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Chapter 1 

Introduction 

 

Major depressive disorder: overview and current understanding 

 

Depressive disorder epidemiology and pathology 

 Major depressive disorder (MDD) is one of the most prevalent psychiatric disorders diagnosed in 

humans, and represents a significant burden on global health. In the United States alone, roughly 7.1% of all 

adults (ages 18 and older) have reported experiencing at least one major depressive episode in their lifetime, 

and nearly 4.5% of U.S. adults have reported major depressive episodes accompanied by severe impairments 

in their day to day lives (SAMHSA, 2018). Indeed, MDD is known to be a highly debilitating condition often due 

to a constellation of other psychiatric diseases known to be comorbid with depression, such as generalized 

anxiety and substance abuse, and other associated symptoms including decreased motivation, lack of interest 

or pleasure, and suicidal ideation (SAMHSA, 2018). While nearly 63.8% of U.S. adults diagnosed with MDD 

have reported instances of such serious impairments to their wellbeing and mental health, an estimated 35% of 

all MDD adult patients and 60.1% of all adolescents reporting major depressive episodes go untreated for their 

condition. This is often attributed to the highly heterogeneous nature of the presentation of MDD and the impact 

of this on diagnosing and treating the disorder, as no major biomarkers exist for its early detection. Current 

therapeutics for depression have shown varying levels of efficacy across broad patient populations, as 

discussed further below (Otte et al., 2016). This highlights a critical need in the field for not only the 

improvement of our understanding of the pathobiology of MDD, but also the identification of new medications 

and treatments for managing this serious disorder. 

 The Diagnostic and Statistical Manual 5 (DSM-5, 2013) classifies MDD as a mood disorder, and 

requires that five or more of the accepted symptoms of depression be present within a 2 week period for a 

diagnosis to be made. To meet MDD criteria, at least one of these symptoms must be either depressed mood or 

anhedonia (a loss of interest or pleasure), while secondary symptoms can include: appetite loss or weight 

change, difficulty sleeping (insomnia or hypersomnia), psychomotor agitation or retardation, fatigue or loss of 

energy, diminished concentration, feelings of worthlessness or excessive guilt, and suicidal ideation. These 



2 
 

symptoms are usually scored on an “all or none” scale (0-1), and are collectively used to only determine the 

presence or absence of major depressive episodes in patients, not to determine the degrees of severity of each 

symptom or the depressive episodes overall. While considerable effort has been made within the newer 

iterations of the DSM to subcategorize different types of depression, so as to better account for the 

heterogeneity of its presentation in patients, the manual’s lack of a consideration for the pathobiology and 

pathophysiology of psychiatric disorders limit its utility in identifying the most effective treatment paradigms for 

individuals. Such can also be said of the Hamilton Depression Rating Scale (HAMD), which although adopting a 

more scaled scoring system to determine the severity of a patient’s depression symptoms, also neglects to 

consider biological, genetic, molecular and physiological aspects of psychiatric disorders in aiding its diagnostic 

capabilities. 

 As mentioned above, while virtually no biomarkers or physiological correlates of MDD have been 

determined, significant progress in both clinical and preclinical research has been made over the past few 

decades that has aided in our understanding of the etiology of depressive disorders, which will be touched upon 

in greater detail later in this chapter. As such, organizations such as the National Institute of Mental Health 

(NIMH) and others have made strides recently to steer the conversation (and hopefully, the eventual 

diagnosing) of diseases such as MDD in the direction of these findings. Projects such as the Research Domain 

Criteria (RDoC) embrace a more global view of the pathology of psychiatric disease states as the product of 

changes in neural circuity and signaling, genetics and molecular variables, and environmental factors 

(https://www.nimh.nih.gov/research-priorities/rdoc/index.shtml). As delineated by the RDoC’s provisional matrix, 

these units of analysis (genes, molecules, cells, circuits, physiology) are taken into account along with the 

classical behaviors and self-reporting that comprise the majority of the DSM’s diagnostic criteria, and placed in 

the context of five broad domains that have been determined to be relevant to psychiatric disease through the 

compilation of years of biomedical research findings, and include: negative valence systems, positive valence 

systems, cognitive systems, systems for social processing, and arousal/modulatory systems. By attempting to 

filter the standard symptomology of patients suffering from MDD into these domains, and promoting a stronger 

focus on how these symptoms may be related to neurobiological factors, it is the hope of the RDoC and other 

like initiatives to improve not only the successful diagnosis and treatment of depressive disorders, but to also 
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improve our ability to understand the commonalities across clinical presentations of this disease in order to 

elucidate new understandings of its biological underpinnings. 

 To this effect, a convergence of findings from human imaging, genetic and histological studies as well 

as disease modeling of depressive disorders in rodents in particular has begun to create a better picture of the 

brain regions and potential circuitry that may be impaired or altered in the disease state, showing promise for 

identifying potential biomarkers of depression that can enhance diagnostic capabilities and even inform early 

intervention. Indeed, collective scans from functional MRI (fMRI) studies of MDD patients compared to healthy 

controls have consistently demonstrated altered blood flow or other inferred measures of metabolic activity 

changes in regions such as the prefrontal and cingulate cortex, hippocampus, striatum, amygdala, thalamus and 

hypothalamus (Drevets et al., 2001; Liotti and Mayberg, 2001). Many of these findings of altered functionality in 

these regions have been corroborated by histological studies of neural tissue samples obtained from depressed 

patients, showing either atrophy or other abnormalities in many of the regions/structures mentioned above in 

those suffering from severe and chronic depression (Zhu et al. 1999; Rajkowska et al., 2000; Manji et al. 2001; 

Drevets et al., 2001). A number of these regions, and evidence of similar dysfunctionality, have consistently 

been identified in animal studies as well, with a particular focus often being placed on the frontal cortex and 

hippocampus both for the assumed role these regions may play in regulating the cognitive and introspective 

aspects of depression, and the alterations in regional activation that have been observed across species 

(Covington et al., 2010; Milne et al., 2012). Other classical evidence, coupled with newer research findings, 

have also begun to switch the focus away from solely cortical structures to a number of subcortical regions and 

circuits that may be key in the regulation of the emotional, motivation, and appetitive symptoms of depression, 

including limbic structures such as the nucleus accumbens (NAc), amygdala and hypothalamus, key 

components of the classical reward circuitry of the brain, such as the ventral tegmental area (VTA), and regions 

implemented in arousal and awareness, such as the locus coeruleus (LC) and the dorsal raphe (DR). 

Knowledge of the molecular markers and neural circuitry intrinsic to these regions has further assisted in 

defining our understanding of depression, with numerous studies implementing the importance of the 

monoaminergic connections from the VTA to NAc (dopamine, DA), LC (norepinephrine, NE) and DR (serotonin, 

5-HT) in the pathophysiology of depression, providing a critical basis for the implementation of early 

pharmacological treatments (Manji et al., 2001; Nester et al., 2002; Morilak and Frazer, 2004). Growing 
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evidence for the influence of other neuromodulatory systems, such as the neuropeptidergic circuitry/cellular 

components within the hypothalamic-pituitary-adrenal axis (HPA) often observed in both patient and animals 

models of depression to be altered, as well as in excitatory and inhibitory circuitry throughout many of the 

regions mentioned above have begun to further highlight new and important components of the neurobiology of 

depression that merit further and more focused investigation both clinically and preclinically (Nestler et al., 2002; 

de Kloet et al., 2005; Thompson et al., 2015; Boku et al., 2017). 

 While the findings of both human and animal modeling research into depression have begun to provide 

us with a better understanding of the underlying neural changes and overt pathology of depression, much work 

remains to be done and to date, no cure or universally effective treatment for depressive disorders exists. How a 

synthesis of a number of burgeoning areas of study of depression at the molecular, cellular and circuit specific 

levels may be broaching new horizons in the development of next generation treatments for depression will be 

discussed in greater detail below, and further in Chapters 2 and 3 in regards to the findings I present in my 

dissertation research. 

 

Current treatment strategies and therapies for depressive disorders 

 Over the years, a number of pharmacological, behavioral and experimental treatment paradigms have 

been developed for MDD and other depressive disorders, with the most prominent and widely applied of these 

being the use of several classes of pharmacological compounds targeted at the brain’s monoamine signaling 

system (see Table 1 for a simplified list). The basis for this strategy stems from serendipitous findings dating 

back to the 1950s showing that patients administered reserpine, an irreversible antagonist of the vesicular 

monoamine transporter (most commonly at the time prescribed for the treatment of high blood pressure), often 

displayed many of the core symptoms of depression (Delgado, 2000), and that many of these behavioral 

changes could also be recapitulated in animal models (Delgado, 2000). This eventually lead to the so called 

“monoamine hypothesis of depression”, which speculated that the disease state arose from a depletion of the 

levels of key monoamines, specifically 5-HT, NE and DA, in the central nervous system of affected patients 

(Tran et al., 2003). The pursuit and development of the so-called “first generation anti-depressants” which were 

chiefly targeted at both increasing monoamine levels at synapses the brain and preventing their breakdown in 

order to provide relief from depressive episodes, grew from such findings. These included the monoamine 
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oxidase inhibitors (MAOIs) and the tricyclic anti-depressants (TCAs), and the early successes of MAOIs such as 

iproniazid and TCAs like imipramine in treating depressed patients provided further credence to the monoamine 

theory. Many of these early compounds however were later removed from use, owing mostly to a number of 

detrimental side effects that were found to be associated with long term MAOI or TCA use, including 

hepatotoxicity, increased hypertension and dependence/withdrawal like effects (Shulman et al., 2013). Today, 

while more safely formulated MAOIs and TCAs are still in use for the treatment of depression, such as 

phenelzine and amitriptyline, they are often reserved as a last resort by clinicians for patient cases that prove 

highly resistant to more standard anti-depressants. 

 

Category Drug Class Generic Names Mechanism of action Physiological effects 
First-generation 
(typical) 

Monoamine oxidase 
inhibitors (MAOIs) 

Tranylcypromine, Phenelzine, 
Selegiline, Isocaroxazid 

Inhibition of MAO A & B, 
reducing monoamine 
breakdown 

Net increase in all 
monoamines 

First-generation 
(typical) 

Tricyclic 
antidepressants 
(TCAs) 

Amitriptyline, Clomipramine, 
Desipramine, Doxepin, 
Imipramine, Notriptyline, 
Amoxapine, Protriptyline, 
Trimipramine 

Blockade of SERT & NET; 
potential antagonism of 5-HT, 
AR, NMDARs, mAChRs & 
histamine; agonism of sigma 
receptors 

Elevated NE and 5-HT 
levels; possible altered 
SHAM function & synaptic 
function 

Second-
generation 
(typical) 

Selective serotonin 
reuptake inhibitors 
(SSRIs) 

Fluoxetine, Fluvoxamine, 
Paroxetine, Sertraline, 
Citalopram, Escitalopram 

Selective blockade of SERT Elevated 5-HT levels; 
potential anti-
inflammatory effects 

Second-
generation 
(typical) 

Serotonin-
norepinephrine 
reuptake inhibitors 
(SNRIs) 

Duloxetine, Venlafaxine, 
Mirtazapine, Levomilnacipran 

Selective blockade of SERT 
and NET 

Elevated NE and 5-HT 
levels 

Second-
generation 
(atypical) 

Norepinephrine-
dopamine reuptake 
inhibitors (NDRIs) 

Bupropion, Amineptine Selective blockade of NET 
and DAT 

Elevated NE and DA 
levels 

Second-
generation 
(atypical) 

5-HT2 receptor 
antagonists 

Nefazodone, Trazodone, 
Agomelatine 

Antagonism of the 5-HT2 
receptor class (typically the A 
and B isoforms) 

Presumed reduction of 5-
HTR autoreceptor 
function & increased 5-HT 
signaling 

Experimental 
(atypical) 

NMDA receptor 
antagonists 

Esketamine Competitive 
antagonism/channel blocker 
of NMDARs 

Presumed increase in 
excitatory signaling, gene 
expression and 
neuroplasticity alterations 

Experimental 
(atypical) 

Opioid receptor 
antagonists 

Buprenorphine/samidorphan, 
Tianeptine, Opipramol (?) 

Weak partial agonism and 
antagonism of kappa, mu and 
delta opioid receptors; 
preferential activity at kappa 
receptors 

Presumed alterations in 
neuroplasticity and 
neuromodulatory activity 
induced via opioid 
signaling 

Experimental 
(treatment 
resistant) 

Electroconvulsive 
therapy (ECT) 

-  Poorly understood; pan 
increases in neurochemical 
and neuroplasticity effects 

Improved cortical and 
hippocampal function, 
blood flow and NT 
metabolism 

 

Table 1. List of current antidepressants and their physiological effects. Common and currently prescribed 
antidepressants, along with their drug classifications and known mechanisms of action. Typical antidepressants 
are accepted to act through increasing monoamine (5-HT, DA and NE) levels throughout the brain, while the 
atypical antidepressants produce more varied and combinatorial effects on the monoamine, glutamatergic and 
neuromodulatory signaling systems to produce relief from depressive symptoms. Current experimental 
approaches and unconventional depression treatments, including ECT and several novel compounds, are listed 



6 
 

as well, primarily for the promise and proven potential they display for aiding patients with forms of depression 
resistant to known typical antidepressant regiments and psychological counselling/therapy. Further information 
regarding their precise mechanisms of action and downstream effects are still areas of activity preclinical 
research. 
 
 
 To this effect, different compounds that could avoid the undesirable side effects of MAOIs and TCAs 

were developed beginning in the 1980s, often termed the second generation anti-depressants, which focused 

on selectively blocking the reuptake of certain monoamines at the synapse. Perhaps the most well-known of 

these compounds are the serotonin selective reuptake inhibitors (SSRIs), in particular fluoxetine (commonly sold 

under the name Prozac), escitalopram (Lexapro) and sertraline (Zoloft) which represent some of the most 

successfully marketed and widely prescribed SSRIs (Cipriani et al., 2018). Reuptake inhibitors targeting other 

catecholamines have also been found to be successful in treating depression, including norepinephrine 

selective reuptake inhibitors (NRIs) such as bupropion (Wellbutrin) and combined serotonin-norepinephrine 

reuptake inhibitors (SNRIs) like duloxetine (Cymbalta) and venlafaxine (Effexor). Collectively, these drugs have 

been shown to produce fewer side effects and toxicity effects than the MAOIs and TCAs across patient 

populations, and represented a significant leap forward in treatment for those suffering from chronic depression. 

Despite these successes, however, the vast majority of monoamine targeted compounds have all presented a 

number of similar shortcomings. Most display a lag of on average several weeks to several months before any 

therapeutic benefits are clinically reported, and many are also plagued by low rates of efficacy across more 

broad patient populations, leading to a high incidence of relapse rates for depressive episodes, lack of overall 

responsiveness to the medication, and patients failing to continue or stick with their treatment plans before the 

benefits of these compounds can be fully realized (Trivedi et al., 2006; Clevenger et al., 2018). This is 

particularly concerning when considering that both suicide and self-harm rates among chronically depressed 

patients are consistently reported at alarmingly high rates (Beck et al., 1985). 

 Patient cases that show a lack of response to treatment with standard second generation anti-

depressants (in isolation and/or combination with therapy) are termed Treatment-Resistant forms of Depression 

(TRD), and represent a unique problem for medical professionals (Fava, 2003). Aside from the aforementioned 

pharmacological options available for assisting TRD patients (i.e. MAOIs or TCAs), few other therapeutic 

avenues exist outside of cognitive behavioral therapy (CBT) in combination with alterations in the dosages and 

combinations of typical anti-depressants. The use of non-invasive electro-convulsive therapy (ECT), however, 
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has been found to provide lasting relief and remission from depression for TRD patients, but the exact means by 

which these effects are achieved are poorly understood, if at all, by the medical and research communities 

(Singh and Kar, 2017). ECT thus remains another extreme treatment option usually only recommended when all 

other alternatives have been exhausted. 

 The combined lack of readily available options for TRD patients and shortcomings of typical second 

generation antidepressants highlight a critical need for continued study into the molecular and cellular 

underpinnings of depressive disorders in order to provide new directions for developing novel and more robust 

therapeutics. Technical advances in the areas of behavioral and systems neuroscience research using animal 

modeling have begun to make significant contributions to this need in recent years, providing preliminary 

evidence of potential targets for the treatment of MDD and related neuropsychiatric diseases. This is perhaps 

best represented by the advent of the use of the drug ketamine, classically believed to only produce anesthetic 

and psycho-dissociative effects, to treat patients across the spectrum of depressive disorders at low doses 

(Berman et al., 2000; Krystal et al., 2019). Indeed, the recent approval of the ketamine variants esketamine 

(sold as Spravato) speaks to the exciting new area of research that the use of ketamine has opened in our 

understanding of the neurobiology and neurochemistry of depression, and will be discussed in further detail in a 

later section of this chapter. 

 

Rodent modeling and study of depressive disorders 

 As previously mentioned, some of the greatest limitations that exists for both improving our 

understanding of the precise mechanisms of depression’s pathology and developing effective treatments lies in 

its heterogeneous presentation, high comorbidity with other psychiatric diseases, and inherent complexity at the 

biological level. With a lack of readily available biomarkers to currently aide in diagnosis, and human imaging 

studies still in their infancy for validating highly specific hallmarks of depression, the use of animal modeling to 

glean insight to the neural circuity and molecular/cellular changes that underlie depressive disorders has proven 

to be invaluable for advancing our current understanding of these disease states (Krishnan and Nestler, 2011; 

Wang et al., 2017; Planchez et al., 2019). Indeed, both rodent and primate models of depression have been 

developed over the course of such research efforts, and have helped to identify a number of potential indicators 

of depression and possible treatment avenues at a rapid pace (Planchez et al., 2019). The conception of many 
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of these models has stemmed from the identification of phenotypes that closely mimic those of human patients 

(termed face validity), exposure to conditions or factors that produce similar phenotypes in humans (construct 

validity), and responsiveness to pharmacological and non-pharmacological treatments that have shown efficacy 

in patient populations (predictive validity, Nestler and Hyman, 2010). Further, animal models allow for the rapid 

integration of other factors, such as potential genetic manipulations, gene-environment interactions and 

controlled exposure to stress (a highly cited factor leading to the pathogenesis of depression) either acutely or 

chronically into such research that are often times difficult or impossible to achieve in human studies. However, 

as no animal model is able to provide direct insight into the psychological state of a given subject, many of the 

metrics discussed below serve primarily as proxies of depression, and thus termed observations of “depressive-

like” behaviors in animals. Below, I will focus primarily on the modeling efforts undertaken in rodents, which 

have perhaps the greatest level of throughput and multiplicity of options at the level of transgenic and behavioral 

modeling that exists for current mood disorder research (see Fig. 1 for schematics and basic outlines of the 

tasks discussed below). 

 Many rodent models have been developed to assess aspects of the emotional or affective components 

of depression, most commonly through a focus on fear response and anxiety-related behaviors which are 

readily measurable in both mice and rats. These tests can often also be categorized on their basis of behavioral 

responses to either acute or chronic stressors, which may help to improve the translation of findings to the 

human condition on the basis of stress-responsiveness/processing itself, which is often cited as a major 

precipitating factor of depression. A number of tasks that focus on responses to acute stress typically choose a 

presentation of stressors under conditions in which the animals cannot escape from them. Perhaps the most 

well-known of these tasks is the forced swim test (FST), in which a rodent is placed into a cylinder of water and 

their attempts to escape from the water are scored over time (Porsolt et al. 1977). After an initial period of 

struggling, swimming and climbing attempts, many animals usually adopt a floating or immobile posture in the 

water, which is interpreted as an expression of “despair” or “learned helplessness” (Cryan et al., 2005; Lucki et 

al., 2001). Other iterations of this task exists, such as the tail suspension test (TST) and the inescapable foot 

shock test, but all focus on the same immobility or “learned helplessness” behavior, primarily due to evidence 

that has shown that the administration of typical antidepressants significantly increase the amount of time 

animals will spend struggling to escape in these tasks (Borsini and Meli, 1988) and by contrast, that exposure to 
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chronic stressors increases the amount of time spent immobile (Strekalova et al., 2004; Petit-Demouliere et al., 

2005). The specificity and predictive validity of these tasks, which have shown little to no changes in behavioral 

phenotypes across studies administering other classes of drugs outside of the typical antidepressants, have 

long provided the basis of their strength in not only validating new antidepressant-like drugs, but also for the 

measurement of “depressive-like” behavior across studies focusing on the contribution of novel genetic and 

environmental factors to the pathology of depression (Krishnan and Nestler, 2011; Steru et al., 1985). Despite 

this however, these tasks also present a number of inherent issues that diminish their abilities to truly model and 

examine depressive behavior, due in part to their high reliance on locomotor function in order to be able to 

interpret results effectively. Criticism of these tasks, and their ability to actually identify new treatments for 

depression and even serve as a read-out of depressive-like, anxiety-like and other related behaviors, has also 

been raised in recent years, instead suggesting they may be more useful in studying “coping mechanisms” in 

the face of highly stressful situations (Molendijk and de Kloet, 2019) and arguing for the need of complementary 

behavioral analyses to be run in order to better capture multiple facets of depressive behavior in animal models. 

 One of these additional facets that has been heavily studied in rodents is anhedonia, or the loss of 

motivation or interest in otherwise pleasurable experiences. This type of behavior is usually examined through 

the use of food reward paradigms, in which animals are either trained to seek out a highly palatable substance 

or have been deprived of food for a short period of time, with the most common being the Sucrose Preference 

Test (SPT). This task early on showed that a rodent’s natural inclination to choose/drink a sweet, caloric 

substance of assumed hedonic value over water could be disrupted by exposure to stressors in models of 

anxiety and depression, first suggesting the strength of such approaches in modeling anhedonia as well (Liu et 

al., 2018; Scheggi et al., 2018). Other tasks have also been developed along similar veins, but with a more built 

in focus on the direct influences of the effects of stress on the hedonic drive to seek out food, such as the 

Novelty-Induced Suppression of Feeding test (NSFT) and the Novel-Induced Hypophagia test (NIH). Both tasks 

center on animals being expose to a stressor or challenge that will test their willingness to seek out these 

rewards, often with the latency to investigating and imbibing in these foods serving as a read out (Dulawa and 

Hen, 2005). These tasks are built upon the observation that rodents tend to display an increased reluctance to 

seek out food when they are placed in a novel environment, thus allowing a change in latency to approach a 

food reward in a novel/stressful environment to measure “hedonistic drive”. While these tests have more 
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historically been used to study anxiety-like behaviors in rodents, they have also been shown to be effective in 

measuring depressive-like behavior (Li et al., 2010; Li et al., 2011; Santarelli et al., 2003), with multiple studies 

even showing the chronic administration of SSRIs to greatly reduce latency to feeding (Bodnoff et al., 1988; 

Santarelli et al., 2003). The feeding component of both tasks does introduce the potential for certain confounds 

in testing as well, particularly in the case of the NSFT which stipulates animals to be food deprived for 24-48 

hours prior to the task. The NIH compensates for this in some ways, by removing a fasting period and instead 

training animals to seek out a palatable food reward, which is then challenged by exposure to a novel 

environment on testing day. This design may thus better examine the interplay of the stress and reward 

systems/circuitry in the brain that are thought to be dysregulated in depression (Russo and Nestler, 2013; 

Nestler, 2015).  

 In addition to the task mentioned above that focus on anhedonia in the context of acute stressors, 

anxiety and anxiety-like behaviors that are often observed to be comorbid with depression have a number of 

tasks dedicated to their appraisal. These most typically consist of the Elevated Plus or Zero Maze tests (EPM 

and EZM, respectively) and the Open Field Test (OFT). In the EPM and EZM, an apparatus consisting of two 

open quadrants and two closed quadrants is used to test the willingness of a rodent to spend time in an 

exposed environment compared with enclosed spaces. Increases in anxiety are inferred by total time spent in 

the closed quadrants compared to total time spent exploring and moving about in the open quadrants (Pellow et 

al., 1985). Similarly, the OFT examines the amount of time an animal will spend in the surround region of the 

apparatus (near the walls and corners) compared with the time spent exploring the more exposed center region, 

with an increase in center time interpreted as a decrease in anxiety-like behavior (Denenberg, 1969). 

 The tests discussed thus far are often favored in the study of depression in rodents due to their high 

throughput and the ease at which phenotyping is believed to be interpretable from them. However, tasks such 

as these that prioritize a focus on singular or acute stressors are thought by many to fail to accurately model the 

multitude of stressors and chronic exposure to stress that is typically reported by patients as key in both their 

development of or relapse into a depressed state. While the work presented in this dissertation will heavily focus 

on the use of acute stress models and paradigms for phenotyping behavior in mice, it is worth briefly discussing 

the current chronic stress models that exist for depressive-like behavioral testing due to their high levels of face 
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and construct validity (Krishnan and Nestler, 2008), and the prospects they present for future behavioral studies 

that may build upon the results I discuss in Chapters 2 and 3.  

 Perhaps the most prominently used chronic stress model in rodents is the chronic mild, or unpredicted, 

stress paradigm (CMS/CUS). This multi-week task typically begins with training rodents to develop a preference 

for a rewarding substance, such as a highly palatable food source like sucrose or Ensure, after which the 

animals are exposed to a number of different stressors over the course of several days (Willner, 1991). These 

different types of stressors typically include, but are not limited to: water or food (chow) deprivation, exposure to 

intensely bright light, single housing, single bouts of mild foot shock, damp bedding, exposure to white noise, 

continuous cage changes, or restraint stress (Willner, 2005; Zhang et al., 2014). Following these stress 

exposure batteries, animals are tested again to gauge their latency to seek out the previously entrained food 

reward, with increases in both the time taken to initiate drinking, and total amount consumed, interpreted as a 

decrease in motivation to seeking out a reward, modeling aspects of anhedonia once again. The post-test 

following CMS/CUS can also be altered to use previously established tasks, such as the FST/TST, in order to 

gauge altered depressive-like behavior, or simplified further to examine changes in home cage/more passive 

behaviors that may also be used as a read out of increased anxiety-like or decreased hedonic-like phenotypes 

(i.e. increased grooming/stereotyped behaviors or decreased mating, respectively). The use of typical anti-

depressants has also been shown to reverse increases in these negative affective behaviors in CMS/CUS post-

testing (Strekalova et al. 2006), providing future support for the strength of this paradigm for modeling the longer 

lasting effects of depression. 

 Apart from CMS/CUS, another task gaining increasing acceptance as a core chronic stress model of 

depression in rodents is the chronic social defeat stress task (CSDS). Unlike CMS/CUS, which rely on exposure 

to many physical stressors that may or may not be representative of those experienced by rodents in a more 

natural setting, CSDS takes into consideration the innate sociability of rodents to examine how “psychosocial” 

stressors that may be present in the wild influence depressive-like behavior. The task is typically performed by 

prolonged exposure of test rodents to a more dominant or aggressive rodent that is placed into the test animal’s 

cage or vice versa, after which changes in submissive behavior are gauged in the test animal (Blanchard and 

Blanchard, 1977; Malatynska and Knapp, 2005). Continued bouts of these interactions, which in some cases 

may be amplified by placing animals into a partitioned cage that gives them “sensory exposure” to the aggressor 
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(Martinez et al., 1998), has been shown to reliably produce increases in depressive-like behaviors, as well as 

elevated anxiety-/stress-associated behaviors (Tornatzky and Miczek, 1994; Hollis et al., 2010; Duclot et al., 

2011). While studies on the effects of anti-depressants to reverse increases in depressive-like phenotypes 

under these conditions have shown positive outcomes (Venzala et al., 2012), like many of the tests above, the 

CSDS possesses certain caveats that may not allow it to be viewed as a pure model of depression, and instead 

capture many more aspects of anxiety-like and social behavior. Despite this, other paradigms that focus on 

psychosocial stressors as a means to study depressive-like behavior have proved to be useful and relatively 

unsophisticated, included the use of social isolation stress (or single housing), which is utilized extensively in 

this dissertation as outlined in the following chapters. Indeed, depressive- and anxiety-like outputs such as 

decreased center time in the OFT, increased immobility in the FST/TST, and decreased sucrose preference 

have been shown to increase following chronic isolation (Wallace et al., 2009; Ieraci et al., 2016), and the use of 

select anti-depressants has been shown to have some efficacy in reversing a number of these phenotypes 

following prolonged treatment (Wallace et al., 2009; Wilkinson et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



13 
 

Figure 1. Common rodent behavioral tasks useful in modeling aspects of depressive-like behaviors. 
Schematics of several popular and highly used tests in rodent studies of depression, anxiety and other mood 
related disorders, including: (A) the forced swim and tail suspension tests (FST, TST) used to examine the 
phenomenon of “learned helplessness” behavior often seen to be reversed following typical antidepressant 
administration, (B) models of anhedonic behaviors closed tied to depression, such as the novelty-induced 
suppression of feeding and hypophagia tests (NSFT, NIH), (C) the open field (OFT), elevated zero and plus 
mazes (EZM, EPM) and light/dark box (L/D) used to examine acute changes in anxiety-like and stress induced 
behaviors often seen as a common comorbidity or precipitating factor of depression, and (D) models of chronic 
or long term exposure to social and environmental stressors such as the chronic social defeat stress (CSDS) 
and chronic unpredictable stress (CMS/CUS) tasks, which are becoming more widely accepted as useful 
translational approaches due to the persistent nature of and multitudinous factors that can lead to and 
exacerbate depression in patients. Adapted in part from Knowland and Lim, 2017. Rodent and apparatus 
images courtesy of BioRender ®.  
 

 Despite the many caveats and lack of introspective insight that is typical of nearly all animal models of 

depressive disorders, the use of many of the tasks described above has provided invaluable improvements in 

our understanding of the biology of affective behavior and the pathophysiology underlying the disease state of 

depression. The speed and ease of replication, combined with the many advances in technologies and 

transgenic lines that rodent work in particular has seen in the field of neuroscience over the past few decades, 

has allowed for new and unprecedented glimpses into this pathology at both a cellular and circuit level. This has 

and continues to prove to be crucial for furthering our understanding of the molecular bases of depression, as 

well as aiding in the identification of novel targets that may prove to be valuable for both developing new areas 

of study and future treatments for this disorder. 

 

Classical molecular targets of depressive disorders: insights and shortcomings 

 

The monoamine signaling system 

 The biomedical community is rapidly approaching the dawn of a new era in depression research that 

focuses on synthesizing our knowledge on regional, circuit and cell specific functions into a more connected 

image of a disease to inform a greater understanding of etiology and treatment avenues. It is important, 

however, to appreciate the influence that early glimpses into the potential molecular underpinnings of conditions 

like depression provided toward shaping our current knowledge and research goals, and continues to provide in 

our pursuit of better therapeutics.  

 Much of this starts with the monoamine signaling system, the first widely accepted target for the 

treatment of depression and many other similar affective disorders. As mentioned previously, the monoamine 
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signaling system is comprised of the brain’s serotonergic, dopaminergic and noradrenergic circuity and their 

chief molecules of action: 5-HT, DA and NE, respectively. All three of these neurotransmitters are derived from 

aromatic amino acids or the products of these amino acids (5-HT from tryptophan, DA from phenylalanine and 

tyrosine, and NE from DA), and are collectively believed to serve a modulatory role in regards to synaptic 

transmission and function when compared to the brain’s more central neurotransmitters, glutamate and gamma 

aminobutyric acid (GABA). As such, the projection patterns of each monoamine system extends into many 

cortical and subcortical structures that have been implicated in cognitive, emotional processing and 

basal/homeostatic functions. Access to these systems in order to probe the effects of monoaminergic signaling 

in the context of disease has classically been achieved pharmacologically by targeting the receptors or 

vesicular/synaptic transporters of each of these molecules, but researchers have now begun to build upon this 

knowledge by dissecting their core circuitry as well, and determining how monoaminergic inputs/outputs to and 

between select brain region contribute to the regulation of affective behavior.  

 

Serotonin (5-HT): 5-HT is produced predominantly by neurons in the raphe nuclei of the brainstem, which sends 

axonal projections to the majority of cortical, subcortical and midbrain structures, the cerebellum, and the spinal 

cord/spinal ganglia (Nichols and Nichols, 2008). The molecule has a wide variety of receptor targets throughout 

the central and peripheral nervous systems, consisting of 14-15 known receptors that are broken down into 7 

general classes (5-HT1-5-HT7), though the majority are G-protein coupled receptors (GPCRs) that signal 

through second messenger cascades to drive either broad inhibitory or excitatory modulation at neurons 

(Nichols and Nichols, 2008). The most consistent target of 5-HT in the CNS for the treatment of depression 

however has not been any of these receptors, but instead the serotonin transporters (SERT or 5-HTT) that are 

responsible for driving the re-uptake of 5-HT back into presynaptic terminals at the sites of serotonergic 

synapses. Much of the focus on 5-HTT stems from clinical studies showing a correlation between decreased 

levels of the precursors of 5-HT (i.e. tryptophan) in chronically depressed patients (Karege et al., 1994; Ogawa 

et al., 2014) and others finding that such patients also display decreased levels of 5-HT metabolites such as 5-

hydroxyindoleacetic acid or 5-HIAA (van Praag and de Haan, 1979; Asberg et al., 1984; Gjerris et al., 1987). 

Genome-wide association studies have provided evidence of an association between polymorphisms in 5-HTT 

and increased reporting of depressive episodes or chronic depressive disorders in patients as well (Caspi et al., 
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2003). Collectively, these findings helped to bolster one of the key linchpins of the monoamine hypothesis: that 

a reduction in 5-HT levels in the brain may serve as either a risk factor or a key underlying cause of the 

pathology of depression, and the notion that elevating extracellular 5-HT could help to treat patients by reversing 

this neurochemical imbalance (Albert and Benkelfat, 2013). Indeed, numerous preclinical studies have also 

demonstrated a clear link between 5-HTT antagonism, increased synaptic 5-HT, and the antidepressant effects 

of drugs such as the SSRIs (Lemberger et al., 1985; Nakenoff et al., 2016). 

 The broad elevation of 5-HT via 5-HTT antagonism has remained the primary method of targeting and 

treating the presumed imbalance in this monoamine in patients, however converging clinical and preclinical data 

has made a case for the individual 5-HT receptors as other potential targets. While many of the 5-HT receptors 

have been shown to modulate aspects of depressive-like behavior (Carr and Lucki, 2011), more extensive work 

has focused on the 5-HT1A and 5-HT1B receptor subtypes, both of which have been shown to have altered 

expression patterns, associated polymorphisms and contribute to the mechanism of action of select anti-

depressants in patient populations (Robinson et al., 1990; Stockmeier et al., 1998; Tatarczynska et al., 2005; 

Parsey et al., 2010; Murrough et al., 2011; Donaldson et al., 2016).  In rodents, pharmacological activation of 

both receptors has been also been demonstrated to produce acute anti-depressant-like effects in tasks such as 

the FST (Redrobe and Bourin, 1999; Kennett et al., 1987; Lopez-Rubalcava and Lucki, 2000; O’Neill and 

Conway, 2001), however differences in the contribution of each receptor to these effects has been reported 

based on their presumed expression patterns and functionality. Both inhibitory GPCRs (i.e. coupled to Gi/o), 5-

HT1A is shown to be expressed predominantly somatodendritically on neurons, allowing for direct modulation of 

firing, while 5-HT1B is expressed on axon terminals and its activation has been implicated in the regulation of 

neurotransmitter release (Boschert et al., 1994; Ghavami et al, 1999; Riad et al., 2000). Key distinctions can 

also be made regarding the expression of these receptors on serotonergic neurons, where they act as 

autoreceptors, or non-serotonergic neurons, where they function as heteroreceptors, and the implications this 

may hold for their role in transducing the effects of altered serotonergic signaling in disease states or in 

response to treatments with SSRIs. 5-HT1A and 5-HT1B heteroreceptors are heavily expressed throughout the 

brain’s limbic circuitry, particularly in the cortex, hippocampus and basal ganglia, and thought to act in 

opposition to the autoreceptors found in the raphe nuclei when responding to changes in 5-HT levels brought on 

by typically SSRIs, contributing to the slow time of onset for anti-depressant actions in many patients 
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(Maroteaux et al., 1992; Pompeiano et al., 1992; Davidson and Stamford, 2000; Biler and Ward, 2003). As such, 

the development of new compounds targeted selectively to auto- or heteroreceptors has been proposed as a 

means to enhance or refine treatments for depression targeting the brain’s serotonergic system, with evidence 

showing that the use of the partial 5-HT1A agonists pindolol or vilazodone (targeting autoreceptors more 

selectively) can produce robust anti-depressant actions in patients and enhance the effectiveness of classical 

SSRIs (Tome et al., 1997; Sahli et al., 2016). Similarly, 5-HT1A heteroreceptor preferring agonists have also 

been shown to greatly reduce depressive-like behaviors in rodents (Newman-Tancredi et al., 2009). A focus on 

the regional expression patterns of these receptors and their role in intrinsic and extrinsic circuitry has helped to 

consolidate evidence of 5-HT1A heteroreceptor function in the hippocampus and cortex as crucial in regulating 

depressive-like behavior (Richardson-Jones et al., 2011), and show that elevated 5-HT1B heteroreceptor 

expression and function in forebrain/basal forebrain structures such as the cortex and NAc may enhance the 

effects of antidepressants (Svenningsson et al., 2006; Alexanxder et al., 2010), while stress exposure may 

increase 5-HT1B autoreceptor expression/activation in the dorsal raphe and drive depressive-like behavior 

(Neumaier et al., 1997; Clark et al., 2002). Recently, serotonergic inputs from the dorsal raphe to a set of stress-

responsive structures known as the extended amygdala have also been shown to drive increases in anxiety and 

fear behaviors in a 5-HT2C specific fashion, highlighting other aspects of the contributions of 5-HT in the 

regulation behavioral outputs salient to depression (Marcinkiewcz et al., 2016). The study of the specific circuitry 

of serotonergic signaling and its molecular substrates continues to support a key role for this monoamine in 

depression. However, despite advances in more selective receptor targeting, the efficacy of 5-HT focused 

therapies continue to present slowly in many patients and/or not emerge at all, suggesting that while critical, 5-

HT signaling may only represent one of many salient aspects of the underlying pathophysiology of this disorder. 

 

Noradrenaline (NE): The projections of the NE signaling system spread throughout the vast majority of cortical 

and subcortical structures, originating from a small number of noradrenergic cell populations found primarily in 

the locus coeruleus (LC) and to a lesser degree in a number of other small, diffuse midbrain and brainstem 

nuclei (Goddard et al., 2010). Much like the serotonergic signaling system, noradrenergic projections from these 

regions extend to key centers of cognitive function, such as the cortex and hippocampus, as well as to most of 

the limbic structures, including the amygdala, extended amygdala and hypothamalus, positioning NE to 
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significantly contribute to many of the circuits within and between a number of regions that have been implicated 

in regulating depressive-like behaviors (Stahl, 2003). The NE signaling system extensively innervates the body’s 

peripheral nervous system (PNS), and acts as one of the primary neurotransmitter molecules within the 

autonomic nervous system, chiefly at the sympathetic division, that is associated with regulating an organism’s 

“flight or fight” responses to external stimuli (Goddard et al., 2010). Prominent amongst these forms of stimuli is 

stress, and the peripheral responses to stress that are modulated by the sympathetic nervous system and NE 

signaling are often inextricably tied to a cascade of events that initiates the classical stress response in the CNS 

at the level of the hypothalamic-pituitary-adrenal axis, or HPA axis (Chrousos, 2009; Goddard et al., 2010). This 

occurs principally through projections from the LC and nucleus of the solitary tract (NTS) which innervate the 

paraventricular nucleus (PVN) of the hypothalamus, a key production site of one of the primary signaling stress 

signaling molecules, adrenocorticotropic hormone (ACTH). The role of the HPA axis and the key modulatory 

transmitters and peptides that regulate its activity in response to stress, and how its dysregulation may be 

implicated in depression, will be expanded upon in the next section. For now though, it is sufficient to say to that 

the close association of NE signaling and HPA axis function has been extensively studied both clinically and 

pre-clinically in the context of depression and other mood disorders, and has shown enough of a correlation to 

have early on signaled out NE as a key component of the monoamine system to target for the development of 

therapeutics (Chrousos, 2009; Goddard et al., 2010). 

 NE has a number of receptors it acts upon within the CNS and PNS, which are broken down into two 

main families, the alpha and beta receptors, and are further composed of two to three validated receptors each 

(α1-2 and β1-3). All of these receptors are also GPCRs, with the α1 receptors associated with a Gq protein, all 

three β receptors with a Gs protein, and the α2 with a Gi/o protein, giving the α1 and β receptors a more excitatory 

modulatory function, while the α2
 receptors are believed to produce more inhibitory effects (Strosberg, 1993). As 

mentioned above, however, the primary target of NE signaling in regards to the treatment of depression has 

classically been the norepinephrine transporter (NET). Much like in the case of typical antidepressants targeting 

the 5-HT system, the majority of NE targeted drugs act at NET to increase the levels of NE in the brain, and as 

such are often dubbed norepinephrine reuptake inhibitors (NERIs), with many of these drugs formulated to also 

target 5-HTT, making them combined NE and 5-HT reuptake inhibitors (SNRIs). Early evidence of decreased 

levels of NE and NE metabolites such as 3-methoxy-hydroxyphenylgycol (MHPG) in serum samples of 
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chronically depressed patients compared to healthy controls (Lambert et al., 2000) helped to provide initial 

support for this treatment paradigm, with additional studies suggesting that NET activity is decreased in the LC 

and limbic structures of depressed or suicidal patients postmortem (Ordway and Klimek, 2001; Brunello et al., 

2003) further supporting the monoamine hypothesis’s central idea. Genetic studies in patients demonstrating 

increased susceptibility to depression and depressive episodes have also shown correlative instances of NET 

mutations that may lead to altered transporter function and overall NE signaling efficiency (Lin and Madras, 

2006), again arguing for the continued idea that correcting this decrease in NE levels may lead to depression 

relief. 

