23* 1.33 F2,18= 4.14, *p<0.05, 

cntrl vs. susc 

cdc42 positive 

cytoskeleton 

effector 

3.38# 1.18 F2,18= 3.08, #p=0.07 

hcn2 potassium channel, 

regulates intrinsic 

excitability 

0.40 0.54 F2,14= 2.46, p>0.05 

kcnj2 potassium channel, 

regulates intrinsic 

excitability 

0.32* 0.76 F2,12= 4.72, p<0.05, 

cntrl vs. susc 

kcnq3 potassium channel, 

regulates intrinsic 

excitability 

0.41* 0.52# F2,14= 5.76, *p<0.05, 

cntrl vs. susc; #p=0.07,  

cntrl vs. resil 

kcnb1 potassium channel, 

regulates intrinsic 

excitability 

0.67 0.65 F2,13= 0.26, p>0.05 

arc regulates long-term 

plasticity 

0.59** 1.40 F2,14= 5.90, *p<0.01, 

cntrl vs. susc 

camk2 regulates long-term 

plasticity 

0.78* 1.42 F2,11= 4.65, *p<0.05, 

cntrl vs susc 

gria1 glutamate receptor, 

calcium permeable 

0.64 0.91 F2,14= 1.83, p>0.05 

gria2 glutamate receptor, 

calcium 

impermeable 

3.71 1.75 F2,11= 2.38, p>0.05 

nr1 glutamate receptor, 

regulates long-term 

depression 

0.59 1.03 F2,15= 1.21, p>0.05 

Table 2. Genes involved in cellular cytoskeleton regulation and plasticity. All tests were 

performed as One-way ANOVAs on CSDS D1-RiboTag mice. Abbr. control (cntrl), susceptible 

(susc), resilient (resil) 
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dendritic pruning are activated. RhoA is also activated, exacerbating changes in excitability, 

while at the same time intrinsic, potentially potassium channel mediated homeostatic 

changes occur to restore normal output. In the case of Egr3 knockdown, stress and 

prevention of expression of cytoskeletal effectors such as RhoA allow for enhancement in 

spine growth and, through other cytoskeletal effectors, prevention of dendritic arbor loss, 

thus preventing total dendrite loss, allowing for more connections and restored excitatory 

transmission followed by a subsequent restoration of intrinsic excitability.  

 

4.2 Conclusions and Future Directions 

My results demonstrate a critical role for NAc MSN subtypes in CSDS-induced 

depression-like behavior. I found CSDS promotes significant loss of dendritic arbor 

complexity in NAc D1-MSNs through an Egr3-mediated mechanism. Restoring NAc D1-

MSN normal excitatory synaptic input through manipulation of dendritic spine density or 

repeated optogenetic stimulation, is sufficient to either block or reverse susceptibility to 

CSDS. This behavioral restoration appears to be due to a restoration in normal intrinsic 

excitability of NAc D1-MSNs.  

Intrinsic cytoskeletal regulation (i.e., through RhoGTPases and cytoskeletal 

effectors) and extrinsic pruning mechanisms (e.g., glial-mediated pruning) may both 

contribute to stress-induced removal of dendrites. Future studies will need to further 

examine Egr3 targets which mediate loss of dendritic complexity including both intrinsic 

and extrinsic factors which regulate this loss. These experiments would involve 

manipulation of expression and or activity of other cytoskeletal effectors as activity of 

RhoA does not appear to mediate the pruning of dendritic arbor. Further, microglia may be 
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Figure 4.2. Mechanism for Egr3 and Rhosin-mediated blockade of behavioral 

susceptibility through NAc D1-MSNs.  

Top left Control condition shows normal connectivity and excitatory transmission. Top right 

Loss of dendritic arbor and enhanced excitability is facilitated by reduced excitatory input. 

Bottom left Egr3 knockdown and putatively repeated stimulation blocks/restores dendritic arbor 

and enhances excitatory input, restoring excitability and behavior. Bottom right Excitability is 

restored by RhoA inhibition which enhances the number of excitatory connections to D1-MSNs. 
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activated by stress and participate in pruning. Examining stress-induced activation of 

microglia or phagocytosis would provide underlying understanding of pruning 

mechanisms. 

Furthermore, more research is needed to understand what stress-induced factors 

regulate D1-MSN intrinsic excitability which drive susceptibility. Stress-induced 

enhancements in intrinsic excitability appeared to be due to an enhancement in input 

resistance. As mentioned previously, this input change could be due to changes in 

expression of potassium channels and reduction in potassium efflux as a result, altering 

membrane properties. In fact, we found D1-MSN specific reductions in expression of the 

inward rectifying potassium channel Kir2.1 (Table 2). Therefore, Kir mediated potassium 

conductance should be examined in D1-MSNs following stress. 

My results further implicate a role for D2-MSNs in stress as repeated stimulation 

drives susceptibility to SSDS. It would be interesting to examine what, if any 

morphological changes are observed following stress and whether or not Egr3 mediates 

these changes. Evidence would point to a change in stubby spine density specifically in 

D2-MSNs as a total increase in stubby spine density is observed in all MSNs, but not D1-

MSNs. Further, correlations between this stubby spine density enhancement and frequency 

of miniature excitatory input should be conducted to determine the impact of any potential 

change. 

Of the most interest is how these physiological, morphological, and molecular 

changes mediate activity in these MSN subtypes. In particular, stress-mediated D1-MSN 

intrinsic excitability enhancements may provide a way of enhancing firing of D1-MSNs 

when the animal is in the presence of a salient stimulus. However, under basal conditions, 
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activity may remain unchanged, reflecting a homeostatic mediated effect produced by 

baseline reductions in excitatory activity. This can be imagined as follows: first, stress 

drives reduced excitatory input and as a result of this reduction, the cell attempts to 

maintain normal output by actively ramping up intrinsic excitability.  In the presence of a 

salient event, D1-MSNs are more active and thus may provide a strong, perhaps 

generalizing signal for social aversion. Currently, we have the ability to examine calcium 

activity in vivo which correlates with cellular activity. These in vivo studies will provide a 

better understanding of how MSN activity is altered by stress-induced modifications in 

cellular activation. Understanding of the dichotomous roles of NAc MSN subtypes in 

