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Abstract 

Title of Dissertation: “Synaptic Blues: Corticosteroids and AMPA Receptor Function in 

Depression and Antidepressant Action” 

Mark Kvarta, Doctor of Philosophy, 2015 

Dissertation Directed by: Scott Thompson, Chair and Professor, Department of Physiology 

The pathophysiology underlying depression remains elusive, despite decades of research. 

Depression is most commonly treated, often unsatisfactorily, by manipulating synaptic 

serotonergic tone, yet the key substrates that mediate antidepressant efficacy are unknown. 

Chronic stress-based models recapitulate a depressive-like phenotype, but it is unclear how stress 

leads to specific neurobiological changes to induce a depressive-like neurobehavioral state. 

 

I used electrophysiology, molecular biology, and behavioral assays in rats and mice to 

address the inextricably linked questions “how do we become depressed?” and “how do 

antidepressants work?” I first contributed to the discovery that 5HT1BR-mediated increase in 

AMPA receptor function, via CaMKII phosphorylation of the S831 residue of GluA1, is a 

necessary action of serotonergic antidepressants, and contributed to the identification of 

hippocampal temporoammonic(TA)-CA1 synapses as a key site of dysregulation and serotonergic 

action in depression. Using the chronic unpredictable stress (CUS) model, I demonstrated that the 

TA-CA1 deficits caused by chronic stress are mediated by decreased synaptic GluA1 expression 

and AMPA receptor strength specific to distal apical dendrites. Decreased AMPA:NMDA 

stoichiometry at TA-CA1 synapses correlated with decreased sucrose preference scores, a model 

of anhedonia. In asking how CUS causes these synaptic and behavioral deficits, I found that 

chronic elevations in corticosterone(CORT) are both sufficient and necessary by administering 

exogenous CORT in lieu of CUS and by administering metyrapone (a corticosteroid synthesis 

inhibitor) during CUS, respectively. 

 



 

 

My results support a hypothesis that depression results from synaptic deficits at key 

excitatory synapses in cortico-mesolimbic circuitry, that these deficits are induced by chronic 

stress via corticosterone, and that antidepressant efficacy is mediated by reversing these synaptic 

deficits. This hypothesis suggests a novel antidepressant strategy by which other compounds or 

interventions can rapidly restore affective state by reversing chronic-stress- and corticosterone-

induced deficits in excitatory synapses. Consistent with this hypothesis, I also participated in a 

study showing that negative modulators of GABAA receptor function act as rapid antidepressants 

and restore AMPAR-mediated excitatory strength at TA-CA1 synapses. 
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1) Introduction 

“The pain is unrelenting, and what makes the condition intolerable is the 

foreknowledge that no remedy will come, not in a day, an hour, a month, or a 

minute. It is hopelessness even more than pain that crushes the soul.”  

–William Styron, Darkness Visible; A Memoir of Madness 

Profound sadness. Pervasive lack of pleasure. These core features characterize 

depression, a devastating neuropsychiatric disease which will afflict over 50 million of the current 

US population at some point in their life (Kessler et al., 2005). Depression is a leading risk factor 

for the estimated one million suicide deaths per year worldwide (World Health Organization, 

2012). The burden of depression is rising and is projected to become the second worldwide 

leading cause of disability by 2020 (Murray and Lopez, 1997); it already has the greatest impact 

of all biomedical diseases on disability in the United States (Flint and Kendler, 2014). 

Worldwide, depression is responsible for almost 12% of total years lived with disability (Ustün et 

al., 2004).  

One undeniable contribution to the enormous individual and socioeconomic cost that 

depression exacts is the inadequacy of its treatment, medical and otherwise. Current medications 

for depression are effective in only a subset of patients and act slowly, complicating treatment 

(Nestler et al., 2002). In the largest prospective clinical trial of depression to date, in which the 

effect of first-line treatments in practical settings was examined, only 47% of the nearly 3000 

depressed patients examined responded to a single course of treatment with citalopram, a 

selective-serotonin reuptake inhibitor (SSRI) (Gaynes and Warden, 2009). Only one third of 

patients achieved remission. In that subset of patients that eventually exhibited remission, average 

time to remission was 47 days. Furthermore, fewer than half (in some countries, less than 10%) of 

those affected by depression worldwide receive treatment (World Health Organization, 2012), 

perhaps in part because of the cost and sustained effort of continuous dosing required by the 

latency to improvement and the well-known ineffectiveness of SSRI treatment in many patients. 

A better understanding of the neurobiological basis of depression is desperately needed to 
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develop more effective and faster acting therapies. In this thesis, I pursue this understanding by 

primarily focusing on better understanding the nature of the changes that occur in the brain that 

underlie the symptoms of depression and on how those changes are triggered. 

The first clue came from an effort to answer the question “How do antidepressants 

work?” I and others in the lab discovered that a key action of antidepressant action is to potentiate 

synapses via serotonin receptor subtype 1B signaling that results in increased AMPA-type 

glutamate receptor phosphorylation at a specific serine residue, S831 (Chapter 3). This led us to 

ask the next question, “Why would potentiation of synapses contribute to the efficacy of 

antidepressants?” I used a chronic stress model of depression to examine first what happens to 

temporoammonic-CA1 synapses following chronic stress in a depressive-like phenotype (Chapter 

4). I demonstrated that this population of excitatory synapses in the hippocampus is specifically 

weakened in a depressive-like phenotype, driven by a loss of AMPAR strength and GluA1 

subunit expression. That is, antidepressants need to potentiate synapses because they are weak in 

a depressive-like state. I then asked the question “How does chronic stress cause these synapses 

to become weaker?” I demonstrated that corticosterone, the predominant glucocorticoid in 

rodents, is necessary and sufficient for chronic stress to translate into a depressive-like synaptic 

and behavioral phenotype (Chapter 5). Ultimately, my results contribute to a synthesis suggesting 

that signs and symptoms of depression are caused by weakening of key excitatory synapses and 

that this weakening is rescued as a key action of antidepressant action. I and others demonstrate 

this rescue as a shared effect of different antidepressant approaches (Chapter 6). I conclude that 

protecting these synapses from the effects of chronic stress and corticosteroids, and strengthening 

these synapses to reverse dysfunction, are critical to maintaining and restoring normal affect. 

These thus present appealing targets for therapeutic intervention.  
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Major Depressive Disorder 

Symptoms & Diagnosis 

Also known as Major Depressive Disorder (MDD) or Major Depression, depression is a 

disorder of persistently depressed mood that interferes with daily social or occupational activities, 

and, when severe, can lead ultimately to a feeling that life is not worth living. The criteria for 

diagnosis of depression according to the Diagnostic and Statistical Manual of Mental Disorders, 

Fifth Edition (DSM-5) include five or more symptoms that represent a change from previous 

functioning, at least one of which is either depressed mood or loss of interest or pleasure 

(anhedonia). Depressed mood and anhedonia are thus considered core symptoms. Symptoms are 

present every day or nearly every day over at least a 2-week period and may also include: 

significant weight loss or weight gain or change in appetite; insomnia or hypersomnia; 

psychomotor agitation or retardation; fatigue or loss of energy; feelings of worthlessness or 

inappropriate or delusional guilt; diminished ability to think or concentrate or indecisiveness; 

recurrent thoughts of death, suicidal ideation or suicide attempt.  

As with many mood disorders, there are no known biological hallmarks for depression, 

and therefore physicians must rely on the presentation of symptoms for diagnosis. Several 

questionnaires and scales have been created, and periodically updated, to aid in screening and 

diagnosis for depression, including the Hamilton Depression Rating Scale (Hamilton, 1960) the 

Beck Depression Inventory (Beck et al., 1961), and the Montgomery-Åsberg Depression Rating 

Scale (Montgomery and Åsberg, 1979). By standardizing diagnosis and providing quantitative 

measures of disease severity, these scales have been useful in screening potential therapies.  

 

It should be noted that patients who are depressed do not comprise a homogenous 

population of symptomatology. As noted above, either one of the two core symptoms –depressed 

mood or anhedonia—are required, along with several others for a total of 5 out of 9 listed 

symptoms (in the DSM). In the International Statistical Classification of Diseases and Related 
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Health Problems (ICD-10), two of the three core symptoms (depressed mood, anhedonia, and 

increased fatigability) are required in addition to two additional symptoms for the duration of two 

weeks to classify as a depressive episode. Clearly, there are hundreds of combinations of 

symptoms that would lead to diagnosis in either statistical manual. It seems most likely that a 

single pathology is not responsible for such a broad range of combinations of symptoms. Efforts 

have been made to further sub-classify clinical subtypes of depression (e.g. (Sharpley and Bitsika, 

2014) depressed mood, anhedonic depression, somatic depression and cognitive depression), 

echoing the criticism of a unitary diagnosis of what is most likely a collection of varying 

neuropathology, perhaps reflecting differences in the underlying brain circuits affected. 

Clinically, a limited distinction is typically made between endogenous depression, characterized 

by melancholic features including anhedonia and lack of mood reactivity, and atypical depression 

which is generally characterized by depressed mood with intact mood reactivity (i.e. positive 

change in affect in response to positive events), however these distinctions often bear little weight 

in clinical research design and treatment approaches. Poorly recognized depression syndromes 

may also contribute to the heterogeneity in live-imaging studies and post-mortem tissue studies. 

Depression is a heterogeneous condition, but we are able to examine the neurobiological 

substrates that underlie specific sets of symptoms that transcend traditional clinical statistical-

based diagnoses, just as the dysfunctional circuitry underlying specific symptoms can be altered 

in more than one mood or neurological disorder. 

 

Demographics & Risk Factors 

Epidemiologists have identified many factors that put individuals at risk of depression 

with the hope of providing insight into the pathophysiology of the disease. The overall lifetime 

prevalence of depression is estimated to be 16.9% in the United States, with studies consistently 

showing a higher prevalence in women than men (Weissman et al., 1996; Flint and Kendler, 

2014). However, an emerging body of literature suggests that men may experience similar rates 
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of depression, but the phenotype is masked by the fact that traditional depressive symptoms are at 

odds with gender and cultural norms, and can be revealed when taking into account potential 

alternative symptoms of depression. In a large co-morbidity survey, sex differences in prevalence 

were eliminated when allowing for the alternative symptoms of irritability, aggression, substance 

abuse, and risk taking (Martin et al., 2013). Other risk factors include emotional trauma, 

neurotropic viral infections (e.g. Borna disease), chronic medical conditions, stochastic processes 

during development, and shift work or altered light environment (Fava and Kendler, 2000; 

Nestler et al., 2002; LeGates et al., 2014). 

Depression and depressive symptoms are highly heritable. Having a first degree relative 

with depression imparts a 2.84-fold lifetime risk (Sullivan et al., 2000). Age of onset and 

likelihood of recurrence after relapse are most heritable (Levinson, 2006). Overall heritability is 

estimated to be about 38%, with most interest revolving around genetic mechanism. Indeed, many 

potential candidate genes involving the central nervous system (CNS) have been identified in 

large genetic studies comparing depressed and healthy individuals, but no single gene has 

particularly striking penetrance. Non-genetic mechanisms of heritability also play a role (e.g. 

shared environmental exposures, learned behavior, and parental care).  

Several genes responsible for the metabolism and signaling of the monoamine 

neuromodulators serotonin, dopamine and noradrenaline have been implicated in the genesis of 

depression, along with BDNF and corticotropin-releasing hormone receptor genes. Specifically, 

the Val66Met allele in the coding region of BDNF has been associated with reduced hippocampal 

volume, depression and suicidality (Verhagen et al., 2010; Hajek et al., 2012; Zai et al., 2012). 

Other leading candidates are polymorphisms in the serotonin transporter promoter region (5-

HTTLPR), the serotonin receptor gene HTR2A, and the monoamine oxidase A gene, all which 

interact with stressful life events and confer small positive associations to suicidal risk (Antypa et 

al., 2013). However, the effect size and significance of these polymorphisms and many others that 

showed promise have been contested by subsequent meta-analysis (Schild et al., 2013). No single 
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gene candidate seems to rise to the top as explanatory, as MDD seems to be a complex and 

heterogeneous collection of disorders caused by variations in multiple genes, each responsible for 

a small effect on risk or symptoms (Mandelli and Serretti, 2013). Convergence onto common 

molecular pathways is a theme that may suggest there are multiple ways to disrupt the same 

molecular and cellular targets and neuronal circuits. A wealth of evidence supports the 

involvement of heritable traits putting an individual at greater risk for depression in response to 

further environmental factors.  

Does the way in which the brain influences behavior and dictates how we interact with 

the environment contribute to the pathogenesis of depression? Human epidemiologists have 

attempted to characterize trait contributions to risk to answer this question. Indeed, there are 

several personality traits that are associated with mood disorders generally and depressive 

episodes or their onset specifically. The most striking risk factor regarding depression is 

neuroticism, frequently found to be the most powerful predictor of first or subsequent depressive 

episodes (Enns and Cox, 1997). Neuroticism is a personality trait characterized by anxiety, 

frustration, worry, fear, and inappropriately high frustration or emotion in response to minor 

stressors. High levels of neuroticism are associated with early-onset depression (age<30) (Bukh et 

al., 2011), a negative information-processing bias (Chan et al., 2007), and resistance to 

antidepressant treatment (Bock et al., 2010). Interestingly, neuroticism has been found to have 

significant non-genetic heritability (Eley et al., 2015), likely by either vicarious learning of 

suboptimal coping strategies or as a result of direct effects of neurotic parenting (e.g. 

overprotection, intrusiveness, and expressed anxiety).  

How is it that neuroticism contributes to depression? Approximately 55% of the genetic 

liability of major depression is shared with neuroticism (Kendler et al., 1993). Although the 

etiological factors shared by neuroticism and depression are tightly entangled, including genetic 

and early environment risk factors, neuroticism is believed to have its own causative effects via 

the greater distress that high-neuroticism subjects report (Kendler and Gardner, 2011). Proposed 
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mechanisms include greater exposure to stressful events and greater reactivity to those events. 

There is evidence for both mechanisms increasing stress load, with the greater effect caused by 

reaction to stressful situations (Bolger and Schilling, 1991). In addition to exacerbating the 

physiological and psychological response to discrete episodes of stress, neuroticism as a 

personality trait contributes substantially to temporally stable symptoms of both anxiety and 

depression (Kendler and Gardner, 2011).  

Depression and depressive symptoms can be secondary to other medical conditions, or 

share significant comorbidities, particularly with other neuropsychiatric diseases. Generally, 

chronic illness leads to increased rates of depression, potentially through the chronic 

physiological and psychological stresses of illness, shared risk factors, or unknown direct or 

indirect causes. Indeed, increased rates of depression are found in adults in inpatient settings 

compared to outpatient settings. Hypothyroidism is a common cause of depressive symptoms, and 

treatment of the underlying medical disorder is often a cure. Patients with diseases of 

hypercortisolism, either primary or secondary, and those treated with chronic steroids, also suffer 

from higher rates of depression. Chronic endogenous or exogenous steroid exposure can 

approximate external stress and subsequent activation of the hypothalamic-pituitary-adrenal 

(HPA) axis, and exact internal stress on the body. A common factor for all of these diseases 

contributing to depression is through chronic physiological and psychological stress of being ill. 

Despite all of these known contributors to risk for depressive illness, no one genetic trait, 

personality trait, or medical condition is specific or sensitive enough to be satisfying from an 

etiological perspective. However, many environmental factors are also associated with 

depression, and they primarily involve some form of stress.  
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Stress, Allostasis & Depression 

Stress: good gone bad 

The stress response is critical for survival in response to perceived threats to homeostasis; 

it is a powerful tool to quickly and maximally mobilize an organism’s resources to overcome an 

environmental challenge (Sapolsky, 1998). In the short term, stress shifts the priority of 

physiological systems to immediately increase fitness and survivability in the face of a threat. 

Acute stress can heighten sensory and cognitive function, increase metabolic capacity via 

increased oxygen and glucose delivery to muscles, and dampen pain sensitivity, all at the expense 

of putting expensive long-term “repair” or “construction” projects on hold, like growth, immune 

function, digestion, and reproductive function. However, repeatedly activating energy reserves 

and putting off growth and repair processes can eventually lead to chronic stress-related disease.  

Chronic or severe stress is intimately entwined with many forms of biological disease, 

including major depression. In one dramatic example, the odds ratio for the onset of major 

depression in the month of a stressful life event was greater than 5.6, with about two thirds of the 

risk by stress estimated to be causal (Kendler et al., 1999). The remainder of the association was 

attributed to individuals predisposed to depression were also predisposed to selecting higher-risk 

environments, which may also contribute indirectly to later onset. This prospective study 

replicated previous findings that depressed patients report more stressful life events than non-

depressed subjects (Billings et al., 1983), while eliminating potential confound of a negative 

valence memory bias in depression that would not be properly controlled in a post-hoc case-

control study.  

How does stress contribute to depression? Hans Selye championed the idea that chronic 

physiological over-activation exacted a toll on human health and contributed to disease, while 

recognizing the general adaptive quality of having a stress response – in fact he named chronic 

stress-based illness “general adaptation syndrome” (Selye, 1950). In fact, Selye posited that the 

benefit of antiquated non-specific therapies, like blood-letting and fever- or foreign protein-
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therapy, is due to kick-starting the stress response. The stress response was viewed as a drive 

towards restoring the milieu intérieur, in respect to the concept of homeostasis, propounded by 

legendary 19
th
 century physiologist Claude Bernard and elaborated by his scientific “grandson” 

Walter Cannon, respectively (Bernard, 1878; Cannon, 1929). That is, in health, the stress 

response increases fitness by promoting adaptation in this way to maintain homeostasis in 

response to varying environmental demands.  

Allostasis is the modern concept that several homeostatic set points can be differentially 

regulated to meet different demands in the internal and external environment over time (e.g. in 

response to physical or psychological stress) (Sterling and Eyer, 1988; McEwen, 1998). However, 

an allostatic adaptation to environmental challenge exacts a cost on the brain and body by 

repeatedly meeting these varying demands. This wear and tear is referred to as the allostatic load 

(McEwen, 1998). Especially in genetically susceptible individuals the cumulative allostatic load 

may become deleterious, becoming allostatic overload and leading to disease states (McEwen, 

2008). The CNS in general has a dynamic range of activity that is exercised over the course of 

daily life. This is most adaptive for facing environmental challenges when circuits required for 

homeostasis can be rapidly mobilized to meet demands, then turned down again quickly when the 

threat to homeostasis, whether physical or psychosocial, is no longer present. Therefore facing 

stress per se is not harmful, rather it is either chronic activation or the inability for the systems 

underlying these responses to turn down again at the conclusion of the stressor that is detrimental 

(McEwen, 1998). This concept is not restricted to the CNS, as the metabolic, cardiovascular, and 

immune systems can all contribute to disease when chronically challenged or over-activated 

(Sapolsky, 1998).  

There is considerable physiological evidence to support the allostatic load hypothesis and 

the consequences for health and neuropsychological function. In one poignant illustration, the 

allostatic load of adult human subjects in a large prospective cohort was quantified, based on 

several physiologic parameters of regulatory systems including cardiovascular and metabolic 
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profiles, sympathetic nervous system, and HPA activation and reactivity (Seeman et al., 1997). 

Higher allostatic load was associated with poorer baseline cognitive performance overall 

(memory, spatial ability, and abstract reasoning), and over the subsequent three years, greater 

cognitive decline, greater decline in physical performance, and greater incidence of 

cardiovascular disease.  

Selye proposed that chronic stress prematurely depletes a finite “adaptational energy” 

existing in each organism (Selye and Tuchweber, 1976), thereby leading to the aforementioned 

“adaptation syndrome”. Building upon this work, Sapolsky, Krey and McEwen argued that the 

overall cost of adaptation and response to stress and the environment was the ultimate cause of 

aging (Sapolsky et al., 1986). Joining the ideas of finite adaptational capability with another 

popular view, that aging could be conceptually thought of as an ultimately decreased adaptivitiy 

to stress, they described HPA dysregulation as both a consequence and cause of 

pathophysiological consequences in a feed-forward cascade, as well as a biomarker of aging 

(Sapolsky et al., 1984). This logic has since been applied to the HPA dysregulation hypothesis of 

chronic stress and depression.  

Moving beyond general concepts, I will explore changes to the brain that likely underlie 

the hypothesized transformation of an adaptive, self-limiting stress response by activation of the 

HPA axis to chronic activation and potential contribution to depression.  

 

The hypothalamic-pituitary-adrenal axis in chronic stress and depression 

The brain is a powerful threat detector that interprets environmental stimuli and classifies 

them as either benign or potentially threatening, the latter of which activates the stress response. 

Neurons in the paraventricular nucleus of the hypothalamus secrete corticotropin-releasing 

hormone (CRH, sometimes called corticotropin-releasing factor), targeting so-called corticotropes 

in the anterior pituitary via hypothalamo-hypophysial portal vessels. Following CRH receptor 

activation, these initial target neurons cleave pre-pro-opiomelanocortin to produce tens of 



11 

 

potential polypeptides (depending on post-translational modification and cleavage site) including 

α-melanocyte stimulating hormone, β-lipotropin, pro-opiomelanocortin (POMC), and 

adrenocorticotropic hormone (ACTH). These peptides are then secreted into the systemic 

circulation. ACTH, with a systemic half-life of about 10 minutes (Yalow et al., 1964), stimulates 

adrenocortical cells in the zona fasciculate of the adrenal gland to produce and secrete 

glucocorticoids, including 11-deoxycorticosterone, corticosterone, and cortisol. These steroid 

hormones are also called corticosteroids, named for their origin in the adrenal cortex. In humans, 

cortisol is the predominant glucocorticoid, while corticosterone (CORT) predominates in rodents. 

Both of these steroid hormones are produced by 11β-hydroxylase, and target glucocorticoid 

receptors (GRs), which are present in virtually cell with a nucleus, including all neurons. GRs are 

nuclear steroid hormone receptors, and act in the nucleus through transactivation and 

transrepression of target genes. Mineralocorticoid receptors (MRs) also exist throughout the 

brain, but because of a 10-fold higher affinity for corticosteroids than GRs, MRs are thought to be 

saturated at nearly all physiological concentrations, while GRs are only saturated in times of 

stress and increased corticosteroid concentration. In the brain, corticosteroids increase activity in 

areas that play key roles in attention, vigilance, memory formation, and behavioral strategy 

selection (Krugers et al., 2010b).  

A significant subset of depressed patients display abnormal activity of the HPA axis, 

resulting in increased levels of glucocorticoids (Quarton et al., 1955; Pariante, 2009). 

Glucocorticoids regulate neuronal survival, excitability, proliferation, metabolism, and memory, 

and high glucocorticoid levels may promote depression by impairing these processes (Holsboer, 

2000). Glucocorticoid receptors (GRs) throughout the HPA axis, including the HPA-moderating 

hippocampus and PFC, exert negative feedback on glucocorticoid production. A dysfunction of 

GRs in HPA feedback areas like the hippocampus may cause HPA dysregulation and failure to 

limit the stress response (Anacker et al., 2011b), as seen in depressed patients (Heuser et al., 

1994). This is thought to be both a consequence of, and further contribute to, allostatic load and 
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overload. How can this system, necessary for effective yet controlled stress response, be 

perturbed by chronic stress and contribute to depression?  

The hippocampus, a brain area associated with both mood regulation and higher 

cognitive functions like learning and memory, is very reactive to stress (e.g. (Magariños et al., 

1996)) because of these high levels of GR expression (McEwen et al., 1968). Hippocampal 

enrichment of GRs allows for negative feedback to the hypothalamus, limiting the endocrine 

stress response (Reul and de Kloet, 1985). Thus, activation of hippocampal GRs by high levels of 

CORT after stress mediates homeostatic feedback actions that restrain HPA system activation (De 

Kloet et al., 1998).  

Could a dysfunction of GR function in the brain contribute to the genesis of depression? 

In human depression, GR expression is altered in many brain regions involved in affect and in 

HPA regulation, including the hippocampus (e.g. (Wang et al., 2013)). It is unknown whether this 

is compensatory or causative; however there is evidence for both (Juruena et al., 2004; Anacker et 

al., 2011b). GR expression in the hippocampus is decreased in depression (Medina et al., 2013) 

and in chronic stress models of depression (Guidotti et al., 2013), and can be normalized 

following subsequent antidepressant treatment. Mice with a brain-specific knock-out or knock-

down of GR display reduced depression-like behavior and altered HPA activity, while a 

forebrain-regional knockout produces depression-like behavior (Montkowski et al., 1995; 

Karanth et al., 1997; Tronche et al., 1999; Boyle et al., 2005; Ridder et al., 2005). Although these 

results are mixed, perhaps reflecting developmental effects of GRs and the role of GR activation 

in other brain areas, the conclusions that can be made are that HPA abnormalities are common in 

depression, and can be recapitulated by chronic stress with some validity in animal models. The 

HPA axis itself is also altered in depressed brains: the pituitary and adrenal glands are increased 

in size and activity in depressed patients (Nemeroff et al., 1992), further implicating aberrant 

stress exposure and reactivity. 
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Not only are HPA abnormalities common in depression, but depression is also common 

in patients with HPA abnormalities, specifically primary abnormalities of GC production, and 

patients receiving exogenous GCs (Quarton et al., 1955; Jeffcoate et al., 1979). There is 

compelling evidence of a causal link between altered HPA function and with a large subset of 

severely depressed patients, with specific regard to the core symptom of anhedonia. HPA 

dysregulation is correlated with severity of symptoms and is common (~80% of patients) in 

treatment-resistant depression (Anacker et al., 2011b). The correlation is even greater in 

melancholia patients (up to 90%), a subtype of major depression that can be identified using 

modified criteria relying centrally on anhedonia as the only core symptom, leaving depressed 

mood in the absence of anhedonia a separate entity with weaker correlation to HPA activity 

(Taylor and Fink, 2008). Abnormal HPA function also correlates with a nine-fold increase in 

suicide risk (Coryell and Schlesser, 2001). This further supports the hypothesis that HPA 

dysregulation can be not only a consequence of depression, but a causative factor. It is important 

to note that not all depressed patients exhibit HPA derangement, nor is every depressive episode 

due to stress, and therefore any model of depression can only model individual facets or small 

constellations of symptoms, rather than all of human depression.  

 

Animal models 

A valid, useful animal model is critical for conducting insightful preclinical mechanistic 

studies regarding biology and human disease. Depression is a human condition, but a depressive-

like behavioral state that is accompanied by many behavioral and biomolecular changes related to 

human depression can be induced in rodents. As with the development of any animal model, it is 

important to assess etiological, face, construct and predictive validity of candidate models and the 

neurobehavioral state they induce. Even the earliest calls for a reliable depression model in 

animals laid out the minimum criteria of 1) analogous symptoms between model and disease 2) 

behavioral changes that can be objectively evaluated 3) objective criteria about subjective states 
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induced 4) effective treatment modalities in humans should be effective in the model 5) 

reproducibility (McKinney et al., 1969). As I will discuss, some models fail to meet even these 

initial criteria, let alone the inclusion of subsequent criteria aiming to best model human disease.  

Before evaluating different models, I will briefly define the various types of validity that 

a researcher should aspire to meet with the use of their model. Etiological validity implies 

similarity between the trigger used to precipitate neurobehavioral abnormalities and suspected 

etiological factors in human depression (Berton and Nestler, 2006). In the context of chronic 

stress and depression, in which depressive episodes are often precipitated by stressful life events, 

animal models in which a depressive-like neurobehavioral state is induced by exposure to stress 

has the greatest etiological validity. Construct validity implies that the neurobehavioral 

abnormalities observed in the model exhibit homology to symptoms of human depression. A key 

relevant example of construct validity given by Berton and Nestler (2006) is that evidence of 

reduced reward in animal models might be related to anhedonia in humans in regards to 

underlying mechanism. Face validity more superficially describes the similarity between signs or 

symptoms in humans and their corresponding behavioral state induced in animal models, the 

phenomenological similarity or “face value” (Willner et al., 1992). Finally, predictive validity 

embodies the ability of the model to predict therapeutic efficacy. As we shall see, predictive 

validity in depression research raises unique challenges, since humans respond to SSRIs only 

after several weeks of treatment.  

What behavioral changes are best used to evaluate depression models? Behavioral 

despair tests are some of the most widely used because of their ease of use, low cost, reliability, 

and potential for high throughput. Common examples include the forced-swim test in rats or mice 

and tail suspension test in mice (Cryan et al., 2002). Both tests interpret immobility as 

“behavioral despair”, with animals that spend less time struggling as exhibiting greater 

hopelessness or helplessness. Animals treated with an acute injection of an antidepressant drug 

spend more time struggling, and this is interpreted as antidepressant efficacy. However, these 
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tests lack etiological and construct validity. Furthermore they suffer from incomplete predictive 

validity since animals respond to a single, acute injection of a traditional antidepressant, even 

though human symptoms are only relieved by repeated, chronic antidepressant treatment. The 

greatest use for these tests is in rapidly screening antidepressant efficacy of therapeutics (Petit-

Demouliere et al., 2005), although they yield little evidence on how quickly treatments would act 

in other tests or in humans, a condition some use to judge proper predictive validity of the model 

(Willner et al., 1992). Some argue that these tests are not models of depression at all, but rather 

“black box” screening tests that should not be used for definitive evidence of a depressive 

phenotype (Nestler and Hyman, 2010).  