 More recent work and ideas are beginning to turn their focus away from only studying the role of NE 

levels and NET function, to now investigate the modulatory effects of noradrenergic receptor signaling and 

changes in intrinsic NE circuitry that might be implicated in depression pathology. The α2a subtype of the α2 

receptor, specifically, has been found to be elevated in expression in the PFC of suicidal and chronically 

depressed patients postmortem (Escriba et al., 2004), while rodent studies of mice lacking this receptor show 

evidence of increased depressive-like behaviors (Schramm et al., 2001). This may suggest a potential protective 

role for these receptors in response to the initial neurochemical changes associated with depression that may 

go awry over time, and lead to a suppression of NE signaling via the actions of α2/α2a auto-receptor function 

(Chandley and Ordway, 2012; Cottingham and Wang, 2012). Clinical and preclinical studies of the role of the α2a 

receptor’s expression and function in depression have also displayed promising converging data, with the 

administration of TCAs or the α2/5-HT2 receptor antagonist mirtazapine (as well as the use of ECT) all shown to 

produce a decrease in α2a receptor density in scans from depressed patients (Garcia-Sevilla et al., 1999; 

Garcia-Sevilla et al., 2004; Cooper et al., 1985; Werstiuk et al., 1996). The use of the subtype-selective α2a 

antagonist BRL44408 has also been demonstrated to elicit a robust decrease in immobility time in the FST in 

mice (Dwyer et al., 2010). In addition to this, α2a positive terminals have been observed to be abundant in the 

dorsal raphe (DR) and the receptor to be prominently expressed on serotonergic neurons in the region as well 

(Kalsner and Abdali, 2001; Goddard et al., 2010), suggesting a strong cross-talk between serotonergic and 

noadrenergic circuitry that may be key to the pathology of depression, as well as the mechanisms of action of 

many typical antidepressants. Apart from the how the circuitry of these two monoamine systems might be 

intertwined and implicated in the effects of depression, more recent work has also focused on the inputs that 



19 
 

drive both the activation and inhibition of primary noradrenergic cells and sites in the brain, and how this may 

lead to increased or decreased signaling through the NE modulatory network. Glutamatergic signaling in 

particular, which has been shown to be elevated in patients of depression (Sanacora et al., 2004; Chandley et 

al., 2013), has been implicated in driving LC activation and NE signaling, particularly in the context of stress. In 

rodents, acute stress expose has been shown to enhanced LC excitability (Borodovitsyna et al., 2018), while in 

postmortem analyses of the LC of chronical depressed or suicidal patients, transcripts analyses of several 

glutamate receptor subunits were found to be highly elevated when compared with healthy controls (Bernard et 

al., 2011; Chandley et al., 2014), indicative of altered excitatory activity in the LC of these patients, as well as a 

dysregulation of glutamate and NE signaling interactions overall. These findings, among others, suggest the 

possibility that NE and potentially other monoamine signaling systems, can be directly regulated through the 

more primary neurotransmitter systems, and that through modulating inhibitory or excitatory signaling alone, 

more universal antidepressant effects can be achieved by targeting a larger variety of the neurochemical 

imbalances associated with depressive disorders. 

 

Dopamine (DA): DA by contrast has more restricted network in the brain when compared with the other classic 

monoamines, consisting of five to six primary pathways stemming from the main hubs of DA production in the 

VTA and the substantia nigra pars compacta (SNc). These include the mesolimbic and mesocortical pathways 

(often grouped as the mesocorticolimbic projections) that connect the VTA to the ventral striatum (the canonical 

reward pathway, terminating at the NAc) and the VTA with the PFC, the nigrostriatal pathway that connects the 

SNc to the dorsal striatum (canonical basal ganglia pathway), the tuberoinfundibular pathway connecting the 

hypothalamus/arcuate nucleus with the pituitary, the hypothalamospinal pathway between the hypothalamus 

and spinal cord, and lastly the incertohypothalamic pathway that links the zona incerta with the hypothalamus 

and brainstem (Malenka et al., 2009). Several different receptors serve as targets for DA in the CNS, and are 

typically broken down into five subtypes (D1-D5) that can be further divided into two broad families: the D1-like 

receptors (which consist of D1 and D5) and the D2-like receptors (D2, D3 and D4), all of which are GPCRs. The 

D1-like receptors are coupled classically to Gs proteins, giving them an excitatory-like function through the 

activation of adenylyl cyclase and the cyclic adenosine monophosphate (cAMP) second messenger pathway, 

while the D2-like receptors are associated with Gi proteins and exhibit a net inhibitory function when activated 
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(Beaulieu and Gainetdinov, 2011). Similar to the other monoamine systems discussed here, these receptors 

have not classically been targeted for the treatment of depression, as initial antidepressants such as the MAOIs 

were understood to indirectly elevate levels of DA in patients. This unifying theme of lowered or depleted levels 

of all monoamines that drives one of the initial hypotheses of depression has not been without clinical support, 

as past and recent studies have also shown levels/activity of the dopamine transporter (DAT) to be significantly 

lower in chronically depressed patients when compared with healthy controls (Meyer et al., 2001; Sarchiapone 

et al., 2006; Pizzagalli et al., 2019), and other scans have shown consistent decreases in striatal DA cell activity 

in similar patients pools (Pruessner et al., 2004). These functional changes in key components of the brain’s 

dopaminergic/reward circuitry have been hypothesized to correlate with one of the key hallmarks of depression: 

anhedonia, or a loss of motivation to seek out pleasurable or rewarding stimuli (Forbes et al., 2009), an idea that 

has been supported by animal modeling studies (Papp et al., 2003). As a DAT-specific approach has largely 

been avoided in the treatment of depression, new studies focusing not only on the changes in intrinsic DA 

circuitry in depressive disorders, but also on the changes in receptor expression and modulation, have begun to 

expand upon the possibilities of uncovering a more direct role for DA in the pathology of depression.  

 In regards to receptors, it has been shown that D2 levels are highly elevated in the striatum of 

depressed or suicidal patients when compared with controls (D’Haenen and Bossuyt, 1994) and that both D2 

and D3 receptor binding is increased in the amygdala of similar patient pools (Pare et al., 1969), suggestive of 

diminished DA turnover and potentially reduced DA signaling if these two receptors are acting in an auto-

receptor-fashion. Indeed, recent work using the D2/D3 antagonist amisulpride (which is believed to increase DA 

signaling by blocking presynaptic auto-receptors) has demonstrated a restoration of activation in striatal-cortical 

circuitry in depressed patients when compared with placebo groups (Admon et al., 2017) and has previously 

been shown to promote hedonistic drive in rodent models of depression following chronic administration 

(Schoemaker et al., 1997). Studies such as these have helped to further promote the idea of directly targeting 

DA receptors as an alternative treatment to traditional antidepressants, while further advances in animal 

research modeling and circuit-based neurobiological studies have also placed an emphasis on the role of DA 

signaling and neuronal activity as important in shaping the affective aspects of depression. CMS/CUS for 

instance has been shown to produce long term alterations in DA receptor expression in limbic structures 

(Dziedzicka-Wasylewska et al., 1997; Kram et al., 2002), as well as decreased DA transmission in the NAc (Di 
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Chiara and Tanda, 1997). VTA lesion studies have also been reported to produce depressive-like behaviors in 

rats (Winter et al., 2007), suggesting that decreased or altered activity in the DA neurons in this critical region 

may underlie aspects of depression. This notion has been bolstered by other rodent work showing that the 

characteristic burst firing of VTA DA neurons in response to rewarding stimuli is blunted in a genetically 

validated rat model of depression (Friedman et al., 2008), and perhaps most prominently in a tour de force study 

demonstrating that optogenetic inactivation of VTA DA neurons in mice can drive increases in depressive-like 

behaviors, all of which could be reversed by selective activation of the same neurons (Tye et al., 2013). 

Collectively, these pre-clinical data build upon current human imaging work implicating altered activation in the 

mesolimbic and mesocortical DA pathways as likely associated with the pathology of depression, and have also 

begun to identify new circuits, such as those between the ventral hippocampus and the NAc (Belujon and 

Grace, 2014) and the basolateral amygdala (BLA) and the ventral palladium (VP, Chang and Grace, 2014) as 

potential regions of interest to both screen in patients and further examine for the interplay of other 

neurotransmitter systems. Indeed, as in the case with NE, the modulation of glutamatergic signaling has been 

shown to reverse aspects of DA signaling and neuronal activity altered in rodent depression models (Belujon 

and Grace, 2014), suggesting that broad manipulations of excitatory circuits and molecular targets may also 

serve to indirectly influence aspects of monoamine signaling in the disease state in an all-encompassing 

manner.  

 

Neuropeptidergic and neurohormonal modulatory systems 

 Research focused on expanding the scope of molecular targets for treating depression and other mood 

disorders beyond that of the monoamines has been a topic of interest for some time, with a number of different 

potential candidates emerging in the past few decades that have merited more in depth investigation. Some of 

the most heavily studied classes of molecules to fit this description have been the neurohormones and the 

neuropeptides, primarily due to a wealth of data implicating many of these molecules in regulating the stress 

response circuitry of both the PNS and CNS. As mentioned above, perhaps the most well-known of all these 

circuits is the HPA axis, the dysfunction of which has long been speculated to play a role in the pathogenesis of 

anxiety and other affective disorders, including recent evidence pointing to depression as well (Tamagno and 

Epelbaum, 2015; Badhan et al., 2008). Indeed, this master regulator of stress responsiveness hinges on the 
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signaling achieved through a number of key endocrine molecules that have served as entry points for 

investigating new means to treat depression that may avoid many of the undesirable side effects of the 

typical/atypical antidepressants and mood stabilizers on the market today. In addition to this, many research 

groups have also begun to consider the role of specific neuropeptides in regulating emotional states and 

behavioral output in response to affective stimuli, owing in large part to work focusing on the role of peptides 

such as oxytocin and the like in driving positive social interactions seen in model organisms (Insel, 2010). 

Below, I will briefly outline our current knowledge existing on the connections between several key 

neurohormones/neuropeptides and depression, including the many challenges that have faced this area of 

research in finding and developing effective therapeutics. 

 

Corticotropin releasing factor (CRF): Perhaps the most well studied neurohormone in regards to the relation of 

its signaling and activity in the pathophysiology of affective disorders is corticotropin releasing factor (CRF), also 

known as corticotropin releasing hormone (CRH). This is primarily due to the key role that CRF plays in 

regulating the activation of the HPA axis by kicking off the cascade of events that eventually leads to the 

recruitment of the sympathetic nervous system and the induction of the body’s biological stress response, 

typically comprising of changes in arousal, attention and cognition in the CNS, and increases in cardiovascular 

tone, respiration, and energy production/consumption peripherally (Chrousos and Gold, 1992). To achieve this, 

CRF produced within the PVN is released into the anterior pituitary, where it stimulates the release of ACTH, 

which acts at the adrenal glands to drive the production and release of the glucocorticoid hormones into the 

bloodstream/periphery. In humans, the chief glucocorticoid is cortisol (corticosterone in rodents), and has long 

shown to be altered in production and levels in patients suffering from general anxiety and mood related 

disorders such as depression (Holsboer, 2001). Considering that the entire HPA axis operates as a negative 

feedback loop, in which enhanced levels of glucocorticoids eventually act to suppress the production/release of 

CRF and ACTH (Calogero et al., 1988), it has been suggested that inhibiting CRF signaling/release may serve 

as a more effective way to reduce the chronic affective and stress associated symptoms of depression and 

promote long term remission (Holsboer and Barden, 1996). This has principally been attempted by targeting the 

main receptors of CRF within the CNS and PNS: corticotropin releasing factor receptor 1 (CRFR1) and 

corticotropin releasing factor receptor 2 (CRFR2). 
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  Both CRFR1 and CRFR2 are GPCRs, and are believed to primarily associate with the Gs protein, 

though evidence has suggested that they are able to associate with both Gq and Gi/o proteins as well 

(Grammatopoulos et al., 2001), making their associated pharmacology and direct manipulation challenging. 

Despite this, studies of the distribution of the receptors via in situ analyses have shown both to be highly 

abundant in limbic structures such as the prefrontal cortex, ventral hippocampus, amygdala, extended 

amygdala, VTA and pituitary (Kuhne et al., 2012; Chalmers et al., 1995; Van Pett et al., 2000), providing 

anatomical evidence for a key role of these receptors in modulating the activity of regions long associated with 

the pathology of depressive disorders. Similarly, a wealth of preclinical data has shown that animals lacking the 

CRFR1 receptor exhibit an increase in anxiolytic behaviors and an overall blunted stress response (Smith et al., 

1998; Timpl et al., 1998), and that conversely, the activation of these receptors is associated with robust 

increases in depressive-like behavior (Chen et al., 2018). Other rodent work showing that the administration of 

CRFR1 selective antagonists such as antalarmin or NBI-27914 can prevent or reduce these behaviors in both 

mice and rats (Zorrilla et al., 2002; Bale and Vale, 2003; Chen et al., 2018) have further strengthened the 

arguments for pursuing the development of tolerable compounds to antagonize CRFR1 signaling, which has 

become broadly accepted to be the key receptor out of the two that drives anxiogenesis (Reul and Holsboer, 

2002). Clinical data from depressed patients has also served to galvanize this interest in CRF and the CRFR1, 

as studies have reported the levels of the neurohormone to be highly elevated in those more susceptible to 

depression when compared with healthy controls (Nemeroff et al., 1984; Raadsheer et al., 1995), and genome 

wide association data has additionally identified a correlation between SNPs within the CRFR1 gene and 

patients suffering from or reporting increased incidence of depressive episodes (Liu et al., 2006; Wasserman et 

al., 2008). Combining this with studies indicating that long term treatment with typical antidepressants may also 

serve to reduce CRF levels in patients over time (de Bellis et al., 1993) has further promoted the notation that 

the regulation of CRF signaling may be critical to achieving lasting relief from depression and normalizing stress 

responsive behavior in affective disease states.  

 While preclinical studies using several CRFR1 antagonist compounds have proven promising for the 

development of novel drugs, few have shown the same efficacious results observed in rodent and 

monkey/primate models for the relief of anxiety and depressive-like symptoms when tested in human subjects. 

To date, the majority of all these compounds have failed to meet sufficient criteria during clinical trials to 
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advance past Phase III testing, leading to many compounds like R121919, CP-316,311, NBI-34041 and others 

to be abandoned as serious drug candidates when they proved unable to produce statistically robust or long 

lasting relief from anxiety or depressive symptoms, despite displaying good tolerance across subjects (Zobel et 

al., 2000; Binneman et al., 2008; Ising et al., 2007; Griebel and Holsboer, 2012). Nevertheless, the evidence 

implicating CRF signaling in the pathophysiology of depression is compelling, with more recent work suggesting 

that the direct manipulation of cells that produce CRF and CRFergic circuits in select brain regions may be 

sufficient to alter affective behaviors in rodents (Asok et al., 2018; Kim et al., 2019a). This suggests that the 

identification of other molecular targets aside from CRFR1 and CRFR2 to regulate the activity of CRF cells and 

circuits may prove to be highly useful, and allow for other effective means to correct HPA axis dysfunction at the 

level of a key modulatory molecule. 

 

Glucocorticoids (GCs): As mentioned, one of the other primary players in the activation of the biological stress 

response are the glucocorticoids (GCs), chiefly cortisol in human (and corticosterone in rodents), that serve as 

the final output of the HPA axis. In depressed patients, it has been speculated that dysregulation of the typical 

negative feedback induced by increasing levels of GCs that leads to an inhibition of HPA axis output can 

produce long term deficits in affective behavior and lead to HPA axis hyperactivity, a notion supported by 

studies finding that depressed patients exhibit heightened levels of GCs in saliva, cerebrospinal fluid, plasma 

and urine when compared with control subjects (Nemeroff et al., 1992; Pariante et al., 2009). Thus, a separate 

“glucocorticoid hypothesis” of depression has also been speculated in the biomedical community, and has 

generated an avenue of research into the study of the key receptors of these hormones, the glucocorticoid and 

mineralocorticoid receptors (GR and MR), and how their function, activity and manipulation may be associated 

with the pathophysiology of depression as well. Much like in the case of research into CRF and the CRF 

receptors, the results of these studies have shown spots of promise, but have been ultimately difficult to 

translate to effective therapeutics at the level of the clinic. Indeed, studies using rodents lacking functional GRs 

within the nervous system reported decreases in anxiety-like behaviors and stress responsiveness despite 

elevated levels of CRF and increased secretion of corticosterone (Tronche et al., 1999), while others found that 

mice expressing either anti-sense GRs or in which GRs were selectively deleted in the hippocampus displayed 

increased depressive-like behaviors (Pepin et al., 1992; Boyle et al., 2005). Despite opposing results, these 
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studies highlighted the importance of GR signaling on regulating emotional behavior, and to the initial 

proposition that blocking GRs could serve as a strategy for combating the effects of heightened GC levels in 

depression. Early studies with GR antagonists such as RU486 did show some promise both in patient clinical 

trials and in rodents, specifically in reducing neurocognitive impairments that may be associated with depression 

(Young et al., 2004; Oomen et al., 2007), but not in directly ameliorating the affective symptoms of depression 

(Flores et al., 2006), and in some cases, administration of the antagonist led to increased depressive-like 

behaviors over time in rodents (Papolos et al., 1993) and increased levels of cortisol in clinical trial subjects. 

Thus, while current attempts to block GR signaling have proven to be somewhat less effective than expected, 

the collective human and animal studies into GRs/MRs and GCs in relation to depression has uncovered a clear 

dysfunction in their signaling and activity in the disease states, but may require a better target for regulating the 

effects of elevated GC levels than the cognate receptors alone. 

 

Oxytocin (OXT): In parallel to studies of the classic molecular targets of depression within the endocrine system, 

more recent efforts have begun to investigate the role of neuropeptides in both the regulation of emotion and 

their potential implications in the pathology of mood disorders. One of these peptides is oxytocin (OXT), which 

apart from its well documented role in social stimuli responsiveness, has also been found to be synthesized and 

released in response to stress and anxiety-related stimuli as well (Neumann, 2008). Specifically, OXT has been 

found to exert anxiolytic and antidepressant-like effects in rodents, potentially through its actions at limbic 

structures such as the PVN and amygdala (Knobloch et al., 2012; Blume et al., 2008). Systemic administration 

of OXT in rats has also been shown to produce stress protective effects (Windle et al., 2004; Slattery and 

Neumann, 2010) and mice lacking functional oxytocin receptor (OXTR) have demonstrated increased anxiety-

like behaviors (Amico et al., 2004), providing further preclinical evidence for a role of OXT in regulating 

emotional behaviors implicated in depression pathology, and suggesting that targeting OXTRs may serve as a 

potential treatment. Despite this, the use of novel OXTR agonists (such as WAY-267464) or antagonists (OXT-

A) in rodent studies have failed to directly alleviate or exacerbate depressive-like behaviors across tasks such 

as the FST and TST, leading to somewhat inconclusive interpretations of the antidepressant potential of OXTR 

manipulation (Ring et al., 2010; Ebner et al., 2005). Additionally, clinical data from depressed patients has been 

equally lacking in regards to drawing any clear correlation between OXT levels and increased instances of 



26 
 

depression, with studies showing opposing results at best (Slattery and Neumann, 2010; Parker et al., 2010), 

and little evidence exists of genetic mutations in OXTRs in patient populations with depressive disorders. Thus, 

while OXT may be shown to play a clear role in the regulation of affect in response to negative and positive 

forms of emotional stimuli, how to manipulate this system in order to treat affective disorders such as depression 

is still uncertain at best. 

 

Vasopressin (AVP):  Like OXT, vasopressin (AVP) is another neuropeptide that has recently garnered much 

interest for its potential role in regulating limbic circuitry and downstream affective behavior. It has been 

speculated to act in direct opposition to OXT, in that while AVP may also be produced and released in response 

to anxiogenic, stressful, or negative social stimuli, it is thought that the actions of AVP signaling instead enhance 

anxiety and depressive-like behaviors (as seen in rodent models) instead of suppressing them (Neumann and 

Landgraf, 2012). These effects have been supported by a number of transgenic and pharmacological studies in 

rodents, specifically by targeting the main receptors of AVP: arginine vasopressin receptors 1A and 1B 

(AVPR1A and AVPR1B), showing that the administration of AVPR agonists such as desmopressin can produce 

robust anxiogenic effects in rats while AVPR1A or AVPR1B antagonists like atosiban and SSR149415 can 

directly reverse or suppress such behavior (Mak et al., 2012; Griebel et al., 2002) as well as promote 

antidepressant-like effects across measures of active coping and immobility in the FST (Griebel et al., 2003; 

Ebner et al., 2002). AVPR1A knockout mice have also been shown to display an anxiolytic phenotype across 

metrics like the EPM and OFT compared with wildtype animals (Bielsky et al., 2004), and similar studies in 

AVPR1B knockout mice also show that the deletion of this receptor can produce a reduction in depressive-like 

behavior and both AVP and stress hormone circulation in the bloodstream (Tanoue et al., 2004). Clinical data 

from depressed patients has also demonstrated some promise for the targeting of the vasopressin system, with 

several studies indicating that AVP levels in both plasma and cerebrospinal fluid may be elevated in chronically 

depressed subjects when compared with controls (van Londen et al., 1997; de Bellis et al., 1993). Additionally, 

clinical trials from the use of SSR149415 in depressed patients showed some promise early on to indicate that 

the drug was not only well tolerated in humans, but that it might be effectiveness in treating the core symptoms 

of depression, as assessed via HAM-D scoring (Griebel et al., 2012). Despite this though, the drug ultimately 

failed to reach efficacy expectations and initial trials were ultimately discontinued. These attempts, however, 
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would not mark the last time that AVPR1B pharmacology was pursued as a treatment for depression, as very 

recent work using a novel 1B antagonist, ABT-436, showed it to significant reduce GC, CRF and cortisol levels 

in depressed patients, as well as improve scoring on the Mood and Anxiety Symptom Questionnaire (MASQ), 

suggesting that further testing in larger subject pools could pull out a more favorable antidepressant-like effect 

(Katz, et al., 2017). Collectively, while these preclinical and clinical studies are still ultimately unclear as to how 

effective AVP targeting might be to universally treat symptoms of depression, recent data such as those 

mentioned above do highlight it as a potentially exciting target warranting further investigation. 

 

Neurokinins (NKs): One of the initial classes of neuropeptides investigated for their potential role in regulating 

emotional processing and circuitry were the tachykinin family, consisting primarily of substance P, neurokinin A 

and neurokinin B. Out of these three molecules, the neurokinins and their cognate receptors: 

tachykinin/neurokinin receptors 1-3 (NK1-3), demonstrated early promise as possible key regulatory switches for 

the control of cell populations and circuits within both HPA axis and limbic structures, in which all three receptors 

and the neuropeptides are prominently expressed (Rigby et al., 2005; Griebel and Holsboer et al., 2012). Apart 

from their distribution patterns across these regions of core emotional processing, early preclinical testing in 

rodents demonstrated that novel NK1 antagonists like CP-96,345 and MK-869 were able to consistently produce 

robust antidepressant-like effects (Herpfer and Lieb, 2005). The role of NK1 in regulating affect was further 

bolstered by genetic studies using a NK1 knockout mouse line, which demonstrated an anxiolytic phenotype 

along with decreased depressive-like behavior in tasks such as the FST and TST (Bilkei-Gorzo et al., 2002), 

suggesting that blockade of the receptor in humans could lead to relief from depressive symptoms. Despite this 

though, most clinical trials using NK1, and even NK2 and NK3, antagonists have been inconsistent and unable to 

deliver reproducible and highly efficacious reductions in depressive behavior across patient populations and 

independent trials (Griebel and Holsboer, 2012). Thus, while NK receptor antagonists may still represent a 

promising alternatives to monoamine targeted antidepressants, studies into their effectiveness has slowed 

recently in favor of other potential targets.  

 

Neuropeptide Y (NPY): Neuropeptide Y (NPY) represents one of the newer neuropeptides to be investigated for 

its potential role in the pathophysiology of depression and anxiety related disorders, with a wealth of preclinical 
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rodent data providing initial support for expanding upon such studies. NPY itself is widely distributed throughout 

the PNS and CNS, particularly within cortical, hippocampal, thalamic and brainstem structures (Griebel and 

Holsboer, 2012). To date, there are five known NPY receptor subtypes: Y1, Y2, Y4, Y5, and Y6 (all GPCRs), and 

their distribution through the CNS has also been shown to be widespread, with particularly high levels of 

enrichment in a number of core limbic structures such as the PFC, amygdala, bed nucleus of the stria terminalis 

(BNST), PVN, hippocampus, NAc and septum (Redrobe et al., 2002), further purporting a possible role for the 

peptide in regulating the activity of these regions in response to affective stimuli. Indeed, initial rodent studies 

which tested the effects of direct NPY administration to mice showed a robust reduction in stress and 

depressive-like behaviors in the FST (Redrobe et al., 2002), while pharmacological studies using NPY receptor 

selective agonists demonstrated that the administration of Y1 and Y5 preferring compounds can produce similar 

results (Ishida et al., 2007). Other studies showing that the blockade of Y1 with selective antagonists could 

produce opposing phenotypes further helped argue for a key role of Y1 in transducing the anxiolytic and 

antidepressant-like effects associated with NPY signaling. Conversely, the Y2 and Y4 receptors have been 

deduced to enhance anxiety and depressive-like behaviors, as genetic deletion or selective inhibition of these 

receptors has been demonstrated to improve stress resilience and curb depressive-like behaviors (Painsipp et 

al., 2008; Redrobe et al., 2003; Tasan et al., 2009; Tschenett et al., 2003). Clinical evidence has also supported 

notions for the involvement of NPY signaling in depression pathology, with several studies demonstrating a 

decrease in overall NPY levels in cerebrospinal fluid and plasma in depressed patients compared with healthy 

controls (Widerlov et al., 1988; Hashimoto et al., 1996), and that these levels could be normalized following 

chronic treatment with typical antidepressants (Ozsoy et al., 2016). These findings, however, have yet to 

mobilize a concerted effort in the pharmaceutical sector to begin the development of novel NPY receptor 

targeted compounds, particularly due to anticipated issues with producing highly specific, non-peptide brain-

penetrant ligands (Brothers and Wahlestedt, 2010). While these initial hurdles will most likely prove to be 

surmountable, it has prompted questions as to whether other avenues may exist to endogenously regulate the 

activity or signaling of neuropeptidergic cells/circuits that may avoid the need to develop and test such 

potentially problematic compounds. 
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 Collectively, the fields of biomedical and pharmaceutical research into the pathology and treatment of 

depression have relied heavily on the use of many molecular targets that, while effective in certain patients, may 

not help to treat the myriad changes in neural chemistry, cellular activity and circuit function that a growing body 

of evidence seems to indicate as critical in driving many of the core symptoms of the disease. The treatment 

options mentioned above have been viewed by many in these communities as only able to treat individual 

aspects of a patient’s depression, avoiding other areas of imbalance or dysregulation that are also known to be 

highly variable on a case by case basis, and that may serve to more effectively treat one patient as opposed to 

another. The search for a more universal and all-encompassing target for treating depression has thus long 

been a lofty goal of neuropathological research, and while a definitive answer is still a long way off, current work 

focusing on glutamate and a number of its key receptors and excitatory circuits has become an area of much 

excitement and promise for potentially identifying of just such a target.    

 

The glutamatergic signaling system: a novel molecular target for treating depression 

 

The glutamate hypothesis of depression 

 Glutamate is the primary excitatory signaling molecule in the brain, and is essential for the maintenance 

of a number of structural and functional synaptic processes that are important for learning, memory and general 

cognitive function. Changes in glutamatergic signaling, particularly in response to stress, have long been 

suspected to be detrimental to mental health, with numerous studies showing that many of the symptoms of 

psychiatric illnesses that effect cognition and emotional processing have been linked to the effects of 

unregulated excitatory signaling, including the modulation of responses to stress-inducing and motivated 

behaviors that are seen to go awry in depression and anxiety-related disorders. This suggests that the 

regulation of glutamate is important in areas involved in the reward-seeking and stress-response neurocircuitry, 

and prompted initial efforts to investigate whether or not overt changes in glutamatergic signaling/activity could 

be identified in patients suffering from depression. 

 Glutamate exerts its activity at a number of different receptors located throughout the nervous system, 

primarily consisting of two main classes: the metabotropic glutamate receptors (mGluRs) and the ionotropic 

glutamate receptors (iGluRs, see Fig. 2 for more detail). The mGluR family is composed of eight different types 
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(mGluRs1-8) collected into three distinct groups (I, II or III), based on their associated second messenger and 

ligand sensitivity (Willard and Koochekpour, 2013). The group I mGluRs are known to increase excitatory 

neurotransmission in a Gq GPCR dependent manner, and are primarily located postsynaptically (Willard and 

Koochekpour, 2013). The groups II and III mGluRs, by contrast, are inhibitory (via Gi dependent GPCR 

signaling) and tend to be located presynaptically (Willard and Koochekpour, 2013). Likewise, the iGluRs can be 

divided into four distinct classes based on physiology and ligand responsiveness, and include the N-methyl-D-

aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate and delta receptors. 

The AMPA receptors (AMPARs) serve as the primary charge carriers of excitatory neurotransmission, allowing 

for the initial depolarization of the cellular membrane necessary to bring the cell to threshold for the firing of an 

action potential (Malenka and Bear, 2004). The NMDA receptors (NMDARs) require an initial depolarization of 

the membrane in order to respond to further changes in excitatory tone at the synapse, but are highly sensitive 

to these changes, allowing them to readily modify excitatory signal strength (Malenka and Bear, 2004).  Activity 

dependent glutamatergic signaling through both mGluRs and iGluRs has long been known to be a key mediator 

of synaptogenesis and synaptic plasticity. Specific forms of plasticity, such as long term potentiation (LTP) and 

long term depression (LTD), can be modulated by either major class of glutamate receptor, and ultimately result 

in either increased or decreased activation of the NMDARs and subsequent insertion or removal of AMPARs at 

synapses to promote stronger or weaker excitatory signaling (Malenka and Bear, 2004). The precise regulation 

of synaptic structure and function via these means has been shown to be critical for mediating cognition, 

learning and memory, and behavioral outputs. 
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Figure 2. Key glutamatergic receptors classes, and the biophysical attributes of the N-methly-d-
aspartate (NMDA) receptors. (A) Schematics of the main ionotropic and metabotropic classes of glutamate 
receptors found within the CNS and PNS. The ionotropic receptors are ligand gated ion channels which flux 

cations in/out of the cell following agonist binding and activation, and are chiefly comprised of the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-d-aspartate (NMDA) and kainate receptors 
(though recent evidence also suggests the presence of a fourth class: the delta receptors, as well). AMPARs 
typical form as heterotetramers consisiting of the GluA1-4 subunits (usually as dimer of dimers of GluA2 and 
A1,3 or 4) and respond potently to Glu2+ release, while the di- and triheteromeric NMDARs form via two obligate 
GluN1 subunits and a combination of GluN2 or 3 subunits. Kainate receptors also form as tetramers via different 
combinations of the GluR5-7 and KA1-2 subunits, and function more similarly to the AMPARs. The metabotropic 
receptors (mGluRs), by contrast, are composed of seven transmembrane domains and signal through their 
interactions with G proteins and associated G protein signaling cascades, leading to protein changes in gene 
transcription, protein modifications and altered excitatory signaling. (B) Detailed schematic of the basic 
properties and function of the NMDARs (left), and the physiological attributes imparted on these receptors 
based on their subunit composition (right), which will be discussed in greater detail in the following section. 
Adapted in part from Wyllie et al. (2013) and Danysz and Parsons, 2003. 
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 In the early 1990s, converging evidence from early preclinical investigations into the underlying 

physiology and neurocircuitry of stress-related behaviors often associated with depressive phenotypes in 

rodents, particularly in regards to hippocampal plasticity and NMDAR function (Shors et la., 1989; McEwen, 

1999), led to the discovery that the administration of NMDAR antagonists such as AP-5 and MK-801 could 

produce robust decreases in behaviors associated with inescapable stress in the FST and related tasks 

comparable to that of leading typical antidepressants (Trullas and Skolnick, 1990; Papp and Moryl, 1994). 

Indeed, further testing of the effects of both chronic imipramine and ECT treatment in rodents also indicated 

long term alterations in the binding properties of glycine and glutamate to the NMDARs in rodents (Nowak et al., 

1993; Paul et al., 1993), further suggesting a role for both glutamate signaling, and the NMDARs in particular, as 

a potential common pathway through which many antidepressants and other accepted treatments for 

depression ultimately produced their therapeutic effects. These discoveries were quickly followed up on by 

studies of the effects of chronic administration of many of these antidepressants and ECT treatment on 

glutamatergic signaling and/or receptor functionality in the brains of rodents (Paul et al., 1994), the results of 

which strikingly revealed the majority of these treatments to consistently reduce the potency of glycine to inhibit 

[3H]-5,7-dichlorkynurenic acid binding to strychnine-insensitive glycine receptors (used as a proxy for NMDAR 

function). Further clinical data revealing that the brains of chronically depressed and suicidal patients 

postmortem showed evidence of altered NMDARs radioligand binding in the frontal cortex (Nowak et al., 1995) 

helped to lay the foundations for the burgeoning “glutamate hypothesis of depression” and in particular the 

emergence of the NMDARs as potentially the key molecular target through which the manipulation of the 

glutamatergic system could be achieved to produce such promising antidepressant-like effects. 

 The most definitive evidence for the support of this new hypothesis, however, came from a pilot study 

conducted in 2000 in the lab of Dr. Johnathan Krystal that tested the effects of administration of the drug 

ketamine hydrochloride, largely understood to act as a potent noncompetitive antagonist of the NMDAR, in 

treating the symptoms of patients suffering from MDD (Berman et al., 2000). Using a lower dose of ketamine 

(0.5mg/kg) in order to avoid the typical anesthetic and dissociative side effects often associated with higher 

dosing with the drug, the results of the study were striking, with patient reporting near immediate relief from their 

symptoms as early as a few hours after their initial infusion, and follow up interviews revealing these effects to 

be felt for days to weeks following the trial. These findings galvanized a number of further clinical trials into the 
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effectiveness of ketamine as a treatment option for chronically depressed patients, with the majority of these 

studies not only replicating the robust and rapid results reported by the Krystal lab, but also showing ketamine to 

be effective in treating TRD patients as well (Zarate et al., 2006; Maeng et al., 2008; Blier et al., 2012; Diaz-

Granados et al., 2010; Murrough et al., 2013). The readily reproducible results of low dose ketamine for the 

treatment of depression represented an enormous leap forward for the mental health community, culminating 

recently in 2019 with the Food and Drug Administration’s formal approval of the S (+) enantiomer derivative of 

ketamine, esketamine (sold as Ketanest, Spravato and other brand names), for clinical use in the treatment of 

MDD and TRD.  

 The mechanism of action underlying ketamine’s therapeutic effects is still a topic of debate, however, 

but numerous studies have been conducted that have begun to hint at several different means through which it’s 

actions on the glutamatergic system can lead to its rapid and robust behavioral changes observed in both 

patients and animal models. These are believe to center around an acute effect that leads to an initial alteration 

in excitatory signaling in select regions/cell populations, followed by longer lasting and sustained modifications 

in protein expression and synaptic plasticity that can promote increased spine formation and synaptogenesis 

(Zanos and Gould, 2018). Evidence from work in the rodent PFC and hippocampus primarily has provided 

support for these notions, suggesting that the acute changes may results from the inhibition of GABAergic 

interneurons that allows for increased glutamate release from excitatory cells and an overall shift in excitatory 

activity (Moghaddam et al., 1997; Homayoun and Moghaddam, 2007). This increased glutamatergic tone is 

thought to enhance the activation of AMPARs (Henley and Wilkinson, 2016), a concept that has been buoyed 

indirectly across rodent and human electroencephalography studies (Sanacora et al., 2014; Kocsis, 2012; 

Zanos et al., 2016), and by gene expression studies showing the AMPA subunits GluA1 and GluA2 to increase 

in expression in the hippocampus and PFC mere hours post ketamine injection (Nosyreva et al., 2013; Li et al., 

2010). Enhanced AMPAR activation has been correlated with increased production of the growth factor, brain 

derived neurotrophic factor or BDNF (Jourdi et al., 2009; Clarkson et al., 2011), a molecule that has been 

proven important in driving synapse formation and plasticity within the CNS, and has been implicated in aspects 

of the long term antidepressant effects of ketamine (Autry et al., 2011). Additionally, enhanced BDNF production 

has been speculated to lead to greater downstream changes in gene transcription and protein translation, 

stemming from increased activation of the BDNF receptor, tropomyosin receptor kinase β (TrkB), which can lead 
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to the activation of the mechanistic target of rapamycin complex 1 (mTORC1) pathway (Autry et al., 2011; Autry 

et al., 2012). Coinciding evidence has also supported the notion that these gene transcription effects can be 

further enhanced via NMDAR blockade by preventing the NMDAR-mediated activation of eukaryotic elongation 

factor 2 kinase (eEF2K) and its associated phosphorylation of eukaryotic elongation factor 2 (eEF2), which can 

results in increased protein translation events mediated by eEF2 in regions such as the hippocampus and PFC 

(Autry et al., 2011; Sutton et al., 2007). Collectively, these studies suggest a complex, two part mechanism 

though which ketamine is able to drive short term enhancement of glutamate signaling and increases in protein 

translation that can lead to lasting changes in excitatory plasticity in key brain structures implicated in the 

regulation of affective behavior. 

 Despite these findings though, ketamine and its derivatives are still often observed with skepticism in 

the medical community, owning to the well-known abuse potential and side effects that recreational ketamine 

use has been shown to produce in regards to cognition, cortical integrity and dissociative/psychotomimetic 

behaviors (Curran and Monaghan, 2001; Morgan et al., 2004; Liao et al., 2011; Sos et al., 2013). These 

concerns have led to a continued interest in both the biomedical research and pharmaceutical communities to 

investigate other means of replicating the effects of ketamine without needing to rely on the drug itself, 

particularly by targeting the key receptors and downstream effectors though which ketamine is believed to 

produce it’s antidepressant actions. The most prominent of these potential targets to date has without a doubt 

been the NMDA receptors, due to growing evidence indicating a key role for NMDAR function in mediating 

excitatory signaling in limbic structures and circuity, and initial pharmacological work implicating their inactivation 

in mimicking antidepressant effects on salient affective behaviors long before the advent of ketamine. 

 

N-methyl-d-aspartate receptors as an emerging therapeutic target 

 While recent studies have suggested that drugs like ketamine might actually induce their 

antidepressant-like effects through AMPARs or other, non-NMDAR actions (Zanos et al., 2016; Chen et al., 

2009; Kohrs and Durieux, 1998), separate studies blocking such receptor populations have failed to produce 

similar sustained and robust changes in depressive-like behaviors to the same degree as those seen with 

NMDAR antagonists (Maeng et al., 2008). Thus, it is assumed that many aspects of the antidepressant actions 
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of ketamine, and of the manipulation of the glutamatergic signaling system as well, may be transduced through 

the NMDARs. 

 N-methyl-d-aspartate receptors are a class of heteromeric ionotropic glutamate receptors, composed of 

two obligate GluN1 subunits and a combination of either two GluN2 subunits or GluN3 subunits (Traynelis et al., 

2010, Fig. 2). The GluN2 and GluN3 subunits come in a number of different isoforms: four for GluN2 (A-D) and 

three for GluN3 (A-C), with the GluN2 subunits showing much more prominent expression and incorporation in 

vivo into the functional receptors in adult animals (Traynelis et al., 2010; Vyklicky et al., 2014). Activation of the 

receptor, which leads to the opening of its associated channel and the influx/efflux of mono- and divalent 

cations, requires binding of both a co-agonist (typically glycine or d-serine) to the GluN1 subunits and the 

cognate ligand glutamate at the GluN2 subunits, as well as depolarization of the cell membrane in order to allow 

for the removal of a Mg2+ blockade from the center of the channel pore (Fig.2). This has often led to the NMDAR 

being described as a coincidence detector, requiring both a shift in membrane potential and a parallel release of 

neurotransmitter to activate it, and crucial for its function in driving plasticity phenomena like LTP and LTD 

(Glasgow et al., 2019). The identity of the GluN2 subunits that compose a specific NMDAR are also considered 

to be highly important in regards to shaping such events, as they have been shown to directly influence a 

number of biophysical properties of the receptors such as: channel conductance, open probability, decay 

kinetics and both ligand and Mg2+ block sensitivity (Traynelis et al., 2010; Vyklicky et al., 2014, Fig. 2). 

Physiological profiling of these receptors both in vitro and in vivo have shown GluN2A-NMDARs to possess the 

most rapid kinetics, lowest sensitivity to glutamate and highest sensitivity to the Mg2+ block, with these metrics 

shown to skew towards longer decay times, increased glutamate sensitivity and decreased Mg2+ block in 

GluN2B and GluN2C-containing receptors, and even more so in GluN2D-NMDARs, which display the most 

prolonged decay kinetics, lower open probability and highest sensitivity to glutamate and insensitivity to Mg2+ of 

all four isoforms (Traynelis et al., 2010; Vyklicky et al., 2014, Fig. 2). The expression patterns and profiles of 

these subunits has also been found to be highly variable throughout the brain, as well as developmentally 

restricted. Early on, GluN2A levels are shown to be very low compared with GluN2B-D, but a large shift in 

expression occurs during development that drives GluN2A expression up throughout the majority of all cortical 

and subcortical structures while GluN2B-D expression is reduced. GluN2C and GluN2D in particular have been 

found to be greatly reduced in the adult brain, as well as highly restricted in their expression patterns to a few 
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core structures, such as the cerebellum, hippocampus, thalamus, extended amygdala, and brainstem (Sheng et 

al., 1994; Monyer et al., 1994; Perszyk et al., 2016).  

 The differences in expression patterns and physiological properties that can be associated with the 

GluN2 subunits, as well as numerous studies showing that NMDAR-mediated excitatory signaling can vary 

greatly across different brain regions and neuronal populations, has led many to hypothesize that the 

therapeutic effects of ketamine may be preferentially achieved through antagonizing a unique subtype of 

NMDARs as opposed to being the result of pan-NMDAR blockade alone (Zanos and Gould, 2018). Indeed, 

initial support for this hypothesis came from studies of extra-synaptic NMDARs, the majority of which have been 

shown to heavily incorporate the GluN2B subunit (Traynelis et al., 2010; Vyklicky et al., 2014). Basal activation 

of these GluN2B-NMDARs has been speculated to tonically suppress the activation of mTORC1 signaling and 

allow for the phosphorylation of eEF2 via eEF2K, suppressing protein synthesis and maintaining a level of 

synaptic homeostasis (Wang et al., 2011). The de-suppression of these translation pathways by the actions of 

ketamine at GluN2B-NMDARs has thus been strongly posited to drive the majority of its therapeutic effects. 