CSDS-induced susceptibility, particularly in D1-MSNs, provide valuable insight in to the 

genesis of depression.  
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Appendix 1: Protocols for Social Defeat Stress 

A1.1 Chronic social defeat stress (CSDS) 

 Social defeat stress, also known as the resident-intruder paradigm, is a well-

validated stress model to induce lasting depression symptoms (Berton et al., 2006; 

Krishnan et al., 2007). Resident-intruder behavior was first described in the 1970s in rats 

(Blanchard and Blanchard, 1977). Aggressive attacks by the resident and submissive 

behaviors by the intruder occur when flight from the aggressive situation is barred. The 

rodent is then removed from physical harm and often receive sensory exposure. Sensory 

exposure is performed using a perforated divider, exposing the intruder to aggressor scent, 

vocalizations, and sometimes brief physical contact without full body contact. This model 

of social stress is highly ethologically relevant as rodents that undergo this procedure 

experience non-habituating stress responses (Tidey and Miczek, 1997) and long-lasting 

depressive behaviors (Keeney and Hogg, 1999; Tidey and Miczek, 1997; Tornatzky and 

Miczek, 1993). Rodents respond to repeated but not acute SSRI treatment and display 

heightened anxiety (Berton et al., 2006; Krishnan et al., 2007). Further, there is a high face 

validity across social animals as social stress is the primary stressor experienced by humans. 

Many social defeat models have been developed for both rats and mice, however I will be 

discussing a sensory contact chronic mouse social defeat paradigm first described by 

Kudryavtseva et al. (1991) and used in Berton et al. (2006). This appendix is not meant to 

be an exhaustive review of the use of social defeat and for a more detailed review of the 

history and use of social stress please see reference (Hollis and Kabbaj, 2014) and (Sandi 

and Haller, 2015). For a more in-depth protocol and review see Golden et al. (Golden et 

al., 2011).  
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A1.1.1 Materials 

1. High top mouse cages with woodchip bedding for single housing experimental mice 

2. At least 10 aggressive male CD-1 retired breeders around >4 months old 

3. Large defeat hamster cages with large perforated dividers and woodchip bedding 

4. Social interaction box, perforated interaction box 

A1.1.2 Screening Aggressors 

 Screening CD-1 aggressors is a critical component of obtaining adequate defeat 

outcomes. CD-1s should be >4months in age and must be sexually experienced, retired 

breeders. When establishing a set of CD-1 aggressors, ordering double the mice required 

is also necessary as roughly half will not show high aggression. Screening is performed as 

follows. 

1. Day 1 and 2: Screening takes place for 3min. Place screener in the CD-1s home 

cage and the latency to attack is measured and recorded. If very few CD-1 mice 

attack, rescreen after a 15min latency. If no attack is observed on Day 2 after two 

subsequent defeats, the CD-1 is unlikely to attack in future defeat events and should 

be removed from the aggressor pool. 

2. Day 3: CD-1 mice are screened for several parameters. Extremely aggressive mice 

are awarded 9 points, whereas non-aggressive, non-attacking mice are awarded 0 

points. 

a. Latency to attack (0-3 points): Record the time to attack. If an aggressive 

attack is observed within 30sec, three points are given to the mouse. If two 

strong attacks are observed within 1min 30sec, two points are awarded to 

the aggressor. If one strong attack is observed throughout the session, or 
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there is a latency between attacks of more than 2min, one point is awarded. 

No attacks are awarded zero points. 

b. Number of attacks (0-3 points): As a secondary measure, the number of 

attacks can be recorded. Find the mean of the total attacks. Zero attacks 

receives zero points. Mice that display attacks two standard deviations 

below the mean number of attacks receive one point. CD-1 mice that display 

attacks at the mean receive two points and mice that display attacks two 

standard deviations above the mean are given three points. 

c. Strength of attacks (0-3 points): A strong attack at least once every 30 sec 

awards the CD-1 with three points. Zero points are awarded for no attacks. 

As a note, this measure is the most subjective. Strong attacks are determined 

relative to the attacking of other CD-1 mice. Strong attacks are best 

perceived after multiple screenings and defeats. 

3. Setting up mice for defeat:  

a. The day of the screening, mice should be housed in the large hamster cage 

on the left-hand side to facilitate ease in moving experimental mice from 

cage to cage. The CD-1 mice should be placed in these cages overnight so 

they may establish their territory. This territory will establish defensiveness. 

b. Cages should be set up to normalize the amount of aggressiveness 

experienced. That is, a mouse with a high score seven or higher should be 

placed between mice with lower scores, lower than seven, and in an 

alternating fashion. 



   

100 
 

c. At least 10 cages should be set up for defeat regardless of the number of 

animals experiencing defeat. Mice should be exposed to a novel mouse each 

day.  

A1.1.3 Chronic Social Defeat Stress Procedure 

 Procedure. Each day, experimental mice will receive a physical defeat component 

and sensory exposure to the same CD-1 mice (Figure A1.1). On day 1, mice are placed 

directly in the cage with CD-1 mice and are allowed to receive physical attacks for 10min. 

Following the 10min exposure, mice are removed and housed across the perforated divider 

for 24hrs. The next day, mice are moved into the adjacent cage and receive another 10min 

physical defeat. Mice receive this defeat cycle for 10 days. On day 10, mice are placed in 

new high top mouse cages filled with wood chip bedding directly following the physical 

defeat. Social interaction takes place on day 11. 

Social interaction. The main test of mouse social defeat is the social interaction 

test. Social avoidance outcomes positively correlate with depression behaviors (e.g., 

reduced sucrose preference) and are a quick assay for depression-like behavior. Mice are 

habituated for at least 30 min to a low light behavior room away from excessive noise. 

Experimental animals are placed in an open field with an empty perforated interaction 

chamber and allowed to explore freely for 2.5min. Mice are removed from the field and a 

novel CD-1 is placed in the chamber. Mice are then allowed to explore the chamber for 

another 2.5min. Time spent in the interaction zone surrounding the interaction chamber is 

used as the main measure. Mice with interaction times greater than or equal to 2 standard 

deviations below the control mean are considered susceptible. For a distribution analysis 

see Chapter 2, Figure 2.1. Distribution of Social Interaction Times following CSDS. 
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Alternatively, a social interaction ratio may be preferred where the amount of time in the 

interaction zone with the target present is divided by the amount of time in the interaction 

zone with the target absent. This latter method is only preferred during a real-time social 

preference task rather than the social interaction task as outlined above.  

