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Abstract 

Title of Thesis: Serotonin Receptor Signaling Following Selective Serotonin Reuptake Inhibitor  

Treatment or: How I Learned to Stop Worrying and Love the Agonist 

Adam Van Dyke, Doctor of Philosophy, 2016 

Thesis Directed by: Scott M. Thompson, PhD; Professor; Physiology 

Serotonin and its receptors have long been major targets in the pharmacological treatment 

of depression. Despite their widespread use, the mechanism of action underlying the therapeutic 

efficacy of selective serotonin reuptake inhibitors (SSRIs) like fluoxetine remains poorly 

understood. I used combination of electrophysiology, molecular biology, and behavioral assays in 

rats and mice to investigate the actions of serotonin signaling on neuronal function in an attempt 

to understand the fundamental question, “How do antidepressants work?” 

I chose to focus on the actions of serotonin in the hippocampus, an area of the brain that 

exhibits robust changes in depression. The temporoammonic to CA1 pyramidal cell glutamatergic 

synapses exhibit a pathological weakening in depression models and are restored following 

successful antidepressant treatment. Our laboratory has shown that serotonin can potentiate these 

synapses via activation of 5-HT1B receptors (5-HT1BRs) and subsequent phosphorylation of the 

AMPA receptor subunit GluA1 at S831; this potentiation is necessary for the therapeutic action of 

antidepressants. 

I first identified which signaling pathways were recruited following 5-HT1BR activation 

and describe the impact of these molecules on glutamatergic transmission. My results describe the 

convergence of multiple second messenger pathways underlying the synaptic potentiation. 5-

HT1BR activation recruits a PLC/Ca
2+

/CaMKII second messenger cascade that phosphorylates 

GluA1 at S831 and underlies the change in synaptic strength. I also describe a permissive 

Ras/Raf/MEK/ERK signaling cascade that allows activate CaMKII to phosphorylate its GluA1 

substrate. 



 

With a greater understanding of the molecules recruited by serotonin, I describe how 

elevation of endogenous serotonin by the SSRI fluoxetine results in the simultaneous co-

activation of multiple serotonin receptors. I conclude that activation of 5-HT1BRs underlies the 

induction of potentiation via CaMKII-dependent phosphorylation of GluA1 at S831 while 

activation of 5-HT6Rs underlies the maintenance of potentiation via PKA-dependent 

phosphorylation of GluA1 at S845. Finally, I describe how chronic fluoxetine administration, as 

would be done with human patients, continuously recruits these signaling molecules to maximally 

enhance AMPA receptor-mediated synaptic transmission. This modulation of excitatory 

transmission represents one mechanism by which SSRIs like fluoxetine, and antidepressants in 

general, may exert their molecular effects and produce a clinical improvement in symptoms 

associated with depression. 
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Introduction 

 

“There is no point treating a depressed person as though  

he or she were just feeling sad, saying, 'There now, hang on, you'll get over it.'  

Sadness is more or less like a head cold; with patience, it passes.  

Depression is like cancer.” 

― Barbara Kingsolver, The Bean Trees 

 

Depression: presentation and diagnosis 

“Depression,” clinically known as Major Depressive Disorder (MDD), is one of the most 

common and costly of neuropsychiatric syndromes, with a lifetime prevalence of 14-19% and a 

multi-billion dollar annual economic burden in the USA.
1,2

 This represents approximately 47 

million adults in the US that will experience an episode of major depression in their lifetime
3
 with 

women being twice as likely to develop MDD then men.
4
 Depression is a leading cause of 

disability worldwide
5
 — the economic burden of depression was estimated to be 83.1 billion 

USD in the year 2000.
6
 

Major depression frequently goes unrecognized, is untreated or poorly treated, and may 

foster tragic consequences such as suicide, which is attempted by as many as 8% of severely 

depressed patients.
7
 According to the Centers for Disease Control and Prevention, nearly half a 

million patients receive emergency care for suicide attempts each year in the US and over 41,000 

individuals die by intentional self-inflicted injuries; twice the number of lives that are lost to 

homicide.
7
 

Shockingly, 23% of suicide victims were being treated with antidepressants at the time.
8
 

In fact, it is estimated that only half of patients with MDD respond to standard-of-care 

antidepressants such as selective serotonin reuptake inhibitors (SSRIs)
9,10

 with 70% failing to 

achieve full remission.
11

 This may reflect the fact that a diagnosis of depression is based solely on 

behavioral symptoms and the drugs used to treat these symptoms are not specific to the 

underlying disease pathology.
12

 A better understanding of the nature of the changes in the brain 
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driving the range of behavioral symptoms that characterize depression is essential for developing 

more effective treatments for this disorder. 