Additional studies have supported this notion, principally through the use of GluN2B conditional knockout mice, 

and shown that deletion of these receptors in regions such as the PFC (Miller et al., 2014) and components of 

the extended amygdala such as the BNST (Louderback et al., 2013), can mimic the antidepressant effects of 

systemic ketamine injection into these animals, reducing the incidences of depressive-like behaviors across 

tasks such as the FST, TST and NIH. Pharmacological studies using the GluN2B-selective antagonist Ro 25-

6981 have further bolstered these transgenic findings, showing that systemic administration of Ro can produce 

robust antidepressant-like effects in rodent models and occlude the effects of ketamine (Miller et al., 2014; 

Louderback et al., 2013; Maeng et al., 2008; Kiselycznyk et al., 2015). The case for targeting GluN2B-NMDAR 

had been made even more appealing with the observations from clinical studies of the GluN2B selective 

antagonists CP-101,606 and MK-0657 that these compounds displayed some level of efficacy for inducing 

antidepressant-like actions and overall improvements in mood in patients (Preskorn et al., 2008; Ibriham et al., 

2012). The initial excitement from these pilot studies was short lived however, as apart from these compounds 

showing a much more delayed onset of antidepressant-like effects when compared with ketamine, other 

preclinical tests of CP-101,606 revealed an increased incidence of cognitive impairment following its chronic 

administration in non-human primates (Weed et al., 2016), and further test with MK-0657 during phase II clinical 
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trials failed to identify a significant antidepressant effect in subjects. Despite this though, interest into the use of 

NMDAR subtype selective antagonists has persisted, with several GluN2B-NMDAR antagonists currently under 

development for the potential treatment of depression and other neurological disorders like epilepsy and chronic 

pain (Yuan et al., 2015), and studies also focusing on how currently available GluN2B preferring antagonists 

might be used in combination with typical antidepressants to enhance their efficacy and the speed of onset of 

their therapeutic effects (Poleszak et al., 2016).  

 Recent preclinical work has also begun to investigate the benefits of examining other NMDAR subtypes 

in order to determine whether or not targeting these receptor populations might provide another means for 

treating depression as well. Indeed, the GluN2C and GluN2D-containing NMDARs appear to sport a number of 

biophysical features, as well as expression profiles, that suggest them to be ideal targets for the regulation of 

glutamatergic signaling. These include, but not limited to, their prolonged deactivation kinetics and increased 

sensitivity to glutamate when compared with GluN2A and GluN2B-NMDARs, along with their highly restricted 

and reduced expression patterns in the adult brain, which may suggest the prospects of fewer off target effects 

when manipulating these receptors when compared to the more ubiquitously expressed GluN2A and GluN2B-

NMDARs (Monyer et al., 1994; Sheng et al., 1994). Intriguing reports have also shown evidence of ketamine 

demonstrating increased selective for inhibiting GluN2C and GluN2D-containing NMDARs than GluN2A or 

GluN2B-containing receptors, in particular the GluN2D-NMDARs, which are speculated to be expressed on 

inhibitory interneurons in the forebrain, hippocampus and other subcortical structures (Kotermanski and 

Johnson, 2009; Monyer et al., 1994; Perszyk et al., 2016; Swanger et al., 2015; Volianskis et al., 2013; von 

Engelhardt et al., 2015; Zhang et al., 2014). While a majority of the current physiological and behavioral studies 

conducted in rodent models, using a combination of constitutive knockout mouse lines and GluN2C/D preferring 

agonists/antagonists, have been focused more so on the potential implications of GluN2C-mediated excitatory 

signaling in regulating the affective and cognitive behaviors associated with schizophrenia as well as select 

forms of epilepsy (Shelkar et al., 2019; Khlestova et al., 2016; Lozovaya et al.,2014), and the possible 

involvement of GluN2D-NMDARs in regulating the excitatory activity of interneurons in the striatum in relations 

to mouse models of Parkinson’s disease (Zhang et al., 2014; Zhang and Chergui, 2015), there have been a 

number of other studies published sporadically over the past few years that seem to implicate GluN2D-NMDAR 

signaling in the regulation of affective behaviors associated with depression. Indeed, several reports from both 
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global and conditional GluN2D knockout mouse lines in which the GluN2D protein has been deleted from birth 

have shown these animals to consistently display increases in both anxiogenic and depressive-like behaviors 

across multiple tasks (Yamamoto et al., 2016; Shelkar et al., 2019), including work from our lab, which I will 

discuss in detail in Chapter 2. Although these findings seem to indicate a role for the modulation of GluN2D-

NMDAR activity in driving or suppressing affective behavior, no clinically viable compounds exist to effectively 

target GluN2C or GluN2D-containing NMDARs, as currently available drugs and research-specific compounds 

lack the specificity to distinguish between the two subtypes (Yi et al., 2020; Swanger et al., 2018; Mullasseril et 

al., 2010). Similarly, initial tests to see if the antidepressant effects of ketamine are reduced in GluN2D lacking 

mice have also proved somewhat inconclusive, with some demonstrating a lack of reduction in depressive-like 

behavior in knockout animals only when administered the (R) enantiomer of ketamine as opposed to the (S) and 

racemic mixes of the drug (Ide et al., 2017), while others suggest that the subunit is implicated in transducing 

the negative cognitive effects often associated with ketamine administration instead (Ide et al., 2019; Sapkota et 

al., 2016). Nevertheless, the data coming from continued preclinical study on selective deletion and 

pharmacological manipulations of NMDAR subtypes has been largely positive and promising, suggesting that 

the development of newer and more specific compounds might serve as a powerful method for not only 

achieving many of the same therapeutic benefits of more classical NMDAR antagonists without the side effects, 

but also for uncovering new avenues of treatment for neurological disease in general. 

 Apart from the promise of these subunit specific studies for newer therapeutics, the advent of a 

NMDAR/glutamate centric focus in regards to the pathology of depression has also opened new areas of 

research into the underlying circuitry of the disease. Indeed, the neural substrates of early ketamine work and 

NMDAR subunit antagonist studies in both rodents and humans have highlighted a number of potential brain 

regions and pathways that may prove to be central to the underlying neurobiology of depression when 

dysregulated. Further study of these regions and circuits, particularly those in which some of these unique 

NMDAR subtypes are expressed (either on synaptic terminals or specific neuronal populations) has thus been 

speculated to provide further insights into developing new biomarkers as well as access points for testing the 

effectiveness of novel compounds for treating the pathophysiology of depression and other mood disorders. 
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Regional and circuit-based studies of excitatory signaling and NMDAR function in depression 

 Much of the work investigating the regional substrates underlying the antidepressant effects of NMDAR 

manipulation has historically focused on the PFC and hippocampus, due to both early evidence from rodent and 

human studies showing correlative data between excitatory signaling dysregulation in these areas and 

increases in depressive behavior, as well as the ease that examining structures such as these were afforded 

with early imaging technologies. Improvements in functional imaging, along with other early evidence from 

histological studies, have shifted some of this focus away from these cortical structures in recent years, and 

placed more of an effort on understanding how excitatory signaling in subcortical limbic structures may also be 

altered and implicated in aspects of depression, in the hopes of providing a more holistic view of the disorder 

outside of the PFC and hippocampus alone (i.e. focusing on the amygdala, extended amygdala, hypothalamus, 

and so on, as outlined in Fig. 3 below). In regards to the PFC, however, evidence as early as the 1990s 

obtained from chronically depressed patients showed a decrease in its overall excitatory function (Biver et al, 

1994; Baxter et al., 1989). More contemporary studies have also elegantly provided correlative histological 

evidence in both human patients and rodent models of depression to show that the PFC does indeed 

demonstrate a reduction in overall activity in depressed states (Covington et al., 2010), and that optogenetic 

activation of the medial PFC is able drive a robust antidepressant-like effect in rodents. Combining this with 

previously mentioned evidence indicating that the deletion of GluN2B-NMDARs from the medial PFC in mice 

was also able to replicate the antidepressant effects of both ketamine and Ro 25-6981 suggests that excitatory 

signaling in the PFC is indeed a determinant of depressive-like behaviors and antidepressant responses (Miller 

et al., 2014). These findings are also significant in regards to the glutamatergic circuitry of the PFC and cortex in 

general, which is known to send numerous excitatory projections to a number of limbic structures such as the 

NAc, BNST, amygdala, hippocampus and VTA, as well as extensive connect back on itself (Del Arco and Mora, 

2009). Additionally, many of these limbic structures send reciprocal excitatory projections back to the PFC (i.e. 

VTA, ventral hippocampus, amygdala), further suggesting that these direct connections between regions of 

higher cognitive functionality and centers of emotional and reward processing may play a critical role in 

regulating many of the behavioral outputs often known to be altered in depression (Knowland and Lim, 2018). 

 The hippocampus has long been considered important in regulating aspects of emotion and emotional 

processing that may be implicated in the pathology of depression, owing in part to a wealth of human imaging 
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studies that have consistently shown hippocampal volume to be reduced and its overall activation suppressed in 

chronically depressed patients (Castanheira et al., 2019; Kempton et al., 2011). More recently, however, a key 

distinction has been emerging between the dorsal region of the hippocampus and the ventral region, with the 

dorsal now more canonically accepted to be associated with the learning and memory functions of the 

hippocampus, while the ventral with its role in emotional processing and HPA axis regulation (Gulyaeva, 2018; 

Fanselow and Dong, 2010). Excitatory signaling within the ventral hippocampus (vHPC) has also been 

demonstrated across a growing body of preclinical literature to be highly implicated in the pathology of 

depression (Marrocco et al., 2012). As in the case of the PFC, the vHPC is also known to send and receive 

glutamatergic projections to/from multiple limbic regions, including the mPFC, NAc, amygdalar structures such 

as its basolateral nucleus (BLA), other extended amgydalar structures such as the BNST and components of 

the HPA axis as well. Many recent studies in rodent have directly shown each of these circuit to drive aspects of 

affective and stress related behavior upon selective manipulation (Bagot et al., 2015; Chang and Gean et al., 

2019; Knowland and Lim, 2018; Glangetas et al., 2017; Ortiz et al., 2019), suggesting that not only might these 

pathways serve as possible biomarkers of depression in patients through the use of functional imaging, but that 

their regulation may be key in treating the symptomology of depression. The manipulation of NMDARs has also 

been speculated as a means to regulate excitatory signlaing in the hippocampus and influence downstream 

behavioral output. Indeed, initial studies in rats have shown that infusion of the NMDAR antagonist AP-5 into the 

ventral hippocampus specifically can produce a robust decrease in anxiogenic behavior (Nascimento Hackl and 

Carobrez, 2007). Gene expression of NMDAR subunits in the ventral hippocampus of rats has also been 

observed to sharply increase following chronic stress in models of depression, a change that can be normalized 

following the administration of typical antidepressants (Calabrese et al., 2012). More recently, it has been 

reported that ketamine administration in mouse models of depression can produce similar changes in NMDAR 

expression and function in the hippocampus, driving both increases in LTP and NMDAR-mediated excitatory 

signaling (Yang et al., 2018), while projections from the ventral hippocampus to the extended amygdala that 

have been implicated in driving anxiety-like behavior have been demonstrated to do so in an NMDAR-specific 

fashion (Glangetas et al., 2017), further suggesting an important role for these receptors in mediating the effects 

of excitatory signaling in key limbic structures that regulate affective behavioral output. 
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 Outside of the PFC and hippocampus, two other structures have also received more selective focus in 

the literature in regards to their implication in the pathology of depression, one of these being the VTA and the 

other the amygdala. As anhedonia is typically considered one of the core symptoms of chronic depression, it 

stands to reason that deficits in the functionality of the brain’s reward pathway would be associated with the 

changes in motivated behaviors that are often observed in patients. Similarly, the long held notion of the 

amygdala representing one of the core centers of emotional processing in the brain also highlighted it as 

another likely region implicated in depression pathophysiology. Imaging studies have supported these 

hypotheses, with fMRI and PET imaging studies of the amygdala in depressed patients showing a decrease in 

both volume and overall activation when compared with healthy controls (Sacher et al., 2012; Hamilton et al., 

2008), while more recent work has also revealed evidence of decreased VTA connectivity and an overall 

reduction in its activation in reward-related learning tasks in depressed patients as well (Geugies et al., 2019; 

Anand et al., 2019). This work has supported the notion that a further study of the basal and circuit level function 

of these regions may provide key insights into the physiological bases of depression. As mentioned above, both 

of these structures are known to be highly interconnected with a host of limbic structures, including each other, 

via a number of key circuits that have been extensively dissected and validated for their influence upon affective 

behavior. The mesolimbic pathway between the VTA and NAc for instance has been heavily implicated in 

regulating depressive-like behaviors, with work from separate groups showing that differing patterns of 

activation of this circuit may increase or suppress these behavior in rodent models of chronic stress and 

depression (Chaudhury et al., 2013; Tye et al., 2013). Within the amygdala, in particular the BLA, rodent studies 

have also identified salient inputs into the VP that allow for the indirect regulation of VTA DA neuronal activity 

(Chang and Grace, 2014), and is speculated to lead to decreased DA firing in depressive states (Belujon and 

Grace, 2017). Excitatory signaling in both of these regions has also been speculated to modulate much of the 

intrinsic reward and stress related functionality associated with the VTA and amygdala. While many of these 

circuits represent a complex mix of modulatory, inhibitory and excitatory signaling, the role of glutamate within 

both regions has also been significantly vetted and found to have possible implications for the regulation of both 

the VTA and amygdala’s reward and stress related functions, respectively. CRF signaling within the VTA, for 

example, has been found to occur primarily at glutamatergic synapses and to drive increases in NMDAR-

meditated currents on VTA cells following endogenous CRF release or bath application ex vivo (Ungless et al., 
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2003). Glutamate has also been shown to be prominently enhanced in the BLA following stress exposure in 

mice (Reagan et al., 2012), and has been postulated to lead to increased plasticity within the BLA and central 

nucleus of the amygdala (CeA) microcircuitry that is often associated with chronic stress, and that may go awry 

as the pathophysiology of depression progresses (Zhang et al., 2018).  

 Taken together, these findings again suggest the potential for the regulation of glutamatergic signaling 

in these regions, specifically through the NMDA receptors, as a mean to manipulate a number of different 

modulatory systems and circuit level functions that have collectively been viewed as altered across multiple 

different models and presentations of depressive disorders. While this has begun to provide insight into not only 

the potential mechanism of action of current therapeutics targeted at the glutamatergic signaling system, it has 

also helped lead to the identification of other important regions implicated in the circuitry of depression, in 

particular a number of subcortical structures that are often overlooked despite their well-documented 

contributions to the regulation of stress, addiction and affective related behavior. 

 

 

Figure 3. Simplified circuitry of depression: key excitatory, inhibitory and modulatory regions and 
pathways. Sagittal schematic of the key brain regions, glutamatergic, GABAergic and dopaminergic circuits 
implicated in the pathophysiology of depression. A vast body of literature has implicated excitatory 
signaling/processing in the PFC and Hipp. as central to the regulation of affective behavior in preclinical models, 
and patient studies have classically shown deficits in the function of both in depression. More recent preclinical 
work has gone on to identify the canonical VTA-NAc reward pathway, as well as excitatory and inhibitory 
connections between amygdalar, extended amygdalar and hypothalamic regions implicated in stress-
responsiveness as altered within the disease state, with improvements in modern imaging studies now also 
providing evidence in patients of similar disruptions within components of the HPA axis and limbic system as 
well. The extended amygdala (BNST, NAc-Sh, CeA) in particular has gained an increase focus due to its high 
interconnectivity with other excitatory, inhibitory and modulatory stress circuits, and recent literature indicating 
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that individual nuclei/cell populations germane to this macrostructure can differential modulate affective 
behaviors associated with depression. BNST – bed nucleus of the stria terminalis; BLA – basolateral nucleus of 
the amygdala; CeA – central nucleus of the amygdala; Hipp. – hippocampus; Hypo. – hypothalamus; NAc – 
nucleus accumbens; PFC – prefrontal cortex; VTA – ventral tegmental area. Sagittal mouse brain image 
courtesy of Motifolio (Biology Bundle Toolkit). 
 

The extended amygdala: excitatory signaling and the modulation of affective behavior 

 Perhaps one of the most intriguing regions that has recently emerged as an important subcortical 

network involved in the pathology of depression and other mood related disorders is the extended amygdala. 

The extended amygdala is comprised of three core structures: the bed nucleus of the stria terminalis (BNST), 

the CeA and the shell of the nucleus accumbens (NAc-Sh; Alheid, 2003; Cassell et al., 1999) and is speculated 

to play a key role in the processing and response to stressful and rewarding stimuli within the brain. The three 

main structures of the extended amygdala are highly interconnected with one another, as well as with a number 

of other regions that also participate in the responses to stress and motivated behaviors, including components 

of the HPA axis and VTA (Georges and Aston-Jones, 2001; Georges and Aston-Jones, 2000; Herman et al., 

1994). Reciprocal connections exist between the BNST and CeA, with the CeA exerting inhibitory regulation 

over the BNST’s activity (Davis et al., 2010; Dong et al., 2001b; Choi et al., 2007). Responses to stressful stimuli 

are thought to be mediated not only by these connections, but also through projections the BNST sends to the 

paraventricular nucleus of the hypothalamus (PVN), where it can influence the release of stress hormones like 

cortisol (Herman et al., 1994; Herman et al., 2003). Rewarding stimuli, by comparison, are thought to be 

regulated through the BNST’s projections to the NAc-Sh, its excitatory and inhibitory projections to the VTA, and 

its aforementioned hypothalamic connections (Koob and Volkow, 2010; Georges and Aston-Jones, 2001; 

Georges and Aston-Jones, 2002). The extended amygdala is also densely populated by a number of cells that 

produce and respond to many of the key stress responsive neurohormones and neuropeptides that have been 

previously characterized as heavily participating in the pathology of depression, including CRF, NPY and 

several others (Kash and Winder, 2006; Hauger et al., 2009; Aborelius et al., 1999). As discussed above, much 

interest has been given to the modulatory effects of the neurohormone/neuropeptide systems on glutamatergic 

signaling following HPA axis activation, and in response to neuroadaptive changes occurring in disease, with 

several studies indicating that these cell populations may exert a degree of bidirectional control over the 

activation or inhibition of the extended amygdala’s stress and reward related circuitry (Kash and Winder, 2006; 

Silberman and Winder, 2003). CRF is prominently expressed in the BNST and CeA, and both regions send 
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CRFergic projections to one another, as well as to other limbic structures (Dabrowska et al., 2013; Silberman 

and Winder, 2013). Within the CeA specifically, glutamatergic signaling has also been shown to be heavily 

influenced by CRF, with studies showing that activation of CRFR1 in the CeA strongly potentiate its 

glutamatergic connection with the BLA (Fu et al., 2007), and that direct injection of CRF into the CeA produces 

an increase in extracellular glutamate levels, similarly to the changes in CeA glutamate concentration seen in 

response to external stress. It is unsurprising thus that signaling via CRF within the extended amygdala has 

been linked to the regulation of a number of other behavioral responses and disease models salient to anxiety 

and depressive-like disorders (Regev et al., 2011; Smith and Aston-Jones, 2008).  

 While the majority of neurons found within the components of the extended amygdala are GABAergic 

interneurons, and thus send and receive many inhibitory connections (Lein et al., 2007; Oh et al., 2014), the 

region also possesses numerous excitatory afferent and effect projections. Glutamatergic inputs to the extended 

amygdala come from multiple cortical and limbic regions, including the BLA, ventral hippocampus, PFC, insular 

cortex and the limbic cortex, while its glutamatergic outputs principally project to the VTA, as well as reciprocal 

projections to several of the structures mentioned previously (Dong et al, 2001a; Dong and Swanson, 2006, Fig. 

3). Given its interconnectivity with numerous sites of emotional, cognitive and functional processing, and its 

participation in regulating the circuitry of stress, anxiety and drug-seeking behaviors, it is not surprising that 

altered excitatory activity within the extended amygdala has been suggested to occur in affective disorders. 

Indeed, direct inhibition of AMPAR-dependent glutamatergic signaling in the BNST (but not CeA) via the 

injection of the channel blocker NBQX has been shown to decrease normal acquisition of fear conditioning in 

rodents, while injection into regions of the BLA that send excitatory projections to the BNST enhances fearful 

and anxiety-like responses (Davis et al., 2010). The CeA is also known to serve as one of the primary site of 

intra- and extra-amygdalar glutamatergic inputs, receiving afferents from the BLA as well as the thalamus, 

cortex and brainstem at its lateral subdivision (McDonald, 1998; McDonald et al, 1999). Additionally, it is one of 

the main output nuclei of the amygdalar complex, and projects via its medial subdivision to multiple brain 

structures involved in fear, arousal, and stress responses, pointing to an important role for the CeA in the 

regulation of these behaviors (Davis, 1997). A number of studies have shown that extracellular glutamate 

increases in the CeA in response to stress, resulting in enhanced anxiogenic behaviors and fear conditioning in 

rodent models (Reznikov et al., 2007) and suggesting that the glutamate signal within the CeA is particularly 
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sensitive to prolonged exposure to external stressors. This has led to overarching speculation that the 

neuroadaptation of the excitatory circuitry of the CeA resulting from either dysregulation of stress hormone 

signaling or chronically altered glutamatergic tone may underlie many of the changes in stress responses 

noticeable in patients suffering from depression and anxiety related disorders.  

 The emergence of deficits in motivated behaviors, which as mentioned above may be implicated in the 

anhedonia of depressed patients, has also been implied to depend on changes in the strength of glutamatergic 

projections innervating the VTA and HPA axis, and several lines of research have purported that the extended 

amygdala is an important source of this glutamatergic signal (Graybeal et al., 2012; McElligott et al., 2009). The 

NAc is an important regulator of the VTA (VTA-NAc, primary mesolimbic pathway) and integrates excitatory 

information from the mPFC, BLA, ventral hippocampus and VP (Britt et al., 2012; Smith et al., 2011; Sesack and 

Grace, 2010), with multiple studies emerging that have shown that stress is able to alter the glutamatergic 

signaling in the NAc that can result in deficits in associated hedonistic and stress-related behaviors, particularly 

via altered excitatory activity at select populations of medium spiny neurons (MSNs) (Golden et al., 2013; 

Christoffel et al., 2011). Indeed, animals exposed to chronic stress have shown decreases in AMPAR mediated 

excitatory drive onto MSNs positive for the D1 dopamine receptor (D1-MSNs) in electrophysiological recordings, 

as well as associated decreases in reward-seeking behaviors (Lim et al., 2015). Chronic stress specifically has 

been shown to produce similar decreases in the frequency of D1-MSN excitatory postsynaptic currents (EPSCs) 

and overall cell excitability in ex vivo recordings (Francis et al., 2015). In vivo experiments examining the 

bidirectional control of excitatory drive onto the MSNs via optical stimulation of either channelrhodopsin 2 

(ChR2) or injection of the designer drug clozapine-N-oxide (CNO) to activate the inhibitory designer receptor 

exclusively activated by designer drug (DREADD) hM4(Gi) has also been shown to respectively diminish or 

exacerbate anxiety- and depressive-like behavior in the awake, behaving mice (Francis et al., 2015). In models 

of chronic depression in mice, synaptic transmission has been found to be decreased and increased, 

respectively, at excitatory mPFC-NAc and vHPC-NAc pathways (Knowland and Lim, 2018; Bagot et al., 2015), 

as well as expression patterns of monoamine receptors in the NAc to be significantly altered when compared 

with control animals (Bagot et al., 2017). Intriguingly, many of these physiological deficits within the NAc were 

found to be reversed following ketamine treatment (Bagot et al, 2017; Zanos et al., 2016), suggesting that the 

modulation of NMDAR-mediated excitatory signaling may also serve as a means to target and treat the 
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pathophysiology of depression in structures closely tied to the hedonistic aspects of the disorder in a broad but 

effective manner. 

 Much of the work discussed above has discovered glutamatergic signaling within the extended 

amygdala to be highly tied to modulating behavioral responses to stressful and hedonistic stimuli, with excitatory 

inputs and intrinsic activity within CeA and NAc-Sh in particular shown to be implicated in the regulation of many 

of the acute anxiogenic behaviors and longer term changes in motivated behavior that are hallmarks of 

depressive disorders. Recent evidence, however, has emerged that suggest that the other core component of 

the extended amgydala, the BNST, may be uniquely sensitive to the effects of NMDAR antagonists such as 

ketamine and highly tied to their antidepressant-like actions. The unique connectivity patterns with limbic 

structures, highly heterogeneous and specialized cell populations, and glutamatergic receptor expression profile 

within the BNST also suggest that it may play an important role in the pathophysiology of depression, warranting 

a more critical and in depth level of interest from the research community that I will expand upon below and in 

the coming chapters.  

 

The bed nucleus of the stria terminalis (BNST) and depression 

 

The BNST: structure, circuitry and function 

 The BNST is considered to be a key integrator of stress and reward related stimuli, with its positioning in 

the brain, anatomy and overarching projection patterns strongly supporting this notion. These anatomical 

features have been comprehensively defined in rodent models through a series of anterograde mapping studies 

(Dong et al., 2001a; Dong and Swanson, 2004a; Dong and Swanson, 2006; Dong et al., 2001b; Dong and 

Swanson, 2004b) and by massive bioinformatics undertakings which have helped to define many of the 

molecular features of the region, including key receptor populations, neurotransmitter classes and synaptic 

proteins and transporters (Bota et al., 2012). Studies such as these have led to the identification of 18 accepted 

BNST subregions (or subnuclei) that are often organized into more general anterior and posterior divisions. 

Considerable more work (including that presented in this dissertation) has gone into dissecting and studying the 

anterior portion of the BNST in rodents, and thus I shall primarily focus on this division throughout the rest of this 

section.  
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 The anterior BNST, which itself is often defined as possessing dorsal and ventral regions separated by 

the anterior commissure, is heavily interconnected with many of the major limbic structures mentioned above, 

permitting it express participation in regulating stress and anxiety related stimuli (see Fig. 4 below). These 

consists of dense GABAergic inputs from the VTA, lateral hypothalamus, and amygdalar structures (CeA and 

MeA), glutamatergic inputs from the vHPC, PFC, limbic and insular cortices, parabracial nucleus (PBN) and 

BLA, and dopaminergic inputs from the VTA and PAG (Dong et al., 2001a; Dong and Swanson, 2004a; 

McDonald et al., 1998; Hasue and Shammah-Lagnado, 2002; Kim et al., 2013; Dobolyi et al., 2005; Phelix et al., 

1992). In addition to this, the ventral division of the anterior BNST is also known to receive one of the densest 

noradrenergic innervations within the entire brain, coming primarily from the NTS via the ventral noradrenergic 

bundle and also from the dorsal noradrenergic bundle via the LC to a lesser degree (Forray and Gysling, 2004; 

Banihashemi and Rinaman, 2006; Woulfe et al., 1988). The anterior BNST also sends numerous reciprocal 

projections back to many of these regions, including glutamatergic efferents to the VTA speculated to participate 

in the regulation of reward oriented behaviors (Georges and Aston-Jones, 2001; Dong and Swanson, 2004a; 

Kim et al., 2013), GABAergic efferents to the VTA, amygdala (BLA and CeA), VP, and NAc implicated in 

anxiety, stress and other aspects of reward centric activity (Lebow and Chen, 2016), and a highly prominent 

GABAergic output to the PVN (Cullinan et al., 1993). This pathway in particular has been shown to potently 

regulate HPA axis function in response to chronic and acute stressors within rodents, with additional studies of 

the posterior BNST also revealing this division to chiefly innervate the PVN and participate in the regulation of 

defensive and other stress-related behaviors (Choi et al., 2007; Dong and Swanson, 2004a). Taken together, 

these findings further suggest a role for the BNST in controlling specific forms of affective behavior, particularly 

through its connectivity to key structures implicated in the neurocircuitry of stress responsiveness. 

 The degree to which the BNST is able to contribute to the regulation of these behavioral modalities has 

also been speculated to be owed in large part to the highly heterogeneous cellular makeup of the region, which 

is comprised of a number of specialized populations that either secrete or respond to key modulatory molecules 

that have been previously implicated in the pathology of anxiety and depressive disorders. Indeed, while the 

BNST is primarily known to be composed of GABAergic interneurons, many of these inhibitory cells can be 

further subdivided and studied based on the expression of these signaling molecules. A particular distinction has 

been made for the neurohormones and neuropeptides, many of which have been found to be abundantly 
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expressed within the BNST (Kash et al., 2015), with the most well documented and well-studied of these being 

CRF. Indeed, the BNST has been found to express some of the highest levels of CRF outside of the PVN 

(Swanson et la., 1983), and it has been shown across multiple preclinical studies that CRF within the BNST acts 

as a peptide neurotransmitter to influence both circuit function and downstream behaviors (Kash and Winder, 

2006; Silberman et al., 2013; Heisler et al., 2007; Funk et al., 2006). The actions of CRF in the BNST have also 

been shown to be complex and differ based on the intrinsic activity of BNST-CRF (+) neurons, which have been 

found throughout multiple sub-nuclei and to vary in their physiological and projection profiles (Silberman, et al., 

2013), and changes in regional signaling induced by the activation of CRFR1 and CRFR2 receptors that have 

also been shown to be heavily expressed through the region (Botas et al., 2012). While this suggests that 

BNST-CRF cell activity and CRF signaling may influence a wide range of the behavioral outputs, cross species 

studies have consistently shown their effects to correlate most strongly with anxiety and stress related behavior 

(Sahuque et al., 2006; Sink et al., 2013; Giardino et al., 2018; Fetterly et al., 2019; Tran et al., 2014). 

 Additional neuropeptidergic cell populations have also been found to be highly abundant in the BNST, 

including NPY, pituitary adenylate cyclase-activating polypeptide (PACAP), and dynorphin, all of which have 

also been heavily implicated in regulating similar behaviors via their actions within the region. NPY, as 

mentioned previously, has been speculated to act in opposition to CRF signaling in order to decrease stress 

related behavior and endocrine signaling (Heilig et al., 1994), and evidence to this effect has been demonstrated 

in the BNST. Ex vivo physiology studies have shown NPY washed onto BNST slices decreases GABAergic 

transmission that can be enhanced by CRF signaling (Kash and Winder, 2006), while more recent studies using 

a convergence of pharmacological and chemogenetic approaches have shown that selective activation of BNST 

Y1R cells can suppress maladaptive behaviors found in rodent models of chronic ethanol drinking (Pleil et al., 

2015). Correlative evidence has also indicated that increased activation of Y1R and increased NPY expression 

in the BNST may also be associated with reductions in anxiety and depressive-like behaviors (Desai et al., 

2014; Hawley et al., 2010). PACAP signaling in the BNST has conversely been more closely linked to CRF 

signaling and viewed as promoting stress like behavior, with rodent studies indicating both PACAP and one of 

its primary receptors, PAC1, are elevated in expression in the BNST following exposure to chronic stress 

(Hammack et al., 2009; Lezak et al., 2014). Pharmacological inactivation of this receptor has further been 

demonstrated to reduce increases in anxiety-like behaviors and BNST corticosterone levels in typical models of 
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anxiety-related disorders (Roman et al., 2014). The role of dynorphin in the BNST and the regulation of affective 

behavior is less clear; however, transcript expression of pro-dynorphin has been found to be elevated in the 

BNST following exposure to major stressors such as forced swim (Chung et al., 2014) and more recently it has 

been suggested that dynorphin signaling through kappa opioid receptors (KORs) expressed on BLA-BNST 

terminals may play a principle role in regulating the anxiety-related behaviors that are often seen to be 

enhanced following the activation of this pathway, as deletion of (KORs) from this circuit was found to produce 

an anxiolytic effect (Crowley et al., 2016). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Key BNST excitatory, inhibitory and modulatory circuitry of affective behavior. Sagittal 
schematics of the main BNST (A) afferents, and (B) efferents as identified across multiple neuroanatomical and 
functional studies of BNST signaling. The BNST both sends and receives widespread innervation to/from many 
structures heavily involved in the processing of and response to stimuli related to stress, reward, arousal, social 
interaction and valance. Many of these excitatory and inhibitory circuits have been functionally implicated in 
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affective behavioral output salient to depression and other related anxiety and mood disorder models, while key 
modulatory molecules and circuits known to regulate HPA axis also show high expression or pass through the 
BNST. BLA – basolateral nucleus of the amygdala; BNST – bed nucleus of the stria terminalis; CeA – central 
nucleus of the amygdala; DR – dorsal raphe; LC – locus coeruleus; LH – lateral hypothalamus; mPFC – medial 
prefrontal cortex; NAc – nucleus accumbens; NTS – nucleus of the solitary tract; PAG – periaqueductal grey; 
PBN – parabrachial nucleus; PVN; paraventricular nucleus of the hypothalamus; vHPC – ventral hippocampus; 
VP – ventral pallidum; VTA – ventral tegmental area. More details in text. Adapted in part from Ch’ng et al. 
(2018). Sagittal mouse brain images courtesy of of Motifolio (Biology Bundle Toolkit). 
 
 

BNST function and glutamatergic signaling in models of depression 

 Given the underlying circuitry and high levels of stress-related neurohormone and neuropeptide 

expression within the BNST, it is perhaps unsurprising that it has historically been linked to regulating affective 

behaviors in rodents. This activity, however, has also been shown to be divergent from that of the CeA and NAc, 

which have been shown to respond more phasically to acute stressors and salient reward cues (LeDoux, 2007; 

Herman and Cullinan, 1997). By contrast, the BNST is preferentially engaged by chronic stress exposure 

(Walker and Davis, 2008), suggesting a means by which maladaptive activation of the BNST can lead to states 

of constant and heightened anxiety often associated with a number of psychiatric disorder, including depression. 

Additionally, it has also been suggested that the BNST may participate in the processing and assignment of 

emotional valence (i.e. negative or positive) to specific stimuli and/or changes in physical or social environments 

and interactions that may carry stressful or rewarding connotations to them (Lebow and Chen, 2016). The 

positioning of BNST function at the intersection of stress and reward, the processing and distinction between 

which can often be thought to be imbalanced in depressive disorders, further suggests a key role of this region 

in the pathophysiology of such disorders, and has been supported across numerous preclinical studies and 

hinted at from emerging clinical data as well. 

 The regulation of anxiety has been the most consistently studied within the BNST and through its many 

connections to key regions involved in the regulation of fear, stress and reward related stimuli. While many of 

these circuits, as mentioned above, are known to be GABAergic or modulatory, increasing evidence has 

suggested that the regulation of select BNST glutamatergic circuits, as well as the intrinsic BNST glutamatergic 

signal, can drive robust changes in anxiety-related behaviors (Dong et al., 2001a, Dong et al., 2001b, Dong and 

Swanson, 2006). Indeed, studies examining the effects of expose to mild chronic stress and/or intermittent 

injection of the stress hormone corticosterone have reported significant increases in anxiety-like behaviors and 

an associated reduction in BNST plasticity (Conrad et al., 2011a), suggesting that an increased anxiety-like 



51 
 

response to stress may correlate with decreased intercellular BNST excitatory drive (Conrad et al., 2011b). 

More recent work using a combination of electrophysiological, pharmacological and optogenetic techniques has 

also demonstrated the effects of glutamatergic regulation in the BNST on anxiety-like behavior as well, showing 

that both direct infusion of glutamate receptor specific antagonists into the dorsal region of the anterior BNST 

and optically invoked inhibition excitatory signaling in this region as able to reduce anxiety-like behaviors 

observed in the elevated plus maze and the open field test (Kim et al., 2013). CRF within the BNST has also 

been linked to the modulation of its glutamate signaling (Aborelius et al., 1999; Dabrowska et al., 2013; 

Silberman and Winder, 2013; Regev et al., 2011; Sink et al., 2013), and in particular has been demonstrated to 

enhance the frequency of excitatory post synaptic currents at BNST neurons projecting into the VTA (Silberman 

et al., 2013). Such increase in BNST-VTA glutamatergic signaling in response to CRF suggests that chronic 

stress may enhance the BNST’s excitatory input to the regions like the VTA, potentially inducing maladaptive 

changes in rewarding and aversive motivational states. Several studies have supported this notion, including 

work using in vivo recording to show that excitatory signaling within the glutamatergic BNST-VTA pathway 

specifically was enhanced during stressful events, while the activation of its GABAergic inputs to the VTA was 

suppressed (Jennings et al., 2013) Selective activation of this GABAergic projection was also found to decrease 

avoidance behaviors in real time conditioned place preference assays, while activation of the glutmatergic 

projections produced adverse and anxiogenic behaviors reminiscent of the effects of CRF application, as well as 

direct activation of BNST CRF cells (Giardino et al., 2018; Jennings et al., 2013). This suggested dysregulation 

of activity within the BNST that has been found quite consistently in rodent models has also been shown to have 

potential human correlates as well, with recent imaging and functional connectivity studies suggesting 

recruitment of the BNST in response to chronic stress and the anticipation of stressful stimuli (Straube et al., 

2007; Mobbs et al., 2010), as well as validating similar circuitry between the human BNST and many of the 

correlative limbic structures that are often implicated in the regulation of stress-related behavior in animal 

models (Avery et al., 2014; Avery et al., 2016).  

 While much focus has been placed on the role of the BNST in regulating anxiety-like behaviors in 

response to chronic stress and changes in social/environmental stimuli, preclinical studies have also indicated a 

clear role for the BNST in regulating depressive-like behaviors as well. In particular, many of these indicated that 

the direct suppression BNST activity may be correlated with enhanced antidepressant-like effects observed 
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across a number of tasks, such as the FST (Crestani et al., 2010; Hammack et al., 2004). This connection of 

altered BNST activity within the context of depressive-like behaviors has also been shown to be highly 

associated with the actions of CRF within the region. Indeed, early studies in rodent models of depression 

observed that increased concentrations of CRF in the BNST were correlated with anhedonic behavior in rats 

(Stout et al., 2000) and that lentiviral mediated overexpression of CRF specifically within the BNST was able to 

increase depressive-like behaviors in mice in both the FST and TST as opposed to anxiety-like behaviors 

measured across other tasks (Regev et al., 2010). This, coupled with additional studies that have identified few 

changes in CRF expression following exposure to inescapable stressor or depressive-like behaviors in response 

to lesioning in regions such as the PVN and CeA, supports the notion of a unique role for the BNST and BNST 

CRF signaling in regulating aspects of depressive behavior related to chronic stress that are separable from fear 

and acute stress responsiveness (Maier et al., 1993; Helmreich et al., 1999; Hammack et al., 2015). Lesion 

studies across the BNST have also indicated that these CRF specific signaling affects may also be more 

prominently restricted to the anterior portion of the BNST, where CRF expression is the most highly 

concentration and the lesion of which specifically has been shown to produce decreases in anxiety and 

depressive-like behaviors (Hammack et al., 2015). Outside of the effects of CRF alone, alterations in 

glutamatergic signaling as a whole within the BNST and at many of its principle outputs has also been 

demonstrated to alter hedonistic behavior, particularly in relation to the activation of BNST-VTA pathway 

mentioned above, as well as the selective deletion of specific NMDAR subunits within the BNST (Jennings et 

al., 2013; Louderback et al., 2013). This later study was unique in particular, in that NMDAR subunit deletion 

was only found to reduce depressive and anhedonic-like behavior across the FST and NIH, respectively, but not 

anxiety-like behaviors in tasks such as the EPM. The implications of this will be expanded upon below.  

 Much like in the discussion of human correlates for BNST function in aspects of anxiety above, clinical 

data has also indicated that similar changes have been observed in case of depression as well (Avery et al., 

2016). Indeed, histochemical analyses of tissue samples taken from suicidal or chronically depressed patients 

postmortem revealed an increase in CRF mRNA both amygdala and BNST (Merali et al., 2006), while a recent 

clinical trial using deep brain stimulation of the BNST in depressed patients reported promising antidepressant-

like effects over time (Blomstedt et al., 2017). Despite this, human studies of the BNST and depression are still 

within their infancy, and may require an increased focus at the level of preclinical studies to not only investigate 
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the avenues of most promise for potential translation in regards to our current knowledge regarding the 

underlying pathology of depression and emerging treatment methods. It is here that recent work implicating a 

role for not only ketamine, but for the function of NMDARs specifically within the BNST as a means for 

modulating aspects of depressive behavior has started to become an increasingly intriguing area for future 

investigations. 

 

NMDAR-mediated excitatory signaling in the BNST: implications for modulating affect 

 As previously mentioned, NMDA receptors are known to play a critical role in regulating the plasticity 

events that are essential for alterations in synaptic strengths within neuronal circuits. Exposure to specific kinds 

of external stimuli, both of negative and positive connotations, has also been demonstrated to prominently 

influence changes in synaptic strength in many of the limbic structures and affective circuitry discussed above, 

with the BNST serving as no exception. As a general phenomenon, changes in plasticity within the BNST have 

been shown across multiple sets of ex vivo experiments to be readily inducible for the purposes of physiological 

study (Weitlauf et al., 2004; Weitlauf et al., 2005; Wills et al., 2012) and as evidence of potential alterations in 

response to specific stimuli or treatment paradigms either in slices or model organisms prior to performing 

electrophysiological recordings. Indeed, as mentioned above, it has been demonstrated that exposure to 

stressful stimuli in particular can produce a potent reduction in long term potentiation (LTP) within the BNST, 

suggestive of an overt disruption in glutamatergic function in response to such conditions (Conrad et al., 2011a). 

Similarly, changes in the potentiation of excitatory signaling within the BNST via LTP, as well as the de-

potentiation of select synapses via long term depression (LTD), have been implicated in shaping both the 

positive and maladaptive responses of the BNST to reward salient stimuli as well (Harris and Winder, 2018). 

This suggests these phenomenon, and the function of NMDARs within the region in general, are critical for 

shaping the BNST’s output and influence on downstream behavior. More recent studies assessing alterations in 

the potentiation of specific glutamatergic BNST circuits has attested to this as well, with evidence indicating that 

the disruption of an NMDAR-mediated form of LTP produced at vHPC-BNST inputs can produce increases in 

anxiogenic behaviors in mice (Glangetas et al., 2017).  