 

Notes and Troubleshooting 

1. The high-throughput methods described here were developed for mice on a C57 

background and other strains may display different behavior. 

2. Defeats should be administered in the evening prior to the wake cycle of the mice. 

This will ensure aggressive behavior. 

3. Prosocial CD-1 behavior will necessitate replacement of that CD-1 following the 

defeat session. Prosocial behavior includes grooming of screeners or experimental 

animals, non-aggressive investigation, and facilitated grooming by the CD-1. These 

behaviors are distinct from aggressive sniffing or grooming which may also be 

observed. While one day of this type of behavior will not affect overall stress 

outcomes, several defeat sessions in which this prosocial behavior occurs may 

promote unwanted interaction effects.  

4. The time of the physical defeat can be adjusted down to 5min or more time could 

be added depending on the aggressiveness of the CD-1. Lower time will likely yield 

less susceptible mice. 

5. During social interaction, run mice in low light or red light condition to reduce 

confounding stress. We have found bright white light can enhance the stress of the 

animals. 
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Figure A1.1. Illustration of the CSDS paradigm.  

(Left) Ten days of social defeat are administered with a 10min physical defeat followed by 

24hrs of sensory interaction across a perforated divider. (Right) On day 11, mice are screened 

in a social interaction paradigm where time in the interaction zone is measured. 
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6. Wood chip bedding must be used for the defeat cages and the single housed mouse 

cages. Other bedding may interfere with outcomes (scents are accumulated in wood 

chip bedding better, mice can chew on other bedding to reduce stressful events, 

etc.). 

A1.2 Subthreshold Social Defeat Stress (SSDS)  

 The subthreshold or submaximal defeat attempts to tease out differences in 

susceptibility to stress. The stress is set at a threshold so that mice which undergo stress 

without any perturbations will display normal behavior. However, mice more susceptible 

to stress will show susceptibility outcomes (i.e., increased social avoidance). These stress 

outcomes vary depending on the behavioral effects of the treatment. The subthreshold 

defeat has been used effectively with optogenetic stimulation, genetic manipulation, and 

drug treatment with varying depression-like phenotypes. Setting the intensity of stress 

involves adjusting aggressiveness of CD-1s and time in physical defeat. We have found 

2min of defeat with 15 min of interaction between defeats is most adequate to induce 

susceptibility with our particular manipulations and will describe the defeat as such here. 

A.1.2.1 Procedure 

1. Rehouse experimental mice in single housing condition with wood chip bedding at 

least 2 days prior to defeat. 

2. During the SSDS day, place aggressive CD-1 mice in the defeat cages and let them 

habituate for around 30min to 1hr. 

3. Place 1 experimental mouse in each of the 3 cages to allow for physical defeat for 

2 min. 
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4. After 2 min, move the mouse over to the opposite side of the divider for 15 min to 

allow for sensory contact with aggressor which just physically defeated the mice. 

5. Following the 15 min sensory interaction, place the experimental mice in to the 

next defeat cage and repeat steps 3 and 4. 

6. For the last physical defeat (3rd defeat), place animals in the cage to be defeated for 

2 min. Following the defeat, place them back in their home cage. 

7. The social interaction task takes place the next day. 

A1.2.2 Notes 

1. Ensure aggressiveness of male CD-1 mice by screening for aggressiveness 3 days 

prior to the start of defeats. Each mouse exposed to an aggressive CD-1 should have 

around 10 strong attacks throughout the whole procedure. 

2. The length of the defeat can be modified for your particular experiment. You should 

always check to see the threshold at which your strain of mice will become 

susceptible. Mice more susceptible will require less physical defeat time. Mice less 

susceptible will require increased defeat time (5 min is common however 2 min is 

a good starting place). Furthermore, you can remove defeat sessions if mice show 

high sensitivity. 15 min minimum is required for sensory interaction with the same 

CD-1 following defeat.  

3. If defeats seem too aggressive (exceeding 15 attacks per cage), move the animal 

across the divider to receive sensory contact immediately.  

4. All defeats should run back to back with minimal wait time between sensory 

exposure and the next defeat. 
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Figure A1.2. SSDS defeat procedure. 
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Appendix 2: Optogenetic Regulation of Dopamine Receptor-Expressing Neurons 

A2.1 Abstract 

Optogenetics has provided neuroscientists with the tools to control activity of 

specific neurons within a circuit. Optogenetic manipulation of dopamine receptor 

containing neurons in the striatum holds great potential in understanding and treating a 

number of neuropsychiatric and neurological disorders. Coupling optogenetics with cell 

subtype specific transgenic mouse lines permits dissection of dopamine receptor 1 (D1) 

and dopamine receptor 2 (D2) enriched circuits including the mesolimbic reward circuit 

and the basal ganglia circuit. This has led to multiple new insights into the function of 

dopamine receptor expressing neurons in motivational and motor behaviors. This article 

discusses techniques to express microbial opsins in dopamine receptor expressing neurons 

and to optogenetically activate or silence these neurons within the striatum in awake, 

behaving animals.     

A2.2 Introduction 

A2.2.1 Targeting opsins to D1 receptor and D2 receptor expressing neurons. 

Optogenetics has revolutionized the field of neuroscience by permitting in vivo circuit level 

control of neuronal firing in awake, behaving animals. The advantage of current 

optogenetic tools are that they allow for a single-component approach involving a light-

activated protein within a single gene (Bernstein and Boyden, 2011; Yizhar et al., 2011). 

Genes for microbial opsins including the light-activated cation channel, channelrhodopsin 

2 (ChR2), the enhanced 3rd generation halorhodopsin chloride pump (eNpHR3.0), or the 

archeorodopsin hydrogen pump (ArchT), can be packaged into viruses (Bernstein and 

Boyden, 2011; Yizhar et al., 2011).  Opsin viruses can be injected into selective brain 
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regions to infect selective neuronal cell subtypes and neuronal activity can be controlled in 

a spatiotemporal specific manner using light (Bernstein and Boyden, 2011; Yizhar et al., 

2011). These circuit selective approaches for in vivo control of neuronal activity during 

behavioral paradigms have resulted in many new insights into behavioral function 

(Bernstein and Boyden, 2011; Lenz and Lobo, 2013; Tye and Deisseroth, 2012; Yizhar et 

al., 2011; Yizhar, 2012).  