A number of genetic models for depression have been developed, however, their 

evaluation is made challenging by the lack of reliable endophenotypes in depression. Selective 

breeding and forward genetic screens have resulted in H/Rouen mice, Flinders Sensitive rats, 

congenital Learned Helplessness rats, and high 8-OH-DPAT-sensitive rats, to name a few (El 

Yacoubi and Vaugeois, 2007). These models have proved insightful for several potential 

mechanisms underlying depression pathophysiology, but vary in their etiological and construct 

validity. Many genetically altered mice have been developed around specific receptors, 

transporters, enzymes, and signal transduction proteins, greatly increasing the wealth of our 

knowledge about contributions to depressive or anti-depressant related behaviors (Cryan et al., 

2002). Most of these studies are based on immobility time in behavioral despair models, the 

forced swim and tail suspension tasks, in which increased immobility time is considered pro-

depressive reflecting despair and decreased immobility time is considered anti-depressive 

reflecting resilience. Examples include antidepressant-like phenotypes of 5HT1A receptor 

knockouts, pro-depressive phenotype of 5HT1B receptor knockouts (Mayorga et al., 2001), 

antidepressant-like phenotype of monoamine oxidase A and B knockouts (Cases et al., 1995; 

Grimsby et al., 1997) and antidepressant-like phenotype of GR-impaired transgenics 

(Montkowski et al., 1995). Major criticisms to the use of genetic models in studying depression 
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are the lack of penetrance of specific genetic variants in the depressed population, the 

promiscuous nature of risk imparted from one gene toward multiple neuropsychiatric disorders, 

and the marginal increase in risk in disease from any one variant to be modeled (Nestler and 

Hyman, 2010).  

 

Chronic stress based models 

Although many humans are exposed to stress and do not become depressed, episodes of 

depression often occur in the context of stress or are thought to be precipitated by stressful life 

experiences (Billings and Moos, 1984; Nestler et al., 2002; Hammen, 2005). In the context of 

chronic stress and depression, in which depressive episodes are often precipitated by stressful life 

events (Kendler et al., 1999), animal models in which a depressive-like neurobehavioral state is 

induced by exposure to stress have the greatest etiological validity, and many researchers 

consider stress-based models to have the greatest validity, generally, for depression research.  

Chronic stress-based models in rodents come in several flavors, but the common factor is 

repeated exposure to psychological and physiological stress beyond an acute period, thought to 

have solid etiological basis to the human condition. The stressfulness of a given paradigm is 

usually confirmed with measures of HPA activation (adrenal weight, serum CORT levels, GR 

expression in HPA feedback areas) or changes in body weight. These models, lasting several 

weeks, are generally considered to have good face and construct validity by inducing depressive-

like states and altering the putative underlying brain circuits in parallel with findings in depressed 

humans (Strekalova and Steinbusch, 2009; Lammel et al., 2014). Importantly, these changes are 

reversed by chronic, but not acute, administration of antidepressants (Papp et al., 1996; Grippo et 

al., 2006; Bondi et al., 2008), comparable to the delay for the therapeutic response in humans. 

These models thus demonstrate satisfactory etiological, construct, face, and predictive validity. 

Limitations of stress based models include the induction of several anxiety-related behaviors, 



17 

 

perhaps mirroring the co-morbidity and overlap of anxiety disorders and depression and some of 

their respective symptoms. 

Repeatedly exposing an animal to a single stress over time (for example chronic restraint 

stress or foot shock) is the simplest chronic-stress based method to generate a depressive 

phenotype. One potential disadvantage is the habituation to a single stressor after repeated 

exposure (Magariños and McEwen, 1995a; Herman, 2013). This is observed as dampened HPA 

reactivity in response to stress. This possibility of habituation leads to variability in induction of a 

depressive-like neurobehavioral state, as animals might not fully be in an altered phenotypic state 

by the time the stressor becomes attenuated. Furthermore, these models rely predominantly on 

physiological stress, while psychological and psychosocial stress is more relevant to the human 

condition. 

A more robust version of chronic stress exposure of a repeated single stressor, with 

greater ethological relevance, is the social defeat stress paradigm, in which an experimental 

animal is chronically defeated by a socially dominant conspecific, daily for several days to weeks 

(Berton et al., 2006). Typically, the experimental animal is placed in the cage of an aggressive 

resident animal (often a retired breeder). The intruder is quickly attacked and defeated by the 

resident. After a few minutes of physical contact, the animals are separated by a divider, but kept 

in the same cage for a period of time (typically an hour). This promotes both physiological and 

psychological/psychosocial stress. A subset of animals do not develop depressive-like behavior 

(reduced social interaction, anhedonia) despite chronic defeat, perhaps because they successfully 

habituate and adapt to the single repeated stress, making this model a hotbed for resilience 

research [e.g. (Krishnan et al., 2007; Francis et al., 2015)]. In this and other chronic stress models, 

the “resilient” group sometimes serves as the control for effects of stress itself, with the so-called 

“susceptible” animals studied for their hedonic or psychosocial deficits (Strekalova and 

Steinbusch, 2009).  
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The chronic unpredictable stress (CUS) or chronic variable stress model involves 

stressing rodents for several weeks using a rotation of daily stressors, with the goal of preventing 

adaptation to any one stressor, and imparting continual psychological stress by unpredictability. 

In contrast to repeated single stress, CUS often increases stress responsiveness, marked by greater 

HPA reactivity, thought to be driven by the perception of uncontrollability in addition to 

unpredictability (Herman, 2013). Typically, the rotation of stressors includes restraint, social 

isolation, food/water deprivation, forced swim, cage or littermate rotation, exposure to white 

noise or a strobe light (Willner et al., 1987). Three weeks of CUS induces daily increases in 

serum CORT and causes depressive-like changes in animal behaviors, such as anhedonia, sleep 

disturbances, and alterations in sexual behavior that resemble the symptoms of human depression 

(e.g. (Grønli et al., 2004)), Furthermore, these changes are reversed by chronic treatment with 

traditional antidepressants (e.g. SSRIs), but not by acute antidepressant treatment or other 

compounds like anxiolytics or neuroleptics (Katz, 1982). The modern version of CUS focuses on 

mild stressors, to be more realistic compared to original versions of CUS that included more 

extreme stressors like foot shock and prolonged heat or cold exposure (Strekalova and 

Steinbusch, 2009). After chronic mild stress, the induced state has been shown to be more lasting 

and stable, measured by tests for anhedonia and decreased reward (Willner, 1997). I have chosen 

to rely centrally on CUS to induce a depressive-like state, while acknowledging we cannot hope 

for any animal model to fully embody all facets, symptoms and signs of human depression.  

A curious, decades-old clinical observation has helped inspire yet another model of 

depression, that finds its etiological and construct validity in the endocrine stress response. 

Patients with diseases of hypercortisolism, like Cushingoid diseases (characterized by intractable 

corticosteroid release due to a pituitary or adrenal tumor), as well as patients chronically 

administered high doses of corticosteroids, have higher rates of depression than patients of other 

chronic diseases (Wolkowitz et al., 1993). Furthermore, depression scores correlate with severity 

of HPA derangement in Cushing’s patients with depression, and there are hippocampal structural 
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and functional changes (i.e. memory dysfunction) that correlate with cortisol levels (Starkman et 

al., 1992a, 1992b). Furthermore, hippocampal volume deficits can be at least partially reversed in 

patients that are treated to reduce hypercortisolism (Starkman et al., 1999). These findings 

illustrate how chronic elevation of corticosteroids can lead to several of the same neurobehavioral 

changes observed in depression. However, it should be acknowledged that the glucocorticoid-

stress-depression link cannot underlie generally all depression, as only about half of depressed 

patients have excess glucocorticoid levels. The link appears to be critical, though, in specific 

subtypes of depression (Shorter and Fink, 2010) (such as “typical”, “melancholia” or 

“endogenous” depression, as discussed above), or perhaps only in initial depressive episodes.  

Despite its shortcomings, this link between excess glucocorticoids and chronic stress is 

one of the strongest biological findings to date regarding depression. In animals, exogenous 

corticosteroid administration has been used to recapitulate the effects of chronic stress and 

depression systemically or in the brain. There is preliminary evidence that chronic CORT 

administration mimics many aspects of CUS, since it shares the etiological and construct 

framework based on a hormonal stress response, and reproduces face effects of anhedonia and 

helplessness-like behaviors (Gourley et al., 2009). These glucocorticoid-induced changes in 

animals are reversed by chronic antidepressants, indicating predictive validity (Gourley and 

Taylor, 2009). Left unanswered in this work, however, is the mechanistic explanation for the 

observed behavioral effects. Because I and others had previously observed that chronic stress 

results in a weakening of excitatory synapses in reward circuits, potentially accounting for the 

deficits in hedonic state, it was important to ask whether chronic CORT would produce similar 

changes in synapses. If so, it would provide further evidence strengthening the hypothesis that the 

synaptic changes are causative of the behavioral changes. I will use this model in Chapter 5 to test 

the hypothesis that chronic CORT elevation mediates the neurobiological effects of CUS 

discussed in Chapter 4 and 5, demonstrating that it is both sufficient and necessary for synaptic 

effects, as well as neurobehavioral changes.  
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Not all facets of human depression can be recapitulated in animal models, due to the 

subjective and internally-directed nature of many symptoms. For example, changes in appetite, 

circadian disturbances, and psychomotor agitation could all be modeled as readouts of a 

depressed phenotype in animals, while other symptoms which rely on verbal report likely cannot 

(thoughts of death, suicidality, or feelings of worthlessness). Regarding the two core symptoms of 

depression, it has been argued that depressed mood cannot be measured in animals, and therefore 

anhedonia is the indispensable symptom to realistically model depression (Willner et al., 1992).  

That said, what signs in animal models indicate that an animal is in a depressive-like state? 

Although some easily administered tests are thought to provide a measure of ‘behavioral despair’, 

such as the forced swim and tail suspension tests, they lack some validity because changes can be 

detected following a single administration of antidepressants (Detke et al., 1997; Petit-

Demouliere et al., 2005) as discussed above. Another behavioral measure that is affected in these 

models is the sucrose preference test (SPT) (Rygula et al., 2006), in which rodents are presented 

with a choice between normal water and a dilute sucrose solution. The naturally high preference 

of rodents for the sucrose is diminished in depression models and recovered with chronic, but not 

acute, antidepressant treatment (Pothion et al., 2004; Cai et al., 2013). Measures of anhedonia and 

decreased reward are two of the most widely assayed depression-related behaviors.  

The novelty suppressed feeding test (NSFT), in which the latency for animals to eat food 

in the center of a brightly lit novel arena is measured (Dulawa & Hen, 2005), is also affected in 

models of depression (neohypophagia) and sensitive to chronic, but not acute, antidepressant 

treatment. I will use the SPT and NSFT to evaluate whether animals are exhibiting a depressed 

phenotype. 

An overview of triggers and neurobehavioral endpoints for various animal models of 

depression is summarized in Figure 1.1 [from (Berton and Nestler, 2006)].   
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Figure 1.1 - Animal models of depression 

Overview of etiological triggers (left) that are used to generate a depressive-like phenotype, and the 

neurobehavioral endpoints that are used to assess them (right). Not all endpoints are responsive to 

antidepressants, while others respond to acute treatment. Sucrose preference and hyponeophagia respond 

only to chronic treatment with antidepressants, best modeling the human condition. Adapted from Berton 

and Nestler, 2006.  

Brain circuitry affected by chronic stress, depression, and antidepressants 

To begin to understand what substrates in the brain are altered by chronic stress and 

might directly generate depressive signs and symptoms, I will start with a brief survey of brain 

changes in depression. Scientists and clinicians alike have long asked "what does the depressed 

brain look like?", and there are likely thousands of studies published to date on this topic. 

Depression affects many brain regions, as would be expected to underlie the diverse collection of 
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symptoms, from classical emotional ones to cognitive deficits common in depression (Millan et 

al., 2012; Trivedi and Greer, 2014). 

 

Decreased size and activity in cortical areas: Hippocampus and PFC 

In respect to specific circuits and areas, structural studies in post-mortem suicide 

completers, as well as imaging studies in severely depressed patients have reported reduced 

volume and decreased glial density in hippocampus and prefrontal cortex (PFC), regions thought 

to play a role in the cognitive aspects of depression (Drevets, 2001; Sheline, 2003; Trivedi and 

Greer, 2014).  

One of the most robust findings in human imaging studies is decreased hippocampal 

volume in depression (Frodl et al., 2002; Sheline et al., 2003; MacQueen and Frodl, 2011), the 

magnitude of which correlates with duration of untreated depressive illness (Sheline et al., 2003). 

Successful AD treatment reverses these decreases in hippocampal volume (i.e. (Fales et al., 

2009)). Interestingly, suicide attempters that are depressed have smaller hippocampal volumes 

than non-suicide attempters that are depressed, and suicide completers have up to a 15% 

reduction in hippocampal volume compared to non-suicidal depressed patients who died from 

other causes (Colle et al., 2015). It has been suggested that these volumes rebound between 

depressive episodes, thus obscuring the findings of many imaging studies (Campbell and 

MacQueen, 2004). 

What processes could underlie this decrease in volume? An impairment of normal, 

ongoing neurogenesis in the dentate gyrus of the hippocampus, as observed in several models of 

chronic stress (Yun et al., 2010), and atrophy of dendrites (Magariños and McEwen, 1995b) 

might underlie this decrease in hippocampal volume. Neurogenesis could explain the differences 

in structural plasticity, and intact hippocampal neurogenesis may be required for monoaminergic 

antidepressant action in animal models (Santarelli et al., 2003). Neurogenesis is also thought to be 

necessary for the antidepressant action of electroconvulsive therapy, an effective therapy reserved 
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for patients who have proved resistant to pharmacological treatment (Rotheneichner et al., 2014). 

Using suicide again as an extreme example within the depressed population with readily available 

post-mortem samples, decreased neurotrophins are found in the brains of suicide completers, 

consistent with a critical role of neurogenesis or synaptogenesis (Dwivedi et al., 2003). Because 

(1) neurogenesis is downregulated in stress models of depressive-like behavior and possibly in 

humans (Yun et al., 2010), (2) neurogenesis is upregulated by traditional antidepressant 

treatments (Malberg et al., 2000; Boldrini et al., 2009; Anacker et al., 2011a), and may be 

necessary for antidepressant efficacy (Santarelli et al., 2003; Li et al., 2008), (3) the BDNF 

Val66Met polymorphism confers risk of neuroticism, depression, and hippocampal volume loss 

(Sen et al., 2003; Schumacher et al., 2005; Frodl et al., 2007) and (4) the likely neurotrophin-

based mechanism of dendritic atrophy and volume loss in the hippocampus in chronic stress and 

depression (Warner-Schmidt and Duman, 2006; Frodl et al., 2007; Yun et al., 2010), a 

neurogenesis hypothesis of depression has been posited (Duman and Li, 2012).  

However, this hypothesis is not complete, as disruption of neurogenesis does not induce 

depressive-like phenotypes, and is not required for antidepressant action under all circumstances 

(Hanson et al., 2011). In fact, dendritic complexity and synaptic plasticity rather than cell 

proliferation seems to be more important for maintenance and restoration of mood (Bessa et al., 

2009). It remains unclear how neurogenesis may alter activity in the hippocampus at the neuronal 

and circuit levels to mediate the antidepressant effects of monoaminergic antidepressants, but it 

there is mounting evidence that plasticity mechanisms, prominent and well-studied in the 

hippocampus, are required (Femenía et al., 2012). Furthermore, there is considerable overlap 

between mechanisms of neurogenesis and synaptogenesis and their reliance on BDNF and its 

receptor trkB, which opposes the atrophic effects of chronic stress in cortical areas like the 

hippocampus (Duman and Monteggia, 2006; Warner-Schmidt and Duman, 2006). Because of 

how robustly this brain area changes in depression, in response to antidepressant treatment, and in 

animal models of stress and depression, and because of its extensive interconnectedness with 
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cortical, limbic, and reward structures, the hippocampus is one of the most widely studied brain 

areas regarding depression. 

The PFC is an important site at which cognitive evaluations, such as the controllability of 

a stressor (Amat et al., 2005) or the positive valence of a stimulus (Berridge and Kringelbach, 

2013), can influence affect and reward. Measured with functional magnetic resonance imaging 

(fMRI), depressed patients display evidence of reduced activity in the PFC, and SSRI treatment 

restores normal activity levels and morphology (Kennedy et al., 2001; Fales et al., 2009; 

Koolschijn et al., 2009). In animal models, chronic stress results in atrophy of distal dendrites of 

pyramidal cells in the PFC and loss of dendritic spines (Liston et al., 2006; Radley et al., 2008). 

Seven days of chronic restraint stress produces a decrease in synaptic excitation in layer V 

pyramidal cells in the PFC (Yuen et al., 2012), driven by glucocorticoid-dependent increase in 

proteasome-mediated degradation of synaptic proteins, including AMPA and NMDA type 

glutamate receptors. Consistent with decreased excitation, expression of several activity-

dependent genes is decreased in the PFC of depressed humans (Covington et al., 2010). 

Experimentally stimulating the medial PFC in animal models of depression has an antidepressant 

effect (Covington et al., 2010), while clinically the PFC is one target for deep brain stimulation in 

treatment resistant depression patients (Mayberg et al., 2005).  

 

Bad apples: Increased size and activity in amygdala and lateral habenula 

The amygdala is responsible for several negative affective processes, fear, and perception 

of emotional and social stimuli. Depressed patients are reported to have increased volume 

compared to controls (Prather et al., 2001; Frodl et al., 2003), providing a contrasting effect to 

PFC and hippocampus. This may be driven by dendritic hypertrophy (Vyas et al., 2002), and 

result in hyperactivity in depressed patients (Drevets, 2003). Optogenetic activation of amygdala 

inputs to the hippocampus can impair social behavior (Felix-Ortiz and Tye, 2014), while normal 

amygdala function is necessary for a dynamic range of fear behavior in response to social 



25 

 

interactions or to novelty (Prather et al., 2001). Excessive activation of the amygdala may thus 

contribute to negative affect, either by improper modulation by higher brain areas, or by 

negatively modulating reward circuitry (Drevets, 2001). 

Another “negative mood” area is the lateral habenula, a region responsible for negative 

valence, which contributes to disappointment and negative thinking. The habenula is connected 

both directly and indirectly to serotonergic and dopaminergic pathways (Sego et al., 2014). 

Activation of this region contributes to social avoidance behavior (Stamatakis and Stuber, 2012), 

while lateral habenula neurons are activated by either absence of expected reward or by presence 

of punishment (Matsumoto and Hikosaka, 2009). Excitability is increased in the learned 

helplessness model of depressive behavior (Li et al., 2011a), suggesting a role in depressive 

illness (Proulx et al., 2014). 

In summary, depression symptoms may be attributed to either overactive amygdala 

and/or lateral habenula (areas associated with negative mood and valence), or to underactive 

hippocampus and PFC (areas associated with higher cognitive functions like cognitive function, 

attention and learning, and with moderating negative mood). As there is more than one way to 

skin a cat, it appears there is more than one way to perturb mood-related circuitry. Simplistically, 

activating “negative mood” areas, and suppressing “good mood” areas might lead to the same 

result, especially as all of these areas converge on reward areas.  

The definition of the core symptom anhedonia would seem to convict the brain's reward 

circuitry. Indeed, anhedonia has been linked to dopaminergic dysfunction in the basal ganglia 

(Miller et al., 1996), while patients with MDD have been observed to have reductions in striatal 

size and function (Lorenzetti et al., 2009). The monoamine dopamine is classically considered the 

“reward hormone”, and is released from dopaminergic neurons in the ventral tegmental area 

(VTA) in response to reward stimuli, like food or sex. Stimulation of dopamine release is potently 

rewarding, as animals trained to self-stimulate will do so at the expense of all else, even to the 

exclusion of food or life-saving warmth, if given the opportunity (Carlezon and Chartoff, 2007). 
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The dopaminergic VTA and the GABAergic population of dopamine-receptor expressing 

medium spiny neurons in the nucleus accumbens (NAc), which reciprocally innervate each other 

and both of which receive projections from limbic and cortical structures. Thus, layering these 

connections on top of excitatory glutamatergic interconnections between amygdala, PFC, and 

hippocampus, an integrated view of so-called corticomesolimbic circuitry and its systems-level 

role in depression is beginning to emerge (Figure 1.2).  

Consistent unidirectional results on the role of the reward circuitry have not been 

observed in animal models. In mice, optogenetic stimulation of the ventral tegmental area (VTA) 

relieves a depressive-like phenotype after chronic stress, while inhibition of VTA induces a 

depressive-like behavioral phenotype (Tye et al., 2013). However, in a social defeat model, VTA 

stimulation induces a depressive-like phenotype in animals otherwise resilient to social-defeat 

stress, with specificity of this effect for VTA-NAc, but not VTA-mPFC, projections (Chaudhury 

et al., 2013). In a chronic restraint stress model, behavioral anhedonia was shown to be mediated 

by the loss of strength of excitatory synapses onto dopamine receptor (D1R, specifically) -

expressing NAc medium spiny neurons via melanocortin 4 receptor activation (Lim et al., 2012). 

Pathophysiological changes in reward circuits are thus thought to be a major contributor to the 

biological underpinning of anhedonia, and play a role in other symptoms of depression (Akiskal 

and McKinney, 1973; Nestler and Carlezon, 2006). In sum, it is unclear exactly how changes in 

affect are mediated by the reward circuitry (are more computational parameters necessary to full 

understanding?), but mounting evidence suggests that the effect of the underlying changes are 

sourced in or at least pass through the striatum (Nestler and Carlezon, 2006; Russo and Nestler, 

2013). Dysfunction in several aspects of reward and motivated behavior that are observed in 

depression and other mood disorders, most notably resulting in the core symptom of anhedonia, 

are thought to arise ultimately through a corticomesolimbic mechanism.  
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Figure 1.2: Corticomesolimbic circuitry relevant for depression 

Cortical and limbic areas have a complex relationship with the reward circuitry. For example, the 

hippocampus and PFC have dense glutamatergic projections to the nucleus accumbens, which in turn di-

synaptically disinhibits dopaminergic VTA neurons and results in dopamine release at many projection 

sites, chemically signaling reward. For simplicity, many connections are not shown, such as reciprocal 

innervation of hippocampus and PFC. From Russo and Nestler, 2013.  

 

 

Serotonin and the monoamine hypothesis of depression 

Serotonin, or 5-hydroxytryptamine (5-HT), is produced by neurons in the raphe nuclei in 

the brainstem, and is released from serotonergic projections that innervate multiple cortical areas. 

Serotonergic neuromodulation influences a wide array of functions including: trophic activity in 

cell survival or synaptogenesis, motor function, mood regulation, pain sensitivity, and 

neuroendocrine functions like feeding behavior and circadian rhythmicity (Gaspar et al., 2003; 

Martinowich and Lu, 2008). Serotonin is also produced by enterochromaffin cells and is abundant 

systemically, (in fact “serotonin” was named for its presence in serum as a vasoconstrictor) but I 

will not discuss its roles outside the CNS (Rapport et al., 1948).  

Regarding higher cognition, serotonin regulates cognitive flexibility, attention, and 

impulsivity (Puig and Gulledge, 2011). The serotonergic system has been closely examined in 

depression, driven primarily by the usefulness of serotoninergic modulators, most prominently 

SSRIs, as antidepressant treatments. Furthermore, neuromodulatory disruption including that of 
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serotonin is thought to contribute to cognitive impairments associated with depression (Millan et 

al., 2012). Serotonergic signaling can promote BDNF signaling and enhance synaptic plasticity 

(Martinowich and Lu, 2008). 

An original, but outdated, viewpoint was that depression was primarily a derangement of 

monoaminergic signaling (Schildkraut, 1965). This was driven primarily by the early success of 

iproniazid, a monoamine oxidase inhibitor (MAOI) in exerting beneficial effects on mood. Later 

imipramine, a tricyclic compound, was also found to boost mood, although both drugs were being 

used for other indications. A placebo-controlled imipramine study in depressed patients found 

therapeutic effect in 74% of patients (Ball and Kiloh, 1959), lighting the fire for tricyclic 

antidepressant (TCA) development. TCAs block serotonin and norepinephrine transporters and 

prevent clearance from the synaptic cleft, which is believed to be the mechanism of therapeutic 

efficacy of these drugs. However, side effects range from dry mouth and urinary retention to 

potentially fatal cardiovascular problems and serotonin syndrome (Jefferson, 1975).  

This initial golden age of drug development soon included more targeted compounds to 

reduce the number of serious side effects: SSRIs like fluoxetine and serotonin-norepinephrine 

reuptake inhibitors like duloxetine (SNRIs) (Slattery et al., 2004). Unfortunately efficacy of these 

designer drugs is no greater than for TCAs, highlighting the limitation of the monoamine 

hypothesis of depression. The largest to-date randomized clinical trial demonstrated that only half 

of depressed patients treated with a single 3-month long course of SSRIs responded fully, with 

nearly ¾ failing to achieve full remission (Gaynes and Warden, 2009). TCAs are now generally 

reserved only for use after failure of the less harmful SSRIs and SNRIs. A major limitation for the 

use of these drugs, and complication for unravelling their mechanisms, is that monoaminergic 

treatments all require weeks to months to achieve symptomatic improvement, despite elevating 

serotonin levels immediately. 

The monoamine hypothesis, despite over five decades of appeal and hundreds of millions 

of patients treated (albeit with mixed success), has met with a mixture of successful and failed 
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predictions. For example, a catecholamine depleting drug, reserpine, was shown to induce 

depressive symptoms in hypertensive patients (Lemieux et al., 1956; Quetsch et al., 1959), but 

later analysis of the same data revealed that the rate of depression was roughly the same as for the 

general population ~10% (Baumeister et al., 2003). Depletion of tryptophan, the serotonin 

precursor, would be predicted by the monoamine hypothesis to cause depressed mood. This was 

true for depressed patients being treated, but not for healthy controls, and not for depressed 

patients in full remission that were no longer being treated (Delgado et al., 1999). Another 

significant flaw in the monoamine hypothesis is the prolonged latency (weeks to months) to 

therapeutic effect, despite rapid (minutes to hours) increase of monoamines in the synaptic cleft 

(Katz et al., 2004). This leads to the conclusion that caused not by an abnormality of 5-HT 

function itself, but by dysfunction of other systems or brain regions modulated by 5-HT over 

time.  

What properties of serotonin might explain both the therapeutic efficacy of serotonergic-

based treatment but inadequacy as a complete explanation? Matching the complexity of serotonin 

effects in depression is the complexity of serotonin action on neurons and physiology, suggested 

by the diverse array of behaviors affected by serotonin signaling. The serotonin receptor family 

(5-HT1-7) is the largest family of related G-protein coupled receptors (GPCRs), with 13 distinct 

GPCR genes and an additional ligand-gated ionotropic serotonin receptor (5HT3R) encoded by 5 

distinct genes. Within the family of 5HT GPCRs, there are several subgroups with high homology 

to one another, for example 5HT1R subtypes (A-F) and 5HT5R share high phylogenetic homology 

(Nichols and Nichols, 2008). Consequently, only this subfamily of receptors amongst all 5HTRs 

couples to the heterotrimeric protein Gαi, classically an inhibitor of adenylate cyclase. 5HT2R 

couples to Gαq, activating phospholipase C (PLC), while the remaining G-protein coupled 5HT 

receptors couple to Gαs, which activates adenylate cyclase and increases cyclic adenosine 

monophosphate (cAMP). Receptors are either self-regulatory autoreceptors or heteroreceptors 

(Barnes and Sharp, 1999). Serotonin is ultimately transported back into the presynaptic 
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transporter SERT or metabolized by monoamine oxidases, targets of SSRIs and MAOIs 

respectively. Because of the varied population of 5HTRs, identifying the receptors critical for 

antidepressant efficacy is challenging.  

A particularly important 5HTR is the rodent 5HT1BR, which has high homology to the 

5HT1DβR/h5HT1BR in humans (Adham et al., 1992). These receptors are autoreceptors on 

serotonergic nerve terminals (Sari et al., 1997), where they act in a feedback manner to inhibit 

serotonin release. In cell lines, these receptors inhibit cAMP via Gαi, although there is in vitro 

evidence for activation leading to intracellular calcium elevation (Giles et al., 1996). 5HT1BRs are 

also expressed on postsynaptically on dendrites, and can contribute to increased and decreased 

excitability (Berger and Huynh, 2002; Stean et al., 2005). In tissue from depressed patients, there 

is decreased p11 protein expression, which is necessary for 5HT1B/DR surface expression 

(Svenningsson et al., 2006). A h5HT1BR polymorphism has been identified that is associated with 

depression and substance abuse, but not other psychiatric disorders (Huang et al., 2003). In 

animal models, 5HT1BR knockout mice do not respond to antidepressants in the forced swim test, 

but exhibit increased sensitivity to SSRIs in the tail suspension test (Mayorga et al., 2001; Chenu 

et al., 2008). The 5HT1BR agonist anpirtoline produces antidepressant-like effects in wild-type 

animals, yet 5HT1B autoreceptors limit the effects of serotonin reuptake blockade in the synaptic 

cleft (Schlicker et al., 1992; Malagié et al., 2001). These suggest a critical, but complicated role, 

for 5HT1BRs in antidepressant action. Disentangling 5HT1BR’s distinct roles as auto- and hetero-

receptors may explain some of the confusion. In animals with serotonergic neurons 

pharmacologically lesioned, anpirtoline still has an antidepressant-like effect in the FST, 

suggesting potential antidepressant actions of 5HT1BRs are via heterosynaptic activation, rather 

than via auto-receptor mediated inhibition.  