 How plasticity events are shaped by NMDARs has also been shown to be highly dependent on the 

make-up and biophysical properties of the receptors themselves, with the GluN2 subunits in particular shown to 
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play a pivotal role in this. As previously discussed, the expression patterns of the four GluN2 subunits are 

developmentally regulated and restricted in the adult brain, with the GluN2A subunit becoming more prominently 

incorporated into most NMDARs within the many cortical and subcortical structures, while levels of GluN2B, 

GluN2C and GluN2D are all shown to be downregulated by comparison. A number of subcortical structures, 

however, continue to show high levels of GluN2B expression in the adult brain (Monyer et al., 1994; Watanabe 

et al., 1992), and as data from our own lab has indicated, expression of GluN2B transcripts within the anterior 

BNST is shown to be prominently localized on ~95% of all cells (Katie Holleran and Greg Salimando, data not 

shown), suggesting them as a critical subunit within the region. This has been supported from additional studies 

demonstrating that GluN2B-containing NMDARs (or at least the GluN2B subunit) are critical for the maintenance 

of BNST LTP, while the more ubiquitously expressed GluN2A subunit was not found to be required to maintain 

such plasticity events (Weitlauf et al., 2005). Indeed, bath both bath application of the GluN2B selective 

antagonist Ro 25-6981 and conditional deletion of the GluN2B subunit from the BNST via the use of a 

transgenic Grin2b floxed mouse demonstrated a lack of LTP induction in response to patterns of high frequency 

stimulation (two bouts of 100 Hz tetanus) typically shown to drive robust potentiation within the region (Wills et 

al., 2012; Weitlauf et al., 2004). While these studies initially provided informative physiological data regarding 

excitatory signaling and NMDAR function within the BNST, perhaps more intriguingly where the implications 

such findings held for the potential role of NMDAR-mediated excitatory signaling in the regulation of depressive-

like behaviors and a region specific sensitivity to the effects of ketamine. 

 Indeed, previous work had suggested a potential role for ketamine to induce its antidepressant effects 

more selectively through GluN2B-containing NMDARs (Miller et al., 2014), and reports from our lab provided 

evidence to suggest that these effects may be partially induced through ketamine’s actions at GluN2B-NMDARs 

within the BNST. Using a combination of conditional knockout mouse and pharmacological studies, it was 

demonstrated that the conditional deletion of the GluN2B subunit from the anterior BNST was able to produce a 

robust antidepressant-like effect that mimic the actions of systemic ketamine or Ro 25-6981 administration 

across multiple behavioral tasks (Louderback et al., 2013). Indeed, conditional knockout mice showed 

decreased immobility time in the FST when compared with controls, as well as increased hedonistic drive as 

measured in the NIH. Most interestingly, however, the effects of this deletion were only found to affect 

depressive-like behavior, as Cre-injected mice showed no differences in anxiety-like behaviors when compared 
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with GFP-injected controls. These findings not only provided further support for the hypothesis of ketamine 

transducing the majority of its therapeutic effects through GluN2B-NMDARs, but also demonstrated NMDAR-

mediated excitatory signaling within in the BNST to be necessary in regulating specific aspects of depressive-

like behaviors in rodent models.  

 Despite this though, BNST NMDARs are not speculated to be exclusively composed of GluN2B 

subunits as obligate diheteromers, with several in situ hybridization studies suggesting that another subunit, 

GluN2D, may also be expressed in the region (Monyer et al., 1994; Watanabe et al., 1993; Sheng et al., 1994; 

Cull-Candy et al., 2001). Previous proteomic work from our group provided initial confirmations of this, showing 

the GluN2D subunit to be pulled down along with GluN2B more selectively within tissue punches from the 

anterior BNST when compared with other structures within the adult mouse brain (Fig. 21 below), suggesting 

both the functional expression of GluN2B and its possible incorporation into triheteromeric NMDARs within the 

BNST (Yi et al., 2019). Considering the aforementioned findings suggesting that ketamine may more effectively 

inhibit NMDARs containing this subunit when compared with GluN2A or GluN2B containing receptors alone 

(Khlestova et al., 2016) as well as several behaviors studies showing depressive, anxiety and anhedonic-like 

behaviors to be enhanced in constitutive GluN2D knockout animals (Yamamoto et al., 2016; Shelkar et al., 

2019) and the antidepressant effects of (R) ketamine to be significantly diminished in these animals as well (Ide 

et al., 2017), the discovery of GluN2D expression within the BNST warranted further confirmation and 

investigation in regards to its contribution to the behavioral effects that appear to be driven through NMDAR-

mediated excitatory signaling within the BNST. The initial pursuit of this prospect will thus comprise the bulk of 

the dissertation work presented in the coming chapters. 

 

Summary 

 

 Major depressive disorder is a common and devastating mood disorder that affects a significant portion 

of the global population, necessitating a critical demand for the development of both a greater understanding the 

neural mechanisms underlying its pathophysiology and new therapeutics for more rapidly and efficaciously 

providing relief from this disease. Though deficits in many neuromodulatory and neurotransmitter systems have 

been found to be implicated in depression and a number of molecular targets identified for treating these 
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aspects of the disease, the majority of these have not proven to successfully lead to the overarching treatment 

of the highly heterogeneous symptoms and maladaptive changes intrinsic to depression, highlighting a need for 

the identification of novel targets to more effectively achieve these goals. Recently, the glutamatergic signaling 

system has emerged as just such a potential target, specifically through the manipulation of excitatory signaling 

mediated by the ionotropic N-methyl-d-aspartate class of glutamate receptors (NMDARs). The implication for 

these receptors in achieving these effects was first demonstrated via the use of the drug ketamine, which is 

widely accepted to act as a noncompetitive antagonist of the NMDARs that blocks the channel pore of the 

receptor to reduce its overall activity. This has been speculated to lead to a number of downstream changes in 

both gene expression and overall synaptic function that can overturn deficits in excitatory signaling throughout 

the brain, including at key limbic structures and neural circuits implicated in the regulation of affective behavior 

and stress-responsiveness.  

 The therapeutic mechanism of action of drugs such as ketamine, and the overall means by which 

modulation of excitatory signaling through NMDARs can achieve such robust antidepressant-like effects, is still 

poorly understood. Additionally, many of the key structures and circuits that may be implicated in these effects 

are also relatively understudied, with a more disproportionate amount of research focusing on the contribution of 

higher cortical and subcortical structures and more canonical stress and reward salient circuits that are thought 

to be dysregulated in depression and lead to the development of anhedonia, chronic stress and other core 

symptoms of this disease. While a wealth of preclinical and clinical data has indicated that at a molecular level, 

these effects may be produced by the modulation of select subtypes of NMDARs (in particular those containing 

the GluN2B subunit) and that the manipulations of these receptors in regions such as the PFC and 

hippocampus can lead to the amelioration of depressive symptoms, conflicting evidence has also suggested 

that the GluN2B-containing NMDARs may be a poor target that do not avoid the many side effects of ketamine. 

It has also become increasingly apparent that that regions outside of those typically studied in the context of 

depression (PFC, hippocampus, amygdala, etc.) also contribute significantly to the regulation of depressive-like 

behaviors. This has indicated that regions known to play a pivotal role in integrating and processing emotional 

stimuli, such as the extended amygdala, may warrant further investigation in the context of the diesease.  

 The BNST in particular is a key structure of interest within the extended amygdala in these regards, as it 

is known to integrate information salient to stress and reward related stimuli from multiple limbic structures 
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previously tied to depression pathology. Additionally, the BNST is a highly heterogeneous structure that contains 

a number of cell populations that express many of the stress-related neurohormones, neuropeptides and other 

modulatory molecules implicated in the modulation of depressive-like behaviors and the core stress responsive 

circuitry (i.e. the HPA axis) of the body, chiefly CRF. Furthermore, manipulation of NMDAR-mediated function 

within the BNST has been found to drive antidepressant-like effects, while emerging data has demonstrated that 

lower abundant subtypes of NMDARs show unique expression profiles within the BNST, particularly in regards 

to those expressing the GluN2D subunit, which have been suggested to play a potential role in regulating 

depressive-like behavior as well. Whether or not their function in the BNST is salient to driving these effects, 

however, is unknown. 

 In this dissertation, I will investigate the contribution of GluN2D-containing NMDARs within the BNST to 

the regulation of anxiety- and depressive-like effective behaviors and overt excitatory signaling within the region. 

Chapter 2 will describe these efforts via the use of a previously validated GluN2D constitutive knockout mouse 

line, and several transgenic lines designed for the study of cell-specific GluN2D-NMDAR function in the BNST. 

This will include a more direct validation of the expression of functional GluN2D within the BNST, as well as an 

examination of its overt expression profile throughout the region and on certain specialized cell populations, with 

a specific focus on BNST-CRF (+) cells. The effects of GluN2D knockout on regional synaptic plasticity and the 

excitatory/inhibitory synaptic profile of the BNST-CRF cells will also be investigated, in order to determine a 

significant contribution of GluN2D to these physiological properties. Chapter 3 will continue these efforts in a 

more targeted and selective fashion via the use of a GluN2D conditional knockout line generated for the express 

examination of the effects of GluN2D deletion from the BNST alone on the behavioral modalities and aspects of 

excitatory signaling at BNST-CRF discussed above. Overall, this dissertation will seek to address the following 

hypothesis and primary aims: 

 

 

 

 

Hypothesis: The deletion of inhibition of GluN2D-containing NMDARs increases anxiogenic and 
depressive-like behaviors in mice, and increases excitatory signaling in the anterior BNST. 
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Aim 1: Test the hypothesis that GluN2D is expressed on specific BNST cell populations. 
 
 
Aim 2: Test the hypothesis that GluN2D deletion increases the excitable membrane properties and 
synaptic physiology of BNST cells. 
 
 
Aim 3: Test that hypothesis that loss of GluN2D-NMDARs in the BNST promotes an increase in anxiety 
and depressive-like behaviors. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 
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Effects of constitutive GluN2D-NMDAR deletion on BNST function and affective behavior 

Adapted from: Salimando et al., “BNST GluN2D-containing NMDA receptors influence anxiety- & depressive-like 

behaviors and modulate cell-specific excitatory/inhibitory synaptic balance” 

 

 Excitatory signaling mediated by N-methyl-d-aspartate receptors (NMDARs) has been shown to 

regulate mood disorders. However, current treatments targeting NMDAR subtypes have shown limited success 

in treating patients, highlighting a need for alternative therapeutic targets. Here, I identify a role for GluN2D-

containing NMDARs in modulating emotional behaviors and neural activity in the bed nucleus of the stria 

terminalis (BNST). Using a GluN2D knockout mouse line (GluN2D-/-), I assessed behavioral phenotypes across 

tasks modeling emotional behavior. I then used a combination of ex vivo electrophysiology and in vivo fiber 

photometry to assess changes in BNST plasticity, cell-specific physiology and cellular activity profiles. GluN2D-/- 

male mice exhibit evidence of exacerbated negative emotional behavior, and a deficit in BNST synaptic 

potentiation. I also find that GluN2D is functionally expressed on corticotropin-releasing factor (CRF) positive 

BNST cells implicated in driving negative emotional states, and recordings in mice of both sexes revealed 

increased excitatory and reduced inhibitory drive onto GluN2D-/- BNST-CRF cells ex vivo, and increased activity 

in vivo. Taken together, this study provided initial evidence of the expression of GluN2D-containing NMDARs 

within the BNST of adult animals and to display a more exclusive expression profile on a stress-salient 

population of neurons. Further, this work also replicated the findings of previous studies using the GluN2D-/- line, 

demonstrating more consistent agreement that the global loss of these receptors can produce robust increases 

in anxiety and depressive-like behaviors. This may suggest a key role for GluN2D-NMDARs, and specifically 

GluN2D-NMDARs within the BNST, in shaping aspects of affective behavior associated with the pathology of 

depression. 

 

Introduction 

 

 Dysregulated excitatory signaling is proposed to underlie a number of mood-related disorders (Graybeal 

et al., 2012; Sanacora et al., 2012). Despite this, the molecular underpinnings of how excitatory signaling 

influences emotional behavior are poorly understood, underscoring a critical need for continued study of the 
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receptor and cell types involved in shaping the physiological changes that drive them. The N-methyl-d-aspartate 

receptors (NMDARs) in particular have emerged as targets both associated with the pathobiology of these 

disease states and for developing treatments for their more intractable forms (Sanacora et al., 2008; Javitt et al., 

2011; Ghasemi et al., 2014).  

 NMDARs are heteromeric receptors composed of two GluN1 subunits and a combination of two GluN2 

or GluN3 subunits, with GluN2 subunits being more prominent in the adult brain (Hansen et al., 2018). GluN2 

subunits are comprised of four isoforms (GluN2A-D) each conferring distinct physiological properties (Paoletti et 

al., 2013). NMDARs containing the GluN2D subunit (GluN2D-NMDARs) represent an interesting potential target 

due to their unique biophysical attributes, including prolonged deactivation kinetics, weakened Mg2+ sensitivity, 

and enhanced glutamate sensitivity (Vicini et al., 1998; Qian et al., 2005). Recent rodent studies have also 

reported that genetic deletion of GluN2D-NMDARs can alter emotional behavior; however, opposing phenotypes 

have been observed, warranting further investigation (Miyamoto et al., 2002; Yamamoto et al., 2017; Shelkar et 

al., 2019).  

 While GluN2D-NMDARs may represent an interesting therapeutic target due to their distinctive 

properties and lower expression in the adult brain (Monyer et al., 1994; Wenzel et al., 1996), little is known 

about their functional role in regions known to drive emotional behavior. The restriction of GluN2D expression in 

the forebrain and select limbic structures that occurs during development (Sheng et al., 1994; Cull-Candy et al., 

2001) suggests that their influence might be significant in extended amygdalar regions. The bed nucleus of the 

stria terminalis (BNST) is one such region that has been heavily implicated in modulating emotional states, 

serving as a key integrator of negative valence and stress-related stimuli (Dong et al., 2001; Lebow and Chen, 

2016). Excitatory signaling in the BNST has also been implicated in driving emotional behavior, with previous 

studies reporting that disruptions of inter- and intra-BNST excitatory synaptic function can lead to increases or 

decreases in anxiety- and depressive-like behaviors (Jennings et al., 2013; Kim et al., 2013; Glangetas et al., 

2017). Moreover, the BNST is known to contain dense populations of neuropeptidergic cells that have been 

linked to regulating emotional behavior, in particular those expressing corticotropin-releasing factor (CRF, Crh). 

These cells (BNST-CRF) have been shown to drive negative valence, with numerous preclinical studies linking 

increases in both BNST and extended amgydalar CRF cell signaling to depression- and stress-related 

states/disorders (Lebow et al., 2012; Sink et al., 2013; Pleil et al., 2015; Fetterly et al., 2019; Kim et al., 2019b). 
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 Using behavioral testing and electrophysiological recording techniques, we demonstrate here that mice 

constitutively lacking GluN2D (GluN2D-/-) exhibit increases in anxiety- and depressive-like behaviors, and 

associated disruptions in BNST synaptic potentiation. Closer examination of GluN2D expression across the 

BNST revealed the subunit to be present on BNST-CRF neurons, suggesting a role for GluN2D-NMDARs in 

regulating their activity. Ex vivo whole cell electrophysiology and in vivo recordings of calcium transients from 

these neurons in GluN2D-/- mice confirmed this, showing converging evidence of increased basal excitatory 

activity in these BNST-CRF cells that may correlate with alterations in emotional behavior and stress 

processing.  

 

Materials and Methods 

 

Animals 

 Male and female mice of at least 8 weeks of age were used throughout this study. GluN2D constitutive 

knockout mice (GluN2D-/-) were purchased from the RIKEN Experimental Animal Division Repository (Tsukuba, 

Japan; RBRC no. 01840), while Crh-IRES-Cre, Ai14 and C57BL/6J mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME; stock no. 012704, 007908 & 00064). Crf-Tomato mice were generated as 

previously reported (Chen et al., 2015; Silberman et al., 2013). To generate reporter lines for CRF cells lacking 

the GluN2D subunit, GluN2D-/- mice were crossed with Crf-Tomato mice for constitutive deletion studies 

(GluN2D-/-/Crf-Tomato). GluN2D-/- mice were also bred to the Crh-IRES-Cre line in order to generate the mice 

necessary for conducting in vivo fiber photometry studies (GluN2D-/-/Crf-Cre). GluN2D-/- and Crf-Tomato mice 

were genotyped using protocols reported for each respective line on the Jackson Laboratory’s website. 

 For behavioral studies using the GluN2D-/- line, male mice were primarily used in order to replicate the 

conditions of previously published behavioral work with these animals (Ikeda et al., 1995; Miyamoto et al., 2002; 

Obiang et al., 2012; Yamamoto et al., 2017; Shelkar et al., 2019). For ex vivo electrophysiological and in vivo 

fiber photometry studies using the GluN2D-/-/Crf-Tomato and GluN2D-/-/Crf-Cre lines, mice of both sexes were 

used to minimize the total number of animals. No sex differences were observed in these studies, and as such, 

all data are compiled across groups into values representative of both sexes. All mouse lines were maintained 
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on a C57BL/6J background and backcrossed as needed. Mice were group housed with 2-5 individuals per cage 

and maintained on a 12 hour light/dark cycle (lights on at 0600 hrs) under controlled temperature (20-25°C) and 

humidity (30-50%) levels. Mice were given access to food and water ad libitum. All treatments and interventions 

were approved by the Vanderbilt Animal Care and Use Committee.  

Behavioral Testing 

 All experiments took place during the light phase of the cycle. Group housed male GluN2D-/- mice were 

transferred into the vivarium 3 weeks prior to testing and allowed a minimum of 1 week for acclimation. 

Following acclimation, mice were singly-housed for 2 weeks. 5 days prior to the start of behavioral testing, mice 

were handled daily to help reduce experimenter-induced stress as previously described (Olsen and Winder, 

2010). On test days, mice were brought into procedure rooms approx. 1 hour prior to the start of any experiment 

to allow for acclimatization, which was performed under full light (~300-400 lux) in rooms while mice were 

provided food and water ad libitum. All equipment used during testing was cleaned with a 70% ethanol solution 

prior to start, and in between each animal run, in order to mask odors and other scents.  

Open Field Test (OFT): Mice were run in ENV-S10S open field activity chambers (Med Associates Inc.) fitted 

with IR photo-beam arrays for 60 minutes under full light in the chambers (~200-300 lux). Total locomotor 

activity, and zone analyses for total time spent in the designated center and surround zones of the activity arena 

were performed using Med Associates software. 

Light/Dark Box (L/D Box): Mice were run using the same activity chambers described above, with inserts made 

of blacked out Plexiglas fitted into the left side of each chamber, occupying ~1/2 of the total chamber area. Mice 

were placed into the dark side to begin the test and run for 10 minutes. Total movement between and activity 

within each side of the chamber was automatically recorded via Med Associates software based on IR beam 

breaks. Zone analyses for total time spent in each side of the chamber, as well as total zone entries and overall 

locomotion (distance travelled) were later performed using Med Associates software. 

Elevated Zero Maze (EZM): Mice were run using a custom EZM apparatus measuring 34 cm inner diameter, 46 

cm outer diameter, placed 40 cm off the ground on four braced legs, with two open quadrants and two closed 

quadrants. Testing was administered under illuminated conditions (~200-300 lux for open quadrants and ~100-
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150 lux for closed quadrants), with mice initially placed into one of the open quadrants, after which they were 

run for 5 minutes in the maze and filmed continuously. Videos were analyzed automatically via AnyMaze 

software (Stoelting Co.) for total time spent in the designated open quadrants compared to total time spent in 

the closed quadrants, and presented as percent total time in open quadrants overall. Total locomotion and 

quadrant entries were similarly assessed via AnyMaze. 

Forced Swim Test (FST): The FST was always administered on the final day of all behavioral testing batteries. 

Mice were placed in Plexiglas cylinders containing room temp. (~22-23°C) tap water for 6 minutes while being 

continuously filmed. Videos were then analyzed to determine the total immobility time (i.e. lack of 

swimming/struggling while in water) observed in mice during the last 4 minutes of the test (first 2 mins were 

designated as a habituation period to the water/test). All results were hand-scored by individuals blinded to the 

genotype of test mice. 

Slice Preparation for Electrophysiology 

 Male and female mice were transported from animal colony housing facilities to the laboratory and 

placed in a sound-attenuated chamber for 1 hour before ex vivo brain slice preparation as previously described 

(Harris et al., 2018; Fetterly et al., 2019; Centanni et al., 2019). Mice were anesthetized with isoflurane gas and 

then decapitated, after which brains were quickly removed and placed in ice-cold sucrose artificial cerebrospinal 

fluid (ACSF) containing the following: 194mM sucrose, 20mM NaCl, 4.4mM KCl, 2mM CaCl2, 1mM MgCl2, 

1.2mM NaH2PO4, 10mM glucose, and 26mM NaHCO3. For slices prepared for field potential recordings, 

0.9mM of ascorbic acid was added to help preserve cell health in the interface chamber. Dissecting solution was 

saturated with 95% O2 / 5% CO2 (vol./vol). Coronal slices 300μm in thickness were prepared using a VT1200S 

vibratome (Leica). Slices containing anterior portions of the dlBNST (Bregma, 0.26-0.02mm) were selected 

using the internal capsule, anterior commissure and stria terminalis as landmarks. 

Field Potential Recordings: After dissection, slices were transferred to an interface recording chamber (Fine 

Science Tools), where they were perfused with heated (~29°C) and oxygenated (95% O2 / 5% CO2, vol/vol) 

ACSF (124mM NaCl, 4.4mM KCl, 2mM CaCl2-2H2O, 1.2mM MgSO4, 1mM NaH2PO4, 10mM glucose, and 

26mM NaHCO3; pH 7.2-7.4; 295-305 mOsm) at a rate of approx. 2 mL/min. Slices were allowed to equilibrate in 

ACSF for at least 1 hour before recording began. A bipolar Ni-chrome wire stimulating electrode and a 
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borosilicate glass recording electrode (1-2 MΩ) filled with ACSF were placed in the dlBNST to elicit and record 

extracellular field responses, which were amplified using an AxoClamp 2B amplifier (Molecular Devices). 

Baseline responses to electrical stimulus at an intensity that produced approx. 40% of the maximum response 

were recorded for 20 mins at a rate of 0.05 Hz. After acquisition of a stable baseline, long term potentiation 

(LTP) was induced with two trains of 100 Hz, 1 sec tetanus delivered with a 20 sec inter-train interval at the 

same intensity as the baseline stimuli. The N1 (an index of sodium channel-dependent firing) was also 

monitored, and experiments in which it changed by more than approx. 20% were discarded. Analyses were 

made from the percent change of the N2 (an index of the extracellular population response) from baseline 0-10 

min after tetanus and 51-60 min after tetanus. Electrical signals were low-pass filtered at 2 kHz, digitized at 20 

kHz and acquired with a Digidata 1322A and pClamp 9.2 system (Molecular Devices). All relevant analysis work 

was conducted with Clampex 10.6 software (Molecular Devices). 

Whole Cell Recordings: Following dissection, slices were transferred to a holding chamber containing heated 

(~29°C) and oxygenated (95% O2 / 5% CO2, vol/vol) ACSF. Slices were allowed to equilibrate in ACSF for at 

least 1 hour, after which they were transferred onto a submerged recording chamber on a BX51WI upright 

microscope (Olympus). In the chamber, slices were continuously perfused with oxygenated and heated ACSF at 

a rate of 2mL/min. Recording electrodes (3-6 MΩ) were pulled on a Flaming/Brown Micropipette Puller (Stutter 

Instruments) using thin walled borosilicate glass capillaries, and filled with a cesium gluconate internal solution 

(117mM Cs-gluconate, 20mM HEPES, 0.4mM EGTA, 5mM TEA-Cl, 2mM MgCl2, 4mM ATP and 0.3mM GTP; 

pH 7.2-7.4; 285-290 mOsm). A bipolar Ni-chrome stimulating electrode was placed in the stria terminalis approx. 

100-300um dorsal to the recorded cell, and electrical responses were evoked via local fiber stimulation (5-15 V 

at a duration of 100-150 us) at 0.1 Hz. After achieving whole cell configuration, cells were allowed to dialyze and 

equilibrate for 2-5 mins prior to recording. Postsynaptic parameters were continuously monitored during all 

experiments, and cells were excluded from final analysis if the access resistance (Ra) changed by >20% in 

either direction. For spontaneous EPSC measurements made in voltage clamp mode, responses were isolated 

by adding 25μM picrotoxin (GABAA receptor antagonist, Tocris) into the ACSF and bath applying over slices 

while recording at a holding potential of -70mV. Spontaneous IPSC measurements were performed by adding 

10μM NBQX (pan-AMPA and kainate receptor antagonist, Tocris) and 25μM AP-V (pan-NMDA receptor 

antagonist, Tocris) into bath applied ACSF, while maintaining a holding potential of -70mV. Miniature EPSC 
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recordings were also made at a holding potential of -70mV, while ACSF containing 1μM of tetrodotoxin (sodium 

channel blocker, Abcam) and 25μM picrotoxin was perfused over the slice. In paired pulse ratio (PPR) 

experiments, paired evoked 100- to 200-pA responses at 0.05 Hz were elicited and inter-stimulus intervals of 

30, 50 and 100ms were utilized. For measuring the evoked, isolated NMDAR EPSCs used for analyzing 

differences in NMDAR kinetics, the holding potential for the cells was adjusted to +40mV and ACSF containing 

10uM NBQX and 25uM picrotoxin was perfused over the slice. Evoked, isolated NMDAR EPSCs were also 

elicited for GluN2C/D antagonist wash-on experiments, but this time using a modified, 0 Mg2+-based ACSF 

(124mM NaCl, 4mM KCl, 1mM NaH2PO4 and 3.7mM CaCl2-2H2O; pH 7.4-7.2; 295-305mOsm) containing 

25μM picrotoxin, 10μM NBQX and 40μM of the selective GluN2C/2D antagonist DQP-1105 (selective GluN2C/D 

antagonist, Tocris) and utilizing a -70mV holding potential. Slices were prepared as described above for these 

experiments, but allowed to recover and equilibrate in heated, normal ACSF before being transferred to the rig 

and perfused with the modified 0 Mg2+ ACSF. Signals were acquired with a Multiclamp 700B amplifier 

(Molecular Devices), digitized via a Digidata 1322A and analyzed with pClamp 10.6 software (Molecular 

Devices). Spontaneous and miniature voltage clamp recordings were analyzed via Clampfit 10.6 (Molecular 

Devices) by measuring the peak amplitudes and frequencies of events over a 6 minute period (in three, 2 min 

bins). Paired pulse ratios were analyzed by dividing the value of the amplitude of the second response over the 

amplitude of the first (P2/P1), and the resulting ratios plotted out for each inter-stimulus interval period. Evoked 

NMDAR EPSCs decay kinetics were interrogated by examining the amplitude of the current trace at half of the 

tau (τ) value. Evoked NMDAR EPSCs isolated in 0 Mg2+ ACSF for DQP-1105 wash-on studies were analyzed 

by measuring the percent change in the amplitude of the response from baseline during the last 8 mins of the 

recording (i.e. following DQP application and drug wash out). 

RNAscope In Situ Hybridization 

 RNAscope studies were performed as previously described (Ghamari-Langroudi et al., 2015). Three 

mRNA species expressed by neurons in the dlBNST were visualized across separate sets of experiments using 

the enhanced fluorescent in situ hybridization technique RNAscope® (ACD, Advanced Cell Diagnostics). 

RNAscope® cDNA probes and detection kits were purchased from ACD and used according to the company’s 

online protocol for fresh frozen tissue. The probe sets directed against Crh and Grin2d were designed from 
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sequence information from the mouse RefSeq mRNA IDs NM_205769.2 and NM_008172.2, respectively. 

C57BL/6J male mice, aged 8-10 wks, were anesthetized using isoflurane and the brains were quickly removed 

and frozen in Tissue Tek® O.C.T. compound (Sakura) using Super Friendly Freeze-It Spray (Fisher Scientific). 

Brains were stored at -80°C until cut on a CM3000 cryostat (Leica) to produce 16μm coronal sections. Sections 

were adhered to warm, charged glass microscope slides and immediately refrozen before being stored at -80°C 

until ready to undergo the RNAscope® procedure. In brief, following the ACD protocol for fresh frozen tissue, 

slides were fixed for 15 mins in ice cold 4% paraformaldehyde and then dehydrated in a sequence of ethanol 

serial dilutions (50%, 70% and 100%, twice each). Slides were briefly air-dried and then a hydrophobic barrier 

was drawn around the tissue sections using a Pap Pen (Vector Labs). Slides were then incubated with ACD’s 

Pretreat 4 solution for 30 mins at room temperature in a humidified chamber. Following protease treatment, 

sections were incubated with RNAscope® cDNA probes (2 hours), and then with a series of signal amplification 

reagents provided by the Multiplex Fluorescence Kit from ACD: Amp 1-FL (30 mins), Amp 2-FL (15 mins), Amp 

3-FL (30 mins) and Amp 4-FL ALT A (15 mins). Two minutes of washing in RNAscope® wash buffer (1x from 

50x stock) were performed between each step, and all incubation steps with the cDNA probes and amplification 

reagents were preformed using a HybEZ oven (ACD) at 40°C. cDNA probe mixtures were prepared at a dilution 

of 50:1 of the C1 channel probe (Grin2d) and C2 channel probe (Crh) for C57 studies. Sections were also 

stained for DAPI using the reagent provided by the Fluorescent Multiplex Kit. Immediately following DAPI 

staining, sections were mounted and cover-slipped using Aqua-Poly Mount media (PolySciences) and left to dry 

overnight in a dark, cool place. Sections from the dlBNST were collected in pairs, using one section for 

incubation with the cDNA probes, and another for incubation with a probe for bacterial mRNA (DapB, ACD) to 

serve as a negative control. Sections were imaged using a 710 scanning confocal microscope (Zeiss) at 20x 

(20x/0.50 N.A. lens) and 63x magnification (63x/0.50 N.A. oil immersion lens), and composite images of the 

dlBNST were generated as TIF files and analyzed in Fiji/ImageJ. Images from sections treated with the negative 

control probe for each pair of slides were used to determine brightness and contrast parameters that minimized 

observation of bacterial transcripts and auto-fluorescence, and these adjustments were then applied to the 

images from experimental sections treated with the cDNA probes. Adjusted experimental images were then 

analyzed in a designated region of interest around the dlBNST. Cells in these regions of interest were identified 

using both DAPI stained nuclei and the borders present between cells identified with the help of gray scale 
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differential interference contrast (DIC) overlays, and the total number of cells in each region were counted. Cells 

were appraised for the presence of Grin2d and Crh signal in order to determine the total number of cells 

showing probe expression either alone or in combination in C57 studies. Transcripts were readily identified as 

round, fraction delimited spots over and surrounding DAPI-labeled nuclei. 

Stereotaxic Surgery Procedures 

 Adult mice (~8 weeks of age) were anesthetized with isoflurane (initial dose = 3%, maintenance dose = 

1.5%) and surgery was performed using an Angle Two stereotaxic frame (Leica) to intracranially inject adeno-

associated virus (AAV) into the dorsolateral BNST based on the Franklin and Paxinos (2004) mouse brain atlas 

(from Bregma: AP=0.14, ML=+/-0.88, DV=-4.24, 15.03° tilt) at a rate of 100nl/min. For photometry studies, 

GluN2D-/-/Crf-Cre mice of either sex were injected with ~300nl of AAV9-Syn-FLEX-jGCaMP7f-WPRE (Addgene) 

into the right dlBNST, and then given a 3 week recovery period to allow for full expression of the virus. Following 

this period, mice underwent a second round of surgery to place a fiber optic cable implant (4.1mm fiber, Doric) 

just above the injection site of the virus within the dlBNST (~0.1mm above DV coordinate listed above). After 

placing the fiber optic into position, a system consisting of a light curable Optibond primer and adhesive agent 

(Henry Schein) and Herculite XRV dental composite enamel (Kerr) was applied to the mouse’s skull in order to 

firmly affix and hold the fiber optic in position. Briefly, after exposure of the skull, gel etchant was used to clean 

the skull, a screw was placed rostral to the craniotomy hole, and the implant was slowly lowered through the 

previously made craniotomy hole. Optibond FL Primer was applied around the implant, followed by Optibond FL 

light curable adhesive, and lastly the light curable Herculite enamel. Mice were given a minimum 1 week 

recovery period following implant surgery in order to allow for the surgery sites to fully heal prior to the start of in 

vivo calcium signal recording. 

In Vivo Fiber Photometry Recordings 

 Optical recordings of GCaMP7f fluorescence were acquired using a RZ5P fiber photometry detection 

system (Tucker-Davis Technologies, TDT), consisting of a processor with Synapse software (TDT), and optical 

components (Doric Lenses & ThorLabs). Excitation wavelengths generated by LEDs (470nm blue light and 

405nm violet light) were relayed through a filtered fluorescence minicube at spectral bandwidths of 460-495nm 

and 405nm to a pre-bleached mono fiber-optic cable connected to the implant on top of each animal’s head. 
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Power output for the primary 470nm channel at the tip of the fiberoptic cable was measured at ~25-30uW. 

Single emissions were detected using a femtowatt photoreceiver with a lensed fiber cable adapter. Signal in 

both 470nm and 405nm channels were monitored continuously throughout all recordings, with the 405nm signal 

used as an isobestic control for both ambient fluorescence and motion artifacts introduced by movement of the 

fiber optic implant. Wavelengths were modulated at frequencies of 210-220 and 330 Hz, respectively, and power 

output maintained at 20mA with a DC offset of 3mA for both light sources. All signals were acquired at 1kHz and 

lowpass filtered at 3Hz. Mice were housed and handled as described above, with the addition of a 5 min session 

each handling day during which the mice were hooked up to the fiberoptic cable to allow them to become 

accustomed the tethered cable. Mice were transported to the procedure room and habituated for 1 hour. Mice 

were then connected to the photometry system, and following a 1-2 min period to adjust to these manipulations, 

a 30 min recording session was conducted to observe basal activity in the dlBNST. Mice were placed in a 

custom arena and allowed to explore for the duration of the recording. Following testing, all mice were perfused 

and tissue was assessed for both proper targeting of both initial viral injections and optic fiber placement via 

immunohistochemistry. 

 Analysis of the GCaMP signal was done with a custom-written MATLAB code (can be provided upon 

request), with the bulk fluorescent signal from both the 470 and 405 channels normalized in order to compare 

differences in calcium-mediated event frequencies across groups using the 405 as a control channel. Linear 

regression was utilized to correct for the bleaching of signal for the duration of each recording, using the slope of 

the 405nm signal fitted against the 470nm signal. Detection of GCaMP-mediated fluorescence is presented as a 

change in the 470nm/fitted 405nm signal over the fitted 405 signal (∆F/F). Peak analysis of calcium-mediated 

events to determine frequency across subjects was performed by running the normalized, filtered signals 

produced by our MATLAB code through Clampfit 10.6 software and performing a template matching event 

detection analysis on each file. The template was set to match the average width and amplitude of an imputed, 

positive-going calcium-mediated event, with a template matching variable set at ~2.5.  

Immunohistochemistry 

 Immunostaining for the GluN2D protein in neural tissue sections was performed using a modification of 

the protocol previously described (Yamasaki et al., 2014). In brief, mice were anesthetized using isoflurane and 
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underwent transcardial perfusion using ice-cold phosphate-buffered saline (PBS) and a 4% paraformaldehyde 

solution (PFA) made in PBS. Following perfusion, brains were quickly removed and placed in ice-cold 4% PFA 

over night for post-fixation, and then into an ice-cold 30% sucrose solution prepared in PBS for 2-3 days to cryo-

protect the tissue. Brains were then embedded in paraffin wax and sectioned at 5μm on a microtome. Sections 

containing the dlBNST were baked in a hybridization oven at 50°C for 1-2 hours to melt wax, before going 

through a series of washes in citrisol solution, 100%, 95%, 70% and 50% ethanol, PBS and 1% hydrogen 

peroxide. Sections were next digested in a pepsin solution (Dako, 1mg/ml) at 39°C for ~20 mins, and then 

washed with PBS and a PBS/Triton-X100 (PBS-T, 0.1%) solution. A hydrophobic barrier was drawn using a 

PAP-Pen. Sections were then blocked with a buffer containing 10% normal donkey serum (Jackson Immuno) in 

PBS for 1 hour at room temp. in a humidified chamber. Primary antibody for GluN2D (generously provided by 

the lab of Masahiko Watanabe) was applied at a concentration of 1mg/ml in a solution of 10% normal donkey 

serum and PBS-T, and the sections were stored in a humidified chamber at 4°C for ~ 72-96 hours. Primary 

antibody was removed with a series of four washes in ice-cold PBS-T buffer before a biotin conjugated 

secondary antibody (Jackson Immuno) prepared in 10% normal donkey serum and PBS-T was applied at a 

concentration of 1:2000 for ~3 hours at room temp in a humidified chamber. Secondary antibody was removed 

with four washes in ice-cold PBS-T, and then the tissue underwent amplification for the GluN2D signal using a 

Cy3-Tyramide Signal Amplification (TSA) kit (PerkinElmer). In brief, horse radish peroxidase reagent provided 

by the kit was applied to sections at a concentration of 1:100 in room temp. TNB buffer overnight at 4°C in a 

humidified chamber, and washed off the following day via three, 5 min washes using TNT buffer. Cy3 

fluorophore was then prepared at a 1:50 dilution and applied to the sections for 5 mins at room temp before 

being washed off with three, 5 min washes in TNT buffer. Lastly, sections were treated with a DAPI stain 

(1:10,000) for ~30 secs at room temp before being mounted and cover-slipped using warm, Aqua-Poly Mount 

media. Once dried, sections were then imaged using the same confocal microscope described above. 

Endogenous eGFP signal was used to validate the expression of GCaMP7f in the dlBNST, and DAPI staining 

combined with DIC imaging was utilized in order to validate the position of implanted fiber optic cables for mice 

used in photometry studies.  

Western Blotting 
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 Bilateral tissue punches (~0.8 mm) of the dlBNST collected from GluN2D-/- or GluN2D+/+ mice, were 

homogenized in lysis buffer containing 2% SDS and 1X protease inhibitor cocktail (Roche) via pipetting and 

passage through a 27 gauge syringe and an insulin syringe. Samples were centrifugated at 1000x g for 10 mins 

and total protein concentration was then determined using a BCA protein assay kit (Thermo Scientific). Whole 

homogenate was used for analysis, and all samples were diluted to an equal concentration by mixing with 

sample buffer containing 62.5 mM Tris-HCl (pH 6.8), glycerol, 5% SDS, 0.5% bromophenol blue and 5% β-

mercaptoethanol. Diluted samples were boiled at 90°C for 3 mins, and then 10-20μg of each were run on a 7% 

polyacrylamide-resolving gel. Protein was then transferred onto a single nitrocellulose membrane, and then 

stained for total protein using Ponceau S. Membranes were cut at specific molecular weights and probed with 

different antibodies for select products. Primary antibodies used included mouse anti-NMDAR2D (1:5000, 

MAB5578, Millipore), mouse anti-beta-3 tubulin (1:1000, 4466S, Cell Signaling Technologies) and mouse anti-

GAPDH (1:10,000, MAB374, Millipore). All primary Ab dilutions were prepared in 5% powdered milk solution in 

1x Tris-buffered saline/Triton-X100 (TBS-T), and applied to blots overnight at 4°C. Blots were washed four times 

in 1x TBS-T the following day, and then probed with an anti-mouse, horse radish peroxidase conjugated 

secondary antibody (1:8,000, W402B, Promega) in 5% milk, 1x TBS-T for ~2 hours at room temp. Blots were 

then washed an additional four times with fresh 1x TBS-T and then soaked in Western Lighting Plus-ECL 

solution (PerkinElmer) for 1-2 mins before imaging on X-ray film. Blots were appraised as needed for changes in 

total protein expression via densitometry analysis using Fiji/ImageJ software.  

Experimental Design and Statistical Analysis 

 The number of animals used in each experiment were predetermined based on analyses of similar 

experiments in the literature and supplemented as needed based on observed effect sizes (Silberman et al., 

2013; Louderback et al., 2013; Ghamari-Langroudi et al., 2015; Holleran et al., 2016; Fetterly et al., 2019; 

Centanni et al., 2019). All data are represented as means ± the standard error of the mean (SEM) for each 

group, and all statistical analyses were performed using GraphPad Prism 8 software (Graphpad Software, San 

Diego, CA). We utilized both male and female mice within this study. When sex was not found to be a 

statistically significant factor, we combined male and female data for analysis. For behavior experiments, data 

comparing metrics between knockout and wildtype groups across tasks were analyzed using unpaired, two-
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tailed Student’s t-tests, while analyses of changes in locomotive behavior between both groups across multiple 

time points were performed using two-way ANOVAs along with Sidak’s multiple comparison post hoc test, and 

corrected p-values are reported in the text as needed. Two-tailed t-test analyses were also performed on LTP 

data from knockout and wildtype mice, total cell counts and CRF (+) for in situ hybridization studies, drug effects 

of DQP on NMDAR eEPSC amplitude and decay kinetics, sEPSC, sIPCS and mEPSC amplitude and frequency 

values in ex vivo recordings, and frequency values for imputed calcium mediated events in in vivo recordings (all 

of which consisted of comparisons between only two groups). For PPR data examining changes in the ratio 

across 3 separate inter-stimulus intervals, a two-way ANOVA was utilized, along with Sidak’s multiple 

comparison post hoc test, to assess effects of genotype and the PPR over time, with corrected p-values 

presented in the text. For all analyses, significance levels were set at α=0.05. Detailed statistics are provided 

within the text and figure legends.  

 

Results 

 

GluN2D knockout mice exhibit enhanced negative emotional phenotypes.  

 Previous behavioral studies in GluN2D knockout (GluN2D-/-) mice have reported opposing phenotypes, 

with an initial study suggesting a decrease in anxiety- and depressive-like behaviors, while subsequent studies 

found these behaviors to be significantly increased in the knockouts (Miyamoto et al., 2002; Yamamoto et al., 

2017; Shelkar et al., 2019). In order to address these conflicting findings, we employed a battery of four tests to 

assess different aspects of negative emotional behavior between GluN2D-/- and wildtype (GluN2D+/+) littermates 

(Fig. 5A). Age-matched male mice (~12 wks) underwent open field (OFT), light/dark box (L/D), elevated zero 

maze (EZM) and forced swim (FST) testing over four consecutive days. GluN2D-/- mice displayed a significant 

decrease in the percent total center time in the OFT when compared with GluN2D+/+ controls (Fig. 5B, 

2D+/+=47.8±2.3% time in ctr, 2D-/-: 28.1±3.1% time in ctr, t[19]=5.05, p=<0.0001, unpaired t-test). Additionally, 

percent total time in the open quadrants of the EZM was also significantly decreased in the GluN2D-/- mice 

compared with controls (Fig. 5D, 2D+/+: 34.2±2.4% time open quad., 2D-/-: 26.8±2.6% time open quad., 

t[21]=2.10, p=0.048, unpaired t-test). Differences in behavior were not observed between groups in the L/D (Fig. 