Optogenetics has been particularly advantageous for understanding the function of 

the two striatal projection medium spiny neurons (MSNs), those enriched in dopamine 

receptor 1 (D1) vs. dopamine receptor 2 (D2) (Lenz and Lobo, 2012; Kravitz and Kreitzer, 

2012). These two neurons are heterogeneously intermixed within dorsal striatum and 

ventral striatum (the latter referred to as nucleus accumbens (NAc)) (Gerfen, 1992). The 

ability to identify and manipulate genetics and function in these two neurons was 

impossible until recent development of Bacterial Artificial Chromosome (BAC) transgenic 

animals (Gong et al., 2003; Gong et al., 2007; Yang et al., 1997). BAC transgenic mice 

expressing Cre recombinase, using D1, D2, or Adenosine receptor 2A (A2A, a D2-MSN 

enriched gene) BACs have been used in combination with Cre inducible adeno-associated 

viruses (AAVs) to selectively express opsin molecules in these D1 and D2 expressing 

MSNs (Bock et al., 2013; Kravitz et al., 2010; Kravitz et al., 2012; Lobo et al., 2010; Tai 

et al., 2012). These double inverted open (DIO) reading frame AAVs contain an opsin gene 

tagged with a fluorescent protein (FP) in reverse and this opsin-FP is flanked by two sets 

of incompatible lox sites (Figure A2.1). In the presence of Cre the opsin-FP is flipped into 

the correct orientation allowing selective expression of the opsin-FP in D1 or D2 

expressing neurons, which allows for precise in vivo spatiotemporal control of these  
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Figure A2.1. Schematic of an Adeno-Associated Virus with a Double Inverted Open (DIO) 

Reading Frame. 

In this vector, ChR2-EYFP is in reverse and flanked by two incompatible lox sites, loxP (black 

arrowhead) and lox 2722 (grey arrowhead). In the presence of Cre recombinase an event occurs 

between two compatible lox sites causing ChR2-EYFP to flip in the correct orientation. This is 

followed by a second event resulting in excision a loxP and a lox2722 leaving two incompatible 

lox sites to prevent further inversions. 
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selective neuron populations using light.  

A2.2.2 Insights into function of D1 receptor and D2 receptor expressing 

neurons. A number of studies have uncovered distinct roles of striatal MSNs in behavioral 

function. The dorsal striatal D1-MSNs and D2-MSNs were previously hypothesized to play  

balanced but antagonist roles in motor function through their direct and indirect pathways 

of the basal ganglia (BG) (Albin et al., 1989; Graybiel, 2000). Recently this hypothesized 

model in motor function was proven accurate by optogenetic activation (using ChR2) of 

these neuron populations (Kravitz et al., 2010). However, the function of the D1-MSNs 

and D2-MSNs in NAc, a critical brain region for reward and motivation, was not as clear.  

Recent studies using optogenetic control (also using ChR2) of NAc MSN subtypes 

revealed that activating D1-MSNs promotes reward for a psychostimulant, cocaine, while 

activating D2-MSNs blocks this reward (Lobo et al., 2010). Other optogenetic studies or 

other methodologies to alter neuronal activity in the D1 and D2 expressing MSNs are 

consistent with opposing roles for these MSN subtypes in reinforcement, action-value, and 

drug abuse (Bock et al. 2013; Chandra et al., 2013; Ferguson et al., 2013; Ferguson et al., 

2013; Hikida et al., 2010; Kravitz et al. 2012; Tai et al., 2012). 

 In this chapter, we establish a simple method for optogenetic activation or inhibition 

of D1 or D2 receptor expressing cell subtypes. Our methods provide a procedure for 

producing implantable fibers, injecting viral constructs into mice expressing Cre in D1 or 

D2 expressing cells, and activating striatal MSN subtypes during behavior. The approach 

outlined focuses on published optogenetic paradigms in NAc D1 and D2 expressing 

neurons (Lobo et al., 2010; Chandra et al., 2013). However, modifications can be made 

effortlessly in these methods; including stimulation paradigms, targeting of different 
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striatal regions or other brain areas expressing D1 or D2 receptors, or optic fiber targeting 

(cell bodies vs. terminals); permitting a wide range of experimental flexibility to suit the 

individualized research goals. 

A2.3 Materials 

A2.3.1 Stereotaxic Equipment 

1. Isoflurane Anesthesia System by E-Z Systems (EZ-7000 System, EZ-150C) and 

Refresh carbon filters (EZ-258, World Precision Instruments). 

2. Stereotaxic frame (Model 902 Dual Set Up, Small Animal), ear cups (921 Zygoma Ear 

Cup), mouse nose bar (Model 926-B) produced by Kopf Instruments. 

3. Syringe holders (Model 1772) and bracket clamps (Model 1770-C) by Kopf 

Instruments. 

4. Sterile latex surgical gloves (MDS194134, Medline). 

5. Puralube vet ointment (14590500, Dechra) 

6. Implantable fiber holder (Doric, SCH_1.25). 

7. Hamilton syringes (84851) with 33 gauge needles (7762-06). 

8. Various surgical instruments: small scissors, scalpel, forceps, etc. (FST). 

9. Ideal Microdrill and drill bits set (58609, Stoelting). 

10. Andis Ultraedge hair clippers (64430, Andis) 

11. Cotton tip applicators 6” (6553, Curity). 

12. Betadine surgical scrub (NDC 67618-150-17, Purdue Products). 

13. Bupivacaine analgesic. 

14. Vetbond skin adhesive (3M). 

15. Grip cement combo (675570, Dentsply). 



 

111 
 

16. Reflex 7 skin closure system + clips (RF7 Kit, FST) for multiple surgeries (see Step 12 

of Section A2.4.2, Viral Injection). 

17. Bone anchor screws (MD-1310, BASInc). 

A2.3.2 Optogenetic Equipment 

1. Blue Laser + Coupler (BL-473-00100-CWM-SD-05-LED-0, OEM). See Note 1 about 

other light delivery systems.  