It now appears that the role of serotonin in depression is more nuanced than the outdated 

monoamine hypothesis of depression had originally postulated (Krishnan and Nestler, 2008; 

Kallarackal, 2011). Despite lack of evidence of an insufficiency of serotonin synthesis or release, 
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serotonin-based medications have been the principal pharmacotherapy to treat depression for 

decades. Therefore, I posit that circuits exist that become dysfunctional as the result of chronic 

stress, due to corticosteroid-induced weakening of excitatory synapses, and that these circuits can 

be repaired by SSRIs. A lack of serotonin is not the primary deficit, or at least not the sole deficit, 

underlying affective deficits in depression, but it can play a role in the therapeutic response. An 

analogy might be helpful. Imagine a leaky pipe that is not performing to full potential, for which 

a repairman from Serotonin Repairmen, Inc., arrives to help restore the pipe to full function. The 

problem with the pipe (key brain circuitry) was not a deficit in plumbers (serotonin), but some 

other problem that the presence of the plumber was able to address and restore the pipe to health. 

In the same way, the usefulness of enhancing serotonergic signaling at the depressed synapse 

does not directly implicate an absence of serotonin as the reason the synapses are depressed.  

Certainly, there are lessons to be learned from the story of SSRIs, their successes and 

shortcomings. Logically, if there are circuits that underlie depressive behavior that can become 

dysfunctional after chronic stress and subsequently restored by SSRI treatment, then these circuits 

become appealing targets to use as models to attempt to answer the questions “How do 

antidepressants work?” “How do we become depressed in the first place?” and “How do we begin 

the process of identifying a new generation of antidepressants?”  

Given all of the changes to the brain in depression and in chronic-stress based models of 

depression, great care should be taken in selecting brain regions for investigation. There is a 

particularly compelling brain area which fulfills the growing list of criteria- the hippocampus. It 

is affected by chronic stress and depression and antidepressant treatment, is densely innervated by 

serotonergic fibers, interacts with the reward circuitry, dialogues with—and is affected by—the 

stress response, and is accessible to molecular, electrophysiological, and behavioral investigation. 
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The intersection of stress, cognition, antidepressants and reward 

A dialogue between the hippocampus, the neocortex, and striatum is important for 

maintaining normal affective and cognitive function (Morris et al., 1982; Gray, 1998; Remondes 

and Schuman, 2004). The hippocampus executes functions of spatial navigation, declarative 

memory encoding and recall, novelty detection, emotional regulation, and attention control 

(Lisman and Otmakhova, 2001; Andersen et al., 2006). The entorhinal cortex (EC) is the 

principal conduit of inputs and outputs between the hippocampus and neocortex, but the 

hippocampus is innervated by many regions including basal forebrain, hypothalamus, and brain 

stem (Amaral and Lavenex, 2006). This central hub of brain activity is innervated by 

serotonergic, cholinergic, dopaminergic, and noradrenergic projections (Otmakhova and Lisman, 

2000). The hippocampus is one of the most strikingly organized brain regions, with several 

prominent subfields. The hippocampal formation includes the dentate gyrus (DG), where adult 

neurogenesis occurs, the subiculum, and CA areas 1-3, named in Latin for resembling the elegant 

spiral shape of a ram’s horn: cornu ammonis. In the simplified view of the classical hippocampal 

trisynaptic circuit, information arrives in the DG from the entorhinal cortex via the perforant path, 

and is then propagated sequentially to CA3 and CA1, before being passed back to EC either 

directly or after another synaptic transmission in the subiculum. However, CA1 and CA3 both 

receive direct inputs from EC, neuromodulatory regions, and nucleus reuniens. Furthermore, 

there are many input and output connections between subfields intrinsic to the hippocampus, and 

others which form connections with other brain regions extrinsic to the hippocampus (Buhl and 

Whittington, 2006). A simplified summary diagram of connections within the hippocampus is 

presented in figure 1.3 [from (Amaral and Lavenex, 2006)].  
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Figure 1.3 - Simplified Hippocampal Circuit 

Diagram summarizing intrinsic and extrinsic hippocampal connectivity, containing serial and parallel 

projections. Pre and para refer to the pre- and para-subiculum. Many connections are not shown for 

simplicity, particularly extrinsic connections including neuromodulatory projections. From Amaral and 

Lavenex 2006. 

 

In addition to the highly organized collection of hippocampal subfields, there is an 

elegant laminar organization within subfields that gives rise to layers that are identifiable by 

structure and function. Pyramidal cells in CA1 and CA3 align neatly in the cell body layer, or 

stratum pyramidale. Apical and basal dendrites branch off from the pyramidal cell somata. The 

apical dendrites of CA1 pyramidal neurons receive two main inputs. The Schaffer collateral (SC) 

pathway, comprising excitatory input from area CA3, terminates in stratum radiatum (SR). The 

direct EC input, or temporoammonic (TA) pathway, terminates on distal apical dendrites in 

stratum lacunosum moleculare (SLM), several hundred microns from the cell body (Steward and 

Scoville, 1976; Remondes and Schuman, 2002). The TA pathway provides sensory information 
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to CA1 and also assists CA1 in its role as a comparator (Vinogradova, 2001) and is important for 

consolidation of long-term spatial memory (Brun et al., 2002; Remondes and Schuman, 2004). 

Within CA1, SLM is a key region for neuromodulation due to dense innervation by serotonergic 

and dopaminergic projections, and enrichment of serotonin and dopamine receptors (Ihara et al., 

1988; Otmakhova and Lisman, 1999). Indeed, many physiological effects of neuromodulation are 

unique to this layer even compared to other regions within CA1 (Otmakhova and Lisman, 2000). 

This makes SLM of paramount interest in the context of depression and substrates on which 

SSRIs may act to underlie antidepressant action.  

To study how chronic stress can lead to depression, and because it is an important locus 

of antidepressant action, it is important to characterize the changes in the hippocampus that are 

caused by chronic stress and may contribute to depressive-like symptoms and behavior. In animal 

models based on chronic stress, there are dramatic alterations in neuronal structure and function 

(Krugers et al., 2010b), including altered synaptic currents (Karst and Joëls, 2003), deficits in 

synaptic plasticity in CA1 and DG (Alfarez et al., 2003), decreased neurogenesis and cell 

turnover in DG (Joëls et al., 2004; Mirescu and Gould, 2006), decreased dendritic complexity in 

CA3 (Magariños and McEwen, 1995a), and dysfunctional circuit function (Airan et al., 2007). 

These deficits match high resolution imaging observations in unmedicated depressed patients, in 

which detailed volume loss is observed in each hippocampal subfield (Huang et al., 2013). These 

alterations in hippocampal function are among some of the clearest signs yet found in chronic 

stress-based models of depression, but are they merely epiphenomenological correlates or do they 

contribute to the genesis of depression? How do effects of chronic stress interact with 

serotonergic modulation of these pathways and set the stage for antidepressant action?  

 

Excitatory transmission, synaptic plasticity, and depression 

Glutamate is an essential amino acid for mammals, with a key role in cellular metabolism 

throughout the body, but it is also the most abundant excitatory neurotransmitter in the CNS 
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(Meldrum, 2000). Glutamate is packaged and stored in vesicles, released by axon terminal 

depolarization presynaptically, and activates metabotropic GPCRs and ionotropic receptors, 

before being cleared by diffusion, reuptake or metabolism. Ionotropic receptors include the α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), the N-Methyl-D-

aspartate receptor (NMDAR), and the kainite receptor. These are the major direct players in 

excitatory synaptic transmission in the central nervous system, although there are hundreds of 

compounds that can modulate excitatory transmission.  

Glutamate receptors are critical for synaptic plasticity. NMDA and AMPA receptors are 

known for their roles in the induction and expression of the form of synaptic plasticity known as 

long-term potentiation (LTP), respectively (Bliss and Collingridge, 1993). LTP is considered the 

neurobiological substrate of learning and memory, and is mediated via trafficking and regulation 

of AMPA receptors at the synaptic membrane (Malenka, 2003). Although there is ongoing debate 

about the details, the overall accepted model of LTP is that NMDAR activation results in 

activation of calcium calmodulin-dependent kinase II (CaMKII), which then recruits AMPARs to 

the synapse (Nicoll and Roche, 2013). There are two proposed mechanisms, not mutually 

exclusive, which describe exactly how the synapse captures AMPARs following LTP, lateral 

diffusion and exocytosis from an intracellular pool. A mechanism is still required that would 

explain how AMPARs become preferentially captured, either by increase in a number of 

available slots or by some change in the AMPAR that makes it more amenable to capture (Opazo 

et al., 2012). Critical roles for LTP are served by scaffolding proteins and their organization 

(MacGillavry et al., 2013), modification of receptors via phosphorylation or protein-protein 

interactions (Lee et al., 2000), and the role of specific auxiliary subunits of AMPARs. The key 

AMPAR phosphorylation sites for increasing trafficking and conductance are the CaMKII/Protein 

Kinase C (PKC) target serine 831 and the Protein Kinase A (PKA) target serine 845. Most of the 

studies that have led to this body of work have been performed at CA1 pyramidal neuron 

synapses. However, LTP has been described at other synapses, with some variation in absolute 
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mechanism. For example, LTP at mossy fiber synapses is NMDAR-independent and is 

presynaptically expressed (Nicoll and Malenka, 1995).  

What does this have to do with depression? A growing body of biological psychiatry 

supports the hypothesis that alterations in synaptic structure and function underlie changes in the 

function of neuronal circuits and ultimately affect and behavior (Krishnan and Nestler, 2008; 

Kavalali and Monteggia, 2012). Furthermore, synaptic plasticity is a critical mediator of these 

changes (Pittenger and Duman, 2008). Chronic stress impairs LTP in the hippocampus and PFC, 

with disruptions in associated behavior of these regions. Evidence exists for mechanisms 

including dendritic reorganization (atrophy or spine loss) and weakening of synapses through loss 

or decreased conductance of glutamate receptors (Popoli et al., 2012). NMDARs and AMPARs 

are lost in the PFC due to increased turnover following chronic stress (Yuen et al., 2012). In 

depressed humans, mRNA of GLUR1 and GLUR3 genes for GluA1 and GluA3 proteins are 

downregulated in CA1 and DG (Duric et al., 2013). These changes can be recapitulated in 

chronically stressed animals and reversed by antidepressant treatment. Thus, it is hypothesized 

that the mechanism by which chronic stress can lead to depressive-like behavior is by impairment 

of synaptic strength and plasticity.  

Conversely, it can be predicted that successful antidepressant treatment would act on 

these substrates and reverse deficits in synaptic function.  

Monoamine-based antidepressants result in reconfiguration of synaptic structure and 

function, as neuromodulation of glutamatergic transmission is one of the key actions of serotonin. 

In the hippocampus, 5-HT application in acute slices and chronic fluoxetine treatment in vivo 

result in increased S831 and S845 phosphorylation (Svenningsson et al., 2002). AMPAR subunits 

GluA1-4 exhibit time dependent increases in mRNA and protein expression in response to 

chronic fluoxetine treatment, matching the time period required for monoaminergic 

antidepressants to show clinical efficacy in patients (Barbon et al., 2011).  
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Blocking NMDARs also results in a rapid, long-lasting antidepressant effect. In humans, 

this has been observed in treatment-resistant patients (that is, patients resistant to treatment with 

SSRIs) with an acute injection of ketamine (Berman et al., 2000). This clinical effect, observed 

within a few hours, persists for up to seven days following a single treatment (Zarate et al., 2006). 

These results have been modeled in rodents with the forced swim, novelty suppressed feedings, 

learned helplessness, and sucrose preference tests, using naïve unstressed rodents and also rodents 

subjected to chronic stress (Garcia et al., 2008; Autry et al., 2011; Li et al., 2011b). Ketamine, 

despite being an NMDAR antagonist, enhances glutamate release (Moghaddam et al., 1997) by 

producing a mild disinhibition and increase in coherent oscillatory activity that is thought to lead 

to enhanced AMPAR activation. The expression of ketamine’s effect is blocked by AMPAR 

antagonists, suggesting both glutamate receptors are critically involved (Maeng et al., 2008). 

These findings of the rapid antidepressant action of NDMAR antagonists have sparked great 

interest in siring a new generation of antidepressants.  

Different mechanisms of antidepressant action ultimately converge on the same final 

synaptic mechanisms that are also affected by chronic stress and in depression. All effective 

mechanisms of antidepressant treatment (SSRIs, TCAs, ECT, ketamine) critically involve BDNF 

(Duman and Monteggia, 2006; Martinowich et al., 2013), implicating neuronal and synaptic 

actions of antidepressant treatment and dysfunction in depression. 

 

Summary of logic 

Chronic stress models provide the means to begin the search for brain defects underlying 

depression, by presenting us with neurobiological phenotypes that change in parallel with 

depressive-like signs and symptoms in brain regions that are known to be involved in regulating 

those behaviors. Many changes also occur in the same brain regions in depressed humans where 

we observe synaptic and circuit deficits in animal models, increasing confidence in the face and 

construct validity of the findings in these models. SSRIs further narrow our search for brain 
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defects underlying depression, by allowing us to concentrate effort on brain regions that are 

repaired by antidepressant treatment, in parallel to apparent reversal of mood deficits. Although 

unlikely to be fully inclusive of all depression and all depressive symptoms, this gives us a 

foothold that reflects the validity of the models, techniques, and observations that point to these 

areas. Identifying deficits in a depressive-like state that are also downstream targets of 

antidepressant effects should enable a search for alternative approaches to reverse these deficits. 

This should invite workarounds to the ineffectiveness of current standard-of-care approaches by 

suggesting alternative mechanisms to reach these same downstream endpoints.  
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Hypothesis and predictions 

I hypothesize that some of the symptoms of depression, specifically the core symptom of 

anhedonia, are caused by corticosteroid-dependent reduction of excitatory synaptic strength at 

key synapses in cortico-mesolimbic circuitry, which can be reversed by monoaminergic 

antidepressant treatment because of 5HT1BR-mediated serotonergic potentiation, as well as by 

other compounds or treatments that also promote potentiation of these synapses.  

Hypothesis 1: Monoaminergic 5HT1BR-mediated antidepressant efficacy is caused by increased 

excitatory synaptic transmission at cortico-mesolimbic sites via AMPAR phosphorylation by 

CaMKII.  

Prediction 1.1. AMPAR and CaMKII phosphorylation in the hippocampus and NAc will be 

increased following SSRI, TCA, or anpirtoline application.  

Prediction 1.2. AMPAR and CaMKII phosphorylation following SSRI or anpirtoline application 

will coincide with synaptic potentiation at TA-CA1.  

Hypothesis 2: Depressive behavior is caused by chronic-stress induced dysfunction of key 

excitatory synapses in the corticomesolimbic circuitry, specifically a loss of AMPAR-mediated 

synaptic strength. 

Prediction 2.1: CUS will cause a decrease in AMPA:NMDA ratios at TA-CA1 synapses, which is 

reversed by SSRI treatment.  

Prediction 2:2: CUS will cause a decrease in expression of AMPAR subunit expression in SLM. 

This down-regulation will be reversed by SSRI treatment.  

Prediction 2.3: AMPAR-mediated synaptic strength at TA-CA1 will correlate with sucrose 

preference test scores.  

Hypothesis 3: Chronic stress alters synapses and induces depressive behavior via chronic stress-

induced elevations of corticosterone; corticosterone is both sufficient and necessary for the 
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neurobiological correlates of chronic stress: impaired TA-CA1 synaptic function, altered 

responsiveness to 5HT1BR agonists, anhedonia, and hyponeophagic behavior.  

Prediction 3.1: If chronic elevations of corticosterone are sufficient for the synaptic and 

behavioral effects of chronic stress, then chronic exogenous CORT administration will result in a 

depressive-like behavioral phenotype measured with SPT and NSFT, and recapitulate the stress-

induced weakening and alteration of TA-CA1 synapses.  

Prediction 3.2: If stress-induced elevations of corticosterone are necessary for the synaptic and 

behavioral effects of chronic stress, then blocking elevated corticosterone secretion throughout 

CUS will prevent the neurobiological behavioral and synaptic correlates of chronic stress.  

 

In the following chapters of this thesis, I will hopefully contribute to the knowledge 

surrounding the inextricably linked questions “how do we become depressed?”, “how do 

antidepressants work?”, and “how do we begin the process of identifying a new generation of 

antidepressants?” In chapter 3, I have begun our investigation by testing hypothesis 1 and 

examining a necessary action of serotonin for antidepressant action, focusing primarily on my 

contributions to a study led by Xiang Cai and Angy Kallarackal (Cai et al., 2013). These results 

led to identification of the TA-CA1 synapses as a key site of dysregulation in depression and as 

an archetype of critical synaptic function for antidepressant action. In chapter 4, I test hypothesis 

2, and further characterize the deficits caused by chronic stress at TA-CA1 synapses, and 

demonstrate that loss of excitatory synaptic strength, and their reversal with successful 

antidepressant treatment, are critical biomarkers of a depressed phenotype before and after 

chronic stress (Kallarackal*, Kvarta* et al., 2013). In chapter 5, I demonstrate that corticosterone 

mediates the synaptic and behavioral effects of chronic stress in the CUS model, by 

demonstrating that it is both sufficient and necessary (Kvarta et al., 2015). In chapter 6, I explore 

the emerging excitatory synapse hypothesis of depression that is consistent with my and other’s 
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results, which resulted in our conceptualization and testing of a novel strategy for rapid 

antidepressant treatment (Fischell et al., 2015; Thompson et al., 2015).  

 

Science is a collaborative effort, and none of these studies could have been completed 

and published without contributions by others. Here I have focused nearly exclusively on data I 

personally collected. I have taken careful effort to acknowledge the efforts of my colleagues and 

collaborators when presenting data I did not collect in full.  

The disclaimer of Max Hamilton, who sounded a little anhedonic himself in the abstract for 

his widely cited A Rating Scale for Depression, applies herein as it does for many scientific 

endeavors: “Unfortunately, it cannot be said that perfection has been achieved, and indeed, there 

is considerable room for improvement”. 
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2) General methods 

All protocols were submitted to and approved by the University of Maryland School of 

Medicine Institutional Animal Care and Use Committee.  

Animals 

Male Sprague-Dawley rats (Harlan Laboratories, 3-4 weeks old at start) kept on a regular 

12 hour light/dark cycle were group housed, with food and water available ad libitum. All rats 

sacrificed for in vitro electrophysiology and molecular biology experiments were 7-8 weeks old.  

Acute hippocampal slice preparation 

All tissue for electrophysiology and western blot experiments were prepared acutely, on 

the same day they were used. At 7-8 weeks old, rats were deeply anesthetized using 0.025mL/kg 

Somnasol (390 mg pentobarbital sodium, 50 mg phenytoin sodium per mL). After rapid 

decapitation, both hippocampi were removed and placed into ice cold artificial cerebrospinal fluid 

(ACSF). ACSF contained 120mM NaCl, 3 mM KCl, 1.0 mM NaH2PO4, 1.5 mM MgSO4*7H20, 

2.5 mM CaCl2, 25 mM NaHCO3 and 20mM glucose, and was bubbled with carbogen 

(95%O2/5%CO2). Hippocampi were mounted in 2% Agar on a vibratome slicing chamber, with 

the long axis perpendicular to the direction of cut. Transverse hippocampal slices were then cut 

on a vibratome in 400µm sections. Slices were allowed to recover for at least 1 hour at the 

interface of physiological medium on ashless filter paper, humidified with carbogen. 

Acute slice electrophysiology 

After recovery, the subiculum and area CA1 were microdissected away from the dentate 

gyrus and area CA3 with two straight cuts, to isolate the temporoammonic-CA1 pathway for 

synaptic physiology and prevent spontaneous epileptiform discharge. Slices were transferred to a 

submersion-type recording chamber that was perfused at room temperature with ACSF 

(1mL/min). ACSF was continuously bubbled with carbogen. Picrotoxin (100µM) and CGP52432 

or CGP54626 (2µM) were included to block GABAA and GABAB receptors, respectively. 
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Concentric bipolar tungsten electrodes were placed in either SLM, to stimulate TA afferents, or 

SR, to stimulate SC afferents (Figure 2.1). Capillary glass recording pipettes were filled with 

ACSF (3-5MΩ), and placed >500µm from the stimulating electrodes. 100µs stimuli were 

delivered at a frequency of 0.05Hz. Stimulus intensity was generally set so that the elicited fEPSP 

was 0.1-0.2mV in amplitude. In AMPA:NMDA experiments, stimulus intensity was varied to 

elicit fEPSPs with fiber volleys from 0.05 to 0.5mV. All compounds used in field recording 

experiments were dissolved in ACSF and applied via the perfusion system. Concentrations of 

these compounds are noted at their final experimental concentration in ACSF applied to the slice. 

Field EPSPs were recorded using an n.p.i. amplifier, filtered at 3kHz, and amplified 1000x prior 

to digitization at 10kHz.  

 

Figure 2.1 – Transverse hippocampal slice preparation and electrode setup 

For AMPA:NMDA experiments, MgCl2 was omitted from the ACSF. Electrode pairs 

were placed to record either SC-CA1 fEPSPs or TA-CA1 fEPSPs. Stimulus intensity was varied 

to elicit fEPSPs with fiber volleys from 0.05 to 0.5mV. 6-10 fEPSPs were recorded at each 

intensity and averaged post-hoc prior to analysis. Next, the AMPAR antagonist DNQX was 

washed in (50µM) for 10 minutes. After the response stabilized, the same range of stimulus 

intensities was again delivered to elicit an NMDAR-mediated response. After completion of the 
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experiment, the competitive NMDAR antagonist 2-Amino-5-phosphonopentanoic acid (APV, 

80µM) was washed in to verify NMDAR responses. For analysis, the first 2ms of the initial slope 

of the fEPSP during the initial period was used an indicator of the strength of the AMPAR-

mediated component of the fEPSP, while the subsequent 2-5 ms of the slope in the presence of 

DNQX was used an indicator of the strength of the kinetically slower NMDAR-mediated 

component.  

For LTP experiments TA-CA1 fEPSPs were elicited for 30 minutes as a baseline period, 

at a stimulus intensity of 150% of the lowest threshold that elicited a post-synaptic response. To 

induce LTP, a high frequency stimulus train was delivered (four 1 second-long trains at 100 Hz, 

delivered one minute apart). Stimulation then resumed at 0.05 Hz.  

In some experiments, a serotonin receptor antagonist or a serotonin reuptake inhibitor 

was used while continuously stimulating at 0.05Hz. In these experiments, after a 30 minute 

baseline period, drugs were perfused over the slice via the ACSF. For anpirtoline (50 µM, 

Tocris), a 5HT1BR agonist, and Fluoxetine (10 µM, National Institutes of Health), a selective 

serotonin reuptake inhibitor, drug was applied for 60 minutes. Slices were then washed with drug-

free ACSF for 60 minutes. For imipramine (2 µM, Sigma-Aldrich), a tri-cyclic antidepressant, the 

drug was applied for 120 minutes, followed by 60 minutes of washout. Isamoltane (10 µM, 

Tocris) has a 27-fold higher affinity for 5HT1BRs (IC50=39nmol/L) compared to 5HT1ARs 

(IC50=1070nmol/L)(Waldmeier et al., 1988), and was continuously perfused throughout the entire 

recording when it was used to test the necessity of 5HT1BR signaling for drug- or HFS-induced 

potentiation.  

Western blotting 

Western blotting was used to quantify the expression of specific synaptic proteins and 

measure their phosphorylation states. After the recovery period following sectioning, slices were 

incubated in oxygenated control drug-free ACSF for at least 5 minutes at room temperature. In 

some experiments, slices were incubated in either fluoxetine- or anpirtoline-containing ACSF. 
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Slices were then placed on glass slides resting on dry ice to quickly freeze, and micropunches 

(1mm in diameter) were targeted to either SLM, SR, or SP in area CA1. Punches were pooled (~3 

punches per sample) and homogenized in 80µL of ice-cold lysis buffer (protease and phosphatase 

inhibitor cocktail, Sigma-Aldrich). Homogenates were kept at -80°C. 

Protein quantification for each sample was performed using a standard Bradford Assay 

(Coomassie reagent, Thermo Scientific, Rockford, IL). 10µg of protein was mixed with sample 

buffer (Laemmli, Sigma-Aldrich), boiled, and loaded into 4-12% Bis-Tris gel (Novex, Life 

Technologies). Control lanes were included in all experiments. After running in 1X NuPage 

MOPS SDS running buffer, the gel was transferred onto PVDF membranes in 1X NuPage 

transfer buffer in 10% methanol. The PVDF membrane was blocked with 0.5-2.5% nonfat dry 

milk in buffer containing 1M Tris-buffered saline and 0.05% Tween 20. Membranes were then 

probed with primary antibodies for 1 hour at room temperature, rinsed with TBS-Tween, then 

incubated in secondary antibodies, before being developed with enhanced chemiluminescence 

(SuperSignal™ West Pico Chemiluminescent Substrate, Life Technologies). If they were first 

probed for phosphoproteins, membranes were stripped and reprobed with pan-protein antibodies. 

Phospho-specific antibodies used were Ser831-phosphorylated GluA1 (1:1000, Thermo 

Scientific, Pierce) and Thr286-phosphorylated CaMKII (1:3000; Cell Signaling). Pan-antibodies 

used were rabbit anti-GluA1 (0.5 µg/ml; Chemicon), anti-glucocorticoid receptor (GR, 1:1000; 

Millipore), anti-CaMKII (1:2000, Cell Signaling), and anti-β–actin (1:5000; Cell Signaling), and 

an HRP-linked anti-rabbit IgG secondary antibody (1:1000; Cell Signaling). Total expression is 

quantified as signal intensity normalized to β-actin, while phospho-expression is quantified as 

phospho-protein normalized to total protein (e.g. pS831-GluA1:total GluA1). Densitometric data 

is transformed, so I treated it as ordinal for statistical analysis. 

Chronic unpredictable stress (CUS) procedure 

Rats were exposed to 2 stressors per day for 3-4 weeks, as described previously (Willner, 

Muscat, & Papp, 1992). Light cycle stressors included restraint (30 minutes), strobe light (30 
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minutes), forced swim in cold water (5 minutes), cage rotation (3 hours), cage tilt (3 hours), white 

noise (3 hours). Overnight stressors included food deprivation (16 hr), overnight social isolation 

(16 hr), and overnight water deprivation (16hr). In metyrapone experiments, overnight stressors 

were not used, except for food deprivation preceding novelty-suppressed feeding, and single 

housing during sucrose preference tests.  

Sucrose preference 

Sucrose preference tests were generally performed weekly on all rats. While singly 

housed for a single dark cycle, rats were presented with two bottles, containing either tap water or 

a dilute sucrose solution for 16 hours. Rats were trained once with 2% sucrose, then tested with 

1% sucrose for subsequent tests. Tests lasted from 2 hours before the dark cycle until two hours 

after. Single housing during this period is potentially a stressor. Data are quantified as sucrose 

solution consumed as a percent of total fluid consumption. In each subsequent test, the location of 

the sucrose-containing bottle was alternated relative to the water bottle, to eliminate a learned 

side-preference. The bottles (Critter Canteen, Leith Petwerks, Salem OR) used were equipped 

with spring-loaded ball-bearing spouts to minimize leakage.  

Novelty-suppressed feeding (NSF) 

Rat chow pellets were placed in the center of a brightly lit arena in a dark room, as 

described previously (Dulawa, 2009; Santarelli et al., 2003). Control and treated rats were placed 

in the corner of the arena and latency to feed was measured. After one bite, the rat was returned to 

the familiar home cage to feed ad libitum for 5 minutes, to ensure sufficient hunger (all consumed 

>0.05g). Rats that did not feed in the arena were assigned the maximum time allowed. This data 

was therefore treated as ordinal. The chamber was cleaned between rats. In the chronic CORT 

experiment, rats were first food deprived for 24 hours to instigate feeding behavior, and the 

maximum time was 400 seconds. In the CUS±MET experiment, rats were food deprived for 16 

hours (as part of the CUS paradigm) and the maximum time was 600 seconds.  
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Statistics  

Data are presented as mean ± SEM. Statistics were calculated using SPSS (IBM, Armonk, 

NY) and Graphpad (Graphpad Software, Inc., La Jolla, CA). All data tested with parametric tests 

(t-tests for 2 groups, ANOVA for >2 with Bonferroni post-hocs) were normally distributed and 

homoscedastic. Non-parametric statistics were used for ordinal data (NSF, Western blots). 
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3) 5HT1BR-mediated plasticity of TA-CA1 synapses 

A portion of the work in this chapter has been published at Nature Neuroscience. My own contributions 

are discussed with the pronoun “I”. For the work done by my lab mates, I will use “we.” 

 

Xiang Cai*, Angy J. Kallarackal*, Mark D. Kvarta, Sasha Goluskin, Kaitlin Gaylor, Aileen M. Bailey, 

Hey-Kyoung Lee, Richard L. Huganir & Scott M. Thompson. Local potentiation of excitatory synapses by 

serotonin and its alteration in rodent models of depression. Nature Neuroscience 2013 Apr;16(4):464-72.  

*- denotes equal contribution 

Introduction 

Current treatments for depression remain unsatisfactory, partly because the underlying 

biological changes in brain function in depression remain poorly understood. The discovery that 

changes in monoamine levels alter the affective state of patients led to the hypothesis that a 

dysfunction of monoamine signaling, particularly serotonin (5-HT), causes depression (Heninger 

et al., 1996). Elevation of serotonin levels with conventional antidepressants, such as SSRIs and 

TCAs, may modulate neuronal excitability and plasticity by altering the transcription, translation, 

and phosphorylation state of target proteins (Krishnan and Nestler, 2008). Neither the principal 

neural circuits nor the key proteins that are modulated by serotonin are known, however. 