5C, 2D+/+: 21.3±2.5% time in light, 2D-/-: 22.1±1.7% time in light, t[20]=0.27, p=0.793, unpaired t-test). Total 
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immobility time on the FST was significantly increased in the GluN2D-/- compared with GluN2D+/+ mice (Fig. 5E, 

2D+/+: 97.1±11.0 sec immobile, 2D-/-: 134.5±10.6 sec immobile, t[21]=2.45, p=0.023, unpaired t-test). 

Collectively, our findings from the OFT, EZM and FST suggest an overt increase in anxiety- and depressive-like 

behaviors in the GluN2D-/- mice, generally consistent with the results presented in Yamamoto et al. (2017) and 

Shelkar et al. (2019). While no apparent anxiety-like behavior was observed in the L/D, it is possible that 

differences in our experimental design for the task (black insert = 1/2 area of activity chamber as opposed to 1/3 

area, Crawley and Goodwin, 1980) could have increased the possibility of false negatives.  
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Figure 5. GluN2D knockout mice exhibit altered affective phenotypes. (A) Design schema and timeline for 
the 4 day behavioral testing battery, consisting of open field (OFT), light/dark box (L/D), elevated zero maze 
(EZM) and forced swim testing (FST). (B) Percent total time spent in the center zone of the OFT arena was 
shown to be significantly decreased in GluN2D knockout (2D-/-) mice when compared with GluN2D wildtype 
(2D+/+) littermates (p< 0.001). (C) No difference in the percent total time spent on the light side of the L/D box 
was found between 2D-/- and 2D+/+ mice (p=0.793). (D) Percent total time spent in the open quadrants of the 
EZM was however found to be significantly decreased in the 2D-/- (p=0.048). (E) Total time spent immobile 
during the course of the FST was also found to be significantly increased for the 2D-/- when compared with the 
2D+/+ (p=0.023). (F) Analysis of total locomotion during the OFT via a plot of minute to minute time course for 
activity (counts, i.e. IR beam breaks) during the 60 min recording (left) and summary graph of total locomotion 
throughout (right). 2D-/- show a significant decrease in total locomotion on in the OFT (p=0.002), as well as a 
significant decrease in percent distance travelled in the center, and an increase in percent distance travelled in 
the periphery of the arena (p=0.033 & 0.008, respectively). The 2D-/- also show no overt deficits in locomotor 
activity in the (G) L/D or the (H) EZM. Analysis of distance travelled and total entries into the light and dark sides 
of the chamber in the L/D are not significantly different between genotypes (p=0.117, 0.503 & 0.490, 
respectively), and similar measures of total distance travelled and entries into the open or closed quadrants in 
the EZM (p=0.089, 0.192 & 0.117, respectively) also revealed no indication of a locomotor phenotype. Data 
presented as means ± SEM overlain with individual points (N2D-/- = 11, N2D+/+ = 12). *p≤0.05, ****p≤0.0001, n.s. = 
not significant.  
 

As an important control, we also assessed changes in total locomotion across all relevant tasks. Total 

locomotion was found to be decreased in GluN2D-/- mice when compared with GluN2D+/+ controls in the OFT, 

consistent with previous findings (Ikeda et al., 1995; Obiang et al., 2012; Shelkar et al., 2019). However, further 

analysis of changes in percent total distance travelled in the center and periphery of the chamber between both 

groups showed more modest differences in locomotion (Fig 5F, total locomotion: 2D+/+: 6093±420.2 beam 

breaks, 2D-/-: 4219±295.4 beam breaks, t[19]=3.70, p=0.002; % distance ctr: 2D+/+: 55.8±2.8%, 2D-/-: 47.7±2.2%, 

t[20]=2.29, p=0.033; % distance periphery: 2D+/+: 42.4±2.4%, 2D-/-: 53.3±2.2%, t[19]=2.99, p=0.008, unpaired t-

tests). Additionally, measurements of differences in locomotor activity and zone/quadrant entries compared 

between the two groups in the LD and EZM tasks revealed no difference in overall locomotion (Fig. 5G-H, LD 

total locomotion: 2D+/+: 1690±117.9 beam breaks, 2D-/-: 1455±82.0 beam breaks, t[20]=1.64, p=0.117; light 

entries: 2D+/+:~21±3, 2D-/-: ~19±2, t[20]=0.68, p=0.503; dark entries: 2D+/+: ~22±3, 2D-/-: ~19±2 t[20]=0.70, 

p=0.490; EZM total locomotion: 2D+/+: 19.9±1.2 ms travelled, 2D-/-: 16.6±1.4 ms travelled, t[20]=1.79, p=0.089; 

open quad. entries: 2D+/+: ~15±1, 2D-/-: ~13±1, t[20]=1.35, p=0.192; closed quad. entries: 2D+/+: ~15±1, 2D-/-: 

~12±1, t[20]=1.64, p=0.117, unpaired t-tests). Our observations here are thus in close agreement to those of 

previously published datasets that suggest that the effects of constitutive GluN2D deletion are more in line with 

altered emotional behavior and not gross locomotor function. 
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GluN2D deletion produces deficits in BNST excitatory synaptic potentiation. 

 While GluN2D-NMDARs have been shown to regulate synaptic function in the cerebellum, basal ganglia 

and hippocampus (Harney et al., 2008; Zhang et al., 2014; Swanger et al., 2015; von Engelhardt et al., 2015; 

Dubois et al., 2016), their role in extended amygdalar circuits regulating emotional behaviors has been 

unexplored. Deletion or pharmacological blockade of select NMDAR subtypes in the BNST can produce both 

alterations in synaptic function and negative emotional behavior (Wills et al., 2012; Louderback et al., 2013), and 

previous studies suggested the potential presence of GluN2D in this region (Watanabe et al., 1992; Watanabe 

et al., 1993; Wenzel et al., 1996; Yamasaki et al., 2014). To confirm this, we collected tissue punches from the 

dorsolateral BNST (dlBNST) of GluN2D+/+ and GluN2D-/- mice to test for the presence of GluN2D protein. 

Western blot analysis of whole tissue lysates revealed a band for GluN2D in dlBNST lysates, as well as in 

lysates taken from regions known to express high levels of the subunit such as the thalamus and hypothalamus. 

These bands were absent from all regions in samples collected from GluN2D-/- mice (Fig. 6A). Additional means 

of validation were also performed via immunohistochemistry and yielded similar results for GluN2D expression 

and absence in the BNST across GluN2D+/+ and GluN2D-/- tissue samples, as well as thalamus sample as an 

additional control (Fig. 6B). 

 We next set out to examine whether GluN2D-NMDARs contribute to shaping synaptic function in the 

BNST by performing extracellular field potential recordings in the dlBNST to assess differences in NMDAR-

dependent long-term potentiation (LTP) of evoked field potentials in acute ex vivo brain slices from GluN2D+/+ 

and GluN2D-/- mice. After establishing a stable baseline recording, we applied two brief trains of tetanizing 

electrical stimulation to induce LTP (Fig. 6C, arrow insert) and observed a robust potentiation of the evoked 

responses in GluN2D+/+ slices comparable to previously reported findings by our lab (Wills et al., 2012). In the 

GluN2D-/- slices, we observed a marked decrease in the amplitude of responses immediately following tetanus 

compared to GluN2D+/+ controls, an effect that was maintained for up to 10 minutes (Fig. 6C-D, % increase over 

baseline 2D+/+: 173.6±9.0%, 2D-/-: 133.3±5.0%, t[17]=3.52, p=0.003, unpaired t-test). While there was a clear 

reduction in the early phase of the response to tetanus in GluN2D-/- slices, LTP at later time points in the 

dlBNST was not altered, as a comparison of the overall amplitude of the field potential during the final 10 

minutes of a 60 minute post-tetanus recording revealed no significant difference between GluN2D-/- or 

GluN2D+/+ responses (Fig. 6D, % increase over baseline 2D+/+: 139.3±6.8%, 2D-/-: 123.5±5.3%, t[17]=1.72, 
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p=0.105, unpaired t-test). Overall, these data suggest that GluN2D-NMDARs may contribute to the induction of 

short-term synaptic potentiation (STP) in the dlBNST, consistent with pharmacological studies of hippocampal 

STP (Volianskis et al., 2013; Volianskis et al., 2015; France et al., 2017). 

 

         



77 
 

Figure 6. GluN2D deletion produces deficits in BNST excitatory synaptic potentiation. (A) Western blot 
analysis of total protein lysate taken from tissue punches (0.8mm) of the dlBNST, medial thalamus (thal.) and 
hypothalamus (hypo.) from GluN2D wildtype (2D+/+) and GluN2D knockout (2D-/-) mice. Representative image of 
punch locations for the dlBNST is shown on the left, and a representative blot of bands for both GluN2D protein 
and control β3-tubulin is shown on the right. (B) Representative 5x images of the BNST and the medial 
thalamus taken from 2D+/+ and 2D-/-, stained for the GluN2D protein (red) and counterstained with the nuclear 
marker DAPI (blue). (C) Averaged time courses of excitatory post-synaptic field potentials recorded from the 
dlBNST of 2D+/+ and 2D-/- acute, ex vivo brain slices after high frequency stimulation (arrow; two, 1-s trains at 
100 Hz). Representative traces from both 2D+/+ (black) and 2D-/- (red) slices before tetanus (1) and ~10 mins 
after tetanus (2) are shown to the right. A schematic of the recording set-up is shown as an insert above the 
time course plot. (D) Summary graphs of the averaged field potential responses 0-10 mins after tetanus (left) 
and 51-60 mins after tetanus (right). A significant difference in the amplitude of responses recorded from 2D-/- 
slices was noted for up to 10 mins following tetanus when compared with 2D+/+ controls (p=0.003), but not 
during the final 10 mins of recording (p=0.105). Data presented across summary graphs as means ± SEM with 
individual points overlain (n2D+/+ = 11 slices from N2D+/+ = 9 mice, n2D-/- = 8 slices, from N2D-/- = 7 mice). **p≤0.01, 
n.s. = not significant. 
 

Grin2d mRNA co-localizes with corticotropin-releasing factor (CRF) transcripts in dlBNST. 

 Given the alteration in field potential-level synaptic plasticity that we observed in the BNST of GluN2D-/- 

mice, we next performed whole cell patch-clamp recording experiments to assess whether genetic deletion of 

GluN2D altered basal synaptic function. However, when using unbiased selection and patching only visually 

identified cells throughout the dlBNST, we observed no significant differences in the physiological profiles of 

cells recorded from in GluN2D+/+ and GluN2D-/- brain slices when analyzing spontaneous excitatory postsynaptic 

current events (sEPSCs, Fig. 7A freq: 2D+/+: 1.5±0.3 Hz, 2D-/-: 1.4±0.2 Hz, t[34]=0.02, p=0.982; amp: 2D+/+: -

24.5±0.9 pA, 2D-/-: -25.6±0.9 pA, t[34]=0.88, p=0.383, unpaired t-tests) or the kinetics of isolated NMDAR-

mediated evoked postsynaptic currents (eEPSCs, Fig. 7B 2D+/+: 72.2±10.5 ½ tau [ms], 2D-/-: 67.9±9.5 ½ tau 

[ms], t[17]=0.30, p=0.767, unpaired t-test).  
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Figure 7. Unbiased examination of dlBNST neurons in the GluN2D-/- does not identify overt differences 
in basal excitatory physiology. (A) Representative traces of sEPSC recordings from dlBNST neurons in 
GluN2D+/+ (2D+/+, black) and GluN2D-/- (2D-/-, red) brain slices (left). Summary graphs of both frequency and 
amplitude analyses of recorded sEPSCs revealed no differences in either metric across groups when sampling 
cells with an unbiased approach (freq: p=0.981, amp: p=0.383; n2D+/+ = 17 cells from N2D+/+ = 4 mice, n2D-/- = 19 
cells from N2D-/- = 7 mice). (B) Representative traces of electrically isolated NMDAR-EPSCs (holding potential: 
+40mV) from 2D+/+ and 2D-/- dlBNST neurons (left). Summary graph to the right shows analysis of changes in 
the decay kinetics (milliseconds, ms) of NMDAR-isolated currents from both groups revealed no difference when 
using an unbiased approach to identify and patch dlBNST neurons (p=0.767; n2D+/+ = 10 cells from N2D+/+ = 5 
mice, n2D-/- = 9 cells from N2D-/- = 5 mice). All data presented as means ±SEM with individual data points overlain. 
n.s. = not significant. 
 

 The BNST contains a number of highly heterogeneous and specialized cell populations (Kash et al., 

2015; Lebow and Chen, 2016), such that the lack of observable differences in synaptic function in individual 

neurons could be due to a restricted pattern of expression of GluN2D within these subpopulations. To determine 

the expression profile of GluN2D in dlBNST we utilized an enhanced form of fluorescent in situ hybridization 

(RNAscope®) to examine the expression of GluN2D transcripts throughout the region and on select cell 

populations. We focused in particular on those cells expressing the stress-related peptide corticotropin-releasing 

factor (CRF), as this population has been previously implicated in the regulation of emotional behaviors (Sink et 
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al., 2013; Silberman and Winder, 2013; Pleil et al., 2015; Marcinkiewcz et al., 2016; Fetterly et al., 2019). Using 

custom cDNA probes designed for Grin2d (GluN2D) and Crh (CRF) transcripts, we examined transcript 

expression patterns and co-localization across the left and right dlBNST of 3 separate adult male C57BL/6J 

mice (Fig. 8A). Consistent with our hypothesis, we found 2D transcripts to be diffusely expressed throughout the 

dlBNST and present on a minority of BNST cells when comparing the number of Grin2d transcript-positive cells 

with total unlabeled cells across both the right and left dlBNST (Fig. 8B Grin2d [-]=1661.7 cells, ~67.5% of total 

cells, Grin2d [+]=773.3 cells, ~32.5% of total cells; lower insert: t[4]=7.17, p=0.002, unpaired t-test). Upon closer 

inspection of the stratification of the Crh labeled population, we observed that signal for this transcript was highly 

co-localized on cells labeled with probes for the Grin2d transcript (Fig. 8C Crh [+] only=19 cells, ~22.8% of total 

Crh [+] cells, Crh+Grin2d [+]=61 cells, ~77.2% of total Crh [+] cells; lower insert: t[4]=5.11, p=0.007, unpaired t-

test), suggesting the potential of increased expression of GluN2D-NMDARs on this subset of BNST neurons. 
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Figure 8. Grin2d mRNA co-localizes with corticotropin-releasing factor (CRF) transcripts in dlBNST. (A) 
Representative image of the dlBNST (outlined via dashed white lines) at 20x magnification after undergoing 
RNAscope® (top left), showing individual cells with DAPI (blue) counterstained nuclei labeled for Grin2d (red) or 
Crh (green) mRNA transcripts. The red boxed area (top right) shows a representative high magnification image 
of the dlBNST at 63x, along with example images to the far right of cells labeled for each transcript of interest, 
and in combination. (B) Summary graph showing the portion of total counted dlBNST cells (left & right dlBNST, 
N = 3 C57BL/6J mice) labeled for the Grin2d and Crh transcripts alone or in combination. When comparing the 
total of cells negative for the Grin2d transcript (2D [-]) with those labeled for the transcript (2D [+]), cells positive 
for GluN2D mRNA are shown to represent a lower population within the dlBNST (p=0.007). (C) Summary graph 
of the Crh transcript positive cell populations in the dlBNST. As a portion of these cells, those co-labeled for 
Grin2d are shown to make up a greater overall percentage. Additional comparison of the cells labeled for the 
Crh transcript alone with those labeled for Crh and Grin2d in combination shows the number of co-labeled cells 
to be significantly higher (p=0.002). All data are presented as means ± SEM with individual data points overlain. 
**p≤0.01. 
 

Functional synaptic GluN2D-containing NMDARs are expressed on adult mouse BNST-CRF neurons. 

 Given the concentration of Grin2d transcript on Crh transcript positive neurons, we next sought to 

assess whether functional GluN2D-NMDARs were present on these cells (BNST-CRF), and how the loss of this 

subunit altered their synaptic physiology. To identify BNST-CRF cells in ex vivo brain slices for whole-cell patch 

clamp electrophysiology, we crossed the GluN2D-/- mice to a previously validated CRF reporter line (Crf-

Tomato, Chen et al., 2015; Silberman et al., 2013, Fig. 9A). We then isolated electrically-evoked synaptic 

NMDAR-mediated EPSCs at BNST-CRF neurons via the use of a modified, Mg2+-free artificial cerebrospinal 

fluid (Wills et al., 2012) while holding the cells at -70mV; after which, the GluN2C/2D selective antagonist DQP-

1105 (Acker et al., 2011) was bath applied (40uM, Fig. 9B-C, baseline: 8 mins, DQP wash-on: 10 mins, wash-

out: 10 mins). In slices from GluN2D+/+ mice, DQP-1105 wash-on produced a ~36% decrease in the amplitude 

of the evoked NMDAR EPSC, an effect that was absent in slices prepared from GluN2D-/- mice (Fig. 9C, CRF-

2D+/+ pre-DQP: 103.1±2.0% baseline, post-DQP: ~67.9±8.2% baseline, t[8]=4.21, p=0.003, unpaired t-test; 

CRF-2D-/- pre-DQP: 100.0% baseline, post-DQP: ~100.0±7.3% baseline, t[6]=0.003, p=0.997, unpaired t-test). 

In in vitro systems, GluN2D-NMDARs have been shown to exhibit substantially slower kinetics relative to 

NMDARs containing the GluN2A/B or C subunits (Vinci et al., 1998; Paoletti et al., 2013; Hansen et al., 2018). 

Consistent with these previously reported differences, we noted that the decay kinetics of electrically isolated 

NMDAR EPSCs (+40mV holding potential) on BNST-CRF neurons in slices from the GluN2D-/- mice were 

substantially accelerated when compared with those observed in slices from the GluN2D+/+ mice (Fig. 5D, CRF-

2D+/+: 134.8±10.1 ½ tau [ms], CRF-2D-/-: 101.0±11.9 ½ tau [ms], t[16]=2.18, p=0.045, unpaired t-test). 
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Figure 9. Functional synaptic GluN2D-containing NMDARs are expressed on adult mouse BNST-CRF 
neurons. (A) Representative image of the dlBNST (outlined via dashed white lines) from the GluN2D-/-/Crh-
IRES-Cre/Ai14 reporter line (CRF 2D-/-) taken at 20x magnification. CRF positive cells labeled with tdTomato are 
shown in red, and cell nuclei denoted by DAPI counterstaining are in blue. (B) Averaged time courses of 
isolated NMDAR excitatory postsynaptic currents (NMDAR-EPSC, holding potential: -70mV, modified 0 Mg2+ 
ACSF) recorded from CRF 2D+/+ and CRF 2D-/- cells in the dlBNST. Bath application of the GluN2C/GluN2D 
selective antagonist DQP-1105 (40uM) reduced the amplitude of the NMDAR-EPSC only in BNST-CRF 2D+/+ 
cells (35.3% ±8.4% decrease from baseline). (C) Summary graphs for NMDAR-EPSC amplitude from BNST-
CRF 2D+/+ (p=0.003) and 2D-/- (p=0.997) cells comparing the first 8 mins of recordings prior to bath application 
of DQP-1105 (baseline, pre-DQP) and the last 8 mins of the recording following both 10 min wash-on of the 
drug, and a 10 min wash-out (post-DQP). Representative traces pre- (solid line) and post-DQP (dashed line) are 
shown to the right. Data presented as means ±SEM with individual points overlain (nCRF 2D+/+ = 5 cells from NCRF 

2D+/+ = 3 mice, nCRF 2D-/- = 4 cells from NCRF 2D-/- = 2 mice). (D) Representative traces of electrically isolated 
NMDAR-EPSCs (holding potential: +40mV) recorded from BNST-CRF 2D+/+ and 2D-/- cells (left). Analysis of the 
overall decay kinetics of the NMDAR-EPSC across both groups revealed a significant decrease in ½ tau 
(milliseconds, ms) value for BNST-CRF 2D-/- cells compared with 2D+/+ (right,  p=0.045). Data presented as 
means ±SEM with individual points overlain (nCRF 2D+/+ = 9 cells from NCRF 2D+/+ = 2 mice, nCRF 2D-/- = 9 cells from 
NCRF 2D-/- = 2 mice). *p≤0.05, **p≤0.01, n.s. = not significant.  
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Excitatory and inhibitory transmission on BNST-CRF neurons are divergently controlled by GluN2D. 

 
  Next, we examined spontaneous excitatory and inhibitory transmission onto BNST-CRF cells in brain 

slices from GluN2D-/- mice. Spontaneous EPSC (sEPSC) frequency and amplitude were both found to be 

increased in BNST-CRF neurons from GluN2D-/- slices when compared with GluN2D+/+ mice (Fig. 10A, freq: 

CRF-2D+/+: 0.6±0.1 Hz, CRF-2D-/-: 1.2±0.2 Hz, t[28]=2.73, p=0.011; amp: CRF-2D+/+: -23.8±1.3 pA, CRF-2D-/-: -

29.5±1.2 pA, t[28]=3.29, p=0.003, unpaired t-tests). To probe these results further, we repeated this analysis in 

the presence of the sodium channel blocker tetrodotoxin (TTX, 1uM) to remove presynaptic action potential 

firing and isolate miniature EPSCs (mEPSCs) generated by singular vesicle release events. We observed that 

mEPSC amplitude, but not frequency, was increased on BNST-CRF cells from GluN2D-/- slices in comparison 

with GluN2D+/+ slices (Fig. 10B, freq: CRF-2D+/+: 0.4±0.01 Hz, CRF-2D+/+: 0.6±0.1 Hz, t[17]=1.45, p=0.167; 

amp: CRF-2D+/+: -22.5±1.1 pA, CRF-2D-/-: -27.6±1.2 pA, t[17]=3.01, p=0.008, unpaired t-tests). In addition, we 

analyzed paired-pulse ratios (PPR) of electrically-evoked EPSCs at -70mV across 3 separate inter-stimulus 

intervals (ISI) on BNST-CRF cells in the GluN2D-/-, with a two-way ANOVA revealing main effects of ISI time, 

genotype and subject (Fig. 10C, ISI time: F(2,32)=5.62, p=0.008, genotype: F(1,16)=34.54, p<0.0001, subject: 

F(16,32)=3.58, p=0.001, ISI time x genotype: F(2,32)=2.70, p=0.083). Post-hoc analysis with Sidak’s multiple 

comparisons test showed significantly decreased paired pulse ratios (<1) in cells from the GluN2D-/- when 

compared with GluN2D+/+ cells at all time points (30ms: p=<0.0001, 50ms: p=<0.0001, 100ms: p=0.005), 

indicative of paired pulse depression. Collectively, these results suggest an enhancement of excitatory drive 

onto BNST-CRF cells in the knockout, likely through a combination of pre- and post-synaptic mechanisms. 

 In addition to an analysis of excitatory drive onto BNST-CRF neurons, we assessed the impact of 

GluN2D deletion on spontaneous inhibitory postsynaptic currents (sIPSCs) as well. We observed that, in 

contrast to our sEPSC findings, sIPSC amplitude was decreased onto BNST-CRF neurons in slices from the 

GluN2D-/- mice when compared with the GluN2D+/+, while frequency was not altered (Fig. 10D, freq: CRF-2D+/+: 

1.4±0.2 Hz, CRF-2D-/-: 1.6±0.3 Hz, t[28]=0.77, p=0.447; amp: CRF-2D+/+: -24.6±1.7 pA, CRF-2D-/-: -19.3±0.8 pA, 

t[30]=2.79, p=0.009, unpaired t-tests). 
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Figure 10. Excitatory and inhibitory transmission on BNST-CRF neurons are divergently controlled by 
GluN2D. (A) Representative traces of spontaneous excitatory postsynaptic currents (sEPSCs) recorded from 
BNST-CRF 2D+/+ (black) and 2D-/- (red) cells (left). Both sEPSC frequency and amplitude were shown to be 
significantly increased in BNST-CRF 2D-/- cells when compared with 2D+/+ cells (freq: p=0.011, amp: p=0.003; 
nCRF 2D+/+ = 15 cells from NCRF 2D+/+ = 5 mice, nCRF 2D-/- = 15 cells from NCRF 2D-/- = 5 mice). (B) Representative 
traces of miniature excitatory postsynaptic currents (mEPSCs) recorded from BNST-CRF 2D+/+ (black) and 2D-/- 

(red) cells (left). No differences were noted in the frequency of mEPSCs in BNST-CRF 2D+/+ or 2D-/- cells, but 
amplitude was found to be significantly increased in the 2D-/- cells (freq: p=0.167, amp: p=0.008; nCRF 2D+/+ = 8 
cells from NCRF 2D+/+ = 4 mice, nCRF 2D-/- = 11 cells from NCRF 2D-/- = 4 mice). (C) Representative traces of paired 
EPSCs at an inter-stimulus interval (ISI) of 50 ms from both BNST-CRF 2D+/+ (black) and 2D-/- (red) cells (left). 
Paired pulse ratios (PPR) of evoked 100 to 200 pA responses elicited at ISI of 30, 50 and 100 ms are plotted on 
the right, and show significant decreases in the ratio at all 3 time points for the CRF 2D-/- cells when compared 
with metrics from 2D+/+ cells (F2,32=5.62, p=0.008; nCRF 2D+/+ = 10 cells from NCRF 2D+/+ = 4 mice, nCRF 2D-/- = 8 cells 
from NCRF 2D-/- = 4 mice). (D) Representative traces of spontaneous inhibitory post-synaptic currents (sIPSCs) 
recorded from BNST-CRF 2D+/+ (black) and 2D-/- (red) cells (left). No differences were noted in sIPSC frequency 
between BNST-CRF 2D+/+ and 2D-/- cells upon comparison, but the amplitude of these currents was found to be 
significantly increased in the 2D-/- (freq: p=0.447, amp: p=0.009; nCRF 2D+/+ = 14 cells from NCRF 2D+/+ = 3 mice, 
nCRF 2D-/- = 16 cells from NCRF 2D-/- = 4 mice). All data across graphs presented as means ±SEM with individual 
points overlain. *p≤0.05, **p≤0.01, ****p≤0.0001 n.s. = not significant. 
 

BNST-CRF cells in the GluN2D-/- show evidence of increased activity in vivo. 

 Our observations that excitatory and inhibitory drive onto BNST-CRF neurons are altered in opposing 

fashions by the loss of GluN2D-NMDARs suggested the possibility that these cells may exhibit increased activity 

in vivo in response to such changes in intra-BNST circuit dynamics. We tested this hypothesis by conducting in 

vivo recordings of neuronal activity from awake, behaving mice via fiber photometry. To generate the necessary 

transgenic animals, we crossed our GluN2D-/- mice to the an Crh-IRES-Cre line, then injected Cre-dependent 

virus transducing the expression of the calcium-sensor GCaMP7f under control of the hSyn promoter unilaterally 

into the dlBNST, and lastly implanted the mice with a fiber optic cable to allow for the detection of GCaMP 

fluorescence (Fig. 11A). We then examined the basal activity of BNST-CRF cells in both GluN2D+/+ and 

GluN2D-/- mice after placing them in a novel, open arena (Fig. 11B-D). We recorded GCaMP7f signal for 30 

minutes, after which the collected signal was processed and normalized to produce traces showing changes in 

net fluorescence over time (∆F/F). Neuronal activity was interpreted as imputed calcium-mediated transients 

(i.e. events) detectable above noise in a trace, and total events were quantified over the course of each 

recording to examine event frequency. Under basal conditions when exploring a novel environment, we 

observed a significant increase in the frequency of events recorded from the BNST-CRF cells of GluN2D-/- mice 

compared with GluN2D+/+ (Fig. 11C-D, CRF-2D+/+: 0.09±0.01 Hz, CRF-2D-/-: 0.11±0.004 Hz, t[14]=2.54, 

p=0.024, unpaired t-test), consistent with our hypothesis of increased activity of these cells in the knockout in 

vivo. To validate the fidelity of the recorded GCaMP7f signal observed during this task, we placed mice into an 
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anesthesia chamber following a brief recovery period in their home cages and recorded activity in the BNST 

during isoflurane exposure (Fig. 11B, E). A one minute exposure of isoflurane decreased imputed Ca2+ 

transients drastically, and persisted after the removal of the mice from the chamber until they regained 

consciousness, after which the signal was restored to basal levels. 

            

 

Figure 11. BNST-CRF cells in the GluN2D-/- show evidence of increased activity in vivo.  
(A) Schematic showing setup of in vivo fiber photometry system utilized for detecting and recording GCaMP7f 
signaling from CRF-Cre (+) cells in the dorsolateral BNST (dlBNST) of awaking, behaving GluN2D-/-/Crh-IRES-
Cre mice. Representative 20x magnified image in the lower right shows the general expression patterns of Crh-
IRES-Cre in the dlBNST and co-expression of a Cre-dependent virus encoding GCaMP7f. (B) Outline of 
behavioral testing for recording basal activity of BNST-CRF cells in GluN2D+/+ (2D+/+) and GluN2D-/- (2D-/-) when 
placed in a novel environment. A baseline of initial activity in home cages were observed for validating signal 
output. Select individuals were briefly exposed to isoflurane gas to assess specificity of signal in awake, 
behaving mice. (C) Representative fiber photometry traces showing changes in the basal activity of BNST-CRF 
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cells from both the 2D+/+ (left, black) and 2D-/- (right, red) mice over a 30 mins recording. (D) Summary graph 
comparing the frequency of recorded GCaMP7f events from BNST-CRF 2D+/+ and 2D-/- cells under basal 
conditions for 30 mins. Event frequency was found to be significantly increased in the BNST-CRF cells of the 
2D-/- animals when compared with 2D+/+ controls (p=0.024). Data are presented as means ±SEM, with individual 
data points overlain (NBNST-CRF 2D+/+ = 8 mice, NBNST-CRF 2D-/- = 8 mice). Imputed calcium transients are presented 
as changes in dF/F. *p≤0.05. 
 

Discussion 

 

 In Chapter 2, we demonstrate the role of GluN2D-NMDARs in both modulating emotional behavior and 

regulating BNST neuronal activity. We find that GluN2D deletion promotes an increase in anxiety- and 

depressive-like behavior, consist with previous studies (Yamamoto et al., 2017; Shelkar et al., 2019). Using ex 

vivo electrophysiology and in vivo photometry, we also identified adaptations in the BNST that correlate with 

these behaviors via enhanced excitatory drive and basal activation of BNST-CRF positive cells. Collectively, 

these findings suggest the GluN2D-NMDARs as an intriguing target for modulating glutamatergic signaling in 

key stress-responsive cell populations, as well as a receptor population that may require a more refined 

examination of its specific role within the BNST using methods aimed at more direct pharmacological 

manipulation or targeted deletion. 

 

GluN2D-NMDAR expression in the BNST and emotional behavior  

 The BNST receives glutamatergic projections from several structures implicated in the regulation of 

emotional behavior, and deficits in BNST excitatory signaling have consistently been shown to be linked with 

increases in negative emotional behavior (McElligott and Winder, 2009; Conrad et al., 2011; Conrad and 

Winder, 2011; Lebow and Chen, 2016; Glangetas et al., 2017; Ch’ng et al., 2018). Studies have also implicated 

NMDAR-mediated signaling in the BNST as important to the regulation of these emotional states, with 

Glangetas et al. (2017) demonstrating that the inhibition of an NMDAR-mediated form of long term potentiation 

(LTP) in the vHPC-BNST circuit promotes anxiogenic behavior in the elevated plus maze. Previous studies have 

shown GluN2D to be enriched in select forebrain, midbrain and hindbrain structures in adult rodents (Monyer et 

al., 1994; Wenzel et al., 1996), and we provide evidence here for the subunit’s expression in the BNST of adult 

mice. We further show a basal disruption of short term potentiation (STP) in the BNST of the GluN2D-/-, resulting 

in an acute blunting of synaptic potentiation. GluN2D deletion or pharmacological inhibition has previously been 
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found to produce similar reductions in forms of hippocampal STP, demonstrating a conserved role for GluN2D-

NMDARs in the control of short term plasticity (Volianskis et al., 2013; Volianskis et al., 2015; France et al., 

2017). A correlation may thus exist between the deficits in BNST plasticity and enhanced negative emotional 

state we observed in the GluN2D-/-, and is supported by work from Conrad et al. (2011) in which mice that 

presented with a heightened anxiogenic state following chronic stress were shown to have a blunting of LTP in 

the BNST. Whether such parallel changes in both behavior and BNST plasticity are predicated on reduced 

GluN2D-NMDAR function will require more directed and in depth study, specifically in regard to whether real 

time disruption of receptor function can drive changes in emotional behavior in awake, behaving mice. 

Nevertheless, our work here presents important initial evidence for both the expression and function of GluN2D-

NMDARs in the BNST of adult mice, and positions this receptor population as a potential key player in the 

maintenance of plasticity events germane to emotional behavioral output. 

 

GluN2D-NMDAR-mediated signaling and CRF neuronal activity  

 Direct and indirect studies of the activation (or deactivation) of CRF positive neurons within the BNST 

have implicated a role for these cells in driving negative emotional behaviors and/or responding to stress-related 

or aversive stimuli (Pleil et al., 2015; Butler et al., 2016; Marcinkiewcz et al., 2016; Giardino et al., 2018; Lin et 

al., 2018; Fetterly et al., 2019). These findings suggest that greater activation of BNST-CRF neurons underlies 

aspects of the anxiety- and depressive-like behaviors observed in animal models of mood related disorders. The 

GluN2D-/- line presents similar phenotypes, and we found GluN2D-NMDARs to be functionally expressed on a 

large majority of BNST-CRF neurons. Further, we found excitatory drive onto these cells to be enhanced, while 

inhibitory drive was diminished in the GluN2D-/-, suggestive of a hyperactive state that has consistently been 

implicated in both clinical and preclinical literature with the pathology of multiple mood related disorders 

(Arborelius et al., 1999; Keck and Holsboer, 2001; Bale and Vale et al., 2004; Ronan and Summers et al., 

2011). Our in vivo recordings of the basal activity of these neurons in the GluN2D-/- demonstrated a robust 

increase in the frequency of calcium-mediated events, further supporting this conclusion and the possibility of 

the GluN2D-NMDARs emerging as a unique target for modulating the activity of the CRF system within the 

BNST.   
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BNST, GluN2D-NMDARs in regulating downstream behavior and cell-type specific physiology. 

   Previous studies of NMDAR function in regions shown to contain synaptic or extra-synaptic GluN2D-

NMDARs (subthalamic nucleus, hippocampus and cerebellum) have shown the subunit to exert unique control 

over the deactivation time course of NMDAR-EPSCs (Swanger et al., 2015; von Englehardt et al., 2015; Dubois 

et al., 2015), an effect we also show to be true at BNST-CRF cells in the GluN2D-/- . The slower deactivation 

kinetics characteristic of GluN2D-NMDARs are thought to be imparted by the receptors’ unique physiological 

properties (Monyer et al., 1994; Qian et al., 2005; Erreger et al., 2007), and may contribute to a greater temporal 

summation of excitatory signaling at cell containing these receptors (Bourne and Nicoll, 1993; Edmonds et al., 

1995). Properties such as these have previously been shown to result in stronger and more robust plasticity 

(Carmignoto and Vinici, 1992; Malenka, 1994; Edmonds et al., 1995), and thus might explain the blunting in 

BNST STP we observe in the GluN2D-/-.  

 GluN2D-NMDAR localization both pre- and post-synaptically has been speculated to allow these 

receptors to uniquely regulate glutamatergic signaling, with recent work in the cerebellum demonstrating that 

presynaptic GluN2D-NMDARs can act as detectors of glutamate spillover at the synapses of inhibitory 

interneurons to regulate GABA release and excitatory/inhibitory transmission cross-talk (Dubois et al., 2015). 

GluN2D-NMDARs have also been speculated to be extra-synaptically localized (Brickley et al., 2003; Harney et 

al., 2008; Costa et al., 2009), which may allow for these receptors to participate in the regulation of tonic 

glutamatergic currents at specific synapses (Papouin and Oliet, 2014). While similar extra-synaptic mechanisms 

may be in place at BNST-CRF cells, our data indicate the presence of synaptic GluN2D-NMDARs on these 

neurons via the changes in NMDAR-isolated EPSC amplitudes noted in GluN2D-/- or DQP-1105 treated slices. 

The presence of both synaptic and extra-synaptic GluN2D-NMDARs has been supported by physiological 

studies of dopaminergic neurons in the substantia nigra (Morris et al., 2018), and suggests the idea of these 

receptors serving as both detectors of presynaptic glutamate release and ambient changes in extracellular 

glutamate levels to control excitatory input at the cell.  

 Overall, our data show that GluN2D-NMDARs provide an important role in modulating excitatory activity 

both in key stress-responsive regions and cell populations implicated in mood and anxiety-related disorders. 

The implications of functional GluN2D-NMDARs both within the BNST and more exclusively on BNST-CRF 
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neurons suggests a potential means through which NMDAR antagonism may induce it’s antidepressant-like 

effects as well, by directly regulating and altering the excitatory signaling of this region and of a modulatory 

system shown to be crucial in driving both PVN CRF cells activation and CRF release onto the HPA axis. These 

findings also open to door to a number of different question as well, principally the effects of GluN2D-NMDARs 

signaling exclusively within the BNST and also exclusively on the BNST-CRF cells studied here. The findings 

presented in Chapter 2, while insightful and novel in regards to dissecting the contribution of GluN2D function to 

excitatory signaling within the BNST, make use of a constitutive knockout line and animals that lack functional 

GluN2D protein expression from birth. This suggests that potential compensation effects could occur in regards 

to receptor subunit expression profiles and NMDAR function/regulation of excitatory signaling overall within the 

brain and the BNST of these animals that could instead precipitate the behavior changes and physiological 

effects we observed. Preliminary data from our lab suggests this might occur as well, with preliminary 

biochemical studies indicating that the expression of GluN2B within the BNST of GluN2D-/- mice may increase 

by two fold (see Fig. 12 below). Thus, future studies would benefit from the use of either a conditional knockout 

line, or the administration of drugs such as DQP-1105 directly into the BNST via cannulation, in order to observe 

the acute effects of GluN2D-NMDAR manipulation or dysfunction in the fully developed adult mice. Considering 

the findings of previous studies in our lab showing that conditional GluN2B deletion from the BNST of adult mice 

produces a robust antidepressant-like effect, it would be interesting and informative to gauge how conditional 

deletion of the GluN2D subunit may contribute to this phenotype, and/or the presentation of other changes in 

anxiety or depressive-like behavior that more closely mimics our findings in GluN2D-/- mice.  
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Figure 12. GluN2B protein expression is upregulated in the BNST of GluN2D-/- mice. (A) Western blotting 
results for total GluN2B protein expressed in BNST tissue taken from 2D WT and 2D KO mice    (n = 4 separate 
sets of bilateral punches from male mice, ~10 wks of age). Upper images show GluN2B immunoblots (1:3000, 
BD Biosciences, #610417) and lower images show Ponceau total protein staining. (B) Comparison of changes 
in optical density of protein bands in 2D KO samples compared to the 2D WT (p = 0.0054). Percent change in 
optical density is compared to WT. Data presented as averages normalized to WT ± SEM, and analyzed via 
unpaired t-test, **p≤0.01. 
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Chapter 3 

Behavioral and cell-specific effects of targeted GluN2D-NMDAR deletion within the BNST 

Adapted from: Salimando et al., “BNST GluN2D-containing NMDA receptors influence anxiety- & depressive-like 

behaviors and modulate cell-specific excitatory/inhibitory synaptic balance.” 

 

Introduction 

 

 In Chapter 2, a GluN2D constitutive knockout line was used to examine the effects of the deletion of this 

NMDAR subunit on anxiety and depressive-like behavior, and to a larger degree, the regulation of excitatory 

function within the BNST, a region in which NMDAR-mediated excitatory signaling has been consistently shown 

to influence affective behavioral output (Glangetas et al., 2017; Louderback et al., 2013; Conrad et al., 2011a). 

The downregulation and subsequent restricted expression of GluN2D known to occur during early development 

(Monyer et al., 1994; Wenzel et al., 1996), suggests a complex role for GluN2D-NMDARs in the adult brain 

however, and one that may not be fully captured through the use of a constitutive knockout. Indeed, GluN2D 

expression has been shown to be much more prominent throughout the majority of the brain prenatally, 

particularly within the diencephalon, cerebellum, brainstem and select cortical/subcortical structures (Sheng et 

al., 1994; Wyllie et al., 2013), which in situ studies indicate may include the BNST and our data presented in 

Chapter 2 verifies (Fig. 6A). In both the mature and developing brain, GluN2D has also been demonstrated to 

show higher expression patterns on GABAergic interneurons (Monyer et al., 1994; Standaert et al., 1996; 

Yamasaki et al., 2014; von Engelhardt et al., 2015; Perszyk et al., 2016), with recent studies also suggesting the 

expression of this subunit early on in interneurons profoundly influences their maturation and functional 

integration into surrounding circuits (Hanson et al., 2019). Developmental loss of GluN2D-containing NMDARs 

could be hypothesized to significantly alter synaptic function and overt glutamatergic signaling in within 

structures primarily composed of GABAergic interneurons like the BNST (Nguyen et al., 2016; Sheng et al., 

1994). Thus, the selective manipulation or acute deletion of the GluN2D subunit within this region may be 

necessary in order to develop a clearer picture of its contribution to NMDAR function and cell excitability, as well 

as downstream affective behaviors known to be mediated by the BNST. 
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 To address this, I utilized a GluN2D conditional knockout line (GluN2Dflx/flx) to examine the effects of 

BNST-GluN2D loss in adult mice on anxiety and depressive-like behaviors across standard behavioral testing 

paradigms. Further, I generated a transgenic line that expressed Flp recombinase under the control of the Crh-

promoter to study the cell-type specific effects of regionally-restricted GluN2D deletion on BNST-CRF cell 

physiology. Using these transgenic tools, I found that BNST GluN2D deletion produces increased depressive-

like behavior, as well as increases in excitatory drive onto the BNST-CRF neurons similar to what I observed in 

GluN2D-/- mice in Chapter 2 (Fig. 10). Overall, this study expands upon the findings presented in Chapter 2, and 

more directly suggests that GluN2D-NMDARs play an important role in shaping excitatory signaling in the BNST 

and specifically at BNST-CRF cells. The correlations found between the changes in BNST activity following 

GluN2D deletion and deficits in affective behavior further supports a role for GluN2D-NMDARs in regulating 

such outputs through their influence on excitatory signaling in a region-specific manner, and suggests that these 

NMDARs may serve as a novel target for selectively modulating changes in glutamate signaling in stress-

responsive structures and cell populations implicated in the pathophysiology of disorders such as depression. 