2. Green Laser + Coupler (GR-532-00100-CWM-SD-05-LED-0, OEM). 

3. Waveform generator (33220A, Agilent). Alternatively, non-expensive alternatives are 

available such as circuit boards made by Arduino. 

4. Light meter (PM100D) and sensor for meter (S130C, Thorlabs). 

5. Protective eyewear (NR-ARG-EN207-33, OEM Laser). 

6. Polishing plate 9.5” x 13.5” (6.0 CTG913), polishing pad 9” x 13”, 50 durometer (7.0 

NRS913), and Lapping film for polishing at sizes 0.30 µm (2.0 LFG03P), 1 µm (3.0 

LFG1P), 3 µm (4.0 LFG3P), and 5 µm (5.0 LFG5P) produced by Thorlabs. 

7. FC and SC polishing disc (8.0 D50-FC, Thorlabs). 

8. Fiber stripping tool for 125-135 µm diameter fiber (9.0 T06S13, Thorlabs). 

9. Optic fiber for ferrules: 105 µm core, 125 µm cladding, acrylate jacketed 

(AFS105/125Y, Thorlabs). 

10. PFP LC 1.25 mm OD multimode ceramic zirconia ferrules (MM-FER2007C-1260, 

Precision Fiber Products (PFP)). 

11. PFP Ceramic split sleeve, 1.5 mm ID (SM-CS125S, PFP). 

12. Epo-Tek 353ND Epoxy-8oz bottle (ET-353ND-8OZ, PFP). 

13. Miller CS-30-W carbide-tip fiber optic scrib (M1-46124, PFP). 
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14. Chemtronics V-Groove & ferrule cleaning swabs (38542F, PFP). 

15. Heat shrink tubing: length (12”), inner diameter (3/32”), thin size wall (26003-12, FTZ 

industries). 

 

16. Loctite super glue (Loctite). 

 

17. Helping Hand vice grips with magnifier (7521, Michigan Industrial Tools) 

A2.4 Methods 

The methods below are not an exhaustive list of differing viral surgery methods, 

fiber implantation strategies, or stimulation parameters, but rather provide an example of  

how to perform a simple optogenetic experiment in NAc D1 and D2 expressing neurons. 

Furthermore, for detailed methods on use of optical fibers in conjunction with 

electrophysiological arrays for in vivo recording combined with optogenetics in D1-MSNs 

and D2-MSNs refer to this study by Kravitz et al. (2013). The timeline provided here was 

created to provide an overview of an optogenetic experiment in NAc D1 and D2 expressing 

medium spiny neurons (Figure A2.2). 

A2.4.1 Implantable Fiber Production. Several methods exist for activation or 

inhibition of opsin expressing cell subtypes. Originally, fibers were guided through cannula 

implants into the brain. However, a new protocol enables investigator to construct chronic 

implantable fibers and fiber optic patch cords (Sparta et al., 2011). The protocol below 

specifically provides a methodology for constructing implantable fibers. For methodology 

on optical patch cord construction refer to Reference (Sparta et al., 2011). Fibers can range 

in diameter and have varying numerical aperture (NA) (Sparta et al., 2011). We 

recommend using fibers with a 105 µm diameter core for mouse studies with an NA of 

0.22. The patch cord used should match the implantable ferrule fiber and NA to prevent 

light power attenuation. It is possible for the implantable fiber to be made with a larger 
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Figure A2.2. Timeline of surgeries and optogenetic manipulation. 
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diameter and larger NA than the patch cord used with little to no light loss. Fibers with 

larger or smaller NAs can be used for different tissue volumes. These fibers can be cut at 

various lengths to target different striatal depths. As an alternative, implantable fibers or 

patch cords can be purchased from various vendors (e.g., Thor Labs, Doric Lenses). 

However, in-house construction of implantable fibers and patch cords is more cost effective. 

An abbreviated protocol for production of fibers to target the NAc is provided below: 

1. Strip 3 cm of the fiber to expose the 105 µm inner core being careful to remove excess 

outer core material from the surface of the exposed inner core of the fiber. Refer to 

Reference (Sparta et al., 2011) for a diagram of the implantable fiber. 

2. Cut the un-stripped portion of the fiber with a diamond knife at least 2 cm from the 

edge of the stripped region (the exposed inner core).  

3. Mix the epoxy solution at a ratio of 1 part hardener, 10 parts resin and load the solution 

in a 1 mL syringe with a blunted 25 gauge needle.  

4. Secure the ceramic ferrule in a vise or vise grip (helper hands) with a weighted base. 

Dispense the epoxy solution into the flat, non-conical side of the ceramic ferrule until 

a small amount of epoxy is observed on the opposite, conical side.  Ensure that the 

blunted needle is flat atop the ferrule to avoid epoxy from accumulating outside of the 

ferrule. Then feed the stripped fiber into the ferrule until the entire stripped portion is 

within the ferrule allowing excess stripped fiber to exit the conical portion of the 

ferrule. 

5. Heat the epoxy for 30 seconds with a heat gun at low heat until epoxy is black and 

hardened. WARNING: The ferrule and the vise are very hot. Wait at least 1 min before 

removing the ferrule from the holder. 
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6. Using the diamond knife, score a portion of the stripped fiber at 1 mm below the bottom 

conical side of the ferrule. Bend the stripped portion of the fiber to the side in order to 

break off excess fiber. To prevent light loss, it is important to score the fiber at the base 

of the ferrule before removing the excess fiber.  If this is not done the fiber could break 

inside of the ferrule. 

7. Cut the non-stripped portion of the fiber to the appropriate length by scoring the fiber 

at 4 mm (for targeting the NAc) with a diamond knife making sure not to cut through 

the fiber completely. Next, pull on the portion of the non-stripped fiber just beyond the 

area scored with hemostats until the fiber cleanly breaks off.  

8. Polish the conical side of the ceramic ferrule with a set of 4 lapping film polishing 

papers. The fiber should be secured in a set of hemostats and kept completely flat 

against the polishing paper. Make around 20-30 small circular patterns on each grade 

paper until smooth. Polish the fiber on the coarsest lapping paper to the finest paper in 

this order: 5 µm (black), 3 µm (pink), 1 µm (green), 0.3 µm (white).  