Serotonin is capable of regulating the glutamatergic system, and evidence of changes in 

excitatory synaptic transmission in models of depression is accumulating (Sanacora et al., 2008; 

Duman and Aghajanian, 2012), but it remains unclear how these two neurotransmitter systems 

interact. Strikingly, there is considerable overlap between molecular and neuronal changes due to 

antidepressant treatment and molecular mechanisms of synaptic plasticity.  

Depression is likely caused by dysfunction in a variety of brain regions and cell types, 

including the hippocampus (Campbell and MacQueen, 2004). Altered hippocampal function may 

also influence adversely the activity of the cortex, amygdala, and other structures associated with 

reward, motivation, and emotionality and can contribute to the diverse and complex changes in 

neurobehavioral state that underlie depression in humans. For example, the hippocampal 

formation provides a major source of excitatory input to the NAc (Phillipson and Griffiths, 1985), 
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where chronic stress weakens AMPAR-mediated excitatory synaptic transmission (Lim et al., 

2012), which is a necessary deficit to induce anhedonia following chronic stress exposure.  

To synthesize the emerging evidence of a critical role of synaptic dysfunction in 

depressive-like behaviors with the existing body of work on monoamine signaling, the 

hippocampus is one of the brain areas most inviting to study because of (1) thoroughly studied 

mechanisms of synaptic plasticity, (2) manifestation of antidepressant treatment by serotonergic 

modulation and ascribed cellular and molecular changes, (3) critical ties to other brain areas (e.g. 

the NAc) which are affected in depression and are likely to underlie symptoms, and (4) 

substantial vulnerability to stress corresponding with changes in depression and recapitulated in 

animal models.  

As discussed in the introduction, the 1B subtype of serotonin receptor (5HT1BR) is an 

intriguing actor in regards to depression and antidepressant treatment. A h5HT1BR polymorphism 

has been identified that is associated with depression and substance abuse, but not other 

psychiatric disorders (Huang et al., 2003). In tissue from depressed patients, there is decreased 

p11 protein expression, which necessary for 5HT1B/DR surface expression (Svenningsson et al., 

2006). Above, I discussed a critical role for 5HT1BRs in animal models of antidepressant action. 

Briefly, 5HT1BR knockout mice respond poorly to SSRIs in the FST (Mayorga et al., 2001; 

Chenu et al., 2008), while wild-type mice exhibit antidepressant-like effects in response to 

administration of a 5HT1BR agonist (anpirtoline), even if their serotonergic neurons (and any 

effect of presynaptic autoreceptors) are pharmacologically eliminated (Schlicker et al., 1992; 

Malagié et al., 2001). This suggests an attractive discrete role for 5HT1BRs activated 

heterosynaptically (Mathur et al., 2011) that may completely differ from the effect of inhibitory 

autoreceptors, which tend to inhibit excitability even in key cortico-striatal areas. 5HT1BRs are 

expressed postsynaptically on some dendrites, and can contribute to increased and decreased 

excitability (Berger and Huynh, 2002; Stean et al., 2005). Where might we look for 5HT1BR-

mediated actions in the hippocampus? 
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5-HT1B receptor mRNA is present in CA1 cells at high levels and 5-HT1BR binding sites are 

concentrated in stratum lacunosum-moleculare (SLM) (Aït Amara et al., 1995; Doucet et al., 

1995; Sari et al., 1999), implying that SLM 5-HT1BRs are postsynaptically expressed at TA-CA1 

synapses. In fact, there is evidence that serotonin interacts with mesolimbic dopaminergic system 

via postjunctional 5HT1B heteroreceptors in the ventral hippocampus, modulates activity of 

glutamatergic hippocampo-accumbens pathways, and secondarily alters DA in the NAc 

(Boulenguez et al., 1996), demonstrating direct interaction with the greater cortico-mesolimbic 

circuitry. Meanwhile, there is a paucity of 5-HT1BR expression in other layers of CA1 and CA3 

subfields, with virtually no expression detected in stratum radiatum, limning TA-CA1 as an 

interesting candidate at which to study 5HT1BR-mediated modulation and more broadly the role 

of serotonin and SSRIs. 

Indeed, the highest concentration of serotoninergic fibers in the forebrain is SLM of 

hippocampal areas CA1 and CA3 (Ihara et al., 1988), where the axons of layer III neurons in the 

entorhinal cortex form excitatory synapses with the distal apical dendrites of pyramidal cells. The 

TA pathway is required for some spatial recognition tasks and for long-term consolidation of 

spatial memory (Remondes and Schuman, 2004).  

 5HT1BRs are appealingly situated at the confluence of stress, serotonin, depressive-like 

behavior and antidepressant action at a major locus of synaptic plasticity, cognitive function, and 

affective regulation in a cortico-mesolimbic structure. In order to understand the function of 

serotonin and its role in antidepressant efficacy better, I studied its actions at TA-CA1 synapses, 

in conjunction with a study led by Xiang Cai and Angy Kallarackal (Cai et al., 2013).  

Hypothesis 1: Monoaminergic 5HT1BR-mediated antidepressant efficacy is caused by increased 

excitatory synaptic transmission at cortico-mesolimbic sites via AMPAR phosphorylation by 

CaMKII.  

Prediction 1.1. AMPAR and CaMKII phosphorylation in the hippocampus and NAc will be 

increased following SSRI, TCA, or anpirtoline application.  
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Prediction 1.2. AMPAR and CaMKII phosphorylation following SSRI or anpirtoline application 

will coincide with synaptic potentiation at TA-CA1.  

Methods 

Western blots and electrophysiology experiments were performed as described in general 

methods. Antibodies used were anti-Ser831-phosphorylated GluR1 (1:1000; Chemicon), anti-

Thr286-phosphorylated CaMKII (1:5000; Promega), anti-GluR1 (0.5 µg/ml;
 
Chemicon), and anti-

CaMKII (1:2000; Cell Signaling Technology).  

Sucrose preference test. SPTs were performed somewhat differently than elsewhere in 

this document. After 3 hours of water deprivation, rats were given a choice between two bottles 

for 3-4 hrs, one with 1% sucrose solution and another with normal drinking water. To prevent the 

possible effects of side preference in drinking, the position of the bottles was reversed after 2 hrs. 

Mice were tested over 12 hours (6 hrs light/6hrs dark) with bottle positions switched after 6 hrs. 

The consumption of water and sucrose were measured by weighing the bottles. Preference for 

sucrose was calculated as a percentage of consumed sucrose-containing solution relative to the 

total amount of liquid intake. 50% means that they drank equally from both bottles, i.e. they had 

no preference for sucrose. Naïve animals were tested repeatedly in group housing until the cage 

had consistent preference for 1% sucrose, but were always tested individually thereafter. For 

experiments with only wild type animals, any individual that did not demonstrate a sucrose 

preference >65% was discarded. In some experiments, animals were first trained to the task using 

2% sucrose. Tests were repeated once per week during the course of CUS or antidepressant 

administration.  

Antidepressant treatment. Animals were given antidepressants via their drinking water in 

order to minimize stress. The concentrations of antidepressants were: imipramine, 100 mg/liter; 

fluoxetine, 80 mg/liter. Animals were housed singly and drinking water was changed every 3 

days. Animals were given antidepressants continually for 3 - 4 weeks. Control animals received 
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water only. Experiments were then performed and analyzed with the experimenter blinded to the 

experimental condition of the animals. 

Data analysis. Experiments were performed with the investigators blinded to the 

genotype of the animals or the identity of the substance being applied whenever possible. The 

blind was not broken until data analysis was complete. For quantification of anpirtoline and 

antidepressant actions in electrophysiological experiments, fEPSP or EPSC slope values were 

averaged and quantified over a three minute period preceding application of the substance 

(control) and a three minute period at the end of the substance application (effect). 

Results 

In our study, field excitatory post synaptic potentials (fEPSPs) were recorded in SLM of 

area CA1 of acutely prepared rat hippocampal brain slices in response to stimulation of the TA 

pathway. Bath application of the tricyclic antidepressant imipramine (2 µM) or the SSRIs 

fluoxetine (20 µM) or citalopram (10 µM), in order to acutely elevate extracellular serotonin, all 

increased the slope of TA-CA1 fEPSPs over the course of ~60 minutes of drug application. We 

asked whether 5HT1BRs mediated this potentiation, by pretreating slices with 5HT1BR antagonist 

isamoltane (10 µM), and observed no effect of imipramine application. My colleagues observed 

that in mice lacking 5HT1BRs, imipramine and fluoxetine failed to have any effect. The 5HT1BR-

selective agonist anpirtoline (50 µM) on the other hand, did increase the slope of TA-CA1 

fEPSPs. Unlike the acute potentiating effects of the monoaminergic antidepressants, the effects of 

anpirtoline on fEPSP slope were fully reversed after 60 min of drug wash-out Figure 3.1. 

Anpirtoline-induced potentiation was unaffected by depletion of serotonin with p-

chlorophenylalanine, indicating that anpirtoline’s effect was mediated by postsynaptic 

heteroreceptors and not from an action on presynaptic inhibitory autoreceptors on serotonergic 

nerve terminals.  
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Figure 3.1 - Potentiation of TA-CA1 fEPSPs is irreversible in response to endogenous serotonin 

elevation, but transient following selective 5HT1BR activation 

Single represantative experiments recording fEPSPs at TA-CA1 in acute hippocampal slices in response to 

bath applied drugs. Data from these experiments demonstrate reversibility of potentiation induced by the 

5HT1BR-selective agonist anpirtoline (50µM, filled circles) in response to drug washout, and irreversibility 

of potentiation induced by endogenous serotonin elevation with the traditional antidepressant imipramine 

(10µM, open circles). 

I asked whether the persistent potentiating effect of increasing endogenous serotonin 

acutely with antidepressant application in vitro was different from the reversible effect of 

anpirtoline application because of persistent increase in serotonin levels. An alternate explanation 

is that endogenous serotonin and anpirtoline differ in the manner in which they activate 5HT1BR. 

Another alternative is that endogenous serotonin activates additional serotonin receptors that 

result in the sustained potentiation observed with SSRI or TCA application. To test this, I applied 

isamoltane only after imipramine-induced potentiation occurred and imipramine had been washed 

out. If serotonin remained elevated and this was the cause of the seeming irreversibility of the 

potentiation, then isamoltane would antagonize 5HT1BRs that were being continuously activated 

at this population of synapses. Following imipramine-induced potentiation and an hour of 

washout, isamoltane application (10 µM) decreased the potentiation (Figure 3.2), suggesting 

persistent elevation of serotonin and resulting 5HT1BR-mediated signaling contributes at least in 
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part to the irreversible effect of elevating endogenous serotonin, compared to the reversible action 

of 5HT1BR agonists.  

 

 

Figure 3.2- 5HT1BR antagonist isamoltane reverses persistent potentiation of TA-CA1 fEPSPs by 

imipramine. 

Bath application of the tricyclic antidepressant imipramine potentiates fEPSPs at TA-CA1 measured by 

slope. The 5-HT1BR antagonist isamoltane reverses the normally irreversible potentiation caused by 

elevation of endogenous serotonin, suggesting a role for persistent presence of serotonin and its action at 

5-HT1BR that can be competed against by antagonism. 

We then asked whether 5-HT1BR-mediated potentiation of TA-CA1 fEPSPs is mediated 

pre- or postsynaptically. Whole-cell recordings of CA1 cells following pairs of TA stimulation 

separated by 50 ms demonstrated that 5-HT1BR-mediated potentiation occurred with no change in 

paired-pulse ratio, an inversely proportional proxy for release probability, nor any change in fiber 

volley, a measure of the number of pre-synaptic fibers stimulated. We concluded that 5-HT1BR-

induced potentiation is thus inconsistent with classical presynaptic expression mechanisms. 

Following anpirtoline application in other whole-cell recordings, photolysis of caged glutamate 

demonstrated a post-synaptic increase in AMPAR function in SLM, but not SR, indicating that 

activation of 5-HT1BRs thus specifically and selectively increases the number or efficacy of 

postsynaptic AMPA receptors in the distal apical dendrites of CA1 pyramidal neurons in a highly 

localized manner. 
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We hypothesized that 5HT1BR-mediated potentiation of AMPAR function at TA-CA1 

synapses was caused by activation of calcium/calmodulin-dependent protein kinase (CaMKII), 

one of the kinases that can be activated by 5HT1BRs that has been growingly implicated in 

neuropsychiatric disease (Robison, 2014). Based on this hypothesis I predicted that AMPAR and 

CaMKII phosphorylation would both be elevated along the time-course of potentiation. That is, 

following anpirtoline application, AMPAR phosphorylation at the CaMKII/PKC site S831 of the 

GluA1 subunit would exhibit a reversible increase in phosphorylation, while following 

antidepressant application, the increase in phosphorylation would not reverse after wash. CaMKII 

is activated by increases in calcium, and autophosphorylates at the threonine 286 residue, which 

allows activation to persist beyond calcium elevation (Miller and Kennedy, 1986; Giese et al., 

1998). If CaMKII is responsible for phosphorylation of the GluA1 subunit, then its 

autophosphorylation at the T286 site should also increase along the same time course as GluA1. I 

tested this prediction with Western blotting of tissue micro-dissected from SLM following 

incubation of slices in ACSF for each of the following conditions: ACSF alone, 1 hour in 

anpirtoline, 1 hour in fluoxetine, 1 hour wash (regular ACSF) following 1 hour in anpirtoline, or 

1 hour wash following 1 hour in fluoxetine. Acute administration of fluoxetine (50 μM, 60 min) 

resulted in an activation of CaMKII (Figure 3.3, left graph, n=6 samples each, Kruskal‐Wallis H, 

χ2=10.986, df=4, p=0.027) and phosphorylation of S831 of GluA1 (Figure 3.3 right graph, n=4 

samples each, χ2=10.602, df=4, p=0.031) in tissue from SLM that persists after 60 min of 

washout, whereas both recover after washout of anpirtoline (50 μM, 60 min; *=significantly 

different from control (post‐hoc Mann‐Whitney U tests, p<0.05). These phosphorylation levels 

are normalized to total pan-protein levels of the respective proteins (See General methods). In 

similarly treated tissue micro-dissected from SR, there was no increase in phosphorylation of 

GluA1 at S831.  
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Figure 3.3 – Effect of anpirtoline, fluoxetine and wash on phosphorylation of S831 site of GluA1 and 

T286 site of CaMKII 

Western blot of tissue microdissected from SLM after hippocampal slices were incubated in ACSF±drug at 

different timepoints. Drug conditions (Anp-anpirtoline or Fluox-fluoxetine) are after 1 hour of incubation. 

Wash conditions are 1 hour of drug-free wash following 1 hour of incubation in drug-containing ACSF. 

Con-control in drug free ACSF. Anpirtoline reversibly increases CaMKII T286 and GluA1 S831 

phosphorylation, while fluoxetine irreversibly increases phosphorylation, following the time course of their 

respective duration of potentiation of TA-CA1 synapses.  

To answer the question of whether the same 5HT1BR-mediated mechanism can increase 

excitability in other cortico-mesolimbic areas, I examined the NAc in response to a similar 

paradigm. I took parasagittal acute brain slices, and incubated them in anpirtoline for 1 hour. In 

tissue punches taken from the NAc core, anpirtoline (50 µM for 60 min) increased 

phosphorylation of CaMKII T286 (Figure 3.4, left, Mann Whitney U z=2.09 p=0.04) and GluA1 

S831 (Figure 3.4, right, Mann-Whitney U z=2.09 p=0.04; n=6 slices each). These results suggest 

that local regulation of synaptic excitation by serotonin occurs in multiple regions important for 

cognitive function and affect in the context of serotonin and antidepressant treatment. 
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Figure 3.4 – Anpirtoline increases CaMKII T286 and GluA1 S831 phosphorylation in NAc core 

Tissue punches were taken from parasaggital rat brain sections targeting NAc core, following an hour of 

incubation in ACSF with or without anpirtoline. Western blot with phospho-specific antibodies reveals 

increased CaMKII T286 and GluA1 S831 phosphorylation, relative to total amount of each respective 

protein. 

CaMKII is a critical kinase enzyme involved in regulation of synaptic strength and 

induction of synaptic plasticity. Classically, following calcium entry and CaMKII activation, the 

kinase translocates to the synapse and effects potentiation by phosphorylating principal and 

auxiliary units of AMPARs in a synapse-specific manner (Lisman et al., 2012). More recently, 

CaMKII has been shown to have important roles in structural plasticity and synaptic organization 

(Hell, 2014). Regardless, CaMKII has an extensively studied role in conventional LTP, typically 

studied at SC-CA1 synapses.  

Given this evidence of a converging pathway between serotonin-induced potentiation and 

mechanisms of synaptic plasticity, I tested whether anpirtoline-mediated potentiation of fEPSPs 

would occlude high-frequency stimulation-induced LTP. Anpirtoline has no effect on SC-CA1 

fEPSPs (Figure 3.5, n=7), consistent with the lack of 5HT1BRs in SR. Furthermore, anpirtoline 

application does not alter LTP at SC-CA1 synapses (p>0.05 compared to drug-free control 

slices). The effect of anpirtoline on TA-CA1 fEPSP slope remained occluded after induction of 

LTP, even when the stimulation intensity was decreased to return the fEPSP to the baseline level, 

to control for a potential ceiling effect (Figure 3.6, n=5 slices).  
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Figure 3.5 – Anpirtoline has no effect on SC-CA1 fEPSPs. 

Anpirtoline neither enhanced SC-CA1 fEPSPs nor occluded LTP of SC-CA1 synapses (grey; n=7 slices). 

LTP of SC-CA1 fEPSPs in control slices shown in black (n=5 slices). Only every other data point is plotted 

to allow the two data sets to be distinguished.  

  



59 

 

 

Figure 3.6 – Anpirtoline-induced potentiation of TA-CA1 fEPSPs is occluded by HFS-induced LTP 

The effect of anpirtoline on TA-CA1 fEPSP slope remained occluded after induction of LTP, even when 

the stimulation intensity was decreased to return the fEPSP to the baseline level (n=5 slices). 

Representative traces are shown below. Scale bar = 0.1 mV, 20 ms.  

When I bath applied anpirtoline first, fEPSPs increased in slope as usual. After 

potentiation following 1 hour of anpirtoline application, I readjusted the stimulus intensity down 

to achieve a fEPSP slope similar to baseline at the previous intensity, and then applied a high 

frequency stimulus to induce LTP. As predicted by a shared mechanism between serotonergic 

potentiation and synaptic plasticity, 5HT1BR-mediated potentiation occluded subsequent 

induction of LTP (Figure 3.7, n=4 slices). 
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Figure 3.7 - HFS-induced LTP at TA-CA1 synapses is occluded by anpirtoline 

The effect of anpirtoline on TA-CA1 fEPSP slope still occluded induction of LTP, even when the 

stimulation intensity was decreased to return the fEPSP to the baseline level following anpirtoline-induced 

potentiation (n=4 slices).  

Consistent with the hypothesis that monoaminergic 5HT1BR-mediated antidepressant 

efficacy is caused by increased excitatory synaptic transmission at cortico-mesolimbic sites via 

AMPAR phosphorylation by CaMKII, I observed that GluA1 S831 and CaMKII T286 

phosphorylation in the hippocampus and NAc was increased following SSRI, TCA, and 

anpirtoline application. Furthermore, the increased phosphoprotein detected by Western blot 

coincided with the time course of synaptic potentiation at TA-CA1.  

TA-CA1 synapses are strongly activated during cognitive tasks, involving working and 

associative memory in primates, and including spatial and non-spatial tasks (Sybirska et al., 

2000). In the course of this investigation, my colleagues in our collaborator Aileen Bailey’s 

laboratory demonstrated an interaction between 5HT1BR-mediated serotonin signaling and long-

term consolidation of spatial learning, which is a known function of TA-CA1 synapses 

(Remondes and Schuman, 2004). Inhibiting 5HT1BR signaling improved spatial memory 

consolidation in a spatially-cued version of the Morris Water Maze (Cai et al., 2013). Briefly, rats 

were trained to find a hidden platform in a water maze over 10 training blocks. Latency to find 

the target platform decreased significantly between the first and last training trial, demonstrating 

that the rats learned the location of the platform. This latency remained short during a probe trial 

administered 24 hrs after the last training trial, demonstrating that the rats remembered the 
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platform location. Finally, this latency remained significantly shorter than naïve when tested in a 

consolidation probe trial 28 days after the final training trial, demonstrating memory 

consolidation. Rats administered a 5-HT1BR antagonist (SB216641, 4 mg/kg, i.p.) daily for 14 

days starting after the 24 hr probe trial displayed a significantly shorter escape latency in the 

consolidation trial than the control group (injected daily with 0.9% NaCl, i.p.). Consistent with 

previous reports that 5-HT1BR
–/–

 knockout mice have improved short-term learning in the Morris 

water maze (Buhot et al., 2003), we conclude that activation of 5-HT1BRs by endogenous 

serotonin interacts with the memory consolidation process, perhaps through competition for 

synaptic plasticity-related processes between the non-specific serotonin-induced potentiation and 

the synapse specific potentiation of critical synapses for the memory.  

Other critical findings from this investigation, towards which I had only a minor 

contribution in collecting, revealed a peculiar alteration in 5-HT1BR-mediated signaling in a 

chronic stress model of depressive-like behavior which was reversed by successful antidepressant 

treatment (Cai et al., 2013). A possible prediction of the disputed monoamine hypothesis of 

depression is that altered actions of serotonin could contribute to the neurobiological pathology 

underlying depressive symptoms. We therefore investigated serotonin-induced potentiation in rats 

subjected to CUS (Willner et al., 1987), which caused rats to exhibit both a significant decrease in 

sucrose preference and increased latency in novelty-suppressed feeding, as reported previously 

for rodent models of depressive-like behavior (Dulawa, 2009). We observed that the anpirtoline-

induced potentiation of TA-CA1 EPSPs was much greater in slices from CUS animals than in 

unstressed littermates, and that EPSP slope remained enhanced even after 100 minutes of washout 

in slices from rats subjected to CUS, but not in slices from stress-free control rats, in whole-cell 

and extracellular recordings (Figure 3.8 bottom, extracellular recordings). The persistence of the 

potentiation was independent of its magnitude, and was resistant to the 5-HT1BR antagonist 

isamoltane. Despite the increased magnitude of the response in CUS animals, the potentiation 

remained specific to the TA-CA1 synapse, with no effect at SC-CA1 synapses. We conclude that 
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endogenous serotonin can still be released from dorsal raphe afferents within the hippocampus in 

animals subjected to CUS, and that the resting level of extracellular serotonin is still regulated by 

the serotonin transporter, but that serotonin’s downstream signaling at excitatory synapses is 

increased in animals subjected to CUS.  

Because many antidepressants elevate extracellular serotonin levels and this chronic 

elevation of serotonin increases AMPA receptor phosphorylation in the hippocampus 

(Svenningsson et al., 2002), we asked what effect chronic antidepressant treatment of stress-naïve 

rats might have on 5-HT1BR-mediated potentiation. In hippocampal slices from rats given 

imipramine or fluoxetine via their drinking water for at least 3 weeks, anpirtoline-induced 

potentiation of TA-CA1 fEPSP slope was absent (Figure 3.8 top, p>0.05, paired t-test vs before 

anpirtoline application for imipramine n=9 slices and fluoxetine n=5 slices; p<0.05 paired t-test 

vs before anpirtoline for controls n=7 slices). It is possible that this result is due to a ceiling effect 

of synaptic strengthening during treatment. Anpirtoline produced normal potentiation in slices 

from animals treated for only 36 hrs, insufficient time for most behavioral effects in rodents and 

depressed humans. Chronic antidepressant treatment thus prevents 5-HT1BR activation from 

potentiating TA-CA1 synapses; an effect directly opposite to the enhancement of 5-HT1BR-

induced potentiation seen after CUS.   

How does successful antidepressant treatment interact with the depressive-like state 

induced by CUS? We took slices from rats that had been chronically stressed to induce an 

anhedonia-like state in the SPT, and then we chronically treated them with the SSRI fluoxetine, 

resulting in rescue of normal hedonic behavior in SPT and NSF tasks after 3 weeks of treatment. 

In hippocampal slices, this successful AD treatment was accompanied by restoration of normal 

magnitude, reversible potentiation of TA-CA1 synapses in response to anpirtoline (Figure 3.8 

bottom). A brief period of fluoxetine administration (36 hrs), in contrast, failed to restore either 

sucrose preference or the reversible anpirtoline response in CUS rats. The response of TA-CA1 
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synapses to 5-HT1BR activation thus correlates with the affective state of the animals under 

several conditions: stress-naïve controls, chronically stressed by CUS, and AD-rescue after CUS. 

  

Figure 3.8 – Effect of chronic stress and chronic fluoxetine anpirtoline-induced modulation of TA-

CA1 fEPSPs 

(Top) In slices from control animals (black n=7 slices), anpirtoline induces a reversible potentiation of 

fEPSPs at TA-CA1, which was abolished by chronic TCA or SSRI antidepressant treatment (dark grey-

fluoxetine n=5 slices, light grey- imipramine n=9 slices) p>0.05, paired t-test vs before anpirtoline for 

imipramine and fluoxetine; p<0.05 paired t-test vs before anpirtoline for controls). (Bottom) In slices from 

rats that have undergone chronic unpredictable stress, the response to anpirtoline becomes irreversible 

(washout period p<0.05 vs control, unpaired t-test). Successful rescue of behavior with chronic SSRI 

treatment beforehand rescues the anpirtoline response (washout period p>0.05 vs control, unpaired t-test). 

(Most of this experiment was performed by Angy Kallarackal; From Cai et al., 2013). 

In this study, the final critical finding, to which I had no contribution, is that 5-HT1BR-

dependent potentiation of GluA1 receptors is necessary for the therapeutic action of 

antidepressants. Using transgenic 5‐HT1BR
–/– 

knockout mice and littermate controls, my 

colleagues demonstrated that reversal of stress-induced deficits in sucrose preference could not be 

reversed by fluoxetine. Furthermore, in another mutant line of mice in which the S831 residue 

had been mutated to a phospho-null alanine residue, they demonstrated that these GluA1 S831A 

had depressive-like behavior in the SPT and NSFT, neither of which could be reversed by chronic 

fluoxetine treatment. We conclude that 5-HT1BR activation is necessary for the efficacy of SSRIs 
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in this behavioral test, consistent with previous evidence that acute activation of 5-HT1BRs is 

sufficient for an antidepressant-like effect of SSRIs in the forced swim test (O’Neill and Conway, 

2001).  

Taken together, 5-HT1BR activation and subsequent phosphorylation of GluA1 subunits 

by CaMKII is required for the ability of chronically administered antidepressants to reverse 

anhedonia in these behavioral assays. Because the sucrose preference test does not depend on the 

hippocampus, these experiments support the suggestion that serotonin-induced potentiation of 

excitatory synaptic transmission occurs in multiple corticomesolimbic brain regions involved in 

hedonic behaviors (Russo and Nestler, 2013). 

 

Discussion 

SSRIs, tricyclic antidepressants, agonists of 5-HT1BRs, and conventional LTP all 

potentiate excitatory synaptic transmission at TA-CA1 synapses and mutually occlude each other, 

suggesting that the molecular events triggered by serotonin and conventional antidepressants 

overlap with those underlying activity-dependent synaptic plasticity. Activation of 5-HT1BRs 

enhanced AMPA receptor-mediated synaptic excitation by activating CaMKII and causing 

phosphorylation of GluA1 at serine 831. Unlike LTP, 5-HT1BR-mediated potentiation was 

reversed rapidly after withdrawal of agonist. Given the similarity of the biochemical pathways, 

this difference is surprising and cannot be readily explained. Induction of LTP requires CaMKII 

activity, whereas maintenance of LTP does not (Buard et al., 2010). Therefore maintenance 

requires some process activated by LTP induction that 5-HT1BR activation does not recruit. 

Further study of the second-messenger pathways downstream of this novel form of potentiation 

may reveal key biochemical steps distinguishing the induction of potentiation, which seems to 

occur via a common mechanism between these processes, from the maintenance of potentiation, 

which only occurs after induction of LTP but is not sustained by 5HT1BR activation. 
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Interestingly, sparse evidence exists about the role of 5HT1BR as a post-synaptic 

heteroreceptor. The autoreceptor mechanism is a well-studied mechanism (Sharp et al., 1989), 

which has been suggesting by some to explain the latency to clinical improvement with sustained 

monoaminergic antidepressant treatment, requiring downregulation of 5HT1 receptors and release 

of an autoregulatory serotonin feedback mechanism or “brake” on endogenous serotonergic 

signaling (Parsey et al., 2006; Albert and François, 2010). However, the 5HT1BR-mediated 

potentiation observed at TA-CA1 is mediated post-synaptically. 

TA-CA1 synapses were potentiated by serotonin, but nearby SC-CA1 synapses were not. 