 

Materials and Methods 

 

Animals 

 Male and female mice of at least 8 weeks of age were used throughout this study. GluN2D conditional 

knockout mice (GluN2Dflx/flx) were purchased from MRC Harwell (Grin2dtm1c[EUCOMM]Wtsi, EMMA ID: 04857) and 

bred as outlined by the Wellcome Trust Sanger Institute guidelines for their suite of conditional ready mice. Crh-

IRES-FlpO mice were generously provided for our use by the lab of Bernado Sabatini (Jackson Laboratory stock 

no. 031559). To generate lines for the identification of BNST CRF cells lacking the GluN2D subunit via a 

combination of virally encoded Cre recombinase and a reporter fluorophore, GluN2Dflx/flx mice were crossed with 

hemizygous Crh-IRES-FlpO mice (GluN2Dflx/flx/Crf-Flp). Crh-IRES-FlpO mice were genotyped using protocols 

reported for each respective line on the Jackson Laboratory’s website, while custom primers were designed for 

end-point PCR to genotype the GluN2Dflx/flx mice (forward primer: GTG TGA CCA GGA AGC CAC TT, reverse 

primer: TCC TTG ATC CCG TCC CTC AA ).  
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 For behavioral studies using the GluN2Dflx/flx mouse line, male mice were primarily used in order to 

replicate the conditions of previously published behavioral work examining the behavioral effects of GluN2D 

deletion (Ikeda et al., 1995; Miyamoto et al., 2002; Obiang et al., 2012; Yamamoto et al., 2017; Shelkar et al., 

2019). For ex vivo electrophysiological studies using the GluN2Dflx/flx/Crf-Flp lines, mice of both sexes were used 

to minimize the total number of animals. No sex differences were observed in these studies, and as such, all 

data are compiled across groups into values representative of both sexes. All mouse lines were maintained on a 

C57BL/6J background and backcrossed as needed. Mice were group housed with 2-5 individuals per cage and 

maintained on a 12 hour light/dark cycle (lights on at 0600 hrs) under controlled temperature (20-25°C) and 

humidity (30-50%) levels. Mice were given access to food and water ad libitum. All treatments and interventions 

were approved by the Vanderbilt Animal Care and Use Committee.  

Behavioral Testing 

 All single housing, handling, and habituation of GluN2Dflx/flx mice used in behavioral studies was 

performed as described above in Chapter 2. The set-up and cleaning of equipment was also conducted in a 

similar fashion, unless outlined differently below. 

Open Field Test (OFT): Mice were run on the OFT as described above in Chapter 2. In brief, animals were run 

in ENV-S10S open field activity chambers (Med Associates Inc.) fitted with IR photo-beam arrays for 60 minutes 

under full light in the chambers (~200-300 lux). Total locomotor activity, and zone analyses for total time spent in 

the designated center and surround zones of the activity arena were performed using Med Associates software. 

Elevated Zero Maze (EZM): Mice were run using on the EZM as described above in Chapter 2. In brief, animals 

were run using a custom EZM apparatus measuring 34 cm inner diameter, 46 cm outer diameter, placed 40 cm 

off the ground on four braced legs, with two open quadrants and two closed quadrants. Testing was performed 

under illuminated conditions (~200-300 lux for open quadrants and ~100-150 lux for closed quadrants), with 

mice initially placed into one of the open quadrants, after which they were run for 5 minutes in the maze and 

filmed continuously. Videos were analyzed via ANY-Maze software (Stoelting Co.) for total time spent in the 

designated open quadrants compared to total time spent in the closed quadrants, and presented as percent 

total time in open quadrants overall. Total locomotion and quadrant entries were assessed via AnyMaze. 
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Forced Swim Test (FST): The FST was also administered on the final day of behavioral testing in GluN2Dflx/flx 

mice, and was conducted as described above in Chapter 2. Mice were placed in Plexiglas cylinders containing 

room temp. (~22-23°C) tap water for 6 minutes while being continuously filmed. Videos were then analyzed to 

determine the total immobility time (i.e. lack of swimming/struggling while in water) observed in mice during the 

last 4 minutes of the test (first 2 mins were designated as a habituation period to the water/test). All results were 

hand-scored by individuals blinded to the genotype of test mice. 

Novelty-induced Hypophagia (NIH): Testing was performed as previously described (Louderback et al., 2013). 

In brief: mice were subjected to 4 days of training on drinking a highly palatable food (liquid Ensure, vanilla 

flavor) in their home cages, and a final testing day in a novel cage. Training consisted of 30 mins of access to 

Ensure in the home cage under low red lighting conditions (~40-50 lux), and mice were timed for latency (secs) 

to first lick of sipper bottles containing Ensure and then for total consumption of Ensure (grams) at the end of 

each session. On test day, mice were placed in a new cage devoid of bedding under bright lights (~400-500 lux) 

immediately prior to Ensure access, after which latency to first lick and total consumption of Ensure at the end of 

the 30 min session were measured. Results were scored by individuals blinded to treatment groups, and total 

consumption of Ensure was measured across the entire experiment to rule out potential issues of a feeding 

phenotype. 

Whole Cell Electrophysiology 

 Male and female mice used in whole cell recording underwent a similar procedure for slice preparation 

as described above in Chapter 2. Slice transfer and recovery procedures were similarly conserved, as were the 

types of external and internal (Cs-Gluc) solution and recording parameters described above. Cells deemed 

viable for patching were identified via expression of the red fluorescent protein tdTomato (for CRF+ cells) and 

eGFP (for Cre+ cells) in order to identify CRF neurons that either underwent GluN2D conditional deletion via 

Cre transfection, or were wildtype for the subunit. 

 For spontaneous EPSC measurements made in voltage clamp mode, responses were isolated by 

adding 25μM picrotoxin (GABAA receptor antagonist, Tocris) into the ACSF and bath applying over slices while 

recording at a holding potential of -70mV. Spontaneous IPSC measurements were performed by adding 10μM 

NBQX (pan-AMPA and kainate receptor antagonist, Tocris) and 25μM AP-V (pan-NMDA receptor antagonist, 



95 
 

Tocris) into bath applied ACSF, while maintaining a holding potential of -70mV. In paired pulse ratio (PPR) 

experiments, paired evoked 100- to 200-pA responses at 0.05 Hz were elicited and inter-stimulus intervals of 

30, 50 and 100ms were utilized. For measuring the evoked, isolated NMDAR EPSCs used for analyzing 

differences in NMDAR kinetics, the holding potential for the cells was adjusted to +40mV and ACSF containing 

10uM NBQX and 25uM picrotoxin was perfused over the slice. Signals were acquired with a Multiclamp 700B 

amplifier (Molecular Devices), digitized via a Digidata 1322A and analyzed with pClamp 10.6 software 

(Molecular Devices). Spontaneous and miniature voltage clamp recordings were analyzed via Clampfit 10.6 

(Molecular Devices) by measuring the peak amplitudes and frequencies of events over a 6 minute period (in 

three, 2 min bins). Paired pulse ratios were analyzed by dividing the value of the amplitude of the second 

response over the amplitude of the first (P2/P1), and the resulting ratios plotted out for each inter-stimulus 

interval period. Evoked NMDAR EPSCs decay kinetics were interrogated by examining the amplitude of the 

current trace at half of the tau (τ) value.  

RNAscope In Situ Hybridization 

 RNAscope studies were performed as previously described (Ghamari-Langroudi et al., 2015). mRNA 

species expressed by neurons in the dlBNST were visualized across separate sets of experiments using the 

enhanced fluorescent in situ hybridization technique RNAscope® (ACD, Advanced Cell Diagnostics). 

RNAscope® cDNA probes and detection kits were purchased from ACD and used according to the company’s 

online protocol for fresh frozen tissue. The probe sets directed against Crh were designed from sequence 

information from the mouse RefSeq mRNA IDs NM_205769.2, and custom probes for the Flp recombinase were 

designed by ACD (Cat. No. 448191). Crh-IRES-FlpO male mice, aged 8-10 wks, underwent the same procedure 

for RNAscope described above in Chapter 2. cDNA probe mixtures were prepared at a dilution of 50:1 of C1 

probe for Crh and C2 probe for Flp. Cells within the BNST were appraised for the presence of Crh and Flp 

signal signal in order to determine the total number of cells showing probe expression either alone or in 

combination. Transcripts were readily identified as round, fraction delimited spots over and surrounding DAPI-

labeled nuclei. 
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Stereotaxic Surgery Procedures 

 Adult mice (~8 weeks of age) were anesthetized with isoflurane (initial dose = 3%, maintenance dose = 

1.5%) and surgery was performed using an Angle Two stereotaxic frame (Leica) to intracranially inject adeno-

associated virus (AAV) into the dorsolateral BNST based on the Franklin and Paxinos (2004) mouse brain atlas 

(from Bregma: AP=0.14, ML=+/-0.88, DV=-4.24, 15.03° tilt) at a rate of 100nl/min. Male GluN2Dflx/flx mice used 

in behavioral studies were bilaterally injected with ~300nl of recombinant AAV5-CMV-eGFP or AAV5-CMV-Cre-

eGFP (UNC Vector Core), and given a 4 weeks recovery period. GluN2Dflx/flx/Crf-Flp mice of either sex used for 

physiology studies were bilaterally injected with ~300nl of a 1:1 mixture of an AAV9-Ef1a-fDIO-tdTomato virus 

(Stanford Vector Core) and the AAV5-CMV-Cre-eGFP virus, and similarly given 4 weeks recovery prior to 

producing slices for ex vivo recordings.  

Immunohistochemistry 

 IHC and imaging of Cre and eGFP expression introduced via viral injections into the dlBNST, was 

conducted as described above in Chapter 2. Floating tissue sections were then incubated with mouse anti-Cre 

(1:1000, MAB3120, Millipore) or chicken anti-GFP (1:1000, ab13970, Abcam) primary antibodies prepared in a 

solution of 10% normal donkey serum and PBS-T for ~72 hours at 4°C as necessary. Cy3 donkey anti-mouse 

(1:400, Jackson Immuo) or Cy2 donkey anti-chicken (1:400) secondary Abs prepared in PBS-T were applied 

next for 24 hours at 4°C, after which sections were counterstained with DAPI (1:10,000) and then mounted and 

cover-slipped. Slides were imaged using an Imager M2 upright fluorescent microscope (Zeiss) at 5x and 10x 

magnification.  

Western Blotting 

 Bilateral tissue punches (~0.8 mm) of the dlBNST collected from from GluN2Dflx/flx mice injected with 

either a virus encoding Cre or eGFP, and were processed for protein extraction and Western blotting as 

described above in Chapter 2. Primary antibodies used included mouse anti-NMDAR2D (1:5000, MAB5578, 

Millipore) and mouse anti-GAPDH (1:10,000, MAB374, Millipore). All primary Ab dilutions were prepared in 5% 

powdered milk solution in 1x Tris-buffered saline/Triton-X100 (TBS-T), and applied to blots overnight at 4°C. 

Blots were washed four times in 1x TBS-T the following day, and then probed with an anti-mouse, horse radish 
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peroxidase conjugated secondary antibody (1:8,000, W402B, Promega) in 5% milk, 1x TBS-T for ~2 hours at 

room temp. Blots were then washed an additional four times with fresh 1x TBS-T and then soaked in Western 

Lighting Plus-ECL solution (PerkinElmer) for 1-2 mins before imaging on X-ray film. 

Experimental Design and Statistical Analysis 

 The number of animals used in each experiment were predetermined based on analyses of similar 

experiments in the literature and supplemented as needed based on observed effect sizes. All data are 

represented as means ± the standard error of the mean (SEM) for each group, and all statistical analyses were 

performed using GraphPad Prism 8 software (Graphpad Software, San Diego, CA). We utilized both male and 

female mice within this study. When sex was not found to be a statistically significant factor, we combined male 

and female data for analysis. For behavior experiments, data comparing metrics between knockout and wildtype 

groups across tasks were analyzed using unpaired, two-tailed Student’s t-tests, while analyses of changes in 

locomotive behavior between both groups across multiple time points were performed using two-way ANOVAs 

along with Sidak’s multiple comparison post hoc test, and corrected p-values are reported in the text as needed. 

Two-tailed t-test analyses were also performed on total cell counts for in situ hybridization studies, NMDAR 

eEPSC amplitude and decay kinetics, sEPSC, sIPCS and mEPSC amplitude and frequency values in ex vivo 

recordings, and frequency values for imputed calcium mediated events in in vivo recordings. For PPR data 

examining changes in the ratio across 3 separate inter-stimulus intervals, a two-way ANOVA was utilized, along 

with Sidak’s multiple comparison post hoc test. For all analyses, significance levels were set at α=0.05. Detailed 

statistics are provided within the text and figure legends.  

 

Results 

 

BNST specific deletion of the GluN2D subunit produces an enhanced depressive-like phenotype in mice. 

 Our findings in Chapter 2 suggest that the constitutive loss of the GluN2D subunit from NMDARs in 

adult mice leads to increased negative emotional behavior and associated increases in the activity profiles of 

BNST-CRF neurons. To more specifically manipulate BNST GluN2D subunits, and control for potential 

compensatory effects resulting from the loss of a key subunit from birth (Balu and Coyle, 2011), and the differing 
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role in signaling and level of expression of GluN2D-NMDARs, particularly in interneurons, noted in the early 

stages of development (Monyer et al., 1994; Wenzel et al., 1996; Hanson et al., 2019), we utilized a GluN2D 

conditional knockout line (GluN2Dflx/flx) to selectively ablate the subunit from the BNST in adult mice. We first 

tested the efficiency of the GluN2Dflx/flx for knocking down the protein by performing intracranial injections of 

viruses encoding either Cre or eGFP bilaterally into the dlBNST (Fig. 13, middle panel) and then collecting 

tissue punches from BNST for Western blot analysis using whole tissue lysates. Samples from Cre-injected 

mice revealed a robust knockdown of GluN2D, as evidenced by the lack of a band for the protein across all 

relevant samples (Fig. 13, right panel). By comparison, BNST samples from eGFP-injected controls still 

displayed a prominent band for GluN2D, while additional samples taken from the thalamus of BNST-Cre 

injected mice also showed a robust band, further confirming the selectively of the GluN2Dflx/flx line. 

  

Figure 13. Validation of region specific deletion of GluN2D using the GluN2Dflx/flx line. Schematic of mouse 
surgery and viral injection paradigms for driving either Cre or eGFP expression bilaterally in the dlBNST of 
GluN2Dflx/flx mice (left). Representative 5x image (center) showing expression patterns of Cre (magenta), eGFP 
(green) and DAPI counterstaining (blue) in the dlBNST roughly four to five weeks after surgery. Western blot 
analysis of total protein lysate taken from tissue punches (0.08mm) of the dlBNST following either Cre (Cre [+]) 
or control/sham injection (Cre [-]). Representative blot of bands for both GluN2D and control GAPDH for Cre-
injected mice (left) and controls (right) show robust knockdown of subunit expression in the conditional line 
when Cre is present. Control punches were taken from the medial thalamus of BNST-injected mice as well to 
verify specificity of targeted deletion. 
 

 From here, we moved onto repeating the behavioral studies we ran on our GluN2D-/- mice across 

cohorts of age-matched (~12 wks) male GluN2Dflx/flx following intracranial injection of either Cre or eGFP 

encoding virus bilaterally into the dlBNST (Fig. 14A-C). Analysis of total center time in the OFT revealed no 

difference in the percent total time spent in the center of the chamber between Cre or eGFP injected mice (Fig. 

14B, left & left center panels, 2Dflx/flx-eGFP: 57.2±7.2% time in ctr, 2Dflx/flx-Cre: 46.6±4.4% time in ctr, t[21]=1.29, 

p=0.212, unpaired t-test), as well as no overt differences in locomotor activity across all time points (Fig. 14B, 
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left panel, locomotion: F(1,21)=1.28, p=0.271, two-way ANOVA with Sidak’s repeated measures post hoc test). 

We also noted no difference in the total percent time spent in the open quadrants of the EZM when running both 

Cre and eGFP injected mice in this task (Fig. 14B, right center panel, 2Dflx/flx-eGFP: 40.8±7.1% time in ctr, 2Dflx/flx-

Cre: 32.7±3.9% time in ctr, t[21]=1.03, p=0.317, unpaired t-test), indicating along with the results of the OFT an 

apparent lack of increased anxiety-like behavior. By contrast, the FST revealed a significant increase in the total 

immobility time for Cre injected mice when compared with eGFP injected controls (Fig. 14B, right panel, 2Dflx/flx-

eGFP: 62.9±10.7 sec immobile, 2Dflx/flx-Cre: 108.2±13.2 sec immobile, t[21]=2.63, p=0.016), suggesting a possible 

increase in depressive-like behavior similar to what we observed in the constitutive knockouts. To further assess 

this phenotype, we tested a new cohort of mice on the novelty-induced hypophagia task (NIH) in order to assess 

the latency to consume a highly palatable food (Fig. 14C, Dulawa and Hen, 2005; Louderback et al., 2013). Cre-

injected mice demonstrated an increase in their overall latency to first approaching and licking sipper bottles 

containing Ensure when compared with eGFP-injected control littermates (Fig. 14C, left center panel, 2Dflx/flx-

eGFP: 167.8±45.7 sec [latency to lick], 2Dflx/flx-Cre: 417.6±99.4 sec [latency to lick], t[19]=2.21, p=0.04, unpaired t-

test). Analysis of the overall acquisition of the task and total Ensure consumption were also tracked across 

groups for the duration of the NIH, and showed no differences in the initial ability of the mice to learn to drink the 

Ensure (Fig. 14C, left panel, latency: F(1,19)=2.135, p=0.16, subject: F(19,76)=1.472, p=0.121, two-way ANOVA 

with Sidak’s repeated measures post hoc test) or amount of Ensure consumed across all days (Fig. 14C, right 

and right center panels, consumption time course, latency: F(1,19)=0.02, p=0.90, day x latency: F(4,76)=0.69, 

p=0.601, two-way ANOVA with Sidak’s multiple comparisons post hoc test; test day consumption: 2Dflx/flx-eGFP: 

0.97±0.1 consumed [g], 2Dflx/flx-Cre: 0.9±0.1 consumed [g], t[19]=0.95, p=0.354, unpaired t-test). 
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Figure 14. Conditional deletion of GluN2D in the BNST produces an increase in depressive-like 
behaviors in mice. (A) Design schema and timeline for modified 3 day behavioral testing battery, consisting of 
the open field test (OFT), elevated zero maze (EZM) and the forced swim test (FST), and a separate timeline for 
the novelty-induced hypophagia task (NIH). (B) Behavioral testing results comparing anxiety- and depressive-
like behaviors of GluN2Dflx/flx mice following bilateral BNST knockout of GluN2D (Cre) or control virus injection 
(eGFP). Analysis of percent total center time in the OFT revealed no significance difference in behavior in either 
Cre or eGPF injected individuals (left center), as well as no observable differences in locomotor activity between 
groups during the 60 min task (left, locomotor activity: F(1,21)=1.28, p=0.271; center time: p=0.212). Analysis of 
percent total time in the open quadrants of the EZM in both Cre and eGFP injected mice also showed no 
significant differences in anxiety-related behaviors (right center, p=0.317). Total immobility time in the FST was 
however found to be significantly increased in Cre injected individuals compared with eGFP injected controls 
(right, p=0.016). (C) A separate cohort of mice were run on the NIH as an additional measure of depressive-like 
behaviors. No overt differences in ability to acquire the drinking paradigm was observed between groups (left, 
latency: F(1,19)=2.14, p=0.16), but Cre injected mice displayed a significant increase in the total time (sec) taken 
to first approaching and drinking sippers of Ensure in a novel, brightly lit cage when compared with eGFP 
injected controls (left, p=0.04). Both groups also showed no difference in total Ensure consumption across days 
or amount of Ensure consumed on test day (latency course: F(1,19)=0.02, p = 0.902, day x latency: F(4,76)=0.69, 
p=0.601; test day consumption: p=0.354). Data are presented as means ±SEM, with individual data points 
overlain (NGluN2D

flx/flx-eGFP = 11 mice, NGluN2D
flx/flx-Cre

 = 12 mice). *p≤0.05, n.s. = not significant. 
 

BNST specific deletion of GluN2D produces increased excitatory drive onto BNST-CRF neurons. 

 To better clarify the effects we observed on BNST-CRF neuron excitability in the GluN2D-/-/Crf-Tomato 

line, we crossed the GluN2Dflx/flx mice with a line expressing Flp recombinase (Crh-IRES-FlpO) under the control 

of the Crh promoter (GluN2Dflx/flx/Crf-Flp) to allow for CRF cell-specific recordings in the BNST following GluN2D 
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deletion. Using RNAscope®, we examined transcript expression patterns and co-localization across the left and 

right dlBNST of 7 separate adult Crh-IRES-FlpO mice for both Crh and Flp cDNA to validate the fidelity and 

penetrance of Flp expression in BNST-CRF cells. We found the probes to show a high level of co-localization 

with one another in the dlBNST, with minimal ectopic expression of signal for the Flp probe on cells negative for 

the Crh probe (Fig. 15 penetrance: Crh[+] only =227 cells, ~25.8% of total Crh[+] cells, Crh[+]/Flp[+]=654 cells, 

~74.2% of total Crh[+] cells; fidelity: Flp[+] only =44, ~6.3% of total Flp[+] cells, Flp[+]/Crh[+]=654 cells, ~93.7% 

of total Flp[+] cells; lower insert left, Crh cell average totals: t[12]=2.48, p=0.029; lower insert right, Flp cell 

average totals: t[12]=3.87, p=0.002, unpaired t-tests), indicating that the majority of BNST-CRF positive cells in 

these mice are Flp positive as well.  

             

 
Figure 15. Flp expression is restricted to CRF(+) neurons in a Crh-FlpO transgenic line. Representative 
image of the dlBNST (outlined via dashed white lines) at 20x magnification after undergoing RNAscope® (right), 
showing individual cells with DAPI (blue) counterstained nuclei labeled for Crh (green) or Flp (red) mRNA 
transcripts. Summary graphs (left) showing the portion of total counted dlBNST cells (left & right dlBNST, N = 7 
Crh-IRES-FlpO mice) labeled for the Crh and Flp transcripts alone or in combination. When comparing the total 
of cells negative for the Crh transcript (Crh Only) to those labeled for both transcripts (Crh[+]\Flp[+]), cells 
positive for both are shown to represent the majority of Crh(+) cells labeled within the dlBNST and averaged 
counts of cells from both left and right dlBNST across all mice confirms the high penetrance of Flp expression in 
this population (p=0.029). Similar results are also shown for Flp(+) cells when confirming the fidelity of Flp 
expression in Crh(+) cells, showing only minimal ectopic Flp expression outside of Crh(+) cells (p=0.002). Data 
are presented as means ±SEM, with individual data points overlain. *p≤0.05, **p≤0.01. 
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 Following this confirmation, GluN2Dflx/flx/Crf-Flp mice were intracranially injected with viruses encoding 

Cre tagged with an eGFP reporter and Flp-dependent tdTomato into the BNST, allowing us to both identify and 

patch tdTomato positive (i.e. CRF positive) Cre positive (Cre[+]) or Cre negative (Cre [-]) cells in ex vivo slices 

(Fig. 16A). Using this approach, we first confirmed NMDAR function to be altered in Cre(+) cells when 

compared with Cre(-) cells by examining isolated NMDAR eEPSC decay kinetics, and noted a significant 

increase in the decay rate in Cre(+) comparable to what we found when recording from BNST-CRF cells in the 

GluN2D-/- line (Fig. 16B, Cre[-]=58.8±5.8 ms, Cre[+]=39.2±5.4 ms, t[13]=2.48, p=0.028, unpaired t-test). We 

then recorded sEPSCs for both Cre(+) and Cre(-) cells, and observed a significant increase in the frequency of 

these events in Cre(+) cells, as well as a significant increase in the sEPSC amplitude (Fig. 16C, freq: Cre[-] 

=1.3±0.4 Hz, Cre[+]=3.6±0.8 Hz, t[18]=2.59, p=0.019, unpaired t-test; amp: Cre[-]=-26.5±1.4 pA, Cre[+]=            

-32.6±2.0 pA, t[20]=2.38, p=0.027, unpaired t-test). When examining the paired pulse ratio between Cre (+) and 

Cre (-) cells, however, we did not find any significant difference between the groups, or evidence of PPD in the 

Cre (+) CRF cells comparable to that observed in recordings from BNST-CRF cells in the GluN2D-/- (Fig. 16D, 

ISI time: F(1,18)=1.01, p=0.351, 2D deletion: F(1,14)=4.10, p=0.063, ISI time x deletion: F(2,28)=0.87, p=0.432), 

although this may be explained by potential difference in intrinsic BNST synaptic physiology following acute 

GluN2D deletion as opposed to developmental deletion of the subunit. When taken together overall though, 

these data demonstrate an enhancement of excitatory drive onto BNST-CRF cells that occurs following acute 

deletion of GluN2D-NMDARs in the BNST similar to what we reported in the case of the GluN2D-/-. This further 

indicates a key role for these receptors in regulating intra-BNST excitatory signaling, specifically on select 

subpopulations of BNST cells. 
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Figure 16. Region-specific deletion of GluN2D in dlBNST produces increased excitatory drive onto CRF 
cells and altered NMDAR kinetics. (A) Schematic outlining surgery and viral injection strategy for region 
specific ablation of GluN2D in the dlBNST and identification of BNST-CRF cells in slices during whole cell patch 
clamp recordings using a co-injection of Flp dependent tdTomato and Cre virus (1:1 mix). A representative 20x 
image of both eGFP-labeled Cre positive cells (green) and tdTomato labeled cells (red) in the dlBNST ~four to 
five weeks after surgery. (B) Representative traces of isolated NMDAR-EPSCs recorded from GluN2Dflx/flx 
BNST-CRF Cre/tdTomato positive cells (Cre[+], red) and CRF tdTomato positive, Cre negative cells (Cre[-], 
black) are shown on the left. Comparison of decay kinetics observed between Cre(-) and Cre(+) cells revealed a 
significant decrease in ½ tau (ms) measurements for Cre(+) cells compared with Cre(-), indicative of altered 
NMDAR function (p=0.028). (C) Representative traces of sEPSC recordings from Cre(-) and Cre(+) BNST-CRF 
cells are shown on the left. Summary data of comparisons of both frequency and amplitude metrics in Cre(-) and 
Cre(+) cells revealed a significant increase in sEPSC frequency in the Cre(+) group (p=0.019). A trending, but 
non-significant increase in sEPSC amplitude was also observed between groups (p=0.053). (D) Representative 
traces of paired EPSCs at an inter-stimulus interval (ISI) of 50 ms from both Cre (-) cells (black) and Cre (+) cells 
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(red). Paired pulse ratios (PPR) of evoked 100 to 200 pA responses elicited at ISI of 30, 50 and 100 ms are 
plotted on the right, and revealed no significant in the ratio across any of the 3 time points between groups, 
despite apparent indications of a trend toward an increase observed in Cre (+) cells. Data are presented as 
means ±SEM, with individual data points overlain. (NGluN2D

flx/flx-Cre
 = 3 mice, NMDAR-EPSCs: nBNST-CRF Cre(-) = 7, 

nBNST-CRF Cre(+) = 8, sEPSCs: nBNST-CRF Cre(-) = 10, nBNST-CRF Cre(+) = 10, PPR: nBNST-CRF Cre(-) = 8, nBNST-CRF Cre(+) = 8). 
*p≤0.05, n.s. = not significant. 
 
 

Discussion 

 

Selective deletion of BNST GluN2D-NMDARs and depressive-like behavior 

 To expand upon our work in Chapter 2, we utilized a previously validated GluN2Dflx/flx line (Shelkar et al., 

2019) in order directly interrogate the role of BNST GluN2D-NMDAR mediated excitatory signaling in the 

regulation of downstream behaviors. While we observed that the constitutive loss of GluN2D was able to 

produce an increase in both anxiety- and depressive-like behaviors in male mice, when replicating the same 

battery of behavioral testing in mice following BNST GluN2D deletion, these animals only appeared to show 

deficits in depression-related behaviors (i.e. center time in the OFT, immobility time in the FST, and feeding 

latency in the NIH), as opposed the differences in the anxiety-salient behaviors observed in the constitutive 

knockout (open quadrant time in the EZM). Although this finding is interesting on its own purely based off of the 

replication of a specific behavioral phenotype across lines, it is also particularly so when considering that 

previous BNST NMDAR subunit conditional deletion studies that targeted GluN2B found the opposite phenotype 

in regards to depressive-like behavior(Louderback et al., 2013). Indeed, BNST GluN2B deleted mice showed 

evidence of a decrease in depressive-like behaviors when compared which control mice. Intriguingly, no 

differences in anxiety-related behaviors measured via the EZM were noted in these animals as well. These 

findings along with those we present in this chapter seem to support a more significant role for NMDAR-

mediated excitatory signaling in the BNST in regards to the regulation of depressive-like behaviors preferentially 

over anxiety-like behaviors, however, the exact mechanisms by which these effects are exerted has yet to be 

fully elucidated. Further, while we have isolated these GluN2D-NMDAR specific effects more exclusively to the 

BNST, our data may indicate that this relatively understudied receptor population could serve as a putative 

target for regulating glutamatergic signaling salient to the pathophysiology of depression. Additional behavioral 

testing, as well as more systemic and region-specific pharmacological studies of the effects of GluN2D-NMDAR 

manipulation on the emergence of depression-related phenotypes both within and outside of the BNST will be 
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required to more definitively demonstrate this connection, and are the topics of potential future studies that I will 

outline in the next chapter. 

 

Region-specific deletion of GluN2D-NMDAR produces similar alterations in excitatory drive onto BNST-CRF 

cells 

 Apart from our interest in studying the behavioral effects of the deletion of BNST GluN2D-containing 

NMDARs, we were also curious to see if the acute ablation of this subunit from this region alone within the 

brains of adult rodents was able to replicate the BNST cell specific physiological effects observed in the 

constitutive knockouts discussed in Chapter 2. The use of our GluN2Dflx/flx line presumably afforded us the ability 

to avoid any potential development changes in glutamatergic signaling that may have arouse from life-long loss 

of the GluN2D subunit, as previous studies have implicated these receptors as critical in shaping the maturation 

and proper function of GABAergic interneurons early in life (Hanson, et al., 2019). Focusing again on the CRF 

cells due principally to the functional incorporation of GluN2D into NMDARs expressed on them we observed 

above (Fig.9), we generated a transgenic line expressing the Flp recombinase under the control of the Crh 

promoter crossed to our conditional knockout mice in order to identify CRF (+) cells in the BNST of animals 

injected with either a Cre expressing virus or an eGFP control virus to probe the region-specific effects of acute 

GluN2D loss on the physiology of these cells. Additionally, due to the wealth of literature linking changes in the 

excitatory activity of BNST-CRF (+) neurons with increased negative emotional behaviors as mentioned 

previously (Pleil et al., 2015; Butler et al., 2016; Marcinkiewcz et al., 2016; Giardino et al., 2018; Lin et al., 2018; 

Fetterly et al., 2019), we wished to see if similar changes occurred following BNST GluN2D-NMDAR deletion 

that thus may correlate with the behavioral effects we reported above.  

 Regional deletion of GluN2D from the BNST produced similar increases in the decay kinetics of 

NMDAR-isolated currents in BNST-CRF Cre (+) cells to what was observed in this same population in our 

constitutive studies, further suggesting the presence of functional, post-synaptic GluN2D-NMDARs on them 

(Fig.10B). Similar significant increases in both the frequency and amplitude of spontaneous EPSCs were also 

found at BNST-CRF cells positive for Cre as compared with BNST-CRF cells that were not transfected by the 

recombinase, suggesting that acute deletion of GluN2D from the BNST lead to similar increases in excitatory 

drive onto these neurons (Fig.10C). PPR metrics, however, did not show a similar PPD effect at Cre (+) cells 
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following regional GluN2D deletion when compared with the effects found in the GluN2D constitutive knockout, 

though these studies may require further replication in order to fully validate this effect (Fig.10D). Regardless 

though, the changes observed in spontaneous excitatory signaling are intriguing, both in that they pheno-copy 

our results from our Chapter 2 studies, and that they show what may again appear to be evidence of a pre- and 

post-synaptic mechanism that underlies these effects. Further, these findings suggest that changes in GluN2D-

NMDAR mediated excitatory signaling within the BNST contributes directly to the enhanced excitatory tone we 

observed at BNST-CRF (+) neurons across both our constitutive and conditional studies, potentially excluding 

any major influence of compensatory changes in NMDAR subunit expression or developmental deficits owing to 

life-long GluN2D loss (although, such alterations can still not be completely disregarded).  

 Additional examination of the physiological properties of BNST-CRF (+) cells under these conditions 

may prove important to further elucidating the role of GluN2D-NMDARs in regulating other aspects of their 

intrinsic membrane properties and excitatory profile, and further implicate these receptors as a means to 

selectively manipulate these cells in order to produce the changes in excitatory activity and downstream 

behavioral deficits we hypothesize as correlated with our physiological findings. It is important to note that we 

cannot rule out that regional deletion of GluN2D in the BNST also affects BNST-CRF (-) cells, and may result in 

potential changes in the surrounding BNST micro-circuitry that could factor into the control of excitatory-

inhibitory tone at BNST-CRF (+) cells (Gracy and Pickel, 1995; Paquet and Smith, 2000; Turesson et al., 2013). 

Thus, further cell-specific manipulations of GluN2D-NMDAR function in the BNST are required to gain a more 

complete mechanistic understanding of its role in mediating regional excitatory signaling. Apart from extending 

these studies to the BNST-CRF (-) cells that also express functional GluN2D-NMDARs, determining if several of 

the key regions providing glutamatergic inputs to the BNST express the receptor (somatically, axonally, or 

dendritically) will also be essential to providing a more definitive understanding of GluN2D-mediated signaling in 

relation to stress-responsive or negative emotional behavior. Taken together though, the data presented in this 

chapter further demonstrates that GluN2D-NMDARs provide an important role in modulating excitatory activity 

both in key stress-responsive regions and cell populations implicated in mood- and anxiety-related disorders, 

and may position them as attractive targets for the development of novel therapeutics.  
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Chapter 4 

Conclusions and Future Directions 

 

 The collective work presented in this dissertation establishes a relevant role for GluN2D-NMDAR-

mediated signaling in driving and shaping complex emotional behavior, and suggests an important need to 

develop a better understanding of these receptors’ functional and modulatory properties at key stress-salient 

neuronal populations, neural circuits and structures, particularly in regions such as the BNST which are shown 

to express high levels of GluN2D in the adult brain. Considering the unique biophysical properties of GluN2D-

NMDARs and their restricted expression patterns, our findings here suggest that their manipulation may avoid 

the undesirable side effects of current treatments aimed at both the glutamate and CRF signaling systems in 

affective disorders (Preskorn et al., 2008; Binneman et al., 2008; Coric et al., 2010; Iadarola et al., 2015; Weed 

et al., 2016; Pomrenze et al., 2017), and pave the way for further studies of novel targets informed at the level of 

region-, circuit- and cell-centric physiology. Although this dissertation work presents important insights into the 

function of GluN2D-containing NMDARs within the BNST, and their potential influence in mediating depressive-

like behavior, a number of questions remain regarding the specific mechanisms through which these receptors 

exert the observed physiological effects reported here, as well as the means by which their manipulation could 

aide in the treatment of depression and other related mood disorders. Below, I will speculate on some of these 

key questions and discuss the future studies that may be undertaken to further dissect how GluN2D-NMDARs 

contribute to the regulation of depressive-like behaviors and excitatory signaling in salient stress-responsive 

structures such as the BNST. 

 

Role of GluN2D-NMDARs at synapses within the BNST: a proposed model 

 

 One of the primary foci of these studies was to investigate the role of GluN2D-NMDARs in the regulation 

of excitatory signaling in the BNST. As shown above in Fig.6, our work presented the first direct evidence that 

the GluN2D protein is abundantly expressed within the BNST, with previous in situ studies only hinting at this 

possibility indirectly (Monyer et al., 1994, Wenzel et al., 1996). The tight developmental regulation of GluN2D 

expression patterns also discussed above, also hints at a unique role for these receptors in regards to 
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influencing excitatory activity in the few areas that they remain functionally expressed in the adult brain (Sheng 

et al., 1994; Cull-Candy et al., 2001). Initially, the role of these receptors was speculated to be chiefly extra-

synaptic, with early studies indicating little evidence of GluN2D expression at the synapse (Cull-Candy et al., 

2004; Momiyama et al., 1996; Misra et al., 2000, Momiyama et al., 2000; Brickley et al., 2003). More recent 

work has brought this classification of GluN2D-NMDARs as exclusively extra-synaptic to task, however, with 

evidence from physiological studies in the substantia nigra (SNr), subthalamic nucleus (STN), cortex, spinal 

cord and hippocampus suggesting the presence of GluN2D-NMDARs at the synapse (Morris et al., 2018; 

Swanger et al., 2015; Hanson et al., 2019; Hildebrand et al., 2014; Lozovaya et al., 2004; von Engelhardt et al., 

2015), with latter studies in the hippocampus in particular indicating that extra-synaptic GluN2D-containing 

NMDARs may be recruited to the synapse following the induction of LTP (Harney et al., 2008). These findings 

collectively argue for the expression of GluN2D-containing NMDARs post-synaptically on inhibitory interneurons 

across several distinct structures. Additionally, equally convincing physiological evidence in the cerebellar 

recordings and extensive transcript expression analyses of GABAergic cell types demonstrate the expression of 

GluN2D-NMDARs pre-synaptically as well, be it axonally or on the body of afferent cell projections (DuBois et 

al., 2015; Yamamoto et al., 2013; Watanabe et al., 1992). It is thus feasible that GluN2D-NMDARs are able to 

exert effects both pre- and post-synaptically within a given synapse, and our findings within the BNST, in 

particular at BNST-CRF (+) neurons, indicates just such a possibility. In recordings from BNST-CRF (+) cells in 

both the constitutive and conditional GluN2D knockout lines, we consistently observed spontaneous EPSC 

frequency and amplitude to be increased, and NMDAR-mediated currents to show alterations in their decay 

kinetics when the GluN2D subunit was deleted or pharmacologically inhibited with the GluN2C/D preferring 

antagonist DQP-1105 (Figs.9-10). Similarly in our constitutive knockout studies, short term potentiation within 

the BNST was found to be attenuated, suggesting again that GluN2D-NMDARs may participate in regulating 

changes directly at synapses within the region, either through intrinsic expression at the synapse or recruitment 

to the synapse from an extra-synaptic location (Fig.6). We also found that GluN2D deletion affected 

spontaneous inhibitory currents in the BNST as well, producing a significant decrease in their amplitude 

indicative again of an effect on post-synaptic neurotransmission. We interpreted this findings to indicate that an 

excitatory-inhibitory balance at the synapse of select (presumably GluN2D expressing) BNST cells was 

disrupted following the manipulation of GluN2D, leading to both increased excitatory drive onto these cells and 
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an enhanced intrinsic excitability as well. Further PPR and miniature EPSC recordings lead more support to this 

mixed pre- and post-synaptic hypothesis of GluN2D-NMDAR function in the BNST, and building off of our work 

elucidating the changes in BNST-CRF excitatory signaling in both GluN2D knockout lines, we generated a 

hypothetical model to speculate on the how the loss of GluN2D may produce the physiological changes we 

measured (Fig. 17 below). 

 

 

Figure 17. Proposed model of the regulatory function of GluN2D-NMDARs on synaptic function in BNST 
CRF neurons and implications for behavioral deficits. Cartoon showing a potential model for GluN2D-
containing NMDAR function at the BNST synapses. Under basal conditions (left), functional GluN2D-NMDARs 
may be expressed on presynaptic GABAergic cell terminals/body, allowing for the detection of increased Glu2+ 
and/or spillover from glutamatergic inputs onto target BNST neurons, driving increased GABA release and the 
establishment of tonic inhibitory currents to balance out changes in excitatory transmission. In instances of 
GluN2D deletion from the BNST (right), loss of GluN2D-containing NMDARs from terminals, leading to possible 
increases in GluN2B/B diheteromers or otherwise, disrupts this balance excitatory-inhibitory balance in favor of 
greater excitatory drive onto target neurons (i.e. BNST-CRF [+]) and decreased sensitivity for Glu2+ spillover 
detection. This may result in the increased excitability and/or activity of select cell populations, and in the case 
of BNST-CRF (+) cells, may produce changes in downstream behaviors resulting in the anxiety and depressive-
like phenotypes observed in the studies presented here.  
 