9. Attach a patch cord to the laser. WARNING: It is important to wear safety glasses 

before turning on the laser to prevent laser light from entering eyes. To align the patch 

cord, place the end of the patch cord 1 mm away from the sensor, holding the end in 

place with the helper hands. Twist the alignment knobs to alter the position of the 

coupler, ensuring the coupler remains tightly in place (not loose). Alter the position of 

the coupler until the maximum light reading is observed. When the maximal output is 

obtained, record the power value measured.  

10. Check the output of the fiber by attaching a patch cord affixed to a laser to the ferrule. 

First, attach a ceramic sleeve over the ferrule at the end of the patch cord, covering 
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about half of the ferrule. Next, using hemostats, feed the conical portion of the ferrule 

into the sleeve until flush with the end of the patch cord ferrule. The overall light output 

should emit from the fiber as a cone and a smooth circle should be observed when 

shining the tip of the fiber on a flat surface. Next, check the output of the fiber by 

holding the tip of the ferrule perpendicular to the light meter at a distance of 1 mm. The 

transmittance from the tip of the implantable fiber should not be less than 20% of the 

light output from the end of the patch cord to ensure adequate light penetration. A 

record of fiber transmittance can be kept in order to calculate the amount of light output 

from each fiber. These records can be used to adjust laser intensity in order to maintain 

a consistent output of light across animals when using different patch cords. 

A2.4.2 Surgical Methods. The methods described below are intended for bilateral viral 

injection followed by cannula implantation. A number of different opsins can be injected 

for stimulation or inhibition of cell subtypes. Such variants include the traditional ChR2, 

eNpHR3.0, ArchT or the fast spiking channelrhodopsins, long lasting depolarization opsins, 

and G-protein coupled receptor opsins (i.e., OptoXRs). For a more complete review of 

available opsins see the review by Yizhar et al. (2011) and the methods study by Mattis et 

al. (2011). For optogenetic methods using a cannula guide in place of implantable fibers 

refer to the methods study by Zhang et al. (2010). The methods outlined below are intended 

for the original ChR2 or eNpHR3.0 opsins. Validation of virus expression and function 

should be performed before performing in vivo optogenetic behavioral tasks (see Note 2).  

Viral Injection 

1. Anesthetize D1-Cre or D2-Cre mice based on an approved Institutional Animal 

Care and Use Committee (IACUC) protocol using the E-Z Isoflurane Anesthesia 
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System. Ensure that the animal is under isoflurane anesthesia by observing 

deepened breaths, a depressed rate of breathing (one deep breath every 1-2 sec), 

and a lack of response to a tail/foot pinch. Anesthesia should be induced at 3% 

isoflurane and maintained at 1.5% isoflurane. See Note 3 for more information on 

alternative anesthetics. When performing surgery from this point, it is important to 

maintain a sterile surgical environment throughout the surgery (e.g., using sterile 

latex gloves, needles, etc.) as to prevent unwanted infections in mice undergoing 

surgery. 

2. Shave the animal’s scalp using 0.25 mm blade metal hair clippers until the scalp is 

bald and exposes a 1 cm margin from the incision region. Then place the animal’s 

nose and teeth into the nose piece surrounded by the isoflurane nose cone aspirator.  

3. After applying Puralube ointment to the eyes of the mouse to prevent desiccation, 

place zygomatic ear cups onto the sides of the mouse’s head (near the ears) and 

then make sure the head is level on all planes and secured within the cups attached 

to the stereotaxic frame. See Step 9 for more on leveling the head. 

4. Wipe the scalp with a sterile cotton tipped applicator dipped in 10% Betadine 

solution. Next, scrub the scalp with an applicator soaked in 70% ethanol to sterilize 

the scalp. Repeat these steps a second time to ensure the scalp is sterilized.  

5. Inject ~0.1 mL of 0.25% bupivacaine topical analgesic under the scalp to numb the 

incision area. Wait at least 2 min before proceeding. 

6. Make a 2 cm incision down the midline of the scalp using a scalpel or small scissors 

and push the skin away from the midline with a sterile cotton tipped applicator to 

expose the skull. 
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7. Apply a hydrogen peroxide solution (3-10%) to the skull to visualize Bregma and 

to dry the skull. It is important that the skull is dry for later fiber implantation steps 

and curing of the dental cement. 

8. Load syringes attached to the stereotactic frame with bracket clamps with 1 µL 

water and make a 1 µL air bubble. Load 0.5-1.0 µL (this can depend on titer of 

virus and the spread desired) of the DIO-AAV. Note: Do not inject more than 1.0 

µL into the brain to prevent lesioning. 

9. Align the needle tips to Bregma and record the coordinates. To determine if the top 

of the skull is level, first lift the needle tips off Bregma and move one of the needles 

1.5-2 mm in the Lateral (Lat) direction, drop the needle down to skull level, and 

record the Dorsal/Ventral (D/V) coordinates. The difference in the new D/V 

coordinates and the D/V coordinates at Bregma should be ~0.2 mm or less. Follow 

the same steps for the opposite lateral direction and the Anterior/Posterior (A/P) 

direction. If the difference is greater than 0.2 mm, adjust the head along all planes 

until the difference is reduced. When the head is adjusted, return the needles to the 

original coordinates at Bregma and record new coordinates. For NAc localization 

use the following coordinates: A/P: +1.6; Lat: +1.5; D/V: -4.4 at an angle of 10 

degrees. The angle is meant to allow for simultaneous bilateral injection of virus. 

Note that viral injections do not need to be limited to the NAc or striatal regions 

(See Note 4 and 5). Raise the needles from the skull and move the needles to the 

adjusted coordinates.  

10. Drill burr holes with the Microdrill just below the needle tip. Then slowly lower 

the needles into the burr holes taking around 30-60 sec to lower to calculated D/V 
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coordinate. Slowly lower one needle at a time into the brain until the needle is at 

the final A/P coordinate. Lowering slowly ensures a reduction in possible tissue 

lesioning.  

11. Begin injecting virus slowly at a rate of 1 µL per min (or slower) until the entire 

volume of the virus is dispensed. Allow for the needles to remain in the skull for 

10 min before removal.  Note: If it is necessary to inject greater than 0.5 µL of virus 

solution, raise the needles 0.5 mm up the A/P axis after injecting 0.5 µL and 

dispense the rest of the virus solution at 1 µL per min. 