The signaling processes underlying this phenomenon must therefore be highly localized in 

postsynaptic CA1 cell dendrites. Serotonin release can be predicted to change the flow of 

information through the hippocampal circuitry, favoring the so-called direct pathway 

(temporoammonic) at the expense of the indirect pathway, by potentiating excitatory synaptic 

strength. A dysregulation of information flow due to altered serotonin receptor signaling or 

altered regulation of excitatory synapses may contribute to the cognitive dysfunction of 

depression, while intervention with SSRI or TCA may reverse these deficits. It remains to be 

determined whether depression is an effect of altered synaptic strength. That is, are synapses 

weakened by chronic stress, and restored by antidepressant treatment? Regardless, the findings in 

this chapter still implicate 5HT1BR-mediated phosphorylation of GluA1 by CaMKII as a 

necessary action of antidepressant effect. The most logical hypothesis is that synaptic strength in 

key areas is weakened by chronic stress and contributes to depressive-like behavior. 

Antidepressant treatment then restores synaptic strength over time at these key synapses that 

underlie behavior.  

Animals subjected to chronic stress exhibit elevated glucocorticoid levels, and elevated 

glucocorticoids damage neuronal structure and function in the hippocampus (Krugers et al., 

2010b), including impairing Schaffer collateral LTP. We observed that serotonin-induced 

potentiation of TA-CA1 synapses was increased in magnitude and became irreversible. A 
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decrease in initial synaptic strength, which has been described in the PFC (Yuen et al., 2012), 

could potentially account for the increase in the magnitude of the potentiation. Chronic 

antidepressant administration in naïve animals decreased the potentiation and restoration of 

sucrose preference in CUS animals treated chronically with antidepressants was accompanied by 

a restoration of the normal, transient potentiation. Short-term administration of antidepressants 

had no effect on serotonin-induced potentiation in either naïve or CUS animals. The response of 

TA-CA1 synapses to 5-HT1BR activation correlates well with the affective state of the animals 

under five experimental conditions, and thus represents a unique readout of this model of 

depression.  

The normal response of TA-CA1 to anpirtoline-mediated modulation was restored by 

chronic fluoxetine treatment after induction of a depressive-like neurobehavioral state. Control 

animals, assumed to represent a normal affective state, exhibit a modest, reversible potentiation of 

TA-CA1 synaptic strength in response to 5-HT1RR activation. Animals exhibiting anhedonia 

following CUS exhibit a large, irreversible potentiation following anpirtoline application. 

Unstressed animals chronically treated with fluoxetine or imipramine with a typical length of 

time necessary for clinical latency (several weeks) exhibit no response to anpirtoline. These 

results might tempt the conclusion that antidepressant efficacy is caused by elimination of the 

ability of synapses to respond to 5-HT1RR modulation. However, successful AD treatment of the 

stressed depressive-like condition with fluoxetine restored a normal response to anpirtoline, a 

qualitative and quantitative difference from the result of fluoxetine treatment in stress-naïve 

animals. This demonstrates the importance of recognizing that effects of antidepressants on 

normal animals cannot always be generalized to the effects of antidepressants on complex 

neurobiological systems in a depressive-like neurobehavioral state. 

How does serotonergic potentiation of hippocampal synapses contribute to reversal of a 

depressive-like state? Evidence is increasing that excitatory synapses are altered in models of 

depression (Duman and Aghajanian, 2012; Yuen et al., 2012). Depression of AMPAR-mediated 



67 

 

excitation of neurons in the reward circuitry of the nucleus accumbens (NAc) is required for the 

genesis of some depressive-like behaviors after chronic restraint stress, including anhedonia in 

the sucrose preference test (Lim et al., 2012). The source of the inputs that become depressed was 

not identified, but the NAc receives prominent projections from the hippocampus and frontal 

cortex. The serotonin-mediated plasticity we describe here may act to counteract this depression 

of NAc excitatory synapses in two ways, either via neuromodulator-evoked changes extrinsic to 

the NAc (elsewhere in the corticomesolimbic circuitry) or via changes to intrinsic properties of 

NAc neurons like synaptic strength (Johnson et al., 2011). First, serotonin-induced potentiation of 

TA-CA1 synapses increases hippocampal action potential discharge (Remondes and Schuman, 

2002; Cai et al., 2013) and should increase the excitatory drive onto NAc cells, promote de-

depression of NAc inputs, and thereby act to reverse anhedonia and restore the rewarding values 

of peripheral stimuli, such as sucrose. Consistent with this suggestion, activation of ventral 

hippocampal 5-HT1BRs has been shown to increase dopamine levels in the NAc (Boulenguez et 

al., 1996). Increased dopamine alleviates depressive-like behaviors (Chaudhury et al., 2013). The 

enhanced and persistent action of serotonin in the CUS animals (Figure 3.8) may be interpreted 

not only as a unique stress-induced form of plasticity of excitatory synapses, but also as a 

potential compensatory response, acting to promote excitatory throughput via hippocampal-NAc 

inputs. Second, medium spiny cells in the NAc express high levels of mRNA for 5-HT1BRs. If the 

plasticity we describe here also occurs in NAc D1-expressing neurons, then direct potentiation of 

excitatory synapses should counteract stress-induced depression of excitatory synapses (Lim et 

al., 2012). Consistent with this possibility, I observed a 5-HT1BR-induced activation of CaMKII 

and phosphorylation of S831 of GluA1 receptors in the NAc (Figure 3.4).  

Acute application of SSRIs produced a rapid potentiation of excitatory synaptic 

transmission in brain slices, whereas the therapeutic action of SSRIs in depressed humans and in 

animal models of depression requires several weeks. It is possible that induction of potentiation is 

a critical first step that improves affective state by promoting action potential firing which 
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subsequently triggers other slower, synergistic activity-dependent processes, such as growth 

factor signaling, neurogenesis, and changes in gene expression (Martinowich and Lu, 2008; 

Duman and Aghajanian, 2012). Repeated bouts of potentiation may be required to produce lasting 

changes, as is observed with deep brain stimulation and electroconvulsive therapy.  

The plasticity we describe here for TA-CA1 synapses is attractive as a potential explanation for 

some of serotonin’s therapeutic actions because it is generalizable, which may, in principle, take 

place at any excitatory synapse at which 5-HT1BRs are expressed. Potentially, this mechanism 

could thus re-normalize activity in almost any region in the depressed brain that responds 

similarly to serotonergic modulation via 5-HT1BR activation. This is in contrast to the well 

documented ability of serotonin to promote dentate gyrus neurogenesis, which does not occur in 

any other brain region, but has been posited as a key antidepressant action (Malberg et al., 2000; 

Warner-Schmidt and Duman, 2006). The TA-CA1 synapse serves as a useful archetype to study 

the actions of serotonin on excitatory synaptic transmission and the correlates of a depression-like 

neurobehavioral state. 

Potentiation of excitatory synaptic transmission by serotonin in multiple brain regions 

involved in cognitive function, and its bidirectional alteration by stress and chronic 

antidepressants (Pittenger and Duman, 2008; Popoli et al., 2012), provides a novel link between 

the pathology of depression and its treatment, and thus represents a new perspective on 

depression and antidepressant action. This emerging view begins to give direction in filling the 

void left by the weaknesses of the monoamine hypothesis of depression (Kallarackal, 2011).  
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4) Chronic stress selectively decreases AMPAR-mediated excitation 

at temporoammonic-CA1 synapses  

A portion of the work in this chapter has been published at Journal of Neuroscience. Figures shown here 

are data that I personally collected in whole or at least in part (i.e. some but not all data points in a group 

average). 

  

Angy J. Kallarackal*, Mark D. Kvarta*, Erin Cammarata, Leelah Jaberi, Xiang Cai, Aileen M. Bailey, 

Scott M. Thompson. Chronic stress induces a selective decrease in AMPA receptor-mediated synaptic 

excitation at hippocampal temporoammonic-CA1 synapses. Journal of Neuroscience 2013 Oct 

2;33(40):15669-74.  

*- denotes equal contribution 

Introduction 

In the previous chapter, I discussed the finding that following chronic stress, in animals 

exhibiting an anhedonia-like phenotype, serotonergic modulation is qualitatively and 

quantitatively altered at serotonergically innervated excitatory synapses in SLM of CA1. Exposed 

to a 5HT1BR-selective agonist, anpirtoline, the TA-CA1 synapses that reside in SLM are 

reversibly potentiated, as measured by intracellular or extracellular recording techniques (Cai et 

al., 2013). Following induction of a depressive-like neurobehavioral state, however, anpirtoline 

induces an irreversible potentiation of excitatory transmission at TA-CA1 which is greater in 

magnitude than in slices from animals in a stress-naïve state (Figure 3.8). This potentiation 

correlates with increased GluA1 S831 phosphorylation and activation of CaMKII. Critically, the 

ability of fluoxetine to have an antidepressant effect depended on intact 5HT1BRs and the ability 

of the S831 residue of GluA1 to be phosphorylated.  

These findings are consistent with previous studies demonstrating that augmenting 

synaptic serotonin can potentiate glutamatergic transmission. The synaptic fraction of GluA1 

expression is increased by the TCA imipramine (Du et al., 2004), while membrane bound 

AMPARs are increased by chronic fluoxetine treatment (Martinez-Turrillas et al., 2002). 

However, it remains to be determined whether depression is an effect of altered synaptic strength 

at key synapses that may underlie depressive-like behavior and symptoms of depression, and that 

these increases in excitatory function from AD treatment are restorative and oppose an existing 



70 

 

deficit. A dysregulation of excitatory synapses may contribute to the cognitive and affective 

dysfunction of depression, while intervention with SSRI or TCA may reverse these deficits. 

If excitatory synaptic function is strengthened by antidepressant treatment, is it weakened by 

chronic stress to contribute to depressive-like symptoms? In humans, there is data that 

glutamate/glutamine (glx) metabolism is altered in depressed patients following ECT, and that 

glx levels are increased in the cortex of depression patients and decreased in amygdala, but 

imbalance of the glx:GABA ratio is reversed by successful antidepressant treatment (Michael et 

al., 2003; Pfleiderer et al., 2003; Sanacora et al., 2004). In animal models, mice susceptible to 

chronic social defeat stress, measured by stress reactivity, express lower levels of GluA1 mRNA 

in CA1 and DG compared to resilient animals in response to chronic stress (Schmidt et al., 2010). 

A SNP in GluA1 can also confer greater sensitivity to stress, while AMPAR potentiators (so-

called “AMPAkines”) can have stress-protective or antidepressant effects (Li et al., 2001; 

Schmidt et al., 2010). Finally, one of the most exciting findings in the translational neuroscience 

of depression over the last two decades has been the finding that ketamine, an NMDAR 

antagonist, exerts a rapid antidepressant effect in humans (Berman et al., 2000). This effect can 

be modeled in animals (Autry et al., 2011), induces synapse remodeling and upregulates GluA1 

and PSD95 (Li et al., 2010), and its expression is blocked by AMPAR antagonists (Maeng et al., 

2008).  

Our data together with these studies highlight an interaction between antidepressant 

efficacy and excitatory glutamatergic transmission and posit the question of whether 

antidepressants are reversing a deficit of excitatory synaptic strength that is induced by chronic 

stress and in depression. There is evidence in humans and animal models that chronic stress leads 

to an atrophy of pyramidal cell dendrites in the hippocampus and cortex and that this promotes a 

depressive-like neurobehavioral state. In the hippocampus, chronic stress causes a loss of distal 

apical dendritic branches in CA3 and CA1 pyramidal cells and a loss in the size and number of 

dendritic spines (Watanabe et al., 1992; Conrad et al., 1996; Magariños et al., 1996; Sousa et al., 
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2000; Vyas et al., 2002). Although stress-induced impairment of excitatory synapses has been 

described in the medial prefrontal cortex (Yuen et al., 2012) and nucleus accumbens (Lim et al., 

2012), the evidence of changes in excitatory synaptic transmission in hippocampal pyramidal 

cells is ambiguous. In area CA3, chronic stress enhances synaptic currents mediated by NMDARs 

but has no effect on AMPARs (Kole et al., 2002). In contrast, chronic stress has no effect on basal 

synaptic strength at Schaffer collateral (SC) synapses in area CA1, but does impair LTP (Alfarez 

et al., 2003). The functional and physiological consequences of the previously characterized 

stress-induced dendritic atrophy are thus unclear. Interestingly, SC-CA1 synapses do not express 

5HT1BRs, which is necessary for the antidepressant action of monoamines (Cai et al., 2013), and 

therefore SC-CA1 synapses do not have the capacity to exhibit the qualitative difference in 

5HT1BR-mediated potentiation observed at TA-CA1 that corresponds with affective 

neurobehavioral state. This suggests SC synapses are not particularly important for 

monoaminergic antidepressant action and may not represent depression-related abnormalities 

underlying depressive-like symptoms, while maintaining TA-CA1 as a prime archetype for study.  

I now test the hypothesis that excitatory synaptic transmission at temporoammonic (TA) synapses 

in the distal dendrites of CA1 pyramidal cells is altered by CUS and restored by chronic SSRI 

treatment, as a correlate of the behavioral manifestations of CUS. The CUS model causes an 

alteration of 5HT1BR modulation at TA-CA1 synapses, which are generally potentiated by 

monoaminergic antidepressants. If antidepressants potentiate synapses that are weakened by 

chronic stress, as hypothesized, then the TA-CA1 synapse should be weakened by the induction 

of a depressive-like neurobehavioral state. 

Hypothesis 2: Depressive behavior is caused by chronic-stress induced dysfunction of key 

excitatory synapses in the corticomesolimbic circuitry, specifically a loss of AMPAR-mediated 

synaptic strength. 

Prediction 2.1: CUS will cause a decrease in AMPA:NMDA ratios at TA-CA1 synapses, which is 

reversed by chronic SSRI treatment.  
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Prediction 2:2: CUS will cause a decrease in expression of AMPAR subunit expression in SLM. 

This down-regulation will be reversed by SSRI treatment.  

Prediction 2.3: AMPAR-mediated synaptic strength at TA-CA1 will correlate with sucrose 

preference test scores.  

 

Methods 

CUS was performed as described in Chapter 2. 

AD treatment. Animals were given fluoxetine (80 mg/ml) via their drinking water in 

conjuction with the last 3-4 weeks of CUS. Animals were housed singly and drinking water was 

changed every 3 days. Control animals received water only. Experiments were then performed 

and analyzed with the experimenter blinded to the prior treatment.  

Sucrose preference test. Rats were presented with two bottles containing either normal 

tap water or water containing 1% sucrose. Animals were first trained with both bottles while 

group housed. For each subsequent test, including during the baseline period, animals were 

individually housed. Bottles were inserted 3 hr before the beginning of their dark cycle and 

removed 3 hr after the beginning of their light cycle.  

Novelty suppressed feeding. Novelty suppressed feeding tests were performed as 

previously described (Santarelli et al., 2003) in a brightly lit arena in a dimly lit room. Food 

pellets were placed on white paper in the center of the box. Rats were food deprived for 24 hours. 

A maximum time allowance was set at 600s. Immediately after the test, animals were returned to 

their home cage and allowed to feed for 5 min. Food pellets were weighed before and after the 5 

min, and the amount of food consumed was calculated.  

Acute slice electrophysiology. Generally performed as described in Chapter 2. For 

measuring AMPA:NMDA ratios, saline was prepared without MgCl2 in order to produce a robust 

NMDAR-mediated component of the fEPSP. Three consecutive responses, corresponding to a 

minute of recording, were averaged and the fEPSP slope was calculated over a 1-3ms window. 
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For quantification of AMPAR-mediated responses, the window was fixed in the initial rising 

phase of the response, 2-5 ms after its initiation. For quantification of NMDAR-mediated 

responses, the AMPAR selective antagonist DNQX (50 µM) was added to the saline for 15 min 

and the slope was calculated over a 3-5 ms window in the rising phase of the response, to account 

for the slower kinetics of the NMDA receptor. The AMPA:NMDA ratio was calculated as a 

simple ratio between these two slopes at the same fiber volley (~0.15mV) before and after DNQX 

application.  

Western blotting. Protein levels were quantified using Western blotting as discussed in 

Chapters 2 and 3. See Appendix A for antibody details. Levels of proteins are expressed as the 

ratio of intensity normalized to β-actin intensity for statistical analyses. 

 

Results 

All CUS rats analyzed had sucrose preferences <65% and all control and fluoxetine-

treated animals had >65% sucrose preference. That is, we verified that all animals that had 

undergone CUS were indeed exhibiting a depressive-like neurobehavioral phenotype, and 

animals that were treated with antidepressants indeed had a measure of restored affective state. 

Selective attenuation of AMPAR-mediated responses at TA-CA1 synapses in rats subjected to 

CUS 

We first compared extracellularly recorded fEPSPs elicited in response to stimulation of 

TA afferents in SLM of CA1 in acute hippocampal slices from control rats, rats subjected to 

CUS, and rats given 3 weeks of fluoxetine treatment during the last three weeks of 6 weeks of 

CUS. Sucrose preference tests were performed in all animals.  

We observed no significant difference in the paired-pulse ratio (PPR) of TA-CA1 fEPSPs 

in slices from control and CUS animals (control = 1.51 ± 0.1, CUS = 1.44 ± 0.1; n=19,14; p>0.5, 

T-test), suggesting that presynaptic release probability at TA nerve terminals was not affected by 

chronic stress. This was consistent with other studies examining the effect of chronic stress on 
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excitatory synapses, which reported similar lack of effect on release probability in CA3-

commisural connections and in mPFC (Kole et al., 2002; Yuen et al., 2012). We normalized 

AMPAR-mediated synaptic responses by comparing the slopes of the AMPAR- and NMDAR-

mediated components at a stimulation intensity producing identical fiber volleys of ~0.15 mV 

before and after application of the AMPAR antagonist DNQX. The AMPA:NMDA ratio was 

significantly lower in slices from CUS animals compared to controls (Figure 4.1, n=8 control, 6 

CUS; p<0.01, Mann-Whitney U-test). The difference in AMPA:NMDA ratio did not result from 

a difference in NMDAR-mediated responses because the relationship between NMDAR-

mediated responses and fiber volley amplitude was not significantly different in any group.  

 

Figure 4.1 – CUS reduces AMPA:NMDA transmission at TA-CA1 synapses, which is reversed by 

chronic fluoxetine treatment 

CUS can induce anhedonia in the SPT, consistent with a depressive-like neurobehavioral 

state, and this can be reversed by chronic, but not acute, antidepressant administration. This 

antidepressant effect is specific for drugs that have clinical antidepressant efficacy (Papp et al., 

1996). In slices from animals with a strong sucrose preference that were administered the SSRI 

fluoxetine following CUS, the AMPA:fiber volley and AMPA:NMDA ratios were not 

significantly different in slices from control rats and slices from rats subjected to CUS and then 

administered fluoxetine (Figure 4.1, p>0.05, Mann-Whitney U test. n=8,8 slices). 
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To determine whether the decrease in AMPAR-mediated excitation was due to stress-

induced changes in receptor number or function, we harvested tissue samples from the SLM 

region of slices from controls, rats subjected to CUS, and rats subjected to CUS and then treated 

with fluoxetine. A loss of TA-CA1 AMPAR-mediated transmission, with no change in NMDAR-

mediated transmission, might imply a loss of AMPAR expression in SLM following CUS. 

Indeed, I observed a significant decrease in GluA1 protein in SLM in CUS tissue compared to 

control tissue and fluoxetine-treated CUS tissue (Figure 4.2, n=6,6,4 slices), whereas GluN1 

expression was unaffected (Figure 4.3). Consistent with previously described atrophy of dendritic 

spines, there was a corresponding significant decrease in expression of the postsynaptic protein, 

PSD-95 in SLM in CUS tissue compared to controls (Figure 4.3).  

 

Figure 4.2 - CUS reduces GluA1 protein expression in SLM of chronically stressed rats exhibiting 

anhedonia, reversed by chronic fluoxetine treatment 

Western blots quantifying GluA1 expression in SLM, normalized to β–actin levels. Samples taken from 

SLM in slices from control rats (n=6), CUS rats (n=6), and CUS rats administered fluoxetine (CUS+AD, 

n=4). Representative blots (top) and group data (bottom) show that CUS causes a decrease in GluA1 

protein expression, which is reversed by chronic fluoxetine treatment. *p<0.05 Kruskal-Wallis H test and 

Mann-Whitney U post-hoc.  
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Figure 4.3 - Western blots of SLM tissue from CUS rats reveal decrease of PSD-95 expression, but no 

effect on NR1 or GluA2 

SLM tissue from CUS and control rats revealed that PSD-95 (n=5 control, 6 CUS), but not GluN1 (n=8, 9) 

or GluA2 (n=8, 9) expression, was decreased in SLM in CUS tissue compared to controls. 

The rationale for examining the potential effect on synaptic strength of chronic stress was 

suggested by the results in Chapter 3 and from other studies in the literature that antidepressants 

cause an increase in synaptic strength. Specifically our findings pointed to TA-CA1, because of 

its unique expression and modulation by 5HT1BR, which is necessary for antidepressant action. 

However, my hypothesis made no predictions about SC-CA1 synapses. In fact, previous studies 

have demonstrated a lack of effect of chronic stress on SC-CA1 synaptic strength(Alfarez et al., 

2003). Since 5HT1BR is not significantly expressed in SR leading to a lack of antidepressant 

effect at these synapses, I asked whether these SC-CA1 synapses would be unaffected by chronic 

stress, even though the synapses arise from the same pyramidal cell population.  

In slices from CUS and control rats, I obtained tissue with micro-punches targeted to 

either SLM or SR in CA1, and quantified GluA1 expression. Remarkably, GluA1 was 

downregulated only in SLM in tissue from CUS rats, with no difference in expression observed in 
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SR between CUS and control rats. There was no significant difference in GluA1 between layers 

within control rats.  

 

Figure 4.4 - Layer-specific downregulation of GluA1 protein following CUS 

GluA1 expression was decreased selectively in SLM (n=7,6) in CUS tissue compared to controls, but not in 

SR (n=5,5). *, p<0.05, Mann-Whitney U-test. 

I compared AMPA:NMDA ratios at TA- and SC-CA1 synapses using a two pathway 

experimental design (see electrode positioning in Figure 2.1) to compare ratios within the same 

slices. Unlike at TA-CA1 synapses, which had a significant decrease in AMPA:NMDA ratio 

following CUS, there were no significant differences between SC-CA1 AMPA:NMDA ratios in 

control and CUS animals (Figure 4.5). This correlated with the lack of differences in GluA1 

expression in SR (Figure 4.4). 
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Figure 4.5 - Layer-specific loss of AMPAR-mediated excitatory strength following CUS 

Mean AMPA:NMDA ratios for SC-CA1 and TA-CA1 fEPSPs in slices from control and CUS rats 

(Interaction synapse*group, F(1,8)=7.525, p=0.025). There was no difference between control and CUS at 

SC-CA1 synapses, whereas the ratio for TA-CA1 responses was significantly different than both CUS SC-

CA1 responses and control TA-CA1 responses. 

I further characterized the correlation between synaptic strength and chronic stress-

induced changes in behavior by comparing AMPA:NMDA ratios at TA-CA1 synapses in slices 

with individual performance in the sucrose preference test. Rats subjected to CUS exhibited a 

significantly lower sucrose preference than naïve rats, as expected. This behavioral measure of 

anhedonia had a significant positive correlation with the TA-CA1 AMPA:NMDA ratios (Figure 

4.6, R
2
=0.5741 p=0.025). Conversely, there was no significant correlation between SPT 

performance and the AMPA:NMDA ratios of SC-CA1 synapses (p=0.43).  
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Figure 4.6 - Correlation between SLM, but not SR, A:N ratio and SPT scores 

(left) Sucrose preference data for the cohort of rats used for the two-pathway experiment in the previous 

figure, before and after 3 weeks in control and CUS. The difference was significant for CUS (2x2 RM 

mixed ANOVA interaction group*time F(1,21)=23.33 p=0.0001, CUS at 3 weeks *p<0.05 vs. all other 

groups Bonferroni test). (right) Mean AMPA:NMDARs for TA-CA1 and SC-CA1 responses in each 

animal studied are plotted against the sucrose preference of the rat from which the slices were taken. TA-

CA1 responses were correlated with sucrose preference (R
2
=0.5741, p=0.048), whereas SC-CA1 responses 

were not (R
2
=0.005, p=0.88) 

In summary, chronic stress-induced changes in behavior are strongly correlated with 

decreases in AMPAR-mediated synaptic excitation at TA-CA1 synapses, but not SC-CA1 

synapses, as the result of changes in AMPAR expression and that restoring normal behavior with 

chronic SSRI administration is accompanied by a recovery of AMPAR function and expression. 

CUS does not alter TA-CA1 long-term potentiation 

Dudek and Bear demonstrated that AMPAR-mediated excitation at SC-CA1 synapses can 

reach the same absolute magnitude of the LTP, regardless of whether that those synapses 

underwent LTD first or were relatively undisturbed. This means that normalized to their lower 

baseline state, weaker synapses can be potentiated to a greater relative magnitude (Dudek and 

Bear, 1993). If this were true at CUS-weakened synapses, then it would be expected that TA-CA1 

synapses from CUS rats would exhibit enhanced LTP relative to their own baseline. To determine 

whether the decrease in basal synaptic strength at TA-CA1 synapses of rats subjected to CUS 

would also be accompanied by a relative increase in LTP, a 100Hz stimulus (1s train x4) was 

applied to slices from control and CUS rats after a steady baseline period. There was no 
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difference in either the magnitude or the time course of LTP at TA-CA1 synapses in slices from 

CUS rats compared to control rats in response to strong high frequency stimulation trains (Figure 

4.7).  

 

Figure 4.7 - CUS does not alter ability of TA-CA1 to undergo LTP 

TA-CA1 fEPSP slope is plotted before and after induction of LTP in slices from control (black, n=8 slices) 

and CUS rats (grey, n=11 slices). 

 

CUS leads to a TA-CA1 synapse-specific cognitive deficit 

TA-CA1 synapses are required for long-term consolidation of spatial memory (Remondes 

and Schuman, 2004). In the course of this investigation, my colleagues in our collaborator Aileen 

Bailey’s laboratory tested whether subjecting animals to CUS after training them in a spatially 

cued version of the Morris water maze task would have any effect on memory consolidation, 

using an experimental protocol that I designed. They demonstrated that CUS, which we now 

know weakens TA-CA1 synapses by decreased GluA1 expression, approximates a lesion of TA-

CA1. That is, rats trained to learn the location of the hidden water maze platform successfully 

failed to consolidate the spatial memory of the platform location after 28 days if they underwent 

CUS, but not if they were left undisturbed. The performance of individual animals in the 

consolidation trial in the water maze was correlated positively with their individual results in the 
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sucrose preference test (r(14)=0.50, p=0.07) and negatively with the novelty suppressed feeding 

test at the end of the experiment (r(14)=-0.74, p=0.002).  

 

Discussion 

This data demonstrates that dysfunctions of excitatory synaptic transmission at TA-CA1 

result from chronic stress and correlate with impairment in cognitive function and affective state, 

consistent with the hypothesis that depressive behavior is caused by chronic-stress induced 

dysfunction of key excitatory synapses in the corticomesolimbic circuitry, specifically a loss of 

AMPAR-mediated synaptic strength. As predicted by this hypothesis, I observed that CUS caused 

a decrease in AMPA:NMDA ratio at TA-CA1 synapses, which was reversed by chronic SSRI 

treatment. This decrease in AMPAR-mediated synaptic transmission was driven by a loss of 

GluA1 subunit expression in SLM, which was also reversed by SSRI treatment. Finally, 

AMPAR-mediated synaptic strength at TA-CA1 correlated with sucrose preference test scores, as 

predicted by my hypothesis.  

Chronic stress has been well documented to alter the dendritic architecture of neurons, 

including hippocampal pyramidal cells (Magariños and McEwen, 1995a), but the functional 

consequences of these anatomical changes remain poorly understood, with minimal effects 

reported at the widely studied CA3-CA1 Schaffer Collateral synapses (Alfarez et al., 2003). 

Three weeks of CUS led to a decrease in the strength of AMPAR-mediated synaptic transmission 

at the more distal CA1 apical synapses formed by the temporoammonic input from the entorhinal 

cortex in SLM. This synaptic weakening was specific to TA-CA1 synapses and was not detected 

at the more proximal SC-CA1 dendrites. Decreases in the expression of PSD-95 were observed in 

SLM in CUS tissue, consistent with previous anatomical descriptions of atrophy of distal 

dendrites and dendritic spine shrinkage in CA3 and CA1 following chronic stress. 

The effects of chronic stress were specifically limited to a downregulation of AMPARs, 

without affecting NMDAR-mediated transmission at the same population of SLM synapses. The 
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AMPAR-mediated component of the synaptic responses was decreased by roughly 50%, 

correlating with ~50% decrease in the expression of GluA1 subunits in SLM. Interestingly, this 

effect seemed to be subunit-specific, as there was no change in GluA2 expression. There was no 

difference in AMPA:NMDA after chronic stress at SC-CA1 synapses, and no change in GluA1 

expression at SR. Consistent with our electrophysiological results discounting NMDARs from 

alteration, we observed no changes in GluN1 expression after CUS. In CA3 pyramidal cells, 

chronic restraint stress has been reported to increase NMDAR-mediated transmission (Kole et al., 

2002). It is possible that there is an inherent difference between CA3 and CA1 cells in their 

response to stress, that methods between studies biased towards subregions of the hippocampus 

(i.e. dorsal vs. ventral), or that chronic restraint stress has different effects than chronic 

unpredictable stress. In support of the last point, the quality and variety of chronic stress has been 

directly evaluated in regards to HPA activation and structural plasticity in the hippocampus, with 

HPA habituation of a single repeated chronic stressor, but continued HPA activation with varied 

stressors even after 3 weeks (Magariños and McEwen, 1995b). Those authors found atrophy in 

CA3 with either stressor, but suggested that any repeated stressor (they restrained rodents for 6 

hours daily) will ultimately be milder in terms of stress load. Regardless, my functional results 

support existing structural studies that distal synapses of pyramidal neurons are most stress-

sensitive, while more proximal SC-CA1 synapses seem to be resistant to the effects of chronic 

stress. It is possible that few have reported effects of chronic stress in CA1 because most studies 

focus on the popular SC-CA1 synapses that have been used to so elegantly characterize 

mechanisms of synaptic plasticity, missing the more robust stress-induced effects observed more 

distally. 