 It is possible that when endogenously expressed (both pre- and post-synaptically), the GluN2D-

NMDARs within the BNST function in both the detection of glutamate release synaptically and extra-

synaptically, as evidenced by our own findings and those outlined by previous studies. In reference to the 

proposed expression of GluN2D axonally on GABAergic presynaptic neurons (Watanabe et al., 1992), GluN2D-

NMDARs may be similarly localized on pre-synaptic sites within the BNST, where they may serve as detectors 

of glutamate spillover following the activation of excitatory terminals within the region. This function of GluN2D-

NMDARs has been highly speculated due to their increased sensitivity to glutamate (Wyllie et al., 2013; Hess et 
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al., 1998), as well as directly supported via studies at cerebellar stellate cells showing that prolonged stimulation 

of parallel fiber inputs is capable of producing a stimulation-induced, lasting increase in GABA release that was 

GluN2D dependent (DuBois et al., 2015). In our proposed model within the BNST, GluN2D-containing NMDARs 

perform a similar function: acting to detect prolonged or increased activation of glutamatergic inputs that can 

produce an increase in glutamate concentration at the synapse, eventually lead to spillover and the activation of 

GluN2D-NMDARs located on the terminals of presynaptic GABAergic interneurons to drive a complementary 

increase in GABA release (Fig.17). This may serve as a braking mechanism to reduce excessive excitatory 

activity/activation of specific circuits/cells within in the BNST. The maintenance of such an excitatory-inhibitory 

balance at the synapse, in particular the regulation of inhibitory transmission at interneurons, has been shown to 

be highly influenced by glutamatergic signal (Castillo et al., 2011; McBain and Kauer, 2009), with specific 

implications for the role of the NMDARs in mediating this having been demonstrated across several brain 

regions (Duguid and Smart, 2004; Lachamp et al; 2009; Lien et al; 2006; Liu et al., 2007). It is thus possible to 

hypothesize that a similar role for NMDARs, specifically GluN2D-NMDARs, could be at play within the BNST. In 

the case of GluN2D deletion then, we would assume this breaking mechanism to be released off of such 

synapses, diminishing the sensitivity of glutamate spill-over detection and allowing for both increased excitatory 

drive onto post-synaptic neurons, and an unchecked dysregulation of presynaptic transmitter release as well. In 

the context of our findings regarding BNST-CRF (+) cell activity, this could thus lead to an enhanced activation 

of these neurons, which may correlate in part with the behavioral phenotypes that we observed in both 

constitutive and conditional GluN2D knockout animals. 

 The mechanism described above is purely speculative, but it does present a potential framework for 

future experiments to further investigate the localization and function of GluN2D-NMDARs within the BNST. 

Localization studies into the prospective extra-synaptic BNST GluN2D-NMDARs could be performed via whole 

cell electrophysiological recordings prior to and in the presence of the glutamate uptake inhibitor DL-theo-β-

benzyloxyapartic acid (TBOA) to induce the spillover of glutamate while measuring isolated NMDAR-EPSCs. An 

increase in NMDAR-EPSC amplitude, rise time, and decay kinetic time has previously been demonstrated to 

correlate with the expression of extra-synaptic NMDARs on the post-synaptic neuron (Harney et al., 2008), and 

could similarly be validated by the wash-on of DQP-1105 or other GluN2C/D preferring antagonist such as 

UBP141 or PPDA to test for any reduction in the aforementioned metrics. Similarly, it may be possible to test for 
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the presence of GluN2D-NMDARs localized on pre-synaptic GABAergic inputs to such BNST interneurons in a 

similar fashion: via the isolation and measurement of inhibitory currents/tone at the post-synaptic cell both in the 

absence and presence of TBOA. An increase in inhibitory current amplitude or frequency recorded at the post-

synaptic site could potentially indicate an increased release of GABA onto the target neuron, and/or an increase 

in overall inhibitory drive. This function of GluN2D-containing NMDAR-mediated responses to glutamate both at 

pre- and post-synaptic sites to regulate GABA release has been supported by several studies based on 

physiological findings and the localization of GluN1 expression and GluN2D mRNA to at the terminals and 

axons of inhibitory interneurons (Akazawa et al., 1994; Monyer et al., 1994; Paquet and Smith, 2000; Thompson 

et al., 2000), and thus could help to explain a potential mechanism of action for GluN2D-NMDARs within the 

BNST. 

 Another possible explanation could be a more preferential function of GluN2D-NMDARs at either pre- or 

post-synaptic sites in assessing aspects of our physiological findings, and that one effect or the other may be 

better unmasked at specific BNST cell populations or circuits via more rigorous testing. Future studies could 

thus expand upon the work presented in these studies above by examining alterations in pre-synaptic release 

onto BNST cells via the isolation of miniature IPSCs as well, in order to determine whether or not the release of 

presynaptic GABA onto cells following either GluN2D ablation or pharmacological inhibition is blunted. Our 

current efforts into changes in inhibitory signaling at the level of whole cell physiology in the BNST have only 

extended to measuring spontaneous inhibitory currents, and only on BNST-CRF (+) cells. Thus, it is possible 

that a more robust examining of inhibitory metrics (mIPCSs, PPR at inhibitory synapses, etc.) may reveal further 

changes in GABAergic signaling in the BNST as a result of GluN2D manipulation, and possibly more germane 

to the presumed dominate form of signaling within the BNST given its high GABAergic cellular makeup. In 

addition to this, a further investigation into possible post-synaptic changes, as well as intrinsic excitability, could 

also be informative to not only examine specific synaptic changes more succinctly, but to further enhance the 

findings of our photometry studies, which suggest that the loss of GluN2D on specific BNST cells may lead to 

greater activation (Fig.11). A survey of membrane potential readings in both GluN2D deleted and wildtype cells 

basally, or in response to the wash-on of GluN2C/D preferring antagonists, could provide such initial 

information, indicating whether cells lacking GluN2D or exposed to one of these antagonist could lead to a more 

positive resting membrane potential and thus greater firing probability. Further current clamp analyses, including 
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current step injections to measure rheobase and average action potential firing events in response to a 

depolarizing current, would provide additional clarity, specifically if firing was found to be enhanced in response 

to knockout or acute pharmacological inhibition. A final means to access the localization of GluN2D-NMDARs at 

BNST synapses could also be achieved by ultrastructural analyses with a combination of electron microscopy 

and immunogold labeling. Though our lab has only previously shown the successful application of this technique 

with a transgenic reporter line labeled with a human influenza hemagglutinin (HA) tag (Flavin et al., 2014), 

primary antibodies for GluN2D exist and have been validated for the immunolabeling of individual cells 

(Yamasaki et al., 2014). With the use of proper gold-labeled secondary antibodies, this technique could be 

utilized to examine synapse structures in ultrathin BNST slices, and provide more qualitative insights to the 

localization of GluN2D-containing receptors within the region.   

 As outlined above, there is still a wealth of basic information to be uncovered in regards to the 

physiological function of GluN2D-NMDARs within the BNST. Our efforts have attempted to provide the first 

glimpses into the role of these unique receptors on excitatory signaling in the region, but have only extended to 

a single population of cells, despite our data shown in Fig.8 suggesting that this does not capture the fully extent 

of other GluN2D positive neurons. Tools do exist to expand our research to these other BNST-CRF (-) 

populations, in the form of an eGFP-tagged GluN2D receptor reporter line developed by the laboratory of Dr. 

Hannah Monyer (Meyer et al., 2002; von Engelhardt et al., 2015), that could allow for the quick and 

straightforward identification of GluN2D (+) cells within ex vivo BNST slices for the profiling of basal inhibitory 

and excitatory physiology in many cells across all regions of the BNST. This line does present potential 

drawbacks though, as the generation and use of an eGFP-GluN2D BAC inserted into the mouse genome could 

induce the expression of tagged-GluN2D receptors at cells that also expressed endogenous GluN2D, possibly 

leading to an overexpression of GluN2D (Maue, 2013) and potentially misleading findings regarding the “basal” 

influence of GluN2D-NMDARs. eGFP tagging of an ionotropic receptor/channel could also impact the 

biophysical properties of said channel, possibly resulting in deficits in its function (Maue, 2013). Despite this 

though, the expression of this reporter as presented in von Engelhardt et al. (2015) is robust and readily visible 

by standard fluorescent microscopy, and the study of these eGFP-tagged neurons within the hippocampus 

revealed no overt changes in morphological or standard physiological properties consistent with GluN2D-

containing NMDARs, as well as an expression profile highly restricted to interneurons, typical of the distribution 
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patterns for GluN2D protein in the adult brain. It would thus be interesting to utilize this transgenic line to expand 

on our current findings here and generate a more general consensus for the contributions of GluN2D-NMDARs 

to BNST physiology at the whole cell level. 

 

Receptor stoichiometry and other relevant physiological contributions of GluN2D in the BNST 

 

 The incorporation of GluN2D subunits into functional NMDARs has been shown across multiple studies 

to profoundly impact it’s biophysical properties (Traynelis et al., 2010; Wyllie et al., 2013), however it has rarely 

been reported that GluN2D-containing NMDARs are found as diheteromers (GluN1-GluN2D-GluN2D) in vivo, 

with the majority of work conducted on the physiology of such receptors occurring predominantly in vitro under 

more artificially induced circumstances (Vance et al., 2012; Wyllie et al., 2013). Based on an abundance of 

evidence from both in vivo and ex vivo studies of GluN2D-NMDARs in rodents, a prevailing notion has emerged 

that the majority of GluN2D expression within receptors found in the adult brain is restricted to triheteromer 

receptors also containing the GluN2B subunit (Dunah et al., 1998; Pina-Crespo and Gibb, 2002; Brickley et al., 

2003; Jones and Gibb, 2005; Harney et al; 2008; Brothwell et al., 2008; Suarez et al., 2010; von Engelhardt et 

al., 2015; DuBois et al., 2015; Swanger et al., 2015; Morris et al., 2018). This has been functionally 

demonstrated across many of these studies at interneuron populations within the cerebellum, hippocampus, 

STN and SNr, revealing that the decay kinetics and overall strength isolated NMDAR excitatory currents at 

putative GluN2D (+) cells within these structures show sensitivity to both GluN2C/D preferring antagonists like 

DQP-1105 and UBP141, as well as to highly selective GluN2B antagonist such as ifenprodil and Ro 25-6981. 

These findings propose that the GluN2D subunits contribute to the channel open time, rise time and current 

propagation through these NMDARs, leading to prolonged decay kinetics. These properties are significant when 

considering the subunit’s increased sensitivity to glutamate, and suggest that GluN2D incorporation into 

NMDARs leads to greater establishment of a baseline current flow in response to ambient glutamate levels, as 

well as in the genesis of plasticity changes in response to higher/continuous stimuli/glutamate release at select 

synapses. Indeed, it has been suggested that the presence or movement of GluN2D-containing NMDARs into 

the synapse is critical to the maintenance of certain forms of LTP (Harney et al., 2008; Volianskis et al., 2013) 

and that the loss or inhibition of these receptors can lead to LTD (Harney and Anwyl, 2012) or otherwise a 
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blunting of synaptic potentiation (Volianskis et al., 2013), much in line with our findings report above in Chapter 

2 (Fig.6). This may also explain a key function of GluN2D-NMDARs within the BNST: as essential for driving 

plasticity at certain synapse within the region, and/or in upregulating the strength/propagation of current flow 

through NMDARs on select cells (Hrabetova et al., 2000). This last point may be of particular consequence to 

the BNST-CRF (+) neurons focused on in our study, as an increase in the open time of NMDARs on such cells 

could hypothetically allow for increased Ca2+ influx to occur through these receptors as well to drive up 

intracellular Ca2+ concentrations (Erreger et al., 2005), an important requirement for the release and fusion of 

dense core vesicles known to contain neurohormones/neuropeptides within such cells (Zhang et al., 2011). 

While other studies have called into question how prominently GluN2C or GluN2D subunits contribute to calcium 

permeability at NMDARs compared to GluN2A or GluN2B (Evans et al., 2012), the prospect of GluN2B/GluN2D 

triheteromer suggests that a combination of the two subunits could lead to greater calcium influx overall due 

again to GluN2D imposes increases in decay kinetics and channel open time. 

 Correlative evidence from our lab suggests the possibility that within the BNST, GluN2D may also be 

incorporated into GluN2B/GluN2D triheteromeric receptors, as the expression of the GluN2B subunit has been 

shown to be robust within the BNST (Katie Holleran and Greg Salimando, unpublished data). Studies of 

synaptic plasticity and excitable cell properties within the BNST as well have also shown the region to be highly 

sensitive to GluN2B specific manipulations, with both Ro, 25-6981 and ifenprodil wash-on studies in ex vivo 

BNST slices producing robust decreases in sEPSC and isolated NMDAR-EPSC kinetics, as well as the 

complete ablation of LTP within the BNST when applied prior to tetanus, an effect that mimicked conditional 

GluN2B knockdown in the BNST (Wills et al., 2012). Perhaps most convincing, however, are the results we 

have obtained from immuno-pulldown and mass spectrometry assays of GluN2B associated proteins in BNST 

tissue punches, which showed GluN2D protein to be associated with GluN2B within BNST more exclusively 

when compared with other brain regions (see Fig. 21 below). While these results strongly contribute to the 

prospect of the triheteromeric nature of GluN2D-containing NMDARs in the BNST, further measures should be 

taken to test this, as a greater insight into the precise stoichiometry of GluN2D-containing NMDARs within the 

BNST would be highly informative not only from the standpoint of enhancing our knowledge of basic BNST 

physiology, but also to further clarify how GluN2D and its manipulation made lead to the downstream behavioral 

effects reported in this dissertation work. Electrophysiological recordings similar to those reported in the studies 



115 
 

mentioned above could thus be performed with BNST cells already known to be positive for GluN2D, such as 

the BNST-CRF (+) cells we discuss here, to begin these investigations. This could include using ex vivo slice 

pharmacological recordings to test the sensitivity of NMDAR-isolated currents at these cells to tiered wash-on of 

both GluN2D and GluN2B selective antagonists. The use of the aforementioned eGFP-GluN2D reporter line for 

these studies would provide a greater means to generalize testing more broadly throughout the BNST, and 

provide more definitive evidence of the homogeneity of GluN2B/GluN2D triheteromers on BNST cells following 

repeated testing across slices from both anterior and posterior portions of the region. The implications for the 

identification of such a triheteromeric population within a stress-responsive region would be equally informative 

to the understanding of the role of these receptors in the actions of select NMDAR antagonists such as 

ketamine, and thus their influence in driving specific antidepressant-like effects, with recent literature suggesting 

this classes of receptors may be highly specific pharmacological targets (Yi et al., 2019). Thus, further 

interrogation of the presence of GluN2B/GluN2D triheteromers in the BNST and at BNST-CRF (+) neurons, 

could further identify such NMDAR population as unique and promising for modulating the pathophysiological 

changes associated with depression as observed across preclinical and clinical studies. 

 

GluN2D-NMDAR-mediated regulation of BNST-CRF cell activity: implications for disease 

 

 In regards to the role of CRF signaling and CRF cell function in the BNST in relation to models of stress, 

depression and other affective disorders, a clear connection has been drawn between increased activation of 

this population and greater levels of anxiety and depressive-like behavior (Fetterly et al., 2019; Giardino et al., 

2018; Butler et al., 2016). Given our data presented above in Chapters 2 and 3, we proposed that the activity of 

these cells (and thus potentially, the emergence of these anxiety and depressive-like phenotypes) could be 

controlled in part by GluN2D-NMDAR mediated excitatory signaling in the BNST. Indeed, as we show in Fig.11, 

BNST-CRF (+) cells activity is basally enhanced in GluN2D-/- mice when compared with GluN2D+/+ littermates, 

suggesting a potential connection with the behavioral profiles we observe in these animals and in the BNST 

GluN2D deletion animals in regards to increased negative affect. Despite this though, these two approaches can 

be considered somewhat incomplete, as one utilizes a constitutive knockout and the other a region restricted 

deletion of GluN2D to draw correlative connections with observed deficits in behavior and the contribution of 
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BNST-CRF (+) cell activity specifically. A more refined next step to directly link these two effects would be 

through the use of novel viral strategy to selectively delete the GluN2D protein from BNST-CRF (+) cells alone, 

and could be achieve via the use of the GluN2Dflx/flx/Crf-Flp we developed in the pursuit of our work presented 

here. Mice positive for the Flp transgene could be stereotaxically injected into both the left and right BNST with a 

virus encoding a Flp-dependent Cre recombinase, with successful transfection driving Cre expression 

exclusively in CRF (+) cells. These animals could then be tested across the same behavioral tasks outlined in 

Chapters 2 and 3, and the differences in their anxiety and depressive-like behaviors assessed to determine the 

significance of the contribution of BNST-CRF (+) cell function to the increases in negative affective behaviors we 

have observed in over the course of this dissertation research.  

 Additional measures could also be made to determine the real time changes in BNST-CRF (+) cell 

activity in response to negative stimuli across tasks modeling anxiogenic and depressive behaviors. These 

would serve as a natural extension of the aforementioned work presented in Fig.11, which did not extend 

beyond observations of basal changes in BNST-CRF (+) cells activity when animals were placed in a novel 

environment, and could thus be further refined via the use of our GluN2Dflx/flx/Crf-Flp line and a Flp-dependent 

GCaMP6f virus that is commercially available. Injection of this virus bilaterally into the BNST, along with fiber 

optic implantation, would allow for the real time measurement of Ca2+ activity in BNST-CRF (+) cells exclusively, 

and when paired with either Flp-dependent Cre or a Flp-dependent reporter virus injections, these 

measurements could be scored against the performance of both BNST-CRF GluN2D deleted or BNST-CRF 

GluN2D wildtype animals in tasks such as the EPM/EZM, OFT, TST and NIH. The performance of salient 

changes in anxiety and depressive-like behavior could also be time-locked to measured outputs of Ca2+ 

dynamics, allowing for a more robust and powerful interpretation in the changes in BNST-CRF (+) activity than is 

usually afforded via post hoc identification of changes in neuronal activity typically relying on altered expression 

of the immediate early gene, Fos (Hoffman et al., 1993; McReynolds et al., 2018). Our lab has already 

generated a bulk of yet published data that has demonstrated the effectiveness of this approach in measuring 

changes in the Ca2+ dynamics at BNST-CRF (+) cells in response to restraint stress, and found that robust 

increases in this signal are time locked to bouts of struggle (i.e. active stress coping) in animals undergoing this 

task (Joseph Luchsinger, Samuel Centanni, Kellie Williford and Gregory Salimando, unpublished data). 

Measures such as these would provide key insights to the responses of the BNST-CRF (+) cells to acute 
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stressors often utilized in models of depression, and investigate the impact of GluN2D deletion on these 

responses. The prolonged access to these cell populations for continuous measurements that a technique such 

as fiber photometry allows would also make studies of the effects of chronic stress both on BNST-CRF (+) 

activity and the emergence of depressive-behaviors much more feasibly and informative to conduct as well. 

Thus, in addition to our acute measurements, these cohorts could also be tested on CMS/CUS and CSDS in 

order to more incorporate studies that model other aspects of depressive phenotypes known to emerge in 

rodents over time. The development of newer tools in the arena optical and cable neuroscience also promises 

the potential to directly investigate the effects of BNST-CRF (+) cells activation on the release of CRF both in 

the BNST and at regions known to receive CRFergic inputs from the BNST such as the VTA and PVN that have 

been implicated in both changes in stress and reward responsiveness often implicated in depression pathology. 

While these prospects are still conceptual, the advent of GPCR-based genetically encoded sensors has recently 

been developed and functionally validated in the detection of monoamine release (Zeng et al. 2020). This 

GPCR-Activation-Based (GRAB) sensor technology has been shown to be highly adaptable to many different 

GPCR variants, thus suggesting that the development of sensors based on the CRFR1 and CRFR2 receptors 

may be feasible and even underway. Until then though, the current optical approaches afforded to us will still 

allow for unparalleled detection of changes in BNST-CRF (+) cell activity which can greatly bolster our previous 

physiological findings in a way more salient to behavioral output. While it may seem unlikely that changes in the 

activation of such a relatively small population of BNST neurons could exert the level of control of total BNST 

activity or output that may be presumed necessary to drive the behavioral changes we report here following total 

or regional deletion of GluN2D, previous reports have revealed that BNST-CRF (+) neurons are extensively 

connected with the rest of the BNST, as demonstrated in both rat and mouse anatomical mapping studies of 

BNST micro-circuitry (Phelix and Paull, 1990, Debrowska et al., 2016), and in particular have been shown to 

display higher incidence of connections with BNST-CRF (-) neurons (Patridge et al., 2016). This suggests that 

BNST-CRF (+) cells may indeed exert a substantial level of control over the activity of other neurons across 

multiple BNST sub-nuclei, and contribute significantly to the regulation of regional activity overall. The future 

studies suggested above, particularly in the context of manipulations to excitatory signaling at these cell via 

GluN2D-NMDAR genetically or pharmacologically, could be of particular importance in regards to improving our 

knowledge of overall BNST physiology and the link between BNST excitatory function and behavioral regulation.  
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BNST intrinsic/extrinsic circuitry and GluN2D expression 

 

 The majority of the data collected for this dissertation focused on the role of GluN2D-NMDARs 

expressed on post-synaptic neurons within the BNST. A natural extension of our work here could thus extend to 

the expression of GluN2D-NMDARs on the numerous inputs and/or outputs from the region in order to 

investigate the role of these NMDARs in the regulation of key BNST circuits that have been implicated in the 

regulation of affective behaviors. These include GABAergic, glutamatergic and neuromodulatory inputs at limbic 

structures heavily implicated in driving these behaviors as well, including several that are of particular note due 

to their direct connect with stress responsive cell populations both in the BNST and in other structures 

(Silberman et al., 2013; Stamatakis et al., 2014; Fetterly et al., 2019; Ch’ng et al., 2017; Centanni et al., 2019), 

as well as those that have been suggested to express the GluN2D subunit, albeit indirectly (Monyer et al., 1994, 

Wenzel et al., 1996; Sheng et al., 1994). Determining if GluN2D-NMDARs may be preferentially expressed on 

specific BNST afferents or efferents could greatly inform future work with regards to the role of these receptors 

in regulating BNST function and affecting downstream behavior. In relation to our focus here on the impact of 

BNST glutamatergic signaling and CRF (+) cell function regarding affective behavior, perhaps some of the most 

intriguing inputs to the BNST to investigate would be those from the insular cortex and PBN. Recent work from 

our group identified these inputs as able to directly regulate the excitatory activation of BNST-CRF (+) neurons, 

and specifically to enhance the activity of this population in response to stressors (Fetterly et al., 2019; Centanni 

et al., 2019). To test for the expression of GluN2D on these inputs, a retrograde tracer approach could be 

implemented via the injection of a retro-virus encoding a tdTomato reporter bilaterally into the BNST. Following 

sufficient time for expression of the virus in rodents, the brain could be removed, sectioned and processed via a 

method such as RNAscope, in which specific oligo probes Grin2d and for the tdTomato reporter could be 

applied to sections containing the insular cortex and PBN in order to examine co-localization of Grin2d probe 

signal on tdTomato positive cells. Functional validation studies could follow from here, using a similar viral 

strategy but instead of processing tissue for immunostaining, the brains would be sectioned to prepare acute ex 

vivo brains slices for pharmacological recording studies. Using the tdTomato marker to once again identify 

BNST projecting cells from the insula or PBN in slices, whole cell patch clamp could be performed to measure 

the effects of GluN2C/D preferring antagonists on the amplitude and kinetics of isolated NMDAR-EPSCs. This 
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approach could also be applied more broadly to other BNST projecting structures that would presumably 

undergo transfection from the tdTomato reporter, including the CeA, BLA, vHPC, PFC and PVN (Stamatakis et 

al., 2014; Ch’ng et al., 2017).   

 In addition to the examination of many of these core circuits that were described in detail in Chapter 1, 

as mentioned previously, the BNST is also known to send and receive several CRFergic projections as well, 

with efferent projection consisting of inputs to the PVN-CRF (+) cells (Champagne et al., 1998; Dong et al., 

2001a) and to the VTA (Rodaros et al., 2007; Silberman et al., 2013a), and the primary afferents being 

projections from CeA-CRF (+) cells into the BNST that have been shown regulated by NMDAR-mediated 

signaling (Sakanaka et al., 1986; Jasnow et al., 2004; Beckerman et al., 2013). These circuits have each been 

shown to contribute to the regulation of different forms of stress-related behaviors implicated in models of social 

defeat, stress induced drug seeking, and overall changes in hedonistic drive (Jasnow et al., 2004; Vranjkovic et 

al., 2014; Pleil et al., 2015), thus heavily implicating them in the pathophysiology of affective disorder like 

depression. An examination of whether or not these circuits could be regulated by changes in GluN2D-NMDAR 

function, and thus contribute to the behavioral phenotypes we have outlined here, would be an interesting next 

set of steps for circuit dissection studies. A similar viral and staining approach could be implemented to the one 

described above, with the additional use of the Crf-Tomato reporter line that we made use of in Chapter 2. 

Administration of a commercially available Cre-dependent retrovirus encoding the fluorescent reporter eGFP 

into the PVN of Crf-Tomato mice would allow for the specific transfection of tdTomato-tagged, Crf-Cre positive 

cells, and for the virus to then travel back to the BNST to label neurons directly connected with these PVN-CRF 

(+) cells. Treatment of tissue sections containing the BNST via RNAscope could be performed once again to 

label cells positive for Grin2d transcript, tdTomato (CRF), and the eGFP reporter protein from the retrovirus in 

order to determine if BNST-CRF GluN2D (+) neurons do indeed synapse on PVN-CRF (+) neurons. Concrete 

evidence of this would suggest that, by proxy, the regulation of BNST-CRF (+) cell activity via manipulation of 

GluN2D-NMDARs could produce downstream effects on the activation of PVN-CRF (+) cells, possibly leading to 

increased activation of the HPA axis. The dysregulated excitatory activity of BNST-CRF (+) cells and associated 

increased anxiety and depressive behaviors we observed in both GluN2D-/- and GluN2Dflx/flx mice could thus be 

explained in part by such an effect, and would be intriguing to pursue further with more advanced techniques 

that would allow for the optogenetic manipulation of this circuit in the presence or absence of GluN2D preferring 
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agonist and antagonists. The BNST-VTA CRFergic inputs, as well as the glutamatergic inputs extensively 

characterized in Jennings et al. (2013), represent additional circuits that would be interesting to analyze for the 

expression of GluN2D-NMDARs on the BNST projection cells, due to the role they have been demonstrated to 

play in regards to motivated behaviors and the enhancement of stress-related responses, respectively. The 

same set of strategies outlined for the analysis of the BNST-PVN circuit could be applied here as well, with 

follow-up functional validation studies at the level of whole cell recordings and behavior. Physiological studies 

could include the injection of an anterograde propagating virus encoding Cre-dependent ChR2 into the BNST of 

Crf-Tomato animals, after which ex vivo slices of the VTA could be obtained and recordings on neurons in 

proximity to labeled ChR2 terminals performed in the presence of either GluN2D preferring antagonists to 

determine whether manipulation of putative GluN2D-NMDARs on these terminals could exert an effect on 

neuronal activation or excitability in the VTA. In regards to behavioral testing, similar experiments to those 

outlined for potential BNST-PVN projection studies, and those performed in Jennings et al. (2013), could be 

replicated, with the additional use of newly developed fiber optics probes such as the optofluidic system 

generated by Jeong et al. (2015) to allow for dual optical activation of BNST-VTA projecting glutamatergic or 

CRFergic cell along with the delivery of a GluN2D preferring antagonist to the same site, to observe how the 

manipulation of the GluN2D-NMDARs in the BNST could go on to induce behavioral changes measured in real 

time. Collectively, these proposed studies could help to further expand our knowledge of BNST circuit function 

and influence over salient affective behaviors in rodent models of depression, as well as further indicate the 

GluN2D-NMDARs as promising targets for the development of new therapeutics. 

 

  BNST excitatory activity mediated by GluN2D-NMDARs: relevance to affective behavior & disease 

 

 As mentioned above, much of the work presented in this dissertation aimed at investigating the effects 

of alterations in GluN2D-NMDAR function in the BNST and its correlation to changes in affective behaviors has 

been achieved via behavioral modeling of anxiety and depressive-line behaviors and physiological studies in 

transgenic mouse line lacking functional GluN2D receptors. While this has provided much new insight into the 

influence of these receptors at BNST synapses and suggested that dysregulating in BNST activation achieved 

via the deletion of this subunit may be salient to the behavioral changes we have reported, we have yet to 
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examine both of these modalities at the same time. Thus, the use of in vivo fiber photometry again presents 

itself as a powerful means by which we can start to achieve this, and measure changes in BNST activation in 

real time during behavior challenges under conditions in which the GluN2D subunit has been selectively deleted 

from the region (via use of the GluN2Dflx/flx line). Using stereotaxic injections, virus encoding a somatically 

expressed variant of GCaMP7f can be mixed 1:1 with additional viruses encoding either Cre recombinase 

tagged with a mCherry fluorophore or the fluorophore on its own and administered bilaterally into the BNST. 

This will allow for pan expression of both the genetically encoded calcium sensor and Cre in the majority of 

BNST neurons, and thus the recording of changes in in vivo Ca2+ dynamics broadly throughout the entire 

structure in awake, behaving mice. Animals can then undergo behavioral testing across a number of tasks 

focused on either acute stress or chronic stress models of depression, while simultaneously recording Ca2+ 

signal time-locked to salient behaviors observed throughout testing. In this way, we will be able to glean a broad 

understanding of the changes in BNST activation in animals lacking the GluN2D subunit when compared with 

controls. Changes in Ca2+ event dynamics are often used as proxy for action potential firing (and thus, 

activation) of a population of cells as measured by a net change in GCaMP-mediated fluorescence over 

background signal (Grienberger and Konnerth, 2012), and thus while not a substitute for the temporal precision 

and physiological relevant that can be achieved via whole cell recordings, we can make use of this method to 

gain more broad, generalized insights to the changes in the activity of a given region. Indeed, previous work 

from our lab has implicated this strategy successfully when measuring changes in total BNST Ca2+ signal during 

the EPM task (Harris et al., 2018), and has shown evidence indicating that BNST activation may be increased 

during open quadrant entry more prominently then during center quadrant or closed quadrant exploration. 

Based on our knowledge of acute signaling within the BNST in response to stressors (Conrad et al., 2011a; 

Fetterly et al., 2019), and our findings presented in Chapters 2 and 3, we would hypothesize that the loss of 

GluN2D-NMDARs within the BNST could produce similar but more robust and frequent changes in fluorescence 

in BNST GluN2D deleted mice during tasks utilized in our GluN2D-/- and GluN2Dflx/flx studies than what would be 

observed in animals wildtype for the GluN2D subunit. This would indicate that increases in overall BNST 

activation in response to such behavioral challenges directly correlates with increases in negative affective 

behaviors. How this occurs could be speculated to be due to either unchecked increases in glutamatergic 

signaling within the BNST, or alterations in inhibitory signaling with the region’s extensive GABAergic micro-
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circuitry, leading to a potential dis-inhibition of inhibitory drive (as speculated in Kim et al., 2013) onto select cell 

populations and induce an overall increase in their activation and downstream signaling effects. Some of our 

results in Chapter 2 however do present a potential counterpoint to this theory, as we observed no overt 

changes in the intrinsic excitatory activity of the majority of unspecified BNST cells we patched in ex vivo slices 

from both GluN2D+/+ and GluN2D-/- animals, indicating that such overt changes in total BNST 

activation/excitability may not occur following the deletion of a subunit that is only present on roughly one third of 

all cells within the anterior BNST (Fig.7). Despite this though, as mentioned above, previous work has indicated 

that BNST-CRF (+) cells are extensively connected with surrounding BNST-CRF (-) cells, and thus may exert a 

robust level of control over the many other GABAergic cells within the BNST (Patridge et al., 2016). While 

changes in basal excitatory properties at GluN2D lacking BNST CRF (+) cells may have thus been readily 

observed when recording from this population, the effects of their potential regulation of other BNST neurons 

they synapse onto, and by which they may produce activity dependent changes, may not have been easy to 

detect without the use of a dual patching approach (onto both BNST-CRF [+] cells and BNST-CRF [-] directly 

connected with them) that would allow for the stimulation of these BNST-CRF (+) cells and measurements of 

responses in the paired CRF (-) neurons. Under these conditions, it is possible that deficits in the activation or 

firing patterns of other unspecified BNST cells could be observable following GluN2D knockout or acute 

pharmacological manipulation. Further physiological study into the overarching role of GluN2D-NMDAR 

signaling within the BNST is thus necessary to develop a better understanding of their function and mechanism 

of action in the regulation of excitatory activity within the region, as well as the connection that exists between 

this function and behavior.  

 While many of these circuit based approaches are informative to our understanding of the BNST, as 

well as how interconnected limbic structures may orchestrate changes in complex behaviors in response to 

changes in excitatory signaling, the approaches that we have implemented and suggested thus far to study 

these topics do not necessarily translate well to treating human patients (i.e. optogenetics, conditional deletion, 

viral transfection, etc.). However, there is still much basic pharmacological studies that could be conducted to 

examine the effects of direct and indirect manipulation of GluN2D-NMDAR signaling in the BNST with regards to 

changes in depressive-like behaviors, and that may suggest a greater potential for the implementation of 

GluN2D targeted pharmacology in human patients as a therapeutic avenue for treating depression. Such direct 
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assessments regarding whether acute pharmacological antagonism of GluN2D-NMDARs replicate the 

behavioral effects we have observed in both the GluN2D-/- and GluN2Dflx/flx mice, two basic approaches could be 

attempted: i.p. administration of GluN2D preferring compounds to observe the systemic effects of receptor 

manipulation, and/or the bilateral cannulation of the BNST to directly administer compounds into the region and 

test whether phenotypes observed similar to those we report in Chapter 3 for BNST, GluN2D deleted animals. 

Systemic administration studies present a greater translational value, as similar approaches would be attempted 

in humans via the use of easily injectable or ingestible formulations of GluN2D-regulatory compounds, and a 

previous study has shown that both DQP-1105 and UBP-141 are readily able to penetrate the blood brain 

barrier at viable concentrations for drug action at either GluN2C or GluN2D containing receptors when 

administered to mice via i.p. injection (Lozovaya et al., 2014). The injection of these drugs was also 

demonstrated to produce observable changes in rodent behavior, albeit in regards only to seizure and 

epliptoform related behavior in the context of this study, suggesting that similar approaches could be 

successfully implemented in our own lab in order to the determine the effects of such drugs on the presentation 

of anxiety and depressive-like behaviors. Given the enhanced negative affective behavioral profiles that we and 

others (Shelkar et al., 2019; Yamamoto et al., 2016) have observed in the GluN2D-/- mouse line, we would 

hypothesis that systemic injection of DQP-1105 or UBP-141 would produce similar increases in anxiety-like 

metrics across tasks such as the OFT and EPM/EZM, as well as in depressive metrics in the FST/TST and NIH.  

 While an approach such as this would of course target multiple structures within the brain known to 

possess both GluN2C/D containing NMDARs, it is a bit coarse for drawing more than generalizations about the 

feasibility of pan GluN2C and GluN2D NMDAR antagonism as a means to regulate affective behavior. Thus, in 

order to determine if the actions of these antagonists would extend to impacting BNST excitatory function, 

separate sets of behavioral and physiological experiments could be performed in Crf-tdTomato or GluN2D-

eGFP tagged animals. Correlations could then be drawn between observations in behavioral changes in drug 

injected mice (compared with vehicle injected controls) with metrics obtained from whole cell recordings 

performed in ex vivo slices containing the BNST from animals administered antagonist 30-60 mins prior to 

preparing slices (a similar amount of time that would be allowed to pass before performing behavioral 

experiments) in order to determine if similar enhancements of excitatory drive and alterations in NMDAR-

isolated currents at unspecified or BNST-CRF (+) cells could be gleaned, and whether these effects of acute 
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pharmacological inhibition replicated our findings in recordings from both constitutive and conditional knockout 

slices. To draw more direct correlations between behavioral effects paired with drug administration, similar i.p. 

injections could also be performed on rodents from the same mouse lines prior to an exposure to restraint 

stress, a task that we have previously found to greatly enhanced BNST activity and specifically BNST-CRF (+) 

cell activation (Fetterly et al., 2019; Centanni et al., 2019). Drug and vehicle injected animals could be sacrificed 

shortly after restraint and then either prepped for physiological recordings or immunostaining with antibodies 

targeted to Fos, both metrics that would be able to identify increases in BNST excitatory activity and gross 

activation in response to these compounds. Additionally, more extensive wash-on studies could also be 

performed in ex vivo slices with DQP-1105 or UBP-141 to further determine if short term application of these 

drugs was also sufficient to produce noticeable changes in BNST neuron excitability and/or excitatory drive onto 

post-synaptic neurons.  

 In order to avoid some of the potential drawbacks of systemic injection studies, as mentioned above a 

different set of experiments that would be promising to undertake would involve the cannulation of both the left 

and right BNST for the direct administration of GluN2C/D preferring compounds into the region. Similar 

behavioral and post hoc immunostaining studies could also be performed under these test conditions, but the 

initial strength of this approach would involve the selective and acute pharmacological manipulation of the BNST 

GluN2D-NMDARs in order to see if such measures could produce the same changes observed in our 

conditional knockout animals, but with compounds that would eventually wash-out and their effects diminish (as 

opposed to the chronic deletion of the subunit from the adult brain). Based off our conditional knockout studies, 

we would hypothesize that DQP-1105 or UBP-141 administration into the BNST would similarly disrupt regional 

excitatory function and produce an enhancement of depressive-like behavior. Evidence of this would provide a 

significant boost of support for our previous work, but also enhanced the translational feasibility of the use of 

GluN2C/D preferring drugs to target stress-responsive structures implicated in depressive and mood disorders 

to alter their excitatory activity in a way that may lead to either an exacerbation or suppression of negative 

affective behavior. Certain caveats exist for all the pharmacological studies proposed here though, primarily due 

to the fact that as of yet, no GluN2D specific or GluN2D preferring compounds alone exist, with the vast majority 

of them showing similar levels of selectively for GluN2C and GluN2D-containing NMDARs over GluN2A or 

GluN2B (Mullasseril et al., 2010; Swanger et al., 2018; Yi et al., 2020). This may complicate interpretation of 
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systemic injection studies, despite additional analysis of changes in BNST function under these conditions via 

post hoc Fos immunostaining or recordings. The same may not be the case for cannulations studies, however, 

as we have generated preliminary evidence indicating that GluN2C protein shows little to no detectability at all 

within the BNST (data not shown), indicating that any potential effect of manipulation to the region with currently 

available GluN2C/D preferring compounds may occur exclusively through GluN2D-containing NMDARs. 

Cannulation studies do carry their own caveats though, specifically that injected compounds are not guaranteed 

to remain only within targeted structures. Considering GluN2D and GluN2C expression in known to be high in 

several regions flanking the BNST such as the septal nucleus and striatum (Monyer et al., 1994; Wenzel et al; 

1996; Sheng et al., 1994), which have both also been implicated in the regulation of affective behaviors 

(Singewald e al., 2011; Der-Avakian And Markou, 2012), the interpretation of the results of these studies may be 

difficult without control experiments targeting these other areas. The emergence of similar behavioral deficits to 

what we observed in our conditional knockout work again, however, would probably go a long way to support a 

replication of such effects pharmacological via cannulation, providing stronger evidence to suggest that GluN2D-

NMDAR inhibition and/or deletion in the BNST can promote depressive-like phenotypes.  

 The next obvious question would of course be: can we reduce these effects if we enhance GluN2D-

NMDAR-mediated excitatory signaling in the BNST as opposed to inhibiting it? The work presented within this 

dissertation would lead to the hypothesis that selective potentiation of BNST GluN2D-NMDARs would indeed 

potentially suppress the emergence of negative affective behaviors. This notion could be readily tested using the 

cannulation strategies described above, and make use of a number of compounds that have been shown to 

selectively potentiate the activation of GluN2C/D NMDARs. Work over the past decade has led to the 

development of a number of positive allosteric modulators (PAMs) that show higher preferring for binding at the 

GluN2C and GluN2D subunits over GluN2A and GluN2B, allowing them to increase the functional kinetics of 

these channels and their responsiveness to cognate ligands (Perszyk et al., 2020; Perszyk et al., 2018; Burnell 

et al., 2019), with the first being compound CIQ from the lab of Stephen Traynelis (Mullasseril et al., 2010) and a 

paper released this year outlined the development of an even more potent GluN2C/D PAM, PTC-174 (Yi et al., 

2020). These compounds allow for the exciting first looks into the physiological and behavioral effects of 

enhancing the activation of these receptors populations, with recent studies showing that both systemic 

administration of CIQ and intracranial injection into the amygdala can reverse increases in pre-pulse inhibition of 
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startle and enhance the extinction of learned fear response in mouse models of mood disorders, respectively 

(Ogden et al., 2014; Suryavanski et al., 2013). These results suggest that the potentiation of GluN2C/D 

containing NMDARs, particular in limbic structures like the amygdala, may indeed be critical in the regulation of 

stress and affective related responses that have been thought to be governed by such structures, and overt 

changes in excitatory signaling that may be implicated in depression and/or mood disorders.  We would propose 

to test this hypothesis via both systemic and BNST intracranial administration of PTC-174, which has also 

shown an increased affinity at GluN2B/GluN2D triheteromers, prior to testing rodents across several tasks 

modeling acute stress exposure salient to anxiety and depression-related disorder, including the OFT, EZM, 

FST and NIH. Similar post hoc immunohistochemical and physiological experiments to those discussed above 

could be performed as well, in which we would predict PTC-147 treatment to promote both a reduction in Fos 

expression in the BNST (particularly in BNST-CRF [+] cells), as well as a restoration in GABAergic tone onto 

post-synaptic BNST neurons, similar to those we observed in our BNST GluN2D+/+ slice recordings (Fig.10D).  

 The idea of potentiating a class of NMDARs as opposed to inhibiting them may seem somewhat 

paradoxical in light of our current theories regarding the antidepressant mechanism of action ascribed to most 

NMDAR antagonists, in which the inhibition of NMDARs is often thought to lead to an increase in excitatory 

signaling and a reduction of depressive-like symptoms (Iadarola et al., 2015 ). However, given the BNST’s 

predominantly GABAergic make-up, it is possible to speculate that alterations in excitatory activity within the 

region and/or excitatory drive onto specific cell populations/projection pathways may lead to a net dysregulation 

of excitatory-inhibitory balance, releasing a brake that may keep these components in check and lead to 

enhanced anxiety and depressive-like behavior. The work from Kim et al. (2013) mentioned above has lent 

some support to this idea, with data suggesting  that at the level of the oval nucleus in the BNST that increased 

activation of its inhibitory inputs to the anteromedial BNST can enhance anxiogenic behavior. This may have 

broad implications for the activation of BNST-CRF (+) neurons, which show enhanced responsiveness to stress 

and even drive stress-like behaviors (Giardino et al., 2018; Fetterly et al., 2019), and that we have already 

shown to present with increased excitability in BNST GluN2D deletion models. In thinking about the place of 

GluN2D-NMDARs in responding to this, another study mentioned above from DuBois et al. (2015) has 

suggested that the activation of GluN2D-NMDARs, particularly in response to glutamate spillover/increased 

glutamatergic tone, may be key for driving an increase in the release of GABA from presynaptic neurons. 
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GluN2D-NMDARs may thus be essential at specific synapses and cell populations within the BNST for the 

maintenance of tonic inhibitory currents that aide in balancing out changes in the regional excitatory-inhibitory 

signaling balance. More extensive physiological studies would need to be conducted to investigate such 

hypotheses, but nevertheless, our work presented here provides an initial starting point from which to build out 

these future investigation, and more rigorously investigate the roles of both GluN2D-NMDARs and BNST 

excitatory activity in the context of depression and other mood disorders. 