 

Clinical diagnosis and definition 

Major Depressive Disorder (MDD), is a disorder of persistently depressed mood (sad, 

empty, or irritable) accompanied by somatic and cognitive changes that significantly affect the 

individual's capacity to function in daily life. According to the Diagnostic and Statistical Manual 

of Mental Disorders, 5th Edition (DSM-V) published by American Psychiatric Association, the 

criteria for diagnosis of MDD requires the presence of five (or more) depression-related 

symptoms that represent a change from previous functioning (see Table 1) for a list of these 

symptom and a comparison with the international standard for mental health diagnosis: 

International Classification of Diseases and Related Health Problems, 10
th
 Revision (ICD-10), 

maintained by the World Health Organization). Symptoms must be present every day or nearly 

every day over at least a 2-week period and must include one (or more) “core symptom” – either 

depressed mood or anhedonia, a loss of interest or pleasure – as well as a number of “secondary 

symptoms” (see Table 1). 

It should be noted that patients who meet the diagnostic criteria for MDD do not 

comprise a single homogenous population. According to the DSM-V, a minimum one of the two 

core symptoms – depressed mood or anhedonia – are required, along with several others for a 

minimum of 5 out of 9 listed symptoms for a diagnosis of MDD. Using this criteria, there are 227 

possible ways to meet the symptomology for MDD. It seems highly unlikely that a single 

pathology could be responsible for such a broad range and combination of symptoms. Some 

efforts have been made to sub-classify clinical subtypes of depression
13

 (e.g. depressed mood, 

anhedonic depression, somatic depression and cognitive depression), but as there are no known 

biological hallmarks for depression, physicians must rely on the presentation of symptoms for 

diagnosis. Several questionnaires and scales have been created, and periodically updated, to aid in 
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screening and diagnosis for depression (i.e. Hamilton Depression Rating Scale,
14

 Beck 

Depression Inventory,
15

 and the Montgomery-Åsberg Depression Rating Scale
16

) but clinically, 

these distinctions often have little consideration in research design and treatment approaches. 

It has also become evident that the relationship between etiology, symptoms, underlying 

biochemical processes, response to treatment, and outcome of mood disorders is not yet 

sufficiently well understood to allow their classification in a way that is likely to meet with 

universal agreement. It seems likely that psychiatrists will continue to disagree about the 

classification of disorders of mood until methods of dividing the clinical syndromes are 

developed that rely at least in part upon physiological or biochemical measurement, rather than 

being limited as at present to clinical descriptions of emotions and behavior. And while some 

argue that depression is over diagnosed
17

 and antidepressants over prescribed,
18

 this more likely 

underscores the real issue: that most real-world assessments of depression tend to be very 

informal and predominantly result in a prescription-based monotherapy. Despite all of the 

disagreements on diagnosis, classification, treatment; it is recognized that depression is a 

debilitating condition and needs to be treated. 

 

The etiology of depression 

Despite its high incidence and its socioeconomic impact, the causes of depression remain 

poorly understood. Depression involves a combination of genetic and epigenetic susceptibility 

together with environmental risk factors, such as stress, emotional trauma, or traumatic head 

injury.
19

 Heritable factors contribute slightly less than half to the risk of developing MDD and 

while many polymorphisms and epigenetic differences are linked to increased risk, no single gene 

seems to underlie this disorder
20

 Furthermore, a recent review of twin studies saw a substantial 

component of unique individual environmental risk, but little shared environmental risk.
21