AMPAR-mediated excitation produced by chronic stress was not accompanied by an 

increase in the relative magnitude of LTP at TA-CA1 synapses, as would be predicted from 

previous studies on LTD-weakened SC-CA1 synapses (Dudek and Bear, 1993). As TA-CA1 

synapses are weakened by chronic stress, but only increase by the same relative magnitude as 
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synapses in unstressed rats following induction of LTP, the absolute synaptic strength achieved 

by potentiation must be lower in CUS animals. That is, the maximal limit of synaptic strength 

appears to be reduced, but the machinery involved in the initiation and maintenance of LTP and 

the relative size of the pool of AMPARs that can be rapidly recruited for membrane insertion 

seems intact following chronic stress. The loss of maximal synaptic strength should impair the 

ability of TA inputs to trigger action potential output from area CA1, and also hamper the ability 

of TA-CA1 input to moderate SC-CA1 plasticity (Remondes and Schuman, 2002).  

There is a compelling convergence of mechanisms of chronic stress leading to synaptic 

dysfunction in corticomesolimbic areas that should be key to depressive-like behavior. Chronic 

restraint stress causes a comparable decrease in synaptic excitation in layer V pyramidal cells in 

the medial prefrontal cortex (mPFC) that is mediated by proteosomal degradation of GluA1 

subunits (Yuen et al., 2012). However, in mPFC both AMPAR- and NMDAR-mediated 

transmission equally affected, with GluA1 and GluN1 subunits downregulated in parallel. They 

observed no change in AMPAR function or GluA1 expression in the hippocampus with seven 

days of chronic restraint stress, a time at which GluA1 and GluN1 are decreased in mPFC, 

suggesting that TA-CA1 synapses may be more resistant to the effects of chronic stress than 

synapses in the mPFC. In the striatum, chronic restraint stress alters excitatory input (likely from 

PFC hippocampus) to the NAc, and a loss of AMPAR-mediated strength is necessary and 

sufficient for anhedonia in mice (Lim et al., 2012).  

Our collaborators demonstrated that CUS can approximate a lesion of TA-CA1 synapses, 

which impairs long-term spatial memory consolidation (Remondes and Schuman, 2004). After 

first demonstrating significant memory of the target location, rats subsequently subjected to CUS 

behaved as if they had never learned the task after 4 weeks, performing no better than they did 

prior to training. In conjunction with the effect of CUS on synaptic strength but intact relative-

LTP, these results suggest that intact transmission and a normal range of synaptic strength is 

required for TA-CA1 synapses to be able to carry out their role in consolidation of long-term 
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spatial memory. Impairment in spatial memory has also been described in depressed humans, 

using a videogame virtual reality task in a well-controlled laboratory setting (Gould et al., 2007). 

Results of individual animals in the consolidation trial were well correlated with the 

behavior of the animals in the sucrose preference and novelty suppressed feeding tests, further 

highlighting the complex functional consequences of stress-induced synaptic weakening. There 

was also a robust correlation between the TA-CA1 AMPA:NMDA ratio in individual 

hippocampal slices with the SPT scores of rats from which those slices were harvested. Although 

animals maintain a high sucrose preference in this test even after bilateral hippocampal lesions 

(Gilbert and Kesner, 2002), the correlation we observed in multiple distinct behaviors suggest 

that multiple types of synapses respond to chronic stress, consistent with results I have discussed 

on effects in the mPFC (Yuen et al., 2012) and nucleus accumbens (Lim et al., 2012).  

In the previous chapter, I discussed how traditional antidepressants like SSRIs and TCAs 

exert an immediate potentiating action on excitatory synaptic transmission that is selective for 

TA-CA1 synapses. In this chapter, I described directly opposite effects of chronic stress. 

Consistent with the hypotheses presented thus far, that (1) antidepressant efficacy derives from 

the ability of serotonin to potentiate AMPAR-mediated excitatory strength, and (2) depressive-

like behaviors are caused by loss of AMPAR-mediated transmission at key corticomesolimbic 

synapses, the data in this chapter demonstrates that chronic AD administration in stressed animals 

exerts a normalizing action on GluA1 expression and AMPAR-mediated excitation.  

In chapter 3, I discussed how the potentiating action of ADs at excitatory synapses is 

necessary for the ability of traditional antidepressants to restore normal behaviors after chronic 

stress. Chronic monoaminergic antidepressant treatment increases AMPAR expression with a 

time course similar to therapeutic efficacy (Martinez-Turrillas et al., 2002), which is several 

weeks. Ketamine, however, exerts a rapid and lasting therapeutic response in depressed patients 

(Berman et al., 2000) and animal models have revealed that NMDAR antagonists induce a rapid 

strengthening of excitatory synaptic transmission through changes in AMPARs and expression of 
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a variety of synaptic proteins (Autry et al., 2011; Li et al., 2011b). It remains to be explained why 

SSRIs and TCAs must be administered to depressed patients for weeks to months before their 

symptoms are alleviated. Increased expression of GluA1 subunits may be required in order for the 

acute potentiating actions of serotonin to be able to exert lasting improvements in affect and 

mood. Additionally, the actions of serotonin may be more regionally restricted than NMDAR 

antagonism, providing a rationale for the more robust effect of ketamine action, as well as the 

more severe side effects associated with ketamine use.  

Chronic stress causes a decrease in AMPAR function in specific subsets of synapses 

throughout the brain, of which the TA-CA1 synapse represents a useful stress-sensitive archetype. 

Chronic stress certainly affects synapses in multiple brain regions, and depending on the 

anatomical location of the affected synapses on an individual basis, with individual genetic 

predisposition and environmental exposures, this may account for the diverse symptoms 

associated with depression. Although serotonergic agents, such as SSRIs, are capable of 

producing therapeutic actions in depressed patients, this fact does not necessarily indicate that a 

primary deficiency in serotonin synthesis or release is the cause of depression (remember 

Serotonin Plumbers, Inc. from Chapter 1). Rather, AD-induced elevations in serotonin may exert 

antidepressant actions indirectly as a result of restoration of the strength of weakened excitatory 

synaptic transmission. Indeed, SSRIs can increase AMPAR phosphorylation and surface 

expression (Martinez-Turrillas et al., 2002; Svenningsson et al., 2002) and, here, chronic SSRI 

treatment was capable of rescuing AMPAR dysfunction in chronically stressed animals that 

exhibited a depressive-like phenotype. This data provides further rationale for the exploration of 

new non-monoaminergic therapeutic agents: compounds that directly and indirectly target the 

strength of excitatory synapses in key brain areas, such as AMPAkines and compounds that 

promote network excitability (See Chapter 6).  

Merely identifying the deficit at excitatory synapses following chronic stress does not fully 

answer the question “How do we become depressed?”, nor the question “how does CUS cause a 
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depressive-like phenotype?” Many studies have indeed looked at the effects of chronic stress 

paradigms in the corticomesolimbic circuitry, including the hippocampus, and dozens of 

mediators of stress have been identified. Changes associated with stress have been attributed to 

corticosteroids, CRH, noradrenaline, serotonin, dopamine, urocortin, vasopressin, orexin, 

dynorphin, inflammatory cytokines, endocannabinoids, and neurosteroids (Joëls and Baram, 

2009). Having previously identified some of the most robust stress-induced synaptic defects yet 

reported in CA1, I turned to identify the causative mediator of chronic stress.  

 

 



87 

 

5) Corticosterone mediates the synaptic and behavioral effects of 

chronic stress at TA-CA1 synapses 

A portion of the work in this chapter has been provisionally accepted for publication at the Journal of 

Neurophysiology.  

 

Mark D. Kvarta, Keighly E. Bradbrook, Hannah M. Dantrassy, Aileen M. Bailey, and Scott M. Thompson. 

Corticosterone mediates the synaptic and behavioral effects of chronic stress at rat hippocampal 

temporoammonic synapses, 2015. Provisional acceptance. 

Introduction 

Having characterized key changes at excitatory synapses that occur in a chronic stress 

model of anhedonia and which correlate with depressive-like behavior at an archetypal stress-

sensitive, serotonin-responsive synapse that models a necessary action of antidepressant 

treatment, I now examine how chronic stress translates to a depressive-like phenotype. What is it 

about chronic stress that alters synapses and contributes to behavior?  

In chapter 1, I introduced the concepts of allostasis and allostatic load in relation to 

chronic stress. In health, the stress response increases fitness by promoting adaptation to maintain 

homeostasis in response to varying environmental demands in the vein of Walter Cannon and 

Claude Bernard (the father and, perhaps, great-grandfather to the concepts of homeostasis). 

Allostasis is the modern concept that homeostasis of body systems, including the CNS, operates 

in a dynamic range rather than a single ubiquitously ideal point, and that the stress response is a 

major controller that ensures the organism is operating at the appropriate set point as appropriate 

for environmental conditions (Sterling and Eyer, 1988; McEwen, 1998). Chronic activation of the 

systems underlying stress responses is detrimental and leads to allostatic overload and leads to 

disease states, especially in genetically susceptible individuals (McEwen, 2008).  

A striking example that may illustrate this concept of the detrimental loss of dynamic 

range was illustrated in chapter 4, regarding the effect of CUS on TA-CA1 physiology. CUS 

induces a layer-specific decrease in AMPAR-mediated excitatory synaptic strength. However, 

LTP induction at TA-CA1 with high frequency stimulus in slices from CUS rats resulted in a 

similar relative increase. Together, this likely indicates a lower absolute potentiation, in contrast 
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with previous results with classically depressed SC-CA1 synapses (Dudek and Bear, 1993). 

Therefore chronic stress appears to have resulted in a loss of a normal dynamic range that 

correlated with a depressive-like neurobehavioral state. Further studies would be required to 

demonstrate that these synapses are similar enough to SC-CA1 synapses, as an alternative 

explanation for my results could be that a population of TA-CA1 synapses become silenced, 

rather than all synapses losing some AMPAR-mediated strength.   

As discussed at length, chronic stress is a major risk factor for depression via altering 

brain structure and function, but the role of specific mediators in producing these changes 

remains unclear. Stress is one environmental trigger that increases the likelihood of, or even 

precipitates, depressive episodes (Billings et al., 1983; Holsboer, 2000; Anacker et al., 2011b). 

Marked morphological, functional, and volumetric brain changes correlate with stress load, 

depressive episode duration, and response to antidepressants (Sheline, 2000; Sheline et al., 2003; 

Koolschijn et al., 2009; Lorenzetti et al., 2009). Two of the more robust changes are dendritic 

atrophy and spine loss in the PFC and hippocampus (Christoffel et al., 2011). These two cortical 

areas send glutamatergic projections to reward areas, including the nucleus accumbens (Russo 

and Nestler, 2013), where activity is positively correlated with cortico-mesolimbic connectivity 

(Downar et al., 2014). Conversely, aberrant function in these same regions is a 

pathophysiological feature of a core symptom of depression, anhedonia (Lim et al., 2012). 

Understanding how chronic stress causes these changes is of utmost importance for understanding 

the etiology of depression and designing preventative and treatment strategies. In animal models, 

chronic stress triggers depressive-like changes in motivated reward behaviors, such as anhedonia, 

as well as synaptic and neuronal dysfunction. Chronic, but not acute, antidepressants restore both 

normal behavior and synaptic function in stressed animals [e.g. (Fales et al., 2009)]. In the rodent 

hippocampus, chronic stress decreases dendritic spine size and number, and decreases GluA1 

mRNA in pyramidal cells, particularly in the most distal apical dendrites (Magariños and 

McEwen, 1995b; Sousa et al., 2000; Schmidt et al., 2010). 
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Taken together with stress-induced decreases in AMPAR-mediated excitation in the 

prefrontal cortex (Yuen et al., 2012) and nucleus accumbens (Lim et al., 2012), stress may 

promote depressive symptoms by weakening excitatory synaptic transmission at multiple specific 

sites in cortico-mesolimbic reward circuitry (Thompson et al., 2015).  

So how does chronic stress translate into these neurobiological correlates of a depression-

like neurobehavioral phenotype: that is altered behavior and synaptic structure and function? 

Chronic stress activates the sympathetic nervous system and the hypothalamic-pituitary-adrenal 

(HPA) axis, together resulting in elevation of corticosteroids, epinephrine and norepinephrine, 

and other stress hormones (Pitman et al., 1988). HPA overactivation and dysregulation is 

particularly prevalent in depressed patients with melancholia (up to 90%), as identified using 

modified criteria relying centrally on anhedonia (Taylor and Fink, 2008). Chronic administration 

of exogenous corticosterone (CORT), the principal corticosteroid in rodents, produces behavioral 

changes resembling those seen after CUS (Gourley and Taylor, 2009). Furthermore, CORT has 

been shown to mimic the effects of chronic stress paradigms on dendritic structure in CA3, 

particularly distal dendrites (Magariños and McEwen, 1995a), and in PFC. However, the chapter 

4 discussion highlighted the greater stress resilience of CA1 compared to PFC neurons and other 

pyramidal neurons in CA3. As there is a dissociation of stress (chapter 4) and antidepressant 

effects (chapter 3) between proximal and distal synapses even in the same population of neurons 

(i.e. no effects observed on SC-CA1 synaptic strength, little change in morphology in other 

studies), it is possible that the chronic stress mediators are different. Finally, although studies 

have demonstrated that putative stress mediators can mimic stress effects in different regions of 

the brain, few demonstrate a critical role that is both sufficient and necessary. One notable, and 

relevant, exception is a study performed by Chen, Baram and colleagues, demonstrating a layer-

specific mediation of spine derangement in SR by corticotropin-releasing hormone (CRH) 

following acute stress, with no effect at SLM (Chen et al., 2008). Studies that only demonstrate 
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sufficiency do not answer whether the mediator is only one of several or many that could 

subserve the same function.  

Others have demonstrated a corticosterone induced atrophy of distal apical dendrites in 

CA3, but reported no effect of chronic CORT injections on CA1 morphology (Woolley et al., 

1990), the same effects observed after chronic restraint stress (Watanabe et al., 1992). The effects 

of chronic stress in CA3 are blocked by cyanoketone, a steroid synthesis inhibitor. Thus, CORT 

has an important role in other pyramidal cells in mediating atrophic effects of chronic stress. CA1 

neurons may be more vulnerable during early developmental periods as suggested by organotypic 

culture experiments (Alfarez et al., 2009). There is surprisingly little investigation beyond the 

structural effects of chronic stress in CA1, probably because structural results in SR have not 

been particularly compelling or inviting to further investigation. There is evidence of changes 

noted due to acute stress via glucocorticoids, mineralocorticoids, and adrenal catecholamines on 

CA1 physiology [see reviews in (Alfarez et al., 2006; Krugers et al., 2012)], but the changes 

identified at TA-CA1 are specific to chronic stress. CRH is another stress mediator, but has only 

been shown to have acute effects, with no effects in SLM (Chen et al., 2008). In the PFC, 

dendritic remodeling has also been attributed to chronic effects of CORT (Cook and Wellman, 

2004; Yuen et al., 2012). It is possible that reports of lack of effect of chronic stress, and therefore 

lack of identification of mediators of chronic stress in CA1, are based on focusing on SC-CA1 

synapses in SR, which do not exhibit 5HT1BR-mediated potentiation necessary to monoaminergic 

antidepressant efficacy and which are not intrinsically altered following induction of a 

depressive-like state (Alfarez et al., 2003; Cai et al., 2013). The unique role of TA-CA1 in 

serotonergic innervation, antidepressant efficacy, and functional physiological alteration 

corresponding with a depressive-like neurobehavioral state invites more thorough investigation.  

Hypothesis 3: I hypothesize that chronic stress alters TA-CA1 synapses and promotes 

depressive-like behavior via chronic stress-induced elevations of corticosterone. That is, 

corticosterone is both sufficient and necessary for the neurobiological correlates of chronic stress: 
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impaired TA-CA1 synaptic function, altered responsiveness to 5HT1BR agonists, anhedonia, and 

hyponeophagic behavior.  

Prediction 3.1: If chronic elevations of corticosterone are sufficient for the synaptic and 

behavioral effects of chronic stress, then chronic exogenous CORT administration will result in a 

depressive-like behavioral phenotype measured with SPT and NSFT, and recapitulate the stress-

induced weakening and alteration of TA-CA1 synapses.  

Prediction 3.2: If stress-induced elevations of corticosterone are necessary for the synaptic and 

behavioral effects of chronic stress, then blocking elevated corticosterone secretion throughout 

CUS will prevent the neurobiological behavioral and synaptic correlates of chronic stress.  

 

Materials and Methods 

Subjects: Male Sprague-Dawley rats (Harlan Laboratories, 3-4 weeks old at start) kept on 

a regular 12 hour light/dark cycle were group housed. All rats sacrificed for in vitro 

electrophysiology and molecular biology experiments were 7-8 weeks old and were previously 

tested for sucrose preference and novelty-suppressed feeding. In the water maze experiment 

performed by collaborators in Dr. Aileen Bailey’s lab, rats obtained from Charles River were 

trained in the water maze at 3-4 weeks old. They were tested for memory consolidation at 7-8 

weeks, and were tested weekly for sucrose preference.  

Corticosterone administration: CORT was dissolved in tap water (50 μg/ml, see 

Appendix for details) and administered in water bottles so as to elevate plasma CORT levels in a 

manner tied to diurnal activity cycles (Gourley and Taylor, 2009). This dose induces several 

depressive-like behaviors (reduced sucrose intake and impaired forced swim performance) over 

several weeks, paralleling chronic stress models. After a one-night baseline sucrose preference 

test, rats were randomized to receive either the CORT solution or regular tap water ad libitum for 

3-4 weeks.  
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CUS and metyrapone (MET) administration: Rats were exposed to 2 stressors per light 

cycle for 3-4 weeks, as above. Stressors included restraint (30 minutes), strobe light (30 minutes), 

forced swim in cold water (5 minutes), cage rotation (3 hours), cage tilt (3 hours), white noise (3 

hours), and overnight food deprivation. Rats were randomized to receive either MET (50mg/kg 

i.p.) or vehicle (VEH)(60% sterile saline and 40% PEG), prior to each stressor.  

Sucrose preference test: While singly housed for a single dark cycle, control and treated 

rats were presented with two bottles, containing either tap water or a dilute sucrose solution for 

16 hours. Rats were trained once with 2% sucrose (this data is not shown) then tested with 1% for 

baseline and all subsequent tests. Tests lasted from 2 hours before the dark cycle until two hours 

after. Single housing during this period is potentially a stressor. Data are quantified as sucrose 

solution consumed as a percent of total fluid consumption. 

Novelty-suppressed feeding (NSF) test: Rat chow pellets were placed in the center of a 

brightly lit arena in a dark room, as described previously (Santarelli et al., 2003; Dulawa, 2009; 

Cai et al., 2013). Control and treated rats were placed in the corner of the arena and latency to 

feed was measured. After one bite, the rat was returned to the familiar home cage to feed ad 

libitum for 5 minutes, to ensure sufficient hunger (all consumed >0.05g). Rats that did not feed in 

the arena were assigned the maximum time allowed. This data was therefore treated as ordinal. 

The chamber was cleaned between rats. In the chronic CORT experiment (Figure 1), rats were 

first food deprived for 24 hours to instigate feeding behavior, and the maximum time was 400 

seconds. In the CUS±MET experiment (Figure 4), rats were food deprived for 16 hours (as part of 

the CUS paradigm) and the maximum time was 600 seconds. Food deprivation preceding the task 

is potentially a stressor. 

Acute slice electrophysiology: AMPA:NMDA ratios were recorded and quantified as in 

chapter 4, in Mg
2+

-free ACSF. Six to ten consecutive responses were averaged with fiber volley 

(FV) amplitudes nearest to 0.2mV, which is in the linear range of responses to varying stimulus 

intensity (Kallarackal et al., 2013). When multiple recordings were made from slices from a 
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single animal, average AMPA:NMDA values in that animal were calculated to avoid the potential 

confound of nested data.  

Western blotting: SLM or stratum pyramidale (SP) tissue punches (1 mm diameter) were 

taken from CA1 in hippocampal slices on a glass slide resting on dry ice, and deposited in 

standard lysis buffer (protease and phosphatase inhibitor cocktail, Sigma-Aldrich). Protein 

quantification for each sample was performed using a standard Bradford Assay (Coomassie 

reagent, Thermo Scientific, Rockford, IL). Antibodies used in this chapter (see Appendix for 

details) were rabbit anti-GluA1, anti-glucocorticoid receptor, and anti-β–actin, anti-5HT1BR, and 

an HRP-linked anti-rabbit IgG secondary antibody. Expression is quantified as signal intensity 

normalized to β-actin. Densitometric data is transformed, so I treated it as ordinal and performed 

only non-parametric tests.  

Corticosterone quantification: Blood samples were collected from tail veins of MET or 

vehicle-treated rats during restraint stress. Samples were collected in EDTA microtubes (Greiner, 

Bio-One North America Inc., Monroe, NC). After centrifugation, plasma CORT was quantified 

by radioimmunoassay (University of Virginia Ligand Core, Charlottesville, VA). For fecal 

pellets, enzyme-linked immunosorbent assays (ELISAs) were performed. Briefly, each rat was 

singly housed in a clean cage during the dark cycle. Two hours after light cycle onset, 2-4 fecal 

pellets were collected and pooled for each rat. CORT was extracted with ethanol. After ethanol 

evaporation, extracts were reconstituted with methanol and diluted 1:20 for ELISA analysis 

alongside CORT standards (Assaypro, Inc., St. Charles, MO). Fecal CORT reflects an integrated 

measure of several hours of prior serum corticosteroids. Stress-induced CORT in feces is 

observed within 6-12 hours after stress (Bamberg et al., 2001; Harper and Austad, 2012). This 

method is minimally invasive and is less susceptible to ultradian and circadian interference than 

single time points.  

Morris Water Maze: Rats in Dr. Bailey’s lab were trained, as described previously 

(Remondes and Schuman, 2004; Kallarackal et al., 2013). Rats received 10 blocks of training (4 
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trials/block) over 6 days, with the platform in a fixed location. One day after training, rats 

completed a probe trial, with path length and latency to target measured. They were then 

subjected to CUS for 3 weeks, and administered MET or VEH, as above, then left unstressed for 

1 week. On day 28 after training, long-term consolidation was tested with a probe trial.  

Statistics: Data are presented as mean ± SEM. Statistics were calculated using SPSS 

(IBM, Armonk, NY) and Graphpad (Graphpad Software, Inc., La Jolla, CA). All data tested with 

parametric tests (t-tests for 2 groups, ANOVA for >2 with Bonferroni post-hocs) were normally 

distributed and homoscedastic. Non-parametric statistics were used for ordinal data.  

 

Results 

Is elevated CORT sufficient to generate the neurobiological correlates of chronic stress?  

I first tested whether chronic exogenous administration of CORT for 21 days would mimic the 

effects of CUS in causing reduced sucrose preference and neohypophagia in unstressed animals. 

The experimental timeline is shown in Figure 5.1. Chronic CORT reduced sucrose preference 

(Figure 5.2; group*time 2x2 mixed ANOVA F(1,54)=8.461, n=57, p=0.005 2x2 mixed ANOVA, 

p<0.005 vs. all other groups), similar to previous work which reported reduced sucrose intake 

(Gourley et al., 2008). The total amount of liquid consumed did not differ by group, suggesting 

no effect of CORT treatment on water balance. Similarly, after 2 weeks of treatment, CORT-

treated animals exhibited a significantly increased latency to feed in the NSF test (Figure 5.3, 

p<0.05 n=11 Mann-Whitney U). All control rats fed within the allotted time limit, while 2 of 6 

CORT-treated rats never fed. There was no significant difference in body weight between the two 

groups, implying this effect was not likely due to overall changes in metabolism or appetite 

(Figure 5.3, C). These results demonstrate that chronic CORT treatment is sufficient to induce 

anhedonia and neohypophagia.  
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CUS causes a decrease in the AMPAR-mediated component of excitatory postsynaptic 

fEPSPs at TA-CA1 synapses (Kallarackal et al., 2013). As with CUS, chronic CORT reduced 

AMPA:NMDA ratios (Figure 5.4A,B; p=0.010, n=18 slices, Student’s t-test). AMPAR strength 

was also reduced significantly following CORT administration when normalized to the fiber 

volley (FV), a measure of the number of axons activated (Figure 5.4C, n=18, p=0.042). There 

was no difference in NMDAR:FV responses (Figure 5.4, n=17 p=0.4).  

 

Figure 5.1 – Experimental timeline for chronic CORT experiments 

After a baseline sucrose preference test (SPT), rats were administered CORT in their drinking water for 4 

weeks. Novelty-suppressed feeding (NSF) and SPTs were performed before rats were sacrificed for in vitro 

electrophysiology and Western blotting.  

 

Figure 5.2 - Loss of sucrose preference by chronic exogenous CORT 

Sucrose preference scores before and after chronic CORT administration. group*time 2x2 mixed ANOVA 

F(1,54)=8.461, n=57, p=0.005 2x2 mixed ANOVA, p<0.005 vs. all other groups Bonferroni post-hocs. 

Western blots revealed a ~31% reduction in GluA1 protein levels in SLM from CORT-

treated animals, compared to SLM in untreated animals (Figure 5.5, p=0.009, n=19 samples, 

Mann-Whitney U test). Thus, chronic administration of CORT in unstressed animals was 

sufficient to cause deficits in TA-CA1 excitatory synapses that are comparable to those produced 

by CUS (Kallarackal et al., 2013). Chronic CORT also downregulated GR protein levels in CA1 

stratum pyramidale (Figure 5.5, n=8, p=0.01, Mann-Whitney U test), as observed following CUS 



96 

 

(Sapolsky et al., 1984; Herman et al., 1995). This is thought to be an indirect measure of stress 

load over time, and may pathologically contribute to loss of feedback from the hippocampus to 

the HPA axis, leading to HPA dysregulation and subsequent uncontrollability of the stress 

response (Anacker et al., 2011b).  

 

 

Figure 5.3 - Effect of chronic CORT on NSF test 

(A) Group data summarizing increased latency to feed compared to controls by rats treated with chronic 

CORT. Chronic CORT elevation caused a significantly increased latency to feed in the novelty-suppressed 

feeding task, relative to controls (n=11, *p=0.007 Mann-Whitney U test). (B) Survival plot illustrating the 

proportion of rats that remained unfed vs. time in the novelty–suppressed feeding task. (C) No difference in 

body weight was detected between the two groups.   
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Figure 5.4 - Chronic CORT decreases AMPAR-mediated excitation at TA-CA1 

Example TA-CA1 fEPSPs recorded in SLM in Mg
2+

-free ACSF before (black) and after (gray) DNQX 

wash-in, exemplifying representative AMPAR- and NMDAR-mediated responses, respectively. TA-CA1 

fEPSPs from CORT-treated rats exhibited a marked reduction in AMPAR-mediated component relative to 

control. b, Quantification of group data for experiments from a, in which comparisons of the slope of each 

response was measured for responses generating a fiber volley (FV) of ~0.2mV. Chronic CORT treatment 

significantly reduced AMPA:NMDA ratios compared to controls (p=0.010, n=18, Student’s t-test). c, 

Chronic CORT also reduced AMPAR-mediated signaling when normalized to FV compared to control 

(p=0.042), but not NMDAR-mediated signaling.  
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Figure 5.5 - Chronic CORT decreases GluA1 expression in SLM and GR expression in SP 

Chronic CORT elevation decreases AMPAR-mediated signaling at TA-CA1 synapses by decreasing GluA1 

expression. Left: Chronic CORT decreased GluA1 protein expression in SLM, where TA-CA1 synapses are 

formed (p=0.009, n=19, Mann-Whitney U), mimicking CUS. Right: In stratum pyramidale, where 

pyramidal cell bodies reside, GR protein expression is also decreased, as in CUS (n=8, p=0.01, Mann-

Whitney U).  

 Interestingly, I also observed a modest, but significant decrease in 5HT1BR expression in 

tissue from SLM following chronic CORT treatment (Figure 5.6). Since 5HT1BR is most highly 

enriched in SLM within CA1, this is consistent with dendritic atrophy suggested by decreased 

PSD-95 and GluA1 (Figure 4.2, Figure 4.3) following chronic stress.  
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Figure 5.6 - Chronic CORT treatment decreases 5HT1BR expression in SLM 

Chronic CORT significantly decreased 5HT1BR protein expression in SLM tissue (p<0.05 Mann-Whitney 

U, n=7) 

Because acute stress and acute elevation of CORT both often exert different effects than 

chronic stress and chronically elevated CORT (Joëls, 2006), I compared the chronic CORT 

results to the effects of acute CORT administration. In contrast to CUS and chronic CORT, acute 

(~16 hours) CORT increased AMPA:NMDA ratios at TA-CA1 synapses (Figure 5.7, 19.5±3.4 

vs. 8.6±1.3 acute CORT, n=11, p=0.023 Mann-Whitney U test). Short exposure to CORT is not 

sufficient to generate the change in excitatory strength caused by chronic stress. Acute and 

chronic CORT elevations thus exert opposing actions on excitatory strength at TA-CA1 synapses.  
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Figure 5.7 - Acute CORT is not sufficient to decrease TA-CA1 AMPA:NMDA 

In contrast to CUS and chronic CORT, acute (~16 hours) CORT increased AMPA:NMDA ratios at TA-

CA1 synapses. (Left) Example fEPSPs before (black) and after (gray) DNQX application in Mg
2+

-free 

ACSF. Note the difference in timescales for AMPAR and NMDAR traces, accentuating the slower kinetics 

of the NMDAR-mediated current flow. (Right) Summary group data (n=11, *p=0.023 Mann-Whitney U 

test).  