 

The GluN2D-NMDARs as a target for the treatment of depression: insights gleaned from BNST studies 

 

 In our efforts to further dissection the contribution of excitatory signaling to the pathophysiology and 

symptomology of depression, one of the main questions that developed over the course of this dissertation work 

was whether or not the dysfunction of GluN2D-NMDARs could contribute to the development of this disorder. By 

association, and as our findings appeared to indicate that a correlation between altered GluN2D-NMDAR-

mediated excitatory signaling and depression does indeed exist, one of the other key questions that arouse was 

whether or not manipulation of these receptors could reverse these behavioral and physiological deficits and 

provide relief from the symptoms of chronic depression. To date, possibly the best and most well studied means 

of NMDAR antagonism to produce antidepressant-like effects is via the administration of ketamine at sub-

anesthetic concentration (Berman et al., 2000; Krystal et al., 2019), with numerous studies emerging in recent 

years to suggest that these effects might be transduced specifically through ketamine’s actions at select 

subtypes of NMDARs as opposed to their actions across all NMDARs throughout the brain (Zanos and Gould, 

2018). The most prominent class of NMDARs tied to these effects, as mentioned above, have been those 

containing the GluN2B subunit, with several preclinical and clinical studies showing great promise for the use of 

GluN2B-NMDAR selective antagonist for the treatment and long term relief of the negative affective aspects of 

depression while avoiding the psychotomimetic effects often found to occur with the use of ketamine (Ibrahim et 

al., 2012; Louderback et al., 2013; Miller et al., 2014). These effects have been validated in rodent models 

across multiple studies, including those investigating the effects of GluN2B deletion or GluN2B antagonist 

administration on limbic structures implicated in depression pathology like the PFC (Miller et al., 2012) and the 

hippocampus (Graef et al., 2015) on the incidence of negative affective phenotyping or disruptions in synaptic 
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plasticity often observed in the disease state (Martella et al., 2018). In our own research group as well, we have 

generated compelling data showing that the selective deletion of GluN2B from the BNST in mice produces a 

robust antidepressant-like effect mimicking those of systemic ketamine administration prior to testing on the 

EZM and FST (Louderback et al., 2013), suggesting that GluN2B-NMDAR action within the BNST alone may be 

sufficient to influence aspects of depressive-like behavior.  

 Despite the initial success of many GluN2B selective antagonists in preclinical studies, the majority that 

have moved onto clinical trials have yet to produce a robust enough effect in patients to warrant full scale 

approval. While it is not outside the realm of possibility that more efficacious compounds may be developed in 

the future, the more robust expression of GluN2B throughout many cortical and subcortical structures in the 

adult brain suggests that off target effect of antagonists targeting these receptors may persist throughout patient 

populations, highlighting a need to continue investigating whether other means of NMDAR antagonism could 

produce the same antidepressant-like effects as ketamine and GluN2B selective compounds while avoiding the 

cognitive and dissociative effects that have been reported in select studies. As mentioned in a previous section, 

recent physiological evidence has indicated that ketamine appears to have an even higher selectivity for 

NMDARs containing the GluN2D subunit when compared to those containing GluN2B (Kotermanski and 

Johnson, 2009; Khlestova et al., 2016), and furthermore that GluN2B/GluN2D triheteromeric receptors also 

show a greater binding efficiency for ketamine when compared with other diheteromeric and triheteromeric 

NMDARs subtypes (Yi et al., 2019), suggesting the tantalizing prospect that the antidepressant effects of 

NMDAR antagonism may also be exerted in part through actions at these receptors as well. Pairing this with the 

highly restricted and reduced expression patterns of the GluN2D subunit in the adult brain (Monyer et al., 1994; 

Sheng et al., 1994; Wenzel et al., 1996), which may indicate a decreased likelihood of overt negative side 

effects following their manipulation, GluN2D-containing NMDARs appear to be a target of potentially great 

therapeutic value warranting further study at the level of circuit and behavioral neuroscience relevant to 

depression.  

 In light of these findings, as well as our own regarding the antidepressant effects of GluN2B deletion in 

the BNST (Louderback et al., 2013) and identification of prominent GluN2D expression within the region (Fig.6), 

we undertook these studies using the BNST as a proxy for investigating the effects of GluN2D-NMDAR 

manipulation within stress-responsive structures implicated within the overarching circuity and pathology of 



129 
 

depression. As demonstrated in Chapters 2 and 3, our results appear to bolster a growing consensus that 

GluN2D deletion can produce increases in negative affective behaviors (Ikeda et al., 1995; Yamamoto et al., 

2017; Shelkar et al., 2019), specifically behaviors more in line with models of depression when the subunit is 

selectively deleted from the BNST (Figs 5 & 14). These findings are particularly interesting when considering 

that the deletion of GluN2B within the BNST produces the opposite behavioral effect: driving increases in 

antidepressant-like behaviors instead. Though these two findings do appear to support a clear role for the BNST 

in mediating behaviors salient to depression, the reason for the disparity between these two manipulations is 

unclear. Data from other studies of the GluN2D-/- line (including our own proteomic work in Fig.12), however, 

has suggested that the loss of GluN2D either from a specific region or the entire brain during development and 

onward with drive compensatory changes in NMDAR stoichiometry, typically resulting in increased incorporation 

of GluN2B in receptors (von Engelhardt et al., 2015; Brickley et al., 2003). As such, it is possible that some of 

the effects we have noted in both our behavioral studies and physiological analyses of changes in excitatory 

signaling in the BNST could be due to enhanced GluN2B diheteromer expression as opposed to the direct loss 

of GluN2D. Considering the relation that has been drawn between GluN2B manipulation and enhanced 

antidepressant behavior, the converse (i.e. overexpression of GluN2B-NMDARs) may disrupt excitatory 

signaling to produce increases in depressive-like behaviors instead. Studies in GluN2D-/- mice administered 

racemic or (S)-ketamine (the variant currently sold for clinical use) also showed no differences in anxiety or 

depressive-like behaviors in the TST or FST when compared with GluN2D+/+ mice, suggesting that ketamine 

may still be transducing it’s effects through the GluN2B-NMDARs (Ide et al., 2017). Intriguingly though, 

administration of (R)-ketamine, a enantiomer variant also found to produce antidepressant-like effects, did not 

produce a decrease in depressive behaviors in the GluN2D-/- animals but did attenuate these responses in 

wildtypes. While these results do little more than suggest that some of ketamine’s actions may still yet be 

exerted through GluN2D-containing NMDARs, much work is needed to more directly prove a role for an 

antidepressant effect of acute manipulation of these receptors, particularly at the level of neuropharmacology, 

as it is yet unknown if the deletion of GluN2D that we induced in the BNST of adult GluN2Dflx/flx mice could 

eventually lead to an upregulation in GluN2B expression. The insights we stand to gain via the study of GluN2D-

NMDAR potentiation at the level of both the BNST and the whole brain may thus greatly assist in the 
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development of novel therapeutic means for treating depression in a more selective manner that avoids the 

problems facing current NMDAR antagonists on the market today. 

 

Overall Conclusions and Final Remarks 

 

 Taken together, this dissertation aimed to examine the role of GluN2D-containing NMDARs in regulating 

excitatory signaling in the BNST in a region and cell-specific fashion, while also providing insight into the 

overarching implications for the manipulation of GluN2D-NMDAR signaling in the pathophysiology of 

depression. To achieve this, we utilized a combination of techniques to address the effects of GluN2D deletion, 

which had previously been shown to drive increases in negative affective behaviors, on BNST synaptic function, 

excitatory-inhibitory balance, and downstream behavioral output, with a particular focus on the stress-

responsive population of BNST neurons expressing the neuropeptide CRF. Numerous studies have shown 

excitatory activity within the BNST and at CRF (+) cells to be altered in rodent models of depression, with the 

BNST additionally showing sensitivity to GluN2B-NMDAR antagonism associated with driving antidepressant 

effects, and that the manipulation of CRF (+) cells and CRF signaling at CRFR1 receptors can result in either 

the exacerbation or suppression of depressive-like behaviors. Despite this, both GluN2B and CRFR1 

antagonists have failed to produce lasting and consistent relief from the symptoms of depression in clinical trials, 

suggesting a need for more selective means of regulating the changes that occur at the level of both modulatory 

and excitatory signaling systems in the disease state. Through our work’s focus on the BNST, we identified the 

GluN2D-NMDARs as a physiologically relevant receptor population in regards to regulating the overt activity of 

the BNST and its participation in driving anxiety and depressive-like behavior and as highly abundant on BNST 

CRF (+) neurons. 

 While pan NMDAR antagonists such as ketamine have recently gained FDA approval for the 

widespread treatment of depression and other mood disorders, whether it achieves this effect through 

overarching NMDAR inhibition or at a specific NMDAR subtype is unknown. The prospect of NMDAR subtype 

specific antidepressant actions is intriguing, and could promise more effective treatment of this disorder across 

larger patient populations while avoiding the negative side effects of ketamine that may be associated with its 

broad off target activity at receptors and moieties aside from the NMDARs (Panos et al., 2018). Similarly, the 
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regulation of the CRF signaling system via CRFR1 antagonists may fail to success treat depression due to a 

greater need to regulation the cellular sources of CRF secretion and participation in stress-salient circuitry as 

opposed downstream receptors responsive to the neuropeptide alone. Our findings here suggest that the 

GluN2D-NMDARs serve as a unique receptor for controlling the activation of CRF (+) neurons and key 

structures implicated in affective behavioral output such as the BNST, and may thus represent a more 

efficacious target for treating excitatory and modulatory signaling dysfunction in depression. Future studies into 

the physiological function of GluN2D-NMDARs in other limbic regions and neural circuits implicated in driving 

anxiety and depressive-like behaviors and as expressing some level of GluN2D (Monyer et al., 1994; Sheng et 

al., 1994; Wenzel et al., 1996) will be important to build upon our work here and further support this notion. 

Ultimately though, we anticipate such work to provide key insights into excitatory signaling function, and in the 

development of novel and more highly efficacious treatment for depression and other affective disorders. 
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APPENDIX A 

 
Evaluating the Expression Profile of the GluN2D Subunit across Additional  

BNST Neuropeptidergic Cell Populations 

 

 As outlined in Chapter 2, after being unable to determine any notable differences the excitatory 

physiological profiles of unspecified BNST neurons patched in acute ex vivo brain slices from GluN2D+/+ and 

GluN2D-/- mice, we turned to the use of RNAscope in situ hybridization assays to identify potential specific 

populations of cells within the BNST that may more selectively express GluN2D-NMDARs. These initial efforts 

identified BNST cells positive for Crh mRNA transcripts as one such unique population that extensively co-

labeled with Grin2d mRNA as well, suggesting to use the potential that the GluN2D-NMDARs within the BNST 

may be expressed on neurons that have been shown to contribute to the regulation of stress-related behaviors. 

Given the relatively low abundance of Grin2d (+) cells within the BNST overall, and their presence on ~75% of 

all BNST-CRF cells, we hypothesized that these receptors may be more preferentially expressed on 

neuropeptidergic cells within the BNST when compared with other interneurons spread throughout the region. 

To test this, we decided to run additional RNAscope assays using custom cDNA probes designed to mark 

mRNA transcripts for NPY (Npy) and pro-dynorphin (Pdyn), two neuropeptides that have been similarly 

implicated in drive stress-responsive behavior. NPY expressing neurons within the BNST in particular (as 

discussed above) have been shown to act in direct opposition to BNST CRF neurons in regards to regulating 

BNST inhibitory transmission (Kash and Winder, 2006), and their activation has been suggested to reduce 

anxiogenic behaviors as opposed to driving or exacerbating them (Desai et al., 2014; Ide et al., 2013; Tasan et 

al., 2009; Pleil et al., 2015). Several studies have also suggested that dynorphin (DYN) signaling and/or DYN (+) 

cell activity within the BNST may also be associated with its regulation of stress and affective behaviors, with 

examinations of prodynorphin transcript levels shown to increase in the BNST following forced swim stress 

(Chung et al. 2014) and more recent work showing that the activation of DYN (+) neurons within the BNST via a 

BLA circuit is able to drive increases in anxiety-like behavior that can be reversed via kappa opioid receptor 

deletion (Crowley et al., 2016). Systemic CRF administration has also been shown to enhance kappa opioid 

receptor binding in the extended amgydala and elevated extracelluar dynorphin concentrations in the CeA 

following intra-amygdalar injections (Land et al., 2008; Lam and Gianoulakis, 2011), further linking dynorphin not 

only to the stress response, but specifically to the CRF signaling system as well. Using the same procedures 
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and conditions for RNAscope listed above in Chapters 2 and 3, we tested for the presence and co-labeling of 

Npy, Pdyn, Crh and Grin2d probes in sections containing the anterior (dorsolateral) BNST taken from two 

separate cohorts of 3-4 C57Bl6/J male mice.  

 In regards to our studies of Npy transcript expression in the BNST (Fig. 18A-E), we were surprised to 

find that Npy and Grin2d showed a highly level of co-localization on cells within this region than we have had 

observed for Crh and Grin2d co-localization, with nearly ~90% of all Npy (+) cells showing co-labeling with 

Grin2d probes as well. Upon further analysis of the total number Npy/Grin2d (+) cells compared with those 

labeled for only Npy (+), we observed that this increased co-localization between the two transcript was highly 

significant as well (Fig. 18D-E Npy [+] only=9 cells, ~11.4% of total Npy [+] cells, Npy+Grin2d [+]=68 cells, 

~86.1%, Npy+Crh [+]=0 cells, Npy+Crh+Grin2d [+]=2 cells, ~2.5%; t[4]=17.73, p<0.0001, unpaired t-test), 

suggesting that functional GluN2D-NMDARs may also be highly localized on this subset of BNST neurons as 

well. We also analyzed the co-localization patterns of Npy and Crh probes on across all Grin2d (+) cells in the 

BNST, as well as the co-localization of Npy and Grin2d on Crh (+) neurons in isolation as well (Fig. 18A-B). 

When examining total Grin2d (+) cells, we found that both Grin2d/Npy and Grin2d/Crh co-labeled cells 

compromised similar, but small, proportions of the total Grin2d (+) cells across samples (Fig. 18A Grin2d [+] 

cells=644, ~83.3% of total Grin2d labeled cells, Grin2d+Crh [+] cells=59, ~7.6%, Grin2d+Npy [+]=68, ~8.8%, 

Grin2d+Crh+Npy [+] cells=2, ~0.26%). We also noticed little to no co-labeling of cells for both Npy or Crh 

transcripts, as well as little to no co-labeling of cells for all three transcripts in combination. This we also 

observed this pattern of labeling when examining the Crh (+) cells on their own, however we found very similar 

patterns of Crh/Grin2d co-localization once again, bolstering our previous in situ findings presented above in 

Chpater 2 (Fig. 18B Crh [+] cells=18, ~22.8% of total Crh [+] cells, Crh+Grin2d [+] cells=59, ~74.7%, Crh+Npy 

[+] cells=0, Crh+Npy+Grin2d [+] cells=2, ~2.5%). These results appear to indicate the BNST CRF (+) and NPY 

(+) cells exist as largely separate populations, with little to no cells within the anterior (dorsolateral) region of the 

nucleus at least showing co-expression of the two neuropeptides.  
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Figure 18. Grin2d mRNA robustly co-localizes with neuropeptide Y (NPY) transcripts in dlBNST.  
(A) Representative image of the dlBNST (outlined via dashed white lines) at 20x magnification after undergoing 
RNAscope® (top left), showing individual cells with DAPI (blue) counterstained nuclei labeled for Grin2d (red), 
Crh (green) or Npy (magenta) mRNA transcripts. The red boxed area (top right) shows a representative high 
magnification image of the dlBNST at 63x, along with sample images to the far right of cells labeled for each 
transcript of interest, and Npy and Grin2d transcripts co-localized to the same cell. (B) Summary graph showing 
the portion of total counted Grin2d (+) dlBNST cells (left & right dlBNST, N = 3 C57BL/6J mice) labeled for the 
Crh or Npy transcripts alone or in combination. Grin2d/Crh and Grin2d/Npy labeled cells comprised a similar, 
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but low percentage of the total Grin2d (+) population within the BNST. (C) Summary graph of the Crh (+) cell 
populations in the dlBNST. As a portion of these cells, those co-labeled for Grin2d are shown to make up a 
greater overall percentage once again, while a very low portion of Crh labeled cells co-localized with Npy 
transcripts. (D) Summary graph of Npy (+) cell populations co-labeled for Grin2d and Crh. Npy/Grin2d (+) cells 
comprised a large majority of total Npy (+) cells, while co-labeling of Npy and Crh was again shown to be very 
low. (E) Additional comparison of cells labeled for the Npy transcript alone with those labeled for Npy and 
Grin2d in combination shows the number of co-labeled cells to be significantly higher (p<0.0001). All data are 
presented as means ± SEM with individual data points overlain. ****p≤0.0001. 
 

 The prospect of GluN2D-NMDAR expression on BNST NPY (+) cells is both exciting and highly 

interesting when considering the oppositional role that the two peptidergic populations appear to play both in 

regulation BNST excitatory-inhibitory activity and in regards to how this output may influence changes in 

downstream behavior. While we were interested to follow up on this, and perform similar functional analysis of 

NPY (+) cells using an approach similar to the one we developed for isolating and recording from BNST CRF (+) 

cells in both GluN2D+/+ and GluN2D-/- mice, we decided to postpone such studies due in part to the burden of 

generating a new triple transgenic line, as well as conflicting reports from collaborators regarding the 

integrity/reliability of current commercially available Npy-Cre mouse lines. Despite this, there are still a number 

of potential future directions that can currently be undertaken to examine the effects of GluN2D manipulation or 

deletion on BNST NPY (+) cell function without the immediate need for electrophysiological approaches, 

including the use of combine behavior and post hoc ISH studies for Fos labeling in these neurons, as well as 

further experiments within this same vein that can incorporate an additional level of pharmacology, using Y1 or 

Y2 agonists or antagonists injected systemic prior to behavior challenge to see if the regulation of NPY signaling 

alters Npy and Fos transcript co-localization in the BNST. Additionally, the generation of more robust reporter 

lines for NPY (+) cells that also allow for the incorporation of optogenetic manipulation of these neurons may 

open the door to more in depth functional studies within the lab (Daigle et al., 2018). It would also be interesting 

to add the analysis of BNST CRF (+) function into these studies as well, in order to see if changes in the 

excitability or excitatory profile on these cells as observed in BNST, GluN2D deleted animals produces 

compensatory changes in the function of BNST NPY (+) cells as well.  

 While a significant level of co-expression appeared to be indicated for GluN2D and NPY in this first set 

of assays, the overlap we observed for between GluN2D subunit and prodynorphin transcripts within the BNST 

was not as robust (Fig. 19A). We did however notice a slight overlap of the two, with ~30-35% of total Pdyn (+) 

cells showing Grin2d transcript co-localization (Fig. 19B, lower; Pdyn [+] cells=157, ~47.6% of total Pdyn [+] 
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cells, Pdyn+Grin2d [+] cells=77, ~23.4%, Pdyn+Crh [+] cells=55, ~16.6%, Pdyn+Crh+Grin2d [+] cells=41, 

~12.4%). This appeared to indicate that at least a subset of DYN (+) cells within the BNST may express 

GluN2D-NMDARs. Interestingly, when we examined co-localization of transcript when looking at the Grin2d (+) 

cells and Crh (+) cells in isolation, we noticed several interesting features of how these population percentiles 

broke down. In regards to the total Grin2d (+) cells, Pdyn+Grin2d (+) cells were found to represent a similar, but 

low, proportion of these labeled neurons to Crh+Grin2d (+) cells, showing a slight trend for GluN2D transcript 

distribution across neuropeptidergic populations (Fig. 19B, upper; Grin2d [+] cells=726, ~81.4% of total Grin2d 

[+] cells, Grin2d+Crh [+] cells=48, ~5.4%, Grin2d+Pdyn [+] cells=77, ~8.7%, Grin2d+Pdyn+Crh [+] cells=41, 

~4.6%). For total Crh (+) cells, however, we noticed that nearly 50% of these neurons also exhibited co-labeling 

with Pdyn transcripts (Fig. 19B, middle; Crh [+] cells=42, ~22.9% of total Crh [+] cells, Crh+Grin2d [+] cells=48, 

~25.7%, Crh+Pdyn [+] cells=55, ~29.5%, Crh+Pdyn+Grin2d [+] cells=41, ~22.0%). Similarly levels of Crh and 

Grin2d levels (though slightly lower) were also observed across these metrics, again bolstering this past 

observation. However, the high overlap of Crh and Pdyn was intriguing, and perhaps unsurprising, considering 

the strong link that has been shown between the two signaling systems. 
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Figure 19. Grin2d mRNA shows modest co-localization with prodynorphin (Pdyn) transcripts in dlBNST.  
(A) Representative image of the dlBNST (outlined via dashed white lines) at 20x magnification after undergoing 
RNAscope® (top left), showing individual cells with DAPI (blue) counterstained nuclei labeled for Grin2d (red), 
Crh (green) or Pdyn (magenta) mRNA transcripts. (B) Summary graphs showing the portion of total counted 
Grin2d (+) dlBNST cells (left & right dlBNST, N = 3 C57BL/6J mice) labeled for the Crh or Pdyn transcripts alone 
or in combination (upper), Crh (+) cells labeled for the Grin2d or Pdyn transcripts alone or in combination 
(middle), and Pdyn (+) cells labeled for the Grin2d or Crh alone or in combination (bottom). 
 

 The prospect of co-release of dynorphin and CRF from the same neuron, is quite interesting and may 

warrant further investigation. Additionally, although the extent of co-localization we observed for Pdyn and 

Grin2d was lower than that observed with both Crh and Npy, our results here suggest that the effects of 

GluN2D-NMDAR-mediated excitatory signaling at these cells could be occurring to a limited degree. 

Examination of whether or not the receptors may be restricted to a subset of DYN (+) BNST neurons that 

participates in a specific circuit would be potentially exciting to pursue as well, especially when considering the 

role of the BLA inputs to BNST DYN (+) in regards to the regulation of stress related behavior outlined in 

Crowley et al. (2016). If GluN2D-NMDARs are more preferentially expressed on this DYN (+) population when 

compared with others throughout the region, which could be readily tested via anatomical tracing and 

RNAscope using Pdyn-Cre transgenic mice and stereotaxic injections of Cre-dependent retrograde tracers into 

the BNST (or anterograde tracers in the BLA of C57 mice), a finding such as this may serve to further implicate 

the GluN2D-NMDARs as a crucial receptor class for regulating the excitatory function and response to 

glutamate of other classes of BNST neurons involved in processing stress salient information. 

 Taken together, the findings from these additional experiment suggest other populations of specialized 

BNST neurons may also show selective expression of the GluN2D-NMDARs, and suggest that these receptors 

also be more preferentially sequestered on neuropeptidergic BNST interneurons as well. More extensive 

qualitative labeling studies of the BNST and its highly heterogenous cell populations will be required to prove 

this, however. Additionally, studies of the distribution and expression patterns of GluN2D protein and/or Grin2d 

transcripts at other neuropeptidergic cell populations expressed throughout the brain (particularly in relevant 

extended amygdalar or limbic structures) may also provide additional insights into the potential role of these 

receptors within the adult brain, particularly into their apparent contribution to the regulation of affective 

behavior. 
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APPENDIX B 

 

Examining Changes in Grin2d Gene Expression in Response to Stress 

 
 

 Several preclinical studies have indicated that apart from an apparent elevation in glutamate 

concentrations that is often seen at the level of both animal models and patients suffering from depression 

(Chandley et al., 2014; Graybeal et al., 2012; Sanacora et al., 2004), rodent models of depression and/or 

chronic stress also show alteration in NMDA receptor subunit gene expression. Indeed, GluN1, GluN2A and 

GluN2B levels (both transcriptionally and translationally) have been found to be elevated in regions such as the 

ventral hippocampus and prefrontal cortex in rats undergoing chronic stress paradigm (Calabrese et al., 2012), 

while postmortem studies of the brains of MDD patients have shown similar findings, particularly in regards to 

GluN2B and GluN2C levels within the locus coeruleus (Karolewicz et al., 2005; Chandley et al., 2014). 

Treatment with typical antidepressants, interestingly, has been shown to normalized the increased expression 

for these subunits in rodents (Calabrese et al., 2012), suggesting that alterations in the transcription and 

translation of NMDAR subunits may occur in response to affective stimuli salient to depression. Few studies 

however appear to have investigated whether or not these changes can occur at the level of GluN2D gene 

expression under similar conditions, and indeed, little is known about the dynamics of GluN2D 

transcriptional/translational regulation both in response to acute stressors or in disease states that may arise 

from maladaptive responses to chronic stress.  

 Thus, in this next small subset of experiments, we sought to gain insight into whether or not GluN2D 

gene expression was impacted at all under such conditions, particularly in several key limbic structures that 

have been implicated in the stress response, and that are known to shown heightened levels of GluN2D 

expression overall in the adult brain. Using restraint as our acute stressor, we exposed a small cohort of female 

mice to 60 minutes of restrain tube stress, which we have previously shown to produce robust changes in gene 

expression at the level of the BNST (Fetterly et al., 2019), and then waiting an additional 60 minutes afterwards 

before extracting brain and taking tissue punches of these aforementioned brain regions for processing and 

RNA extraction (Fig. 20A). Samples consisted of two, 0.8mm punches taken bilaterally from each structure per 

animals (no pooling of tissue was performed), and following extraction and purification, all RNA samples were 

tested for their overall concentration, and then diluted in preparation for well plate loading and real time 
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quantitative PCR analysis (qRT-PCR). Samples were loaded in replicates, and custom Taqman cDNA probes 

designed for Grin2d and Gapdh (internal control/house-keeping gene) were mixed in with each sample prior to 

amplification. Changes in gene expression were then performed using the ∆∆Ct method to compare the 

normalized expression of our gene of interest (Grin2d) in stressed animals to that of control animals that 

underwent no restraint stress.  

 

Figure 20. Acute restraint stress may produce alterations in Grin2d gene expression across multiple 
brain regions. (A) Experimental paradigm for restraint stress procedure, as well as timing for tissue preparation 
and RNA extraction following stress exposure. An inset showing the restraint stress apparatus is shown on the 
left. (B) Grouped data showing changes in the relative, normalized expression of Grin2d across five separate 
brain regions in female mice following restraint stress exposure (purple), and in control females that underwent 
no restraint stress (blue). (C) Region by region comparisons of changes in relative, normalized Grin2d gene 
expression in restrained (n=3 females) and unrestrained (n=3 females) mice. Slight trends indicative of 
increased expression of Grin2d in response to stress were noted in the BNST (p=0.41) and septum (p=0.06), 
while a significant increase in expression compared to unstressed conditions were noted in the thalamus 
(p=0.003). Conversely, trends indicating a decrease in Grin2d expression were noted in both the hypothalamus 
(p=0.35) and hippocampus (p=0.35). All data presented as means ± SEM overlain with individual points. 
**p≤0.01, n.s. = not significant. 
 

 Even in this smaller cohort of animals, we observed noticeable changes in the expression profile of the 

Grin2d gene across all five regions in response to acute restraint stress (Fig. 20B). Indeed, when we broke 

down the data by region to observe changes in relative normalized expression under either stress or unstressed 

conditions, both the BNST and the septum revealed non-significant increases in overall Grin2d expression when 

compared with control levels of expression, while expression levels in the thalamus of stressed animals showed 
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a significant increase relative to unstressed animals (Fig. 20C, BNST: Non-Restr.=0.64 rel. norm. expression, 

Restr.=0.84, t[4]=0.93, p=0.406; Septum: Non-Restr.=0.63, Restr.=0.90, t[3]=2.98, p=0.058; Thal.: Non-

Restr.=0.71, Restr.=1.0, t[3]=9.01, p=0.003, unpaired t-tests). By contrast, in samples from both the 

hypothalamus and hippocampus, we observed trends indicating a potential decrease in Grin2d gene expression 

in response to restraint stress when compared with non-stressed controls (Hypo.: Non-Restr.=1.13, Restr.=0.99, 

t[4]=1.06, p=0.347; Hipp.: Non-Restr.=0.28, Restr.=0.20, t[3]=1.11, p=0.346, unpaired t-tests). This may suggest 

that Grin2d expression is uniquely regulated across different stress-responsive structures in response to 

negative stimuli such as restraint stress. However, while promising, these studies are still underpowered, and 

would require replication in order to more definitively provide substantial data to support such claims. 

Additionally, while these studies were initially performed using female mice due to availability, given the known 

differences in stress-responsive behavior and physiological adaptations that is often observed in females when 

compared with male mice, particularly in regards to restraint stress (Babb et al., 2013), it would also be prudent 

to replicate these studies in male mice in order to confirm that these alterations in Grin2d gene expression is 

generalized across sexes, and not linked to one sex more preferentially over the other. 

 Due to the aim of the work presented in this dissertation turning away from any interest in gene 

expression profile in favor of examining the physiological effect of GluN2D manipulation within the BNST alone, 

these experiments were not expanded upon much further than what is presented above. However, given 

previous findings that NMDAR subunits, as well as other synaptic proteins, closely associated with GluN2B are 

notably altered in their expression profiles within the BNST in response to chronic intermittent ethanol exposure 

(CIE), a paradigm used to model chronic ethanol abuse and withdrawal, it is possible to hypothesize that the 

GluN2D subunit may be altered in response to other stressors such as this as well (Wills et al., 2017). Indeed, 

previous proteomic data from our lab has indicated that the GluN2D protein is associated with the GluN2B 

subunit in the BNST (Fig. 21), and thus may be incorporated into BNST NMDARs along with GluN2B to form a 

pool of triheteromeric receptors, as discussed in the Conclusions section above. The potential impact of such 

receptors on the physiology, particularly in regards to synaptic function, within the BNST may thus warrant 

further study of specific changes in the expression profile of Grin2d in response to other stressors modeling 

aspects of depression that may yield information more germane to the research presented here, or aspects of 

addictive disorders, particularly ethanol abuse disorders. The prospect of these latter investigations will be 
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discussed briefly in the final section below, and may hopefully hold some promise for an interesting new 

direction of research into GluN2D-NMDAR function within the BNST in models of addictive disorders. 

 

Figure 21. Proteomic analysis suggests GluN2B/2D association in BNST. (A) Outline of workflow for the 
collection and processing of mouse BNST and hippocampal tissue for fractionation and immunoprecipitation of 
GluN2B prior to mass spectrometry analysis for other associated proteins. (B) Spectral counts of synaptic 
fragments, showing relative levels of GluN1, GluN2A and GluN2D associated with GluN2B in mouse BNST and 
hippocampus; GluN2D is noticeably present in BNST but not hippocampus of adult animals. Unpublished data 
courtesy of Tiffany Wills and A.J. Baucum. 
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APPENDIX C 
 
 

Implications for GluN2D-containing NMDARs in the Physiological Changes in BNST  

Synaptic Function in Response to Ethanol Exposure and Withdrawal 

 

 Several lines of research into the exact stoichiometry of NMDARs containing the GluN2D subunit in vivo 

have all strongly suggested that it is most likely incorporated into triheteromeric receptors that also contain the 

GluN2B subunit (Brickley et al., 2003; Harney et al., 2008; Brothwell et al., 2008; Engelhardt et al., 2015; DuBois 

et al. ,2015; Swanger et al. 2015). This appears to be thought to be particularly true in the case of GABAergic 

interneurons expressing GluN2D, which account for the vast majority of GluN2D positive cell populations in the 

adult brain (Monyer et al., 1994; Sheng et al., 1994; Zhang et al., 2014; Kotermanski and Johnson, 2009). When 

considering these finding in regards to the BNST, a region predominantly consisting of GABAergic interneurons, 

as well as our own data shown above in Fig. 21, it seems highly likely that the majority of GluN2D-containing 

NMDARs within the BNST also contain GluN2B. Indeed, the robust expression profile of GluN2B indicated 

within the BNST (Monyer et al., 1994; Sheng et al., 1994; Wenzel et al., 1996), along with additional evidence 

from our lab showing a prominent disruption of regional plasticity and excitatory synaptic function following 

GluN2B selective deletion or pharmacological inhibition in the BNST indicates that GluN2B-NMDARs play an 

essential role in maintaining the physiological integrity of the region (Wills et al., 2012). This seems to be 

particularly true in regards to the BNST’s response to ethanol (Wills et al, 2012; Carzoli et al., 2019). 

Independent of regional expression, the GluN2B-NMDARs seem to display a particular sensitivity to chronic 

ethanol exposure, with several studies showing the expression of GluN2B to increase in response to such 

conditions (Follesa and Ticku, 1995; Narita et al., 2000; Wills et al., 2012). Additionally, chronic ethanol use and 

withdrawal has been noted to produce a recruitment of GluN2B-NMDARs to the synapse from extra-synaptic 

locations (Clapp et al., 2010; Wills et al., 2012), and it is unsurprising that it has also been demonstrated that 

such changes in GluN2B-NMDAR clustering at the synapse can have a significant impact on the presentation of 

multiple different forms of LTD and LTP (Bartlett et al., 2007; Liu et al., 2004). Considering that the current 

literature on GluN2D-NMDAR localization at the synapse has also suggested that these receptors may show a 

higher preference to cluster at extra-synaptic sites (Lovovaya et al, 2004; Morris et al., 2018; Brickley et al., 

2003; Papouin and Oliet, 2014), while also demonstrating the ability to move into the synapse (Harney et al., 

2008; Volianskis et al., 2015), we were interested in investigating whether or not changes in the expression of 
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GluN2D would produce any significant impact on BNST synaptic function in response to acute withdrawal from 

chronic ethanol exposure. 

 To test this, we performed an initial test replicating the parameters and testing conditions for such 

physiological studies following chronic intermittent ethanol exposure (CIE) in GluN2D+/+ and GluN2D-/- male 

mice as outlined in Wills et al. (2012) and Kash et al. (2009), which developed an effective protocol for 

interrogating NMDAR-mediated changes in synaptic function following CIE. Mice underwent two round of CIE 

consisting of four 16 hour bouts of volatilized ethanol vapor exposure (20.3±0.2 mg/L) followed by four 8 hour 

withdrawal periods back in their home cages, separated by 3 days of complete withdrawal from all ethanol 

exposure (Fig. 22A). To achieve reliably high blood alcohol levels in the mice during CIE, animals were injected 

with 1 mM/kg of pyrazole to prevent ethanol metabolism, and a priming dose of 0.8 g/kg of ethanol. Control 

animals were administered pyrazole in a similar manner, but did not receive ethanol priming doses or undergo 

exposure to volatilized ethanol like the CIE animals, instead being placed in a chamber where they were 

exposed to volatilized water vapor. On the final day of vapor chamber exposure, animals were sacrificed 4-5 

hours following their removal in order to allow for acute withdrawal to set in, and the brain prepared for slice 

electrophysiology as outlined above in Chapters 2 or 3. Similar protocols were also followed to induce LTP 

within acute ex vivo BNST slices while performing field potential recordings. 

 For the purposes of these initial experiments, our analysis primarily focused on examining the ethanol 

exposed group in order to determine any salient changes to BNST plasticity in the GluN2D-/- mice following 

acute ethanol withdrawal in comparison with the GluN2D+/+ mice. Intriguingly, following the application of a 

tetanizing stimulus (Fig. 22B, arrow insert), slices from the ethanol withdrawn GluN2D-/- mice show a robust 

potentiation of LTP when compared with the responses measured from GluN2D+/+ ethanol withdrawn mice (Fig. 

22B). Indeed, while LTP was still induced within the GluN2D+/+ slices, the potentiation observed within GluN2D-/- 

slices demonstrated a nearly 50% increase relative to baseline over the increase over baseline observed for the 

wildtypes when examining the amplitude of these responses up to 10 minutes post-tetanus (Fig. 22C, [left] % 

increase over baseline 2D+/+: 145.3±7.4%, 2D-/-: 185.0±12.9%, t[9]=2.78, p=0.021, unpaired t-test). This effect, 

however, was only notable early on post-tetanus, as an analysis of the difference in the total amplitude of 

responses for both the GluN2D+/+ and GluN2D-/- during the final 10 minutes of the hour long recording post-

tetanus, no significant difference could be observed between either group (Fig.22, [right] % increase over 
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baseline 2D+/+: 115.7±8.0%, 2D-/-: 144.6±11.7%, t[9]=2.10, p=0.066, unpaired t-test). The total amplitude of 

response measured for the GluN2D-/- was elevated at this time point when compared with the GluN2D+/+, 

though, suggesting a potential trend to an overall increase in the strength of potentiation for the duration of the 

60 minute experiment that may be pulled out further upon replication. 

 

 

Figure 22. Global deletion of GluN2D may produce a prominent increase in BNST synaptic potentiation 
in response to withdrawal from chronic ethanol exposure. (A) Schematic of CIE paradigm utilized in these 
studies, including parameters for slice preparation. (B) Averaged time courses of excitatory post-synaptic field 
potentials recorded from the dlBNST of post-CIE 2D+/+ and 2D-/- acute, ex vivo brain slices after high frequency 
stimulation (arrow; two, 1-s trains at 100 Hz). (C) Summary graph of the averaged field potential responses 0-10 
mins after tetanus and (D) 51-60 mins after tetanus. A significant difference in the amplitude of responses 
recorded from post-CIE 2D-/- slices was noted for up to 10 mins following tetanus when compared with post-CID 
2D+/+ controls (p=0.021), but not during the final 10 mins of recording (p=0.066). Data presented across 
summary graphs as means ± SEM with individual points overlain (n2D+/+ = 6 slices from N2D+/+ = 3 mice, n2D-/- = 5 
slices, from N2D-/- = 4 mice). *p≤0.05, n.s. = not significant. 
 

 Much as in the case of the data presented in Appendix B, the results of our finding in this small series of 

experiments show potential promise of a more interesting effect occurring in the BNST of rodents following 
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acute ethanol withdrawal implicating GluN2D-NMDARs, but additional experiments will be required to flush this 

effect out more prominently. Indeed, as the effects of ethanol exposure on BNST GluN2D-NMDAR synaptic 

physiology were not a focus of the dissertation research presented here, these experiments represented an 

attempt to examine a potentially interested tangential avenue of research related to the primary topic of interest 

of this work: the role of GluN2D-mediated excitatory signaling in the BNST as related to the pathophysiology of 

depression. Ethanol abuse disorders, and more specifically the withdrawal from chronic ethanol abuse, often go 

hand in hand with anxiety-related and depressive mood disorder, with several clinical datasets showing a high 

comorbidity of depression in patients suffering from chronic alcohol abuse (Grant et al., 2015; Fergusson et al., 

2011). Considering the evidence gained from the work presented above indicating a potential role for the 

GluN2D-NMDARs in modulation BNST function and behavioral responses correlated with depression, as well as 

other ancillary findings suggesting the possible incorporation of GluN2D subunits into GluN2B/D triheteromers in 

the BNST, investigating whether or not this receptor population plays an intersectional role in the BNST’s 

response to ethanol use and withdrawal that may factor into the affective changes noted to accompany chronic 

ethanol abuse may be a fruitful area for future investigations. In addition to attempts to replication the work 

shown above, a localization of this effect to specifically within the BNST will also be prudent in order to 

determine whether the effects noted are indeed due to the result of GluN2D deletion alone or the likely 

compensatory increase in GluN2B expression levels that we have shown to occur in the constitutive knockout 

line used in these initial CIE experiments (Fig. 12). Use of the GluN2D conditional knockout line developed for 

this dissertation work would readily allow for the performance of these studies, and would also lend itself to 

additional studies on the effects of chronic ethanol use on BNST function and associated affective behavioral 

changes upon withdrawal. Apart from CIE, more translational relevant experiments could be performed using 

the ethanol two bottle choice paradigm, a 6 week long task that presents rodent with a choice between a sipper 

bottle containing a ramping concentration of ethanol (3%→7%→10%) and a bottle containing water to drink 

from ad libitum used to measure ethanol preference and non-contingent drinking behavior. Animals developing 

a strong preference for ethanol could be submitted to a forced abstinence period following chronic drinking and 

then run across several behavioral task examining anxiety and depressive-like behaviors in order to determine 

whether GluN2D deletion from the BNST of adult mice could contribute to an exacerbation of negative affective 

(and more specifically, depressive) phenotypes, as observed in our work in Chapter 3. Several reports from our 
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lab have already established a potential link between changes in BNST function and increases in such 

behaviors following abstinence (Centanni et al., 2019, Vranjkovic et al., 2018) particularly in regards to changes 

in CRF signaling and NMDAR-mediated synaptic physiology (Silberman et al., 2013; Silberman and Winder, 

2013; Kash et al., 2009; Vranjkovic et al., 2018). These effects as related to BNST NMDAR function following 

ethanol withdrawal specifically have been correlated with increases in anxiety-like behaviors in rodents (Kash et 

al., 2009), and demonstrated that the physiological changes observed in the BNST were most likely driven by 

increased GluN2B-containing NMDAR levels. Interestingly as well, recent reports from the Heilig group have 

also suggested that GluN2D gene expression is decreased significantly in the brains of rats that develop a 

strong ethanol preference undergoing withdrawal when compared with control or non-ethanol preferring animals 

(Augier et al., 2018), further indicating a potential link between GluN2D expression/containing-NMDAR function 

and the effects of ethanol. Collectively, these previous findings suggest that the transposition of our work 

presented in this dissertation aimed at understanding BNST GluN2D-NMDAR function under basal conditions to 

future studies under ethanol abuse or withdrawal conditions may very likely show a role for this subunit in these 

previously reported physiological and behavioral changes. The identification of GluN2D-NMDAR involvement in 

the ethanol mediated effects at the BNST may also suggest an exciting new means by which NMDAR function 

can be selectively targeted at a less prominent and more restricted receptor population for the potential 

treatment of alcohol abuse disorders.  
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