12. Following the 10 min post-infusion period, slowly raise the needles out of the skull. 

Proceed to Step 1 of Fiber Implantation if implanting fibers immediately. Some 

behaviors may not be conducive to fiber implantation immediately due to the risk 

of head cap loss. If this is the case, suture the scalp or use staples using the Reflex 

7 skin closure system in order to close up the skull. It is not recommended to use 

VetBond if the fiber will be implanted at a later date.  VetBond can stick to the 

skull cap making it difficult to find a flat and clean surface for the fiber 

implantation. However, if only virus is being injected for opsin validation, vetbond 

is an appropriate suture method. 

Fiber Implantation 

1. Proceeding from the viral injection steps, remove syringes from the stereotactic 

setup and load ferrules into implantable cannula holder. Add the cannula holders to 

the setup maintaining an angle of 10 degrees. 

2. Drill a third burr hole in the skull lateral from the midline and posterior to Bregma 

for a skull screw. Screw the skull screw into the new burr hole making a maximum 
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of 2.5 turns. Apply Loctite glue around the screw. Ensure that the skull is dry so 

that the glue can easily adhere to the skull. 

3. Lightly score the skull with the Microdrill or a scalpel.  This scoring provides a 

better grip for the dental cement. 

4. Attach the fiber to the fiber holder and fix the holder to the stereotaxic setup. Lower 

one of the implantable fibers over the previously drilled burr hole so the tip of the 

fiber is at skull level and record the coordinates. Subtract -4.0 (or the length the 

fiber was cut) to obtain the new D/V coordinates for the fiber. Add Loctite glue to 

the bottom of the ceramic portion of the implantable fiber (avoid getting glue on 

the fiber) and slowly lower the fiber into the brain taking 30-60 sec to lower the 

fiber to the calculated D/V coordinates. If the ceramic portion of the fiber remains 

above the skull, add more glue to help secure the fiber to the skull.  

5. After waiting 2-3 min for the glue to dry, loosen the cannula holder and raise it 

from the fiber. Be careful not to move the fiber while removing the holder. Repeat 

Step 3 for the other side if implanting fibers bilaterally. 

6. Prepare the grip dental cement based on given instructions. Most dental cement will 

be at the correct consistency if gel-like. Aspirate dental cement into a 1 mL 

disposable syringe and add a large gauge needle (22 gauge or larger) to the syringe. 

Apply cement evenly around the skull making sure to surround implantable fibers 

on all sides and fully cover the skull screw. Note: It is important to leave at least 

0.5 mm of the ceramic portion of the implantable fiber exposed above the dental 

cement so the patch cord can be fully attached to the fiber.  
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7. House animals separately or with a divider in cage to prevent conspecific removal 

of the newly made head cap. Mouse cages should be placed on heating pads to 

allow for body temperature regulation following surgery. 

A2.4.3 Light Stimulation/Inhibition. A variety of stimulation or inhibition paradigms 

may be used based on cell firing properties and desired outcomes. This protocol bases its 

stimulation parameters off functionally relevant frequencies at a predetermined power to 

modulate cocaine mediated reward and locomotor outcomes in D1- and D2-MSNs in the 

NAc (13, 18). Manipulation of cell subtypes with light should occur 2 weeks after an AAV 

injection. This time point is when the AAV is expressed in cell bodies. For terminal 

stimulation a 3-4 week period is necessary to allow AAV expression in terminals (Zhang 

et al., 2010). If using a Herpes Simplex Virus (HSV), which we do not discuss in the 

protocol, stimulation can occur at day 2-4, post viral surgery, when the HSV is optimally 

expressed (Lobo et al., 2010). 

1. Attach sleeves to the end of the patch cord and add a cover (e.g., heat shrink wrap, tape, 

etc.) that will block the light from the animal’s eyes. It is important to prevent the light 

from reaching the animals eyes to reduce potential photoelectric artifacts (see Note 6).  

2. Scruff the animal firmly and place an index finger on the back of the head cap just 

above where the skull screw was attached. This grip will prevent the animal from 

dramatic movements that lead to head cap loss. 

3. Gently feed the sleeve on the patch cord onto the implantable fiber with a subtle 

twisting motion (no more than a 10 degree turn) until the patch cord cannot be fed 

further. The ceramic ferrule from the patch cord should be flush with the ceramic 

ferrule of the implantable fiber. 
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4. Stimulation and inhibition parameters were based on (Lobo et al., 2010) and (Chandra 

et al., 2013). Parameters should be adjusted to produce the desired outcome on cell 

firing (See Note 7). Furthermore, the power of the laser should be adjusted accordingly 

(see Note 8). 

a. For Stimulation: Based on maximal firing rates of medium spiny neurons, 10 Hz 473 

nm blue light stimulation for 3 min on and 5 min off for a total of 30 min at 2-4 

mW power was performed (Lobo et al., 2010). This protocol was used in a 

conditioned place preference paradigm during the 30 min conditioning period. This 

paper also used the same frequency at 3 min on and 2 min off over 15 min to 

examine downstream molecular adaptations after optogenetic activation of MSN 

subtypes. More recently a stimulation protocol, also 10 Hz with 473 nm blue light 

stimulation, for 30 sec on and 30 sec off for 60 min at 2-4 mW power was used 

during a cocaine induced locomotor activity paradigm (Chandra et al., 2013). The 

stimulation protocol may be repeated daily as necessary. We have used these 

stimulations paradigms repeatedly for 2-5 days. Care should be taken to use similar 

light output across days (See Note 9). 

b. For Inhibition: Reference (Chandra et al., 2013) used the halorhodopsin chloride 

pump variant eNpHR3.0 to inhibit D1 expressing neurons during cocaine induced 

locomotor activity combined with downstream molecular profiling. To start, use 

continuous inhibition with 532 nm green light illumination for 60 min at 2-4 mW 

power from the tip of the fiber (Chandra et al., 2013). The inhibition protocol may 

be repeated as necessary. We have used this inhibition paradigm repeatedly for 5 
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days. See Note 10 and 11 about the caveat of eNpHR3.0 rebound firing and optional 

optogenetic and non-optogenetic tools for silencing neurons. 