Endogenous serotonin and the 5-HT1BR-selective agonist anpirtoline potentiate TA-CA1 

synapses as a result of CaMKII-mediated phosphorylation of GluA1 (Cai et al., 2013). In brain 

slices from animals subjected to chronic stress, 5-HT1BR-mediated potentiation becomes greater 

in magnitude and irreversible (Cai et al., 2013). In slices from control rats, anpirtoline (50μM) 

induced an average potentiation of fEPSP slope to 125±8% of the baseline, which reversed to 

95±11% of baseline after one hour of washout. In slices from chronic CORT rats, TA-CA1 

fEPSPs increased to a maximum of 210±32%, and remained at 196±35% after washout (Figure 

5.8, n=18, F(2,32)=6.87, p<0.05 2x3 mixed ANOVA, p<0.05 CORT peak and washout vs. CORT 

baseline and all control). Therefore, chronic CORT was sufficient to alter TA-CA1 response to 

serotonergic modulation from reversible to persistent, as occurs after CUS.  

Again, as acute and chronic stress often have opposing effects, (Joëls, 2006), I compared 

the chronic CORT results to the effects of acute CORT administration on anpirtoline-mediated 

potentiation of TA-CA1 fEPSPs. In contrast to CUS and chronic CORT, acute (~16 hours) CORT 
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administration to rats subsequently resulted in only a modest anpirtoline-mediated potentiation of 

TA-CA1 fEPSPs (Figure 5.9). Short exposure to CORT is not sufficient to generate the dramatic 

change in the ability of 5HT1BR activation to potentiate TA-CA1 synapses caused by chronic 

stress. Interestingly, this potentiation began to reverse upon washout, but did not fully return to 

baseline within an hour. This is in contrast to slices from chronic CORT-treated rats, in which 

potentiation continued despite the beginning of washout. 

Taken together, these results show that chronic CORT elevation is sufficient to mimic the 

both the behavioral effects of CUS and the corresponding neurophysiological and molecular 

changes in excitatory synaptic transmission at TA-CA1 synapses. Elevated CORT alone is thus 

sufficient to mimic the behavioral and synaptic consequences of chronic stress in this model. 

However, this CORT elevation must be chronic, and not acute.   
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Figure 5.8 - Chronic CORT alters 5HT1BR mediated potentiation of TA-CA1 fEPSPs 

(A) Example TA-CA1 fEPSPs demonstrating the reversible effect of anpirtoline (50µM) on fEPSPs in 

slices from control rats (left) and the persistent potentiation in slices from chronic CORT-treated rats 

(right). Traces taken from the time-points indicated in the graph below. (B) Group data illustrating the 

difference in time-course of 5-HT1BR-mediated potentiation in slices from control (gray symbols) and 

CORT-treated (black symbols) rats. Data are normalized to the 10 minutes prior to the beginning of 

anpirtoline application. (C) Comparison of TA-CA1 fEPSPs at baseline, peak of potentiation, and after 

washout. Anpirtoline generated a significantly greater peak response in hippocampal slices from chronic 

CORT-treated rats. This potentiation persisted through washout. Repeated measures ANOVA interaction 

F(2,32)=6.87, p=0.03. *p<0.05 Bonferroni post-hoc vs. baseline CORT and all control. 
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Figure 5.9 - Effect of acute in vivo CORT exposure on in vitro anpirtoline response at TA-CA1 

synapses 

Activation of 5HT1BRs with anpirtoline caused only a modest potentiation (148.9±0.3% of baseline) 

consistent with controls. This potentiation began to decrease after an hour of washout (gray trace, 

134.2±0.2), but did not fully reverse with washout. Traces above are representative of the group data, 

illustrating samples at time denoted by (1-3).  

Is elevated CORT necessary to generate the neurobiological correlates of chronic stress?  

CUS causes a chronic elevation of average CORT levels and repeated spikes in CORT 

levels in response to each individual stressor (Sapolsky et al., 1984; Magariños and McEwen, 

1995b), as part of a complex constellation of concerted neuromodulator interactions [reviewed in 

(Joëls and Baram, 2009)]. HPA axis responses to unpredictable or varied stress do not habituate 

even after 3 weeks [e.g. fig. 1 in (Magariños and McEwen, 1995b), reviewed in (Herman, 2013)]. 

I predicted that if chronic stress-induced elevations in CORT are necessary for the changes 

triggered by CUS, then partially inhibiting CORT synthesis prior to each stressor with 

metyrapone (MET, 50mg/kg i.p.), an inhibitor of the adrenocortical enzyme 11β-hydroxylase 

(Holsboer, 2000), would prevent the CUS-induced synaptic and behavioral deficits. The 

experimental timeline is illustrated in Figure 5.10. During CUS, I tested whether MET attenuated 

the increase in basal CORT caused by stress-induced dysregulation of the HPA axis (Johnson and 
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Yamamoto, 2009). CORT was extracted from fecal pellets collected overnight, reflecting CORT 

levels integrated over a day of stress. The CUS-induced increase in CORT, observed in vehicle 

(VEH) treated rats, was prevented by MET as measured by ELISA of fecal pellet extractions 

(Figure 5.11, 2x2 ANOVA interaction F(1,37)=4.45, p=0.04 *p<0.05 Tukey’s HSD post-hoc vs. 

all other groups). In unprotected t-tests, MET treatment alone reduced fecal CORT compared to 

all other groups (p<0.02). Furthermore, MET blunted peak plasma CORT during an individual 

restraint stressor (Figure 5.11, n=11, p=0.0008 Student’s t-test), as measured by 

radioimmunoasssay. 

 

Figure 5.10 - Experimental timeline for MET+CUS experiments 

After a baseline sucrose preference test (SPT), rats were randomized to receive either vehicle (VEH) or 

MET while undergoing CUS for 3 weeks. Novelty-suppressed feeding (NSF) and SPTs were performed 

before rats were sacrificed for in vitro electrophysiology and Western blotting. MET or VEH injections 

were given prior to each stressor throughout the paradigm.   
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Figure 5.11 - MET significantly attenuates CORT increases in response to CUS 

Left: To determine if MET was effective in reducing time averaged stress-induced CORT levels, fecal 

pellets were collected overnight from singly-housed rats after a typical day of stressors and compared to 

values in age-matched stress-naïve rats. CUS significantly elevated CORT in vehicle- but not MET-treated 

rats (2x2 ANOVA interaction F(1,37)=4.45, p=0.04 *p<0.05 Tukey’s HSD post-hoc vs. all other groups). 

In unprotected t-tests, MET treatment alone reduced fecal CORT compared to all other groups (‡p<0.02). 

Right: Rats undergoing CUS received either vehicle or MET treatment prior to restraint stress, and blood 

samples were taken from their tail veins 10-15 minutes into the stress. Plasma CORT was quantified via 

RIA. MET significantly reduced plasma CORT levels induced by the stressor (*p=0.0008, n=11, Student’s 

t-test). 

Unlike VEH-treated rats subjected to CUS, MET-treated rats subjected to CUS 

(CUS+MET) maintained a high sucrose preference that was not different from the sucrose 

preference of unstressed MET- or VEH-treated (CUS+VEH) rats (Figure 5.12, n=36, 

F(1,20)=18.6, 4x2 mixed ANOVA p<0.001, p<0.05 CUS+VEH vs. baseline and all other 

groups). In the NSF test, CUS+MET rats exhibited a shorter latency to feed than CUS+VEH rats 

and were not different from unstressed VEH or MET rats (Figure 5.13A, Kruskal-Wallis H=9.52, 

p=.0231 n=33, CUS+VEH U-test post-hoc p<0.05 vs. all others). Fewer CUS+VEH rats fed 

within the allotted time limit than any other group (Figure 5.13B, p<0.05, Fisher’s exact test). 

Body weights of stressed and unstressed rats administered VEH or MET reveal a main effect of 

CUS on weight (Figure 5.13C, F(1,33)=43.21, **p<0.0001; 2x2 ANOVA), but no main effect of 

MET (F(1,33)=0.02, p=0.89), indicating no likely effect of appetite overall, as well as no role of 

CORT in mediating the body weight changes in the context of chronic stress, consistent with 
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previous reports (Magariños and McEwen, 1995a). In summary, limiting stress-induced increases 

in CORT prevented the stress-induction of anhedonia and neohypophagia.  

I predicted that MET would also prevent the changes observed at TA-CA1 synapses after 

CUS. AMPA:NMDA ratios were significantly lower in slices from CUS+VEH rats compared to 

CUS+MET and unstressed MET and VEH rats (Figure 5.14A,B, main effect of CUS 

F(1,54)=14.71, p=0.0003; main effect of MET F(1,54)=11.93, p=0.0011; MET*CUS interaction 

effect (F(1,54)=11.84, p=0.0011). The AMPAR-mediated excitatory component at TA-CA1 was 

also significantly higher in slices from MET-treated rats when normalized instead to FV (Figure 

5.14C, main effect of MET F(1,56)=7.43, p=0.0085), while NMDAR:FV responses were not 

significantly different (p=0.12). TA-CA1 AMPA:NMDA strength correlated significantly with 

hedonic state, measured by sucrose preference (R=0.65, p=0.002).  

GluA1 expression in SLM decreased by 25% in tissue from CUS+VEH rats as compared 

to CUS+MET rats (Figure 5.15, n=14, p=0.049, Mann-Whitney U test). GR expression was also 

lower in SP of CUS+VEH rats, compared to CUS+MET (n=8, p=0.02, Mann-Whitney U test).  

Finally, anpirtoline potentiated TA-CA1 fEPSP slope to 155±5% of baseline after 60 minutes in 

slices from vehicle-injected CUS rats, peaked at 199.5±14% and it remained elevated (166±11%) 

after washout (Figure 5.16, n=32, mixed ANOVA interaction effect F(2,54)=7.95, p=0.0009, 

p<0.05 CUS+VEH peak and washout vs. CUS+VEH baseline, and vs. all CUS+MET). In slices 

from CUS+MET rats, in contrast, TA-CA1 fEPSP potentiation peaked at 149±12% and reversed 

to 106±27% after washout. MET thus prevented the exaggerated, persistent response to 

anpirtoline at TA-CA1 synapses observed normally after CUS.  

Taken together, these results show that blunting the elevation of CORT produced by the 

CUS stressors is sufficient to prevent both the behavioral effects of CUS and the corresponding 

neurophysiological and molecular changes in excitatory synaptic transmission at TA-CA1 

synapses.  
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Figure 5.12 - MET prevents induction of anhedonia in SPT caused by CUS 

CUS decreased sucrose preference when rats were pretreated with vehicle, but not MET, prior to each 

stressor. Daily vehicle or MET injections without stress had no effect. Mixed ANOVA 3-way interaction 

F(1,30)=4.841 (p=0.036), *-p<0.05 vs all other groups Bonferroni post-hoc  
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Figure 5.13 - MET treatment prevents CUS-induced neohypophagia 

a, MET pretreatment significantly decreased the latency to feed in the NSF task in CUS rats vs. vehicle-

treatment, to levels not significantly different than unstressed vehicle or MET groups (Kruskal Wallis H = 

9.52, p=.0231 n=33; *p<0.05 vs all others, U-test) b, Survival plot of NSF task in vehicle- and MET-

treated rats unstressed or subjected to CUS. 8/10 CUS+MET and 2/9 CUS+vehicle fed within 10 minutes 

(*p=0.023, Fisher’s exact test). 5/6 and 8/10 of unstressed vehicle- and MET- treated rats fed, respectively. 

c, Body weights of stressed and unstressed rats administered VEH or MET reveal a main effect of CUS on 

weight (F(1,33)=43.21, **p<0.0001; 2x2 ANOVA), but no main effect of MET (F(1,33)=0.02, p=0.89). 
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Figure 5.14 - MET prevents CUS-induced decreases in AMPAR-mediated TA-CA1 signaling 

a, Example TA-CA1 fEPSPs recorded in SLM in Mg
2+

-free ACSF before (black) and after (gray) DNQX 

wash-in, exemplifying an AMPAR-mediated and NMDAR-mediated trace, respectively. b, TA-CA1 

fEPSPs from MET-treated rats exhibited a higher AMPAR-mediated signaling component relative to 

vehicle-treated CUS rats, measured by AMPA:NMDA ratio (Main effect of CUS F(1,54)=14.71, p=0.0003; 

main effect of MET F(1,54)=11.93, p=0.0011; MET*CUS interaction effect (F(1,54)=11.84, p=0.0011). 

The CUS+VEH group was different from all others (**p<0.01, Tukey’s HSD). c, The AMPAR-mediated 

excitatory component at TA-CA1 was also significantly higher in slices from MET-treated rats when 

normalized instead to FV (*-Main effect of MET F(1,56)=7.43, p=0.0085). NMDAR:FV was not different 

(p>0.05 for both CUS and MET main effects). 

  



110 

 

 

Figure 5.15 - MET prevents CUS-induced decreases in GluA1 and GR expression 

SLM punches revealed MET treatment prevented the CUS-induced decrease in GluA1 protein expression 

observed in the vehicle group (n=14, p=0.049 Mann-Whitney U). SP punches revealed that MET also 

preventing GR downregulation (p=0.02, Mann-Whitney U). 
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Figure 5.16 - MET treatment prevents stress-induced changes in the potentiation of TA-CA1 fEPSPs 

by the 5-HT1BR agonist anpirtoline 

a, Example TA-CA1 fEPSPs demonstrating the effect of anpirtoline (50µM) on slices from vehicle- (left) 

and MET-treated CUS rats (right). Left: Anpirtoline (red, 2) elicited a robust potentiation from baseline 

(black, 1), that persisted after washout (gray, 3) in slices from vehicle-treated CUS rats. Right: After MET 

treatment, anpirtoline elicited a more modest potentiation of TA-CA1 fEPSPs that was reversed upon 

washout. b, Group data and time course of 5-HT1BR-mediated potentiation. Data are normalized to the 10 

minutes prior to the beginning of anpirtoline application. c, Comparison of TA-CA1 fEPSPs at baseline, 

peak of potentiation, and after washout. Anpirtoline generated a significantly greater peak TA-CA1 

response in slices from vehicle-treated rats, and it persisted during washout, whereas a reversible, modest 

potentiation was elicited in slices from CUS rats treated with MET, as in unstressed controls. Repeated 

measures mixed ANOVA interaction effect F(2,54)=7.95, p=0.0009. *p<0.05 Bonferroni Tukey’s HSD 

post-hoc vs. baseline vehicle and from all MET timepoints. 

 

Does MET prevent a CUS-induced TA-CA1 synapse-specific cognitive deficit?  

(I was actively involved in the design of this portion of work, but it was performed entirely under 

the supervision of Dr. Aileen Bailey by her students Keighly Bradbrook and Hannah Dantrassy) 

TA-CA1 synapses are required for long-term consolidation of spatial memory (Remondes 

and Schuman, 2004), and CUS impairs this function (Kallarackal et al., 2013). Impaired spatial 
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memory has been described in depressed humans (Gould et al., 2007). I asked whether blunting 

CUS-induced elevation of CORT with MET treatment during CUS would prevent the normal 

CUS-induced loss of consolidation in a spatially cued version of the Morris water maze. After 

naïve rats were trained to learn the location of a hidden platform, confirmed with an initial 24 

hour probe trial, they were randomly divided into unstressed control groups and CUS+MET, 

CUS+VEH, using the same procedures described above. Twenty-eight days after training, 

unstressed control rats performed as well as they did in the initial probe trial (Fig 7, n=6, p>0.05 

paired t-test), indicating successful consolidation. CUS+VEH rats, in contrast, required a 

significantly longer latency to reach the platform location (p=0.014, n=6) and traveled a 

significantly longer path to reach the target (p=0.02), compared to their previous probe trial, 

indicating that CUS in this group disrupted memory consolidation. However, latency (p>0.05, 

n=6) and path to target were similar in CUS+ MET rats to their baseline responses (p>0.05), 

indicating successful memory consolidation despite CUS exposure.  

Because MET treatment prevented the effects of CUS on three separate behaviors 

(anhedonia, neohypophagia and impaired spatial memory consolidation) and the 

neurophysiological and molecular deficits of excitatory synaptic transmission at a key stress-

sensitive synapse, I conclude that chronically elevated CORT is a necessary mediator of the 

adverse effects of chronic stress at this pathway. 
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Figure 5.17 - MET treatment prevents stress-induced impairment of spatial memory consolidation 

Rats were trained to find the location of a hidden platform in a water maze in 10 blocks over 6 days. 24 hrs 

after the 10
th

 block, they were tested in a probe trial (black) to ensure they had learned the platform 

location. They were then randomized to control and CUS groups. CUS-subjected rats received either a 

MET or VEH injection prior to each stressor, while control rats were left undisturbed. After 28 days, rats 

were tested for spatial memory consolidation in another probe trial (“consolidation”-white) by comparing 

their performance to their initial probe trial (“24 Hr probe”-black). a, Example diagrams of consolidation 

trial, with start (open circle), finish (closed circle) and path (connecting line) for rats from each group. b, 

Path length to platform location (left) and latency to platform location (right) for each group. Control, 

unstressed rats performed as well after 28 days as after the initial probe trial (p>0.05 for both path length 

and latency). CUS+VEH rats performed significantly worse after the 28 day consolidation period, with 

significantly greater latency (t(6)=3.42, p=0.014) and path length (t(6)=3.10, p=0.02) to platform location, 

indicating impaired memory consolidation. CUS+MET rats successfully consolidated, with no significant 

difference in latency or path length between trials (p>0.05). n=6 per group. These experiments were 

performed by my collaborators under the guidance of Dr. Aileen Bailey.  
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Discussion  

Physical and psychosocial stressors are significant risk factors for depression, in addition 

to anxiety and other mood-disorders. Stress affects the hippocampus, a critical region for 

cognitive processing, mood, and other complex behaviors that are altered in depression, as well as 

synapses in the prefrontal cortex and nucleus accumbens, two other regions involved in 

processing reward. Potential mediators of stress include endocannabinoids (Gray et al., 2013), 

corticotropin-releasing hormone (Chen et al., 2012) and other neuropeptides, opioids such as 

dynorphin (Mague et al., 2003; McLaughlin et al., 2003), monoamines such as serotonin and 

norepinephrine, glutamate (Palucha and Pilc, 2005), and glucocorticoids (Joëls and Baram, 2009). 

The stress-sensitive TA-CA1 synapse provides a tractable locus at which to examine the 

neurobiological effects of the stress response and better understand how chronic stress causes 

altered behavioral phenotypes by changing synapses and circuits. Generalizing the current results 

from TA-CA1 synapses, I conclude that chronic CORT elevation is both sufficient and necessary 

to induce the chronic stress phenotype at molecular, synaptic, and behavioral levels. 

 

CORT is necessary and sufficient to mediate the synaptic effects of chronic stress:  

Chronic CORT administration induces depressive-like behaviors, including anhedonia 

and increased helplessness, that are reversed by chronic antidepressants (Gourley and Taylor, 

2009). I replicated these previous behavioral results and further observed that chronic CORT 

induced hyponeophagia in the NSF task, an ethologically relevant choice between feeding 

motivation and neophobic behavior. These tests are sensitive to chronic, but not acute, SSRI 

administration (Dulawa et al., 2004). MET treatment significantly reduced the peak CORT 

response to a stressor and the average CORT levels during CUS. Because CORT administration 

mimicked, and MET treatment prevented, anhedonia-like and neophobic behaviors in my 

experiments, I conclude that stress-induced CORT elevation is sufficient and necessary to 

generate these behavioral changes in the CUS model. 
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Chronic CORT was also sufficient to decrease AMPAR-mediated excitation and GluA1 

subunit expression at TA-CA1 synapses in unstressed animals. The effect was specific for 

AMPARs, as there was no accompanying change in NMDAR-mediated fEPSPs. Conversely, 

MET administration during CUS prevented this dysfunction, illustrating that chronic stress-

induced elevations of CORT are necessary for these effects. A decreased AMPA:NMDA ratio at 

these synapses is consistent with results from synapses in the PFC and NAc (Lim et al., 2012; 

Yuen et al., 2012), and I suggest that CORT elevation during chronic stress is a potential 

mediator at those synapses, as well. I suggest further that weakening of synaptic excitation at 

multiple synapses in cortico-mesolimbic reward circuits contributes to depressive-like signs after 

chronic stress. Corresponding restoration of synaptic strength at these stress-sensitive synapses is 

a critical mechanism of antidepressant action in these models (Popoli et al., 2012; Tizabi et al., 

2012; Kallarackal et al., 2013; Musazzi et al., 2013).  

Chronic stress also alters serotonin-induced potentiation at TA-CA1 synapses, both 

qualitatively and quantitatively (Cai et al., 2013). Mediated by 5-HT1BRs and phosphorylation of 

GluA1, serotoninergic modulation co-varies with depressive-like behavior and changes in 

AMPAR function. Conversely, chronic antidepressant treatment restores normal serotonin 

responses at TA-CA1 synapses in conjunction with restoration of normal behavior and synaptic 

strength. In the present study, the aberrant stress-induced anpirtoline response was mimicked by 

chronic CORT treatment alone, and prevented by MET treatment in rats subjected to CUS.  

TA-CA1 synapses are required for spatial memory consolidation, and impaired spatial 

memory has been described in humans (Gould et al., 2007). The ability of MET treatment to 

preserve TA-CA1 synaptic strength and memory consolidation in rats subjected to CUS 

demonstrates that CORT-induced changes in synaptic strength likely underlie this stress-induced 

cognitive deficit. 

Structurally, chronic restraint stress reduces the number of spines in CA1 cell distal 

apical dendrites (Pawlak et al., 2005; Maras et al., 2014). Functionally, chronic stress and CORT 
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administration impair LTP at proximal CA1 synapses in vitro in some studies (Alfarez et al., 

2003), but not all [for review see (Joëls et al., 2012)]. Chronic stress or chronic CORT cause 

atrophy of terminal segments of CA1 dendrites (Sousa et al., 2000), which are more vulnerable to 

stress than more proximal synapses, but are often overlooked in stress-related studies. In fact, loss 

of distal dendrites and TA-CA1 synapses may contribute significantly to the atrophy observed 

after chronic stress in rodents and contribute to the hippocampal volume loss in severe human 

depression.  

 

Acute vs. chronic effects of CORT  

In contrast to the impairment of AMPAR-mediated transmission produced by chronic 

CORT (~weeks), acute CORT (~hrs) increased transmission at TA-CA1 synapses, consistent with 

previous observations at Schaffer collateral synapses (Karst et al., 2005). This short-term effect of 

CORT to increase CA1 excitability is consistent with the well-established dichotomy between 

acute and chronic stress and with the transient mood-boosting effects of steroid treatment (Joëls, 

2006). Acute stress or acutely administered CORT in vivo and in vitro can enhance 

neurotransmission at CA3-CA1 synapses by increasing glutamate release probability, increasing 

cellular excitability in CA1 pyramidal neurons by modulating IA, and facilitating long-term 

potentiation, with many of these fast changes attributed to the mineralocorticoid receptor (MR) 

(Karst and Joëls, 2005; Wiegert et al., 2006; Olijslagers et al., 2008). Thus, acute stress increases 

plasticity in short time windows via non-genomic MR, promoting stress-salient memories. In 

contrast, chronic stress dampens plasticity via GR-mediated genetic regulation, leaving newly 

formed, stress-salient memories less malleable (Joëls, 2008). I suggest that the synaptic 

consequences of chronic CORT elevation described here are likely to be mediated by chronic, 

excess GR activation. 

In the introduction and in previous chapters, I discussed how the stress response promotes 

mobilizing the body’s resources to achieve different homeostatic set points within a dynamic 
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range, as most appropriate for internal and external environmental conditions. However, chronic 

overactivation of these mechanisms conceptually leads to wear and tear on the stress response 

system, and ultimately impairs the ability to achieve different points in the dynamic range. My 

results with CORT illustrate this fact. Short term exposure to CORT greatly increased AMPAR-

mediated strength at TA-CA1 synapses, corresponding to the expected response from an acute 

stressor. Conversely, chronic CORT dampened AMPAR-mediated excitability. In conjunction 

with the finding that the dynamic range of LTP is impaired following CUS, this presents a hard 

example of the sometimes overly conceptual process of repeated allostatic demand leading to 

allostatic-overload. 

 

Glucocorticoids in human disease  

There is compelling evidence of a causal link between altered HPA function and a large 

subset of severely depressed patients, particularly with regard to anhedonia. Depression is 

common in patients with primary abnormalities of GC production and patients receiving 

exogenous GCs (Quarton et al., 1955; Jeffcoate et al., 1979). Interestingly, in patients with 

hypercortisolemia, treating the cause of hypercortisolism (typically via resection of a pituitary 

tumor hypersecreting ACTH) been effective in reversing hippocampal atrophy (Starkman et al., 

1999). HPA dysregulation is correlated with severity of symptoms and is common (~80% of 

patients) in treatment-resistant depression (Anacker et al., 2011b). The correlation is even greater 

in melancholia patients (up to 90%), identified using modified criteria relying primarily on 

anhedonia (Taylor and Fink, 2008). Abnormal HPA function is also correlated with a nine-fold 

increase in suicide risk (Coryell and Schlesser, 2001). Downregulation of GRs following chronic 

stress, as I observed in chronic CORT-treated rats as well as CUS rats, can contribute to loss of 

HPA feedback, resulting in higher circulating GCs (Anacker et al., 2011b). This hyposuppressive 

state results in failure to limit the stress response, as seen in many depressed patients (Quarton et 

al., 1955; Heuser et al., 1994; Mizoguchi et al., 2001). GR downregulation may represent an 
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adaptive, homeostatic attempt to preserve CA1 neuronal viability from further stress-induced 

insult such as loss of spines or excitatory synaptic function, but at the same time may contribute 

maladaptively to HPA dysregulation. HPA dysregulation may be both a causative factor and a 

consequence of depression.  

The dose of MET used here produced effects that are similar to those produced by 

clinically relevant doses in humans, effectively halving circulating corticosteroids (O’Dwyer et 

al., 1995). In stressed rats, MET treatment preserved the normal response of TA-CA1 synapses to 

serotonergic modulation, suggesting that MET treatment protected the serotonin-innervated 

excitatory synapses upon which SSRIs act (Sigalas et al., 2012; Cai et al., 2013). MET also 

prevented normal stress-induced downregulation of GRs, suggesting protection from HPA 

dysregulation. There is clinical evidence that MET enhances antidepressant response (Sigalas et 

al., 2012; McAllister-Williams et al., 2013) and is effective as a stand-alone therapy in 

hypercortisolemic patients with depressive symptoms (Jeffcoate et al., 1979). My results suggest 

several mechanisms by which treatment with MET should oppose pro-depressive changes caused 

by stress, suggesting potential efficacy as a clinical add-on, particularly for depressed patients 

with HPA or GC abnormalities.  

 

In conclusion, my data supports my hypothesis that chronic stress alters synapses and induces 

depressive-like behavior via chronic stress-induced elevations of corticosterone. Chronically 

elevated corticosterone is both sufficient and necessary for the neurobiological correlates of 

chronic stress: impaired TA-CA1 synaptic function, altered responsiveness to 5HT1BR agonists, 

anhedonia, and hyponeophagic behavior. I have demonstrated that glucocorticoids play a critical 

role as mediators of the synaptic effects of chronic stress, as well as behavioral changes in rats, 

which are similar to the mood and cognitive changes characterizing human depression, 

strengthening the hypothesis that excitatory synaptic dysfunction underlies the symptoms of 

depression (Krugers et al., 2010a; Joëls et al., 2012; Popoli et al., 2012; Duman, 2014). Protecting 
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and restoring excitatory strength at stress-sensitive synapses at key loci throughout the reward 

systems appears critical for maintaining normal cognitive and emotional behavior. 
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6) Discussion: towards an excitatory synapse hypothesis of 

depression 

Portions of the work in this chapter have been published in Neuropsychopharmacology. I contributed 

primarily in the conceptualization and experimental design, but I participated in data collection for any 

figures shown.  

 

Jonathan Fischell, Adam M. Van Dyke, Mark D. Kvarta, Tara A. LeGates, and Scott M. Thompson. Rapid 

antidepressant action and restoration of excitatory synaptic strength after chronic stress by negative 

allosteric modulators of alpha5-containing GABAA receptors. Neuropsychopharmacology. 2015 Apr 22. 
 

I am proud to have contributed to the emerging excitatory synapse hypothesis of depression. Our lab has 

taken a view that has resulted from my own studies and those of the following co-authors. Our resulting 

review and perspective has been published in Trends in Neurosciences. The earliest forms of this 

hypothesis was crafted by Drs. Kallarackal, Cai, and Thompson. In many, many ways, this thesis would not 

exist without them.  