5. To remove the patch cord, scruff the mouse by once again placing a finger on the back 

of the head cap. Using a gentle twisting motion, pull up in a direction completely 

parallel with the fiber until the patch cord ferrule is free. Note: The sleeve may come 

off the end of the patch cord. This result is common and the sleeve should be left on 

the fiber implanted in the skull of the animal. It is important to examine for bedding or 

other material lodged in the sleeve before each stimulation session. If this is the case, 

obstructions can be removed with small tweezers. Only remove the sleeve as a last 

resort as this action may potentially dislodge the implantable fiber or head cap.  

6. After experiments are complete, mice should be perfused and viral expression should 

be checked. Note the location and spread of the virus expression and examine for the 

tract marks of the implantable fibers. 

A2.5 Notes  

1. There are a variety of light sources that may be used for optogenetics and a number of 

companies that supply these lasers. For a review on types of light sources used in 

optogenetics see (Yizhar et al., 2011).  

2. All opsins should be validated prior to in vivo optogenetic manipulation. 

Immunohistochemical analysis will ensure the viral transduction is specifically 

localized to the cells of interest and the spread of the virus is located specifically in the 

region of interest. The volume of injected virus can be adjusted to control the extent of 

virus spread. Electrophysiological validation will provide the researcher with 
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confidence that the light driven channel and not an artifact produced the resultant 

behavioral outcome. 

3. Alternative anesthetics (e.g., Ketamine/Xylazine) may be used in place of isoflurane 

anesthesia.  

4. Optogenetic regulation of dopamine receptor neurons is not limited to striatal regions.  

Dopamine receptors are found in prefrontal cortex, midbrain, and other regions.  A 

recent study used optogenetics to inhibit the prefrontal cortex during fixed-interval 

timing performance (Narayanan et al., 2012). 

5. Opsins can also be transduced in afferent brain regions and implantable fibers can be 

placed in projection regions to stimulate or inhibit dopamine receptor neuron 

expressing inputs.  

6. Light scattered away from the patch cord during optogenetic manipulation may affect 

neural activity by reaching light sensing organs (e.g., the retina) and therefore may 

affect behavior (Kravitz et al., 2013). 

7. Stimulation protocols should be optimized to produce the behavior of interest in the 

specific cell subtype of interest. It is recommended that the researcher begins with a 

stimulation protocol that mimics endogenous firing properties of the cell subtype of 

interest.  

8. The strength of the laser should be adjusted to an adequate power. Note that some 

opsins require a higher light power (Mattis et al., 2011). Irradiance values (mW/mm2) 

can be predicted by using equations from Aravanis et al. (Aravanis et al., 2007). The 

irradiance of the light should not exceed 50 mW/mm2 at 0.5 mm from the tip of the 

fiber to prevent tissue damage.  
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9. If performing repeated stimulation, patch cords should be cleaned between animals 

with a V-Groove and ferrule cleaning swab and re-polished before each stimulation or 

inhibition session. 

10. It should be noted that inhibition through halorhodopsin pumps has the potential to 

cause a spike rebound following inhibition. Other opsins such as the hydrogen pump 

ArchT diminishes this post-inhibitory rebound. 

11. Alternative inhibition systems exist that are often less temporally precise including 

inhibitory designer receptors exogenously activated by designer drugs (DREADDs) 

developed by Bryan Roth (Armbruster et al., 2007). 
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Appendix 3: Mouse Lines and Viral Constructs Utilized 

A3.1 Mouse lines 

 The majority of experiments utilized bacterial artificial chromosome (BAC) 

transgenic mouse lines to obtain cell-type specific expression or visualize specific cell 

types by expressing reporter genes. All mice were bred in house on a C57 wild-type (wt) 

background. Hemizygous mice were obtained for experiments through breeding of 

homozygous Cre, GFP, or tdTomato lines, verified by qRT-PCR, to wildtype mice. Drd1a-

EGFP (D1-GFP), and Drd2-EGFP (D2-GFP) originally generated by the GENSAT 

program (Gong et al., 2003) were obtained from the lab of Eric Nestler. Drd1a-tdTomato 

(D1-tdTomato) (Shuen et al., 2008) were obtained from the lab of Brian Mathur. Drd1a-

Cre (D1-Cre; Line FK150) and Drd2-Cre (D2-Cre; Line ER44) mice, also generated by the 

GENSAT program (Gong et al., 2007; Gerfen et al., 2013) were acquired from the lab of 

Eric Nestler. Ribotag mice (Rpl22tm1.1Psam/J) with targeted conditional (floxed) and 

genetically expressed HA tagged ribosomal protein 22 (Rpl22) (Sanz et al., 2009) were 

purchased from Jackson Laboratory. Mice were crossed with either D1-Cre or D2-Cre 

homozygous mice to generate D1-Cre-RiboTag (D1-RiboTag) or D2-Cre-RiboTag (D1-

RiboTag) mice, hemizygous for Cre and heterozygote for RiboTag.  

A3.2 Viral constructs 

 All experiments in which virus was used utilized double inverted open (DIO) 

reading frame Cre-conditional viral constructs (see Figure A2.1). Viruses were used at a 

titer of 1011 to 1012 and 0.5µL to 1.0µL were injected per hemisphere. The following 

constructs were obtained by UNC viral vector core within the constructs developed by Karl 

Deisseroth: AAV2.5-Ef1a-DIO-EYFP; AAV2.5-Ef1a-DIO-EYFP; AAV2.5-Ef1a-DIO-
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ChR2(H134A)-EYFP; AAV2.5-Ef1a-DIO-ChR2(E123A)-EYFP; AAV2.5-hsyn-

ChR2(H134A)-EYFP; AAV2.5-hsyn-ChR2(E123A)-EYFP. The following constructs 

were obtained from UNC viral vector core from Bryan Roth lab constructs: AAV2.5-Ef1a-

DIO-hM4(Gi)-mCherry. The following Egr3 overexpression virus was cloned in-house 

and packaged by UNC Viral vector core. AAV2.2-Ef1a-DIO-Egr3-EYFP. The following 

in-house construct below was cloned and packaged in an adeno-associated virus (AAV) 

produced by Prasad Konkalmatt: AAV2.2-hsyn-DIO-Egr3miR-IRES-mCitrine. 
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