 

Scott M. Thompson, Angy J. Kallarackal, Mark D. Kvarta, Adam M. Van Dyke, Tara A. LeGates, and 

Xiang Cai. An excitatory synapse hypothesis of depression. Trends in Neurosciences. 2015 Apr 14. In 

press. 

 

This thesis was structured a bit like a Venn diagram, with experiments targeted to the 

overlap, at TA-CA1 synapses. Existing antidepressants have effects in many areas of the brain, as 

would be expected by near-global manipulation of serotonergic transmission. Depression also 

affects many brain areas (Nestler et al., 2002), likely underlying the diverse array of cognitive and 

affective symptoms experienced by depressed patients. This approach is more likely to yield 

novel insight into the pathophysiology of disease than by examining either a treatment or a 

disease model on its own. Certainly there are brain areas affected by boosting synaptic serotonin 

that were not defective in some or all patients; effects here likely underlie side effects. 

Additionally, there are likely brain areas affected in depression that do not respond to current 

antidepressant treatment; these areas might embody symptoms that are not adequately treated in 

some or all patients. I examined a locus at which opposing effects of chronic stress and 

antidepressant treatment occurred, the TA-CA1 synapse, characterizing aspects of both along the 

way. Having confirmed both stress-sensitivity and antidepressant-sensitivity, I keyed in on this 

synapse to ask how chronic stress models translate into depressive-like neurobehavioral state as a 

proxy for the question “how do we become depressed?” 
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I hypothesized that depression, specifically regarding anhedonia as a core symptom, is 

caused by corticosteroid-dependent reduction of excitatory synaptic strength at key synapses in 

cortico-mesolimbic circuitry, which is rescued by monoaminergic antidepressant treatment by 

5HT1BR-mediated serotonergic signaling. First, I predicted that excitatory glutamatergic 

transmission, with TA-CA1 synapses as an archetype, would be potentiated by antidepressant 

treatment. Second, I predicted that animals that were subjected to a chronic stress paradigm and 

exhibiting a depressive-like neurobehavioral state would suffer from impaired glutamatergic 

signaling at some stress-sensitive synapses. Third, I predicted that corticosterone would be 

necessary and sufficient to mediate the induction of synaptic dysfunction. The experiments I used 

to test these predictions support my overall hypothesis and provide compelling insight about how 

to think about depressive-like states and how they can be reversed by antidepressant treatment.  

In chapter 1, I discussed how identifying deficits in a depressive-like state that are also 

downstream targets of antidepressant effects should enable a search for alternative approaches to 

reverse these deficits. My hypothesis suggests that monoaminergic antidepressants exert 

antidepressant efficacy via 5HT1BR, by reversing deficits in excitatory synaptic function that are 

caused by chronic elevations of corticosterone due to chronic stress.  

A key point is that any treatment which can adequately address these deficits in 

excitatory synaptic function in important areas can reverse depressive-like neurobehavioral states 

without having to act through serotonergic signaling. It still broadly remains a mystery why 

SSRIs take so long to act and precisely what seemingly indirect, if any, role that serotonin 

dysfunction may have in depression (Heninger et al., 1996; Baumeister et al., 2003; Berton and 

Nestler, 2006). Therefore it would be a major advancement to be able to target the ultimate 

downstream targets that underlie reversal of a depressive state.  

A new class of antidepressant compounds may (1) act much faster, by immediately 

targeting the ultimate endpoint of weeks of serotonergic manipulation, (2) exhibit fewer side 

effects if targeted only to regions that need rescue (3) treat symptoms that do not respond to 
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monoaminergic-based antidepressants, perhaps by ameliorating deficits in areas that are not 

endogenously equipped with the proper machinery (e.g. areas that do not express 5HT1BRs). In 

support of this latter point, ketamine, deep-brain stimulation and ECT are effective treatments for 

patients that are considered treatment-resistant to traditional monoaminergic based 

antidepressants (Michael et al., 2003; Zarate et al., 2012; Schlaepfer et al., 2014), supporting the 

idea that there are circuits or synapses that need to be repaired in at least some patients that 

cannot be mended by augmenting serotonin signaling.  

 A final complication in augmenting serotonin signaling at synapses that are not affected 

by depression is the heterogeneity of symptoms that currently merit treatment with 

monoaminergic-based antidepressants. There are over 900 combinations of symptoms that merit a 

diagnosis of depression according to the DSM guidelines. It is unlikely that this is a single disease 

(Taylor and Fink, 2008), and indeed efforts have been put forth to classify several subtypes of 

depression that stem from families of symptoms and underlying constructs (Carragher et al., 

2009). It has been argued that grouping so many potentially distinct entities into a single 

classification has actually greatly hindered research efforts in depression, by drowning 

meaningful signals in the noise of several distinct entities, and dissociating psychiatry from 

biology (Shorter and Fink, 2010). Presumably distinct biological effects on the brain underlie 

distinct symptoms, and monoamine manipulation may either have no effect on circuits that are 

not defective or even deleterious effects. That is, unintended effects could be caused by 

traditional antidepressant treatment because the specific subtype of depression does not affect a 

specific circuit, or an antidepressant is prescribed to someone erroneously diagnosed or for an 

off-label use. To illustrate the potential detrimental effect of SSRIs on healthy synapses and 

circuits, recall that LTP at TA-CA1 synapses has been implicated in the consolidation of long-

term memory (Remondes and Schuman, 2004). Our studies have demonstrated that 

antidepressant actions of serotonin can occlude synaptic plasticity processes at TA-CA1 in 

unstressed animals (e.g. anpirtoline and LTP occlude each other, chapter 3). Furthermore, 
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anpirtoline had no effect on TA-CA1 fEPSPs in rats chronically treated with fluoxetine, 

presumably because these synapses were potentiated from normal strength in the healthy state to 

saturation. Intriguingly, intrahippocampal injection of a 5HT1BR agonist causes spatial learning 

deficits in rats (Buhot et al., 1995), and memory impairments have been reported in healthy 

volunteers taking antidepressants (Thompson, 1991). 

 

Anti-glucocorticoids: protecting synapses from ongoing damage? 

My results demonstrated that there is a glucocorticoid-dependent loss of excitatory 

synaptic strength at the distal apical dendrites of CA1. Indeed, I demonstrated that chronically 

elevated corticosterone is both sufficient and necessary to induce weakening of AMPAR-

mediated transmission associated with the CUS model of depression. I propose that MET protects 

the serotonin-innervated excitatory synapses upon which SSRIs act. This is consistent with 

existing clinical data that MET is effective as an add-on treatment to SSRIs in patients who have 

not achieved remission (Sigalas et al., 2012; McAllister-Williams et al., 2013). Furthermore, 

MET is effective as a stand-alone therapy in hypercortisolemic patients with depressive 

symptoms (Jeffcoate et al., 1979), which fits in well with reports that treating hypercortisolemia 

reverses hippocampal atrophy (Starkman et al., 1999). It would be dangerous for all depressed 

patients to attempt to improve their symptoms with steroid synthesis inhibitors like MET or 

cyanoketone, as only a subset of depressed patients exhibit HPA hyperactivity. I suggest that 

chronic stress based models have greater construct validity for this patient subpopulation, and are 

less relevant for depressed patients who do not exhibit HPA abnormalities or anhedonia. Cortisol 

reduction in eucortisolemic patients may lead to adrenal insufficiency and an Addisonian crisis. 

However, in an emerging era of personalized medicine, it should be possible to identify those 

likely to respond to MET treatment. The melancholia subset of depression has a high association 

with anhedonia and HPA dysregulation (>80% for each) and it has been proposed that the 

dexamethasone suppression test for HPA feedback is particularly sensitive in this population 
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(Taylor and Fink, 2008). Combined with basal CORT levels, a target patient demographic could 

be identified with reliable biomarkers (Shorter and Fink, 2010). If effective, months of unremitted 

symptoms while undergoing trials with various monoaminergic antidepressants could be avoided 

in this population, as nearly half of all depressed patients do not respond to initial treatment with 

SSRIs, and ¾ do not achieve full remission (Gaynes and Warden, 2009). 

 

Alternatives to monoamines: targeting glutamatergic transmission 

Pathological chronic elevation of glucocorticoids causes depressive-like behavioral 

changes because it weakens specific subsets of synapses in cortico-mesolimbic circuits, such as 

the hippocampus (chapter 5, Kvarta et al., 2015), PFC (Duman and Aghajanian, 2012; Yuen et 

al., 2012), and ventral striatum (Lim et al., 2012), thereby resulting in the anhedonia and the 

diverse collection of symptoms that characterize human depression. Conventional antidepressants 

like SSRIs (chapters 3 and 4), fast-acting antidepressants like ketamine, and non-pharmacological 

treatment like electroconvulsive therapy all act to oppose the deleterious actions of chronically 

elevated GCs on excitatory synapses (Berman et al., 2000; Tizabi et al., 2012; Kallarackal et al., 

2013; Zarate et al., 2013). Together, these results indicate that chronic excessive glucocorticoids 

not only cause stress-induced behavioral dysfunction, but also specific synaptic deficits in the 

hippocampus, a major center for cognitive and emotional processing. Maintaining excitatory 

strength at stress-sensitive synapses at key loci throughout cortico-mesolimbic reward circuitry 

appears critical for maintaining normal cognitive and emotional behavior, while restoring 

excitatory transmission in the depressed state appears critical for antidepressant action.  

 How else might excitatory transmission be appropriately promoted to reverse a depressed 

state? There is some limited evidence that directly potentiating AMPARs can have a 

antidepressant effect. The AMPAkine LY392098 decreases immobility time in the forced swim 

and tail suspension tests (Li et al., 2001), but has no effect on sucrose preference following a 

chronic unpredictable stress paradigm (Farley et al., 2010). Another AMPAkine LY451646 
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administered during chronic stress exposure prevented several lasting effects of chronic social 

stress exposure on physiological, neuroendocrine, and behavioral parameters (Schmidt et al., 

2010). However, AMPAkines are unlikely to be an effective clinical solution unless some sort of 

regional selectivity can be developed, because the broad expression of AMPARs throughout the 

brain is at least as problematic as widespread serotonin signaling. A drug that encourages 

phosphorylation of GluA1 S831 could be beneficial, since S831 phosphorylation is necessary for 

antidepressant effects of SSRIs and TCAs (chapter 3), but it may not be sufficient for 

antidepressant efficacy. Furthermore, such a drug might not have any effect at synapses that are 

not already potentiated by 5HT1BR-mediated serotonin signaling. Paradoxically, the NMDAR 

antagonist ketamine has been effective in treating depression (Berman et al., 2000), potentially by 

harnessing mechanisms of homeostatic plasticity or disinhibition, either way resulting in BDNF-

dependent and activity-dependent plasticity (Li et al., 2011b; Nosyreva et al., 2013), leading to 

increased excitatory synaptic strength. However, practical clinical use is limited by abuse 

potential, psychotomimesis, and dissociative side effects (Machado-Vieira et al., 2009).  

A net effect of increased excitation in forebrain circuits can be caused by either 

promoting glutamatergic transmission, or by impairing GABAergic signaling. A mild 

disinhibition in cortical areas could increase drive from these areas to mesolimbic circuitry and 

promote interpretation of reward. Partial inverse agonists at the benzodiazepine site of γ-

aminobutyric acid type-A receptors (GABAARs) are negative allosteric modulators that have been 

shown to promote coherent network activity (Hajós et al., 2004). GABAARs containing the α5 

subunit are exclusively expressed by prefrontal cortical neurons and hippocampal pyramidal cells, 

offering the potential means for selectively targeting cortical inputs to mesolimbic circuits, 

thereby potentially minimizing psychotomimetic and sedative side effects. My colleagues and I 

designed an approach to test the antidepressant properties of partial inverse agonists of GABAAR 

benzodiazepine sites containing the α5 subunit (Atack et al., 2005). α5-selective inverse agonists 

of the benzodiazepine site are not epileptogenic, hallucinogenic, or anxiogenic in humans (Atack 
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et al., 2009). We hypothesized that by negatively modulating GABAARs, mild disinhibition 

would promote activity-dependent plasticity, resulting in increased excitatory strength at the 

synapses disinhibited, and thereby reversing corticosterone-mediated excitatory synapse 

dysfunction. Initial behavioral experiments were performed by Jonathan Fischell, testing a partial 

inverse agonist of GABAAR benzodiazepine sites with a 10-100 fold selectivity for GABAARs 

containing the α5 subunit (L-655,708). A depressive-like neurobehavioral state was induced with 

chronic restraint stress and verified with SPTs and social interaction tests, which exhibit 

predictive validity for latency to treatment response. Amazingly, L-655,708 elicited a rapid 

antidepressant effect (within 24 hours) following a single injection in both the SPT and social 

interaction test (Fischell et al., 2015). Subsequently, we tested a different α5-GABAAR-selective 

compound, MRK-016, and observed similar antidepressant effects that lasted up to 7 days despite 

continued daily exposure to stress (Figure 6.1). 

Returning to the TA-CA1 synapses, which are weakened by chronic stress and restored 

by successful antidepressant treatment, we asked whether L-655,708 would reverse AMPAR 

weakening as rapidly as it reversed stress-induced behavioral changes. We observed a decrease in 

the slope of the AMPAR-mediated component of the fEPSP across all stimulation intensities in 

slices from rats subjected to CRS and given a vehicle injection, compared to slices from 

unstressed rats and slices from rats subjected to CRS and given an L-655,708 injection (Figure 

6.2, One-way ANOVA: F(2,17)=3.675, p=0.047; n=5 unstressed, n=8 CRS+vehicle, n=7 

CRS+L-655,708). There was no corresponding difference in the slope of the NMDA component 

of the fEPSP under these conditions (F(2,17)=0.549, p=0.588). The AMPA:NMDA ratio was 

significantly higher in slices from CRS rats injected with L-655,708, compared to vehicle-treated 

animals subjected to CRS (p<0.05 LSD post-hoc), and was not different than responses in in 

slices from unstressed rats (One-way ANOVA: F(2,17)=4.345, p=0.03). My colleague Adam Van 

Dyke demonstrated that this loss of AMPAR-mediated transmission was associated with a 



127 

 

decreased GluA1 expression in SLM, consistent with all previous conditions that demonstrated 

decreased TA-CA1 AMPA:NMDA. 

These results replicate our earlier observations that AMPAR-mediated signaling is 

impaired by chronic stress at TA-CA1 synapses and we now demonstrate that this impairment can 

be reversed rapidly by treatment with this novel class of compounds. We conclude that the 

behavioral antidepressant efficacy of L-655,708 is associated with a restoration of excitatory 

neurotransmission at the archetypal stress-sensitive TA-CA1 synapse. Further studies are needed 

before it can be established that these compounds will exert clinical efficacy.  

Together with the rapid antidepressant efficacy of NMDAR antagonists, these results 

may herald a new era in approaches for treating depression based on rapidly restoring excitatory 

synaptic strength (Thompson et al., 2015). 

 In conclusion, the experiments presented herein support the hypothesis that chronic 

stress promotes depression via corticosterone-mediated weakening of key excitatory synapses in 

the cortico-mesolimbic circuitry via impairment of AMPAR expression and function and that 

antidepressant efficacy is mediated by reversing these synaptic deficits. Many parts of the story 

remain to be told, but in a clinical field dominated by phenomenology and subjective descriptions 

of symptoms, elucidating neurobiological mechanisms is critical to answer the questions “How 

do we become depressed?” and “How do antidepressants work?” Ultimately, it is hoped that 

scientific inquiry into these questions will, someday, lead to the definitive answer for the 

depressed patient asking “How do I get well?” 
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Figure 6.1 - Rapid, persistent antidepressant effect of negative allosteric modulation of alpha-5 

containing GABAARs 

a, Quantification of results from one group of rats in the sucrose preference test at five time points noted in 

the timeline above. Rats were treated with MRK-016 (3 mg/kg i.p.). Mean sucrose preference differed 

significantly following vehicle injection compared with all other groups (F(3,33)=20.63, p<0.0001, n=12 

rats). * p< 0.05 compared to pre-CUS baseline, Tukey’s post-hoc). b, Results in individual animals for the 

full experiment. C, Quantification of results from one group of rats in the social interaction test at four time 

points noted in the timeline above. Mean social interaction ratios differed significantly following vehicle 

injection compared with all other groups (F=(2,14)= 11.84, p=0.0009, n=8 rats). *, p < 0.05 compared to 

pre-CUS baseline, Tukey’s post-hoc). From Fischell et al., 2015. 
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Figure 6.2 - Negative allosteric modulation of alpha5-containing GABAARs rapidly reverses AMPAR 

strength deficit at TA-CA1 synapses after chronic stress 

a, representative traces showing the AMPAR- and NMDAR-mediated components of the fEPSP, recorded 

extracellularly in SLM of area CA1 in response to simulation of TA afferents in saline lacking added Mg
2+

. 

Traces are shown before (black) and after (gray) addition of 50µM DNQX to block AMPARs. Traces were 

recorded from slices taken from unstressed controls (left) and rats subjected to 10 days of CRS then given 

an injection 24hrs earlier of either vehicle solution (middle) or L-655,708 (right). b, the mean slope of the 

relationship between AMPAR- (left) and NMDAR-mediated response (right) and FV amplitude over a 

range of stimulation intensities from the three groups of animals. The slope of the AMPAR-mediated 

responses was decreased significantly in slices from vehicle-treated CRS rats (red) compared to slices from 

unstressed (blue) or L-655,708-treated CRS rats (green) across the range of stimulation intensities (1-Way 

ANOVA, F(2,17)= 3.675, p= 0.047; n= 5 unstressed, 8 CRS+vehicle, 7 CRS+L-655,708; *, p < 0.05, LSD 

post hoc test). There were no significant differences in NMDAR-mediated responses (1-Way ANOVA, 

F(2,17)= 0.549, p = 0.588). c, AMPA:NMDA ratios were computed from the initial slopes of the responses 

in each slice before and after application of DNQX (shown by dotted lines in A). AMPA:NMDA ratios 

were decreased significantly in slices from vehicle-treated CRS rats compared to slices from either 

unstressed or L-655,708-treated CRS rats (1-Way ANOVA F(2,17)= 4.345 p = 0.03; n= 5 unstressed, 8 

CRS+vehicle, 7 CRS+L-655,708; *, p < 0.05 compared to unstressed and CRS+L-655,708, LSD post-hoc 

test). From Fischell et al., 2015. 

 

  



130 

 

7) Appendix A: Protocols & recipes 

Sucrose Preference Test 

Before testing with 1% sucrose solution in tap water, we find it very useful to ‘train’ rats or mice 

with a 2% sucrose solution, by providing a choice between 2% sucrose in tap water and plain 

water. It may be necessary to order special bottles from pet supply stores that do not leak as much 

as standard animal facility bottles. 

 

3 hour test (used in Cai et al., 2013): After 3 hours of water deprivation, rats were individually 

housed and given a choice between two bottles for 3-4 hrs, one with 1% sucrose solution and 

another with normal drinking water. To prevent the possible effects of side preference in 

drinking, the position of the bottles was reversed halfway through the test. Mice were tested over 

12 hours (6 hrs light/6hrs dark) with bottle positions switched after 6 hrs. The consumption of 

water and sucrose were measured by weighing the bottles, both before and after the test. 

Preference for sucrose was calculated as a percentage of consumed sucrose-containing solution 

relative to the total amount of liquid intake. 50% means that the animal drank equally from both 

bottles, i.e. they had no preference for sucrose, while 100% means that the rat or mouse only 

drank from the sucrose-containing solution. Naïve animals were tested repeatedly in a group 

housing until the cage had a consistent preferences for 1% sucrose, but were always tested 

individually thereafter. For experiments with only wild type animals, any individual that did not 

demonstrate a sucrose preference >65% was discarded. In some experiments, animals were first 

trained to the task using 2% sucrose. Tests were repeated once per week during the course of 

CUS or antidepressant administration. 
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Overnight sucrose preference test (used in Kallarackal, Kvarta et al., 2013 and Kvarta et al., 

2015): In order to increase reliability of the measurements, it is desirable to have a longer sucrose 

preference test, or for it to extend during the entire active (dark) period. This method can also be 

used to increase the sensitivity of the test because animals will drink more over this time period. 

Here, we performed the test for the entire dark cycle (>12 h). Water deprivation beforehand is not 

necessary in rats.   
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Artificial Cerebrospinal Fluid (ACSF) 

Solute Concentration g/L 

NaCl  120 mM 7.013 

KCl 3 mM 0.223 

NaH2PO4 1.0 mM 0.120 

MgSO4*7H20 1.5 mM 0.369 

CaCl2*2H20 2.5 mM 0.3725 

NaHCO3 25 mM 2.10 

Glucose 20 mM 3.60 

 

Other drugs used in ACSF: Concentration 

APV (NMDAR antagonist) 80µM 

Anpirtoline (5HT1BR agonist) 50µM 

CGP52432 (GABABR antagonist) 2µM 

DNQX (AMPAR antagonist) 50µM  

Fluoxetine (SSRI) 20µM 

Imipramine (TCA) 2µM 

Isamoltane (5HT1BR antagonist) 10µM 

Picrotoxin (GABAAR antagonist) 100µM 
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Antibodies 

Epitope Dilution Source Species kDa 

β–actin 1:2-5000 Cell Signaling #4967 Rabbit 45 

CaMKII pThr286  1:5000 Cell Signaling #3361 Rabbit 50 

CaMKII (pan) 1:2000 Cell Signaling #3362 Rabbit 60,50 

GluA1 pS831  1:1000 Sigma #A4352 Rabbit 101 

GluA1 (pan) 1:1000 Thermo Scientific  

#PA1-37776 

Rabbit 101 

GluA2 1:1000 Millipore #MAB397 Mouse 102 

GR 1:1000 Millipore #PC170 Rabbit 94-97 

Mouse IgG HRP 1:1000 Millipore #12-349 Goat  

NMDAR1 1:1000 Millipore #AB9864 Rabbit 120 

PSD95 1:2000 Millipore #AB9634 Rabbit 95 

Rabbit IgG HRP 1:1000 Cell Signaling #7074 Goat  

5HT1BR 1:1000 Thermo Scientific  

#PA1-29463 

Rabbit 40 
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Molecular Biology Buffers 

 RIPA buffer (final concentration) 

 2.5 ml 1M Tris-Cl pH7.5 (50mM) 

 1.5 ml 5M NaCl (150mM) 

 0.1 ml 0.5M EDTA (1mM) 

 2.5 ml 20% Triton-X100 (1%) 

 0.5 ml 10% SDS (0.1%) 

 42.9 ml dH2O 

 

Lysis buffer (RIPA/PPI/0.5%DOC) 

 1ml RIPA 

 50ul 10% DOC Deoxycholic acid (DOC – aka sodium deoxycholate) 

 2ul β-mercaptoEtOH 

20ul Protease (Sigma-P8340 stored at -20
o
C)  

20ul PPT (Sigma-P5726 and P2850 located in 4
o
C) 
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Metyrapone preparation and dosing 

40% PEG 

60% Sterile saline 

25 mg/mL of prepared drug solution 

50mg/kg dosage of MET 

 

2 mL vehicle or drug solution / kg rat 

 

Example dosing chart 

Rat size (g) Injection amount (mL) 

50 0.10 

75 0.15 

100 0.20 

125 0.25 

150 0.30 

175 0.35 

200 0.40 
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CORT for drinking water 

For rats, the goal is 50ug/mL of CORT. For mice, use 25 ug/mL. 

CORT hemisuccinate (4-pregnen-11β 21-DIOL-3 20-DIONE 21-hemisuccinate) 

dissolves in water (see Gourley and Taylor 2009). Obtained from Steraloids Inc 

(steraloids.com); their catalog number for CORT hemisuccinate is Q1562. 

64.45 mg of the compound per liter of tap water will give the desired 50 mg/L of CORT. 

Use NaOH to titrate pH up to about 12 and add steroid. Leave it stirring in cold room. 

After it’s fully dissolved (~8 hours or overnight), titrate back to 7.2. The solution should 

be swapped out every 72 hours at room temp. Keep any excess in the refrigerator.   
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Fecal CORT extraction 

Collect fecal pellet samples and store in -20°C or -80°C until ready for extraction. I used 

Corticosterone ELISA kits from Assaypro, Inc. (St Charles, MO) 

1. Frozen samples thawed, dried overnight in centrifugal evaporator 

2. Crush remains into a dust-like material 

3. Weigh out 0.2 g of material into a 15mL centrifuge tube 

4. Add 10mL ethanol to each sample 

5. Boil each sample+ethanol in a water bath for 20min 

6. Centrifuge for 15 min, then pour supernatant into another tube 

7. Add another 5mL ethanol into original sample tube, vortex for 1 min, centrifuge 

for 15 min, add supernatant to the first ~10mL of supernatant 

8. Allow the ~15mL of supernatant to boil off in a water bath, or allow to evaporate 

under air; reconstitute with 1mL of methanol and store at -80°C until assay  

9. Proceed with ELISA kit instructions – bring all reagents to room temperature 

before use 

a. Add 25 uL of standard/sample and 25uL of biotinylated protein per well 

(incubate 2hrs) 

b. Wash, then add 50uL of SP per well (incubate 30 min) 

c. Wash, then add 50uL of Chromogen Substrate per well (incubate 12 min) 

d. Add 50uL Stop Solution per well – Read at 450 nm immediately 
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8) Appendix B: TA-CA1 plasticity – role of NMDARs and 5HT1BRs 

In this work, a major focus has centered on the synaptic strength of the excitatory 

temporoammonic connection from entorhinal cortex on distal dendrites of CA1 pyramidal 

neurons in stratum lacunosum moleculare (SLM). A critical role for mechanisms of synaptic 

plasticity is implicated in monoaminergic-based antidepressant action at TA-CA1 synapses 

(Chapter 3). In this Appendix, I present several preliminary experiments that were performed to 

give confidence in the mechanisms of plasticity at TA-CA1, in light of some confusing reports in 

the literature. 

The TA-CA1 pathway is activated during learning tasks, as metabolic labeling demonstrates 

activity in SLM, suggesting involvement in the cellular substrate of learning and memory, LTP. 

The pathway is sufficient for CA1 place cell firing, and can preserve spatial recognition in the 

face of a Schaffer collateral lesion (Brun et al., 2002). However, physiological investigation of 

LTP at TA-CA1 has yielded a bit of a nuanced story.  

A common assumption is that mechanisms concerning synaptic plasticity are considered to be 

general concepts: that is, the major mediators of synaptic plasticity are constant regardless of the 

synapse being examined. However, it is obvious that these assumptions only go so far. One would 

not generalize plasticity at an excitatory synapse in the CNS to the neuromuscular junction 

without sufficient rationale. The majority of important work characterizing synaptic plasticity in 

CA1 has been performed at CA3-CA1 Schaffer collateral synapses.  

One study reported that GABAA blockade was required to elicit TA-CA1 LTP due to a heavy 

inhibitory component present in SLM (Colbert and Levy, 1993), while another study reported no 

such requirement (Remondes and Schuman, 2003). However, Remondes and Schuman also 

demonstrated an incomplete contribution of NMDAR receptors, with only partial LTP observed 

following high frequency stimulation. Blockage of both voltage-gated calcium channels and 
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NMDAR receptors was required to fully inhibit LTP. Furthermore, they reported a requirement of 

intact GABABRs to observe LTP, believed to be due to auto-inhibition of GABA terminals.  

I thus tested the NMDAR-dependence of LTP induction in our hands, by pre-incubating slices in 

APV before application of high-frequency stimulation (100Hz, 4x1s trains). Although results 

were only preliminary with two slices tested, they were clear enough to satisfy us that NMDARs 

are required for observation of any LTP at TA-CA1 synapses (Figure 8.1). 

 

Figure 8.1 - LTP of TA-CA1 fEPSPS is NMDAR-dependent 

5HT1BR-mediated signaling is required for the synaptic potentiation caused by 

antidepressants or anpirtoline, which results in CaMKII-mediated phosphorylation of AMPARs, 

in the vein of classically described LTP. Inspired by the possibility that mechanisms of LTP may 

be different in a layer specific manner, and the role of 5HT1BR signaling in commandeering 

mechanisms of synaptic plasticity to elicit potentiation, I tested the hypothesis that 5HT1BR 

activation was required for LTP at TA-CA1 synapses, as electrical stimulation could result in 

release of endogenous serotonin from raphe terminals in SLM.  

To do this, I washed in the 5HT1BR antagonist isamoltane while recording baseline 

fEPSPs at TA-CA1, and then applied a high frequency stimulus. In two slices, LTP still occurred 

in the presence of isamoltane (10µM) after 60 minutes, at a concentration that prevented SSRI, 

TCA, and anpirtoline-induced potentiation (Chapter 3, Cai et al., 2013).  
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Figure 8.2 - TA-CA1 LTP does not depend on 5HT1BR signaling 

 

In one slice, I subsequently washed out isamoltane, to test the possibility that 5HT1BR 

antagonism prevented these synapses from fully potentiating. A subsequent HFS resulted in no 

further potentiating. Thus, I conclude that 5HT1BR antagonism does not result in a sub-maximal 

potentiation following electrical induction of LTP.  
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Figure 8.3 - 5HT1BR antagonism does not result in submaximal LTP 

After LTP induction in the presence of isamoltane in Figure 8.2, isamoltane was washed out for 30 minutes 

and a new baseline was established. A second HFS was applied, demonstrating that the LTP induction in 

the previous figure in the presence of isamoltane was not sub-maximal.  
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