 This 

reinforces the fact that MDD is a complex and heterogeneous collection of symptoms caused by 

unique individual experiences, with the odds of being affected determined by variations in 
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multiple genes, each conferring a small amount of risk, that ultimately converge onto common 

circuit, cellular, and molecular pathways through environmental risk factors. 
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Table 1 Diagnostic Criteria for Major Depressive Disorder 
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Stress and depression 

Stressful life events are a key environmental risk factor for depressive disorders in 

genetically susceptible individuals and are suspected to be causal in many patients.
22

 Patients who 

are depressed report more stressful life events and have fewer social resources compared with 

non-depressed subjects.
23

 Chronic or severe stress is intimately entwined with the genesis of 

major depression; the risk of MDD onset within a month of a stressful life event is more than 5 

times higher and about two thirds of this risk is estimated to be causal 
24

. Stressors can be 

physical or psychosocial. The latter include low self-esteem, lack of confidence, loneliness, 

deficient social skills, and excessive anxiety, rumination, and negative thinking.
25–27

 

Regardless of their origin, all stressors produce a physiological response in the body – 

activation of the sympathetic nervous system, activation of the hypothalamus–pituitary–adrenal 

(HPA) axis, and a rise in circulating glucocorticoids and other stress hormones. Normally, these 

physiological processes are self-terminating the via negative feedback machinery present in 

sensitive brain areas including the hypothalamus, pituitary, prefrontal cortex, and the 

hippocampus (see Gold, 2015
28

 for a review). A subset of patients with depression display 

abnormal HPA axis function and have an increased basal levels of stress hormones
29

 or a hyper-

responsiveness to a stressor (e.g. failure to suppress cortisol secretion when challenged with 

dexamethasone).
30,31

 For example, patients treated chronically with corticosteroids and patients 

with Cushing’s disease, both states with chronically elevated stress hormones, are more likely to 

have depression and experience a range of depression-related symptoms.
32,33

 

Life experiences and perceptions can induce changes in the brain that can have 

pathological consequences. However, it is worth noting that the clinical features of depression are 

heterogeneous and it is becoming increasingly apparent that patients can be stratified to some 

extent based upon underlying etiologies.
34,35

 The etiological importance of stress is not always 

clear and in each case will be found to depend on individual, often idiosyncratic, vulnerability. 
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Nevertheless, significant progress has been made in the last few decades using animal models in 

an attempt to understand these underlying etiologies. 

 

Insights from animal models 

Depression is innately a human condition; modeling human depression in animals is 

incredibly challenging due to the subjective nature of multiple psychological and physiological 

symptoms of the disorder. In addition, a lack of objective biomarkers has only served to 

complicate this endeavor (see Nestler and Hyman, 2010
36

 for a review). Thus, it is incredibly 

important to assess etiological, face, construct, and predictive validity if conclusions from a 

depressive-like behavioral state in an animal (including behavioral and biomolecular changes) are 

to be related to the human condition. 

Validity of an animal model is generally evaluated with the following criteria:  1) 

manifestation of symptoms that are analogous between model and the human disorder, 2) 

behavioral changes that can be objectively evaluated, 3) objective criteria about subjective states 

induced, 4) effective treatment modalities in humans should be effective in the model, 5) 

reproducibility.
37

 Etiological validity implies similarity between the trigger used to precipitate 

neurobehavioral abnormalities and suspected etiological factors in human depression.
12

 Construct 

validity implies that the neurobehavioral abnormalities observed in the model exhibit homology 

to symptoms of human depression. Face validity more superficially describes the similarity 

between signs or symptoms in humans and their corresponding behavioral state induced in animal 

models.
38

 Finally, predictive validity embodies the ability of the model to predict therapeutic 

efficacy. 

None of the animal models developed so far can fully recapitulate the complex phenotype 

observed in humans, nevertheless they are useful tools to model specific symptoms of the 

disorder (see Berton and Nestler, 2006
12

 for a review). As genome-wide association studies have 

not identified a single risk allele associated with MDD, the field lacks true genetic models of the 
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disease and must rely on environmental-based manipulations to precipitate a depression-like 

phenotype. Since depressive episodes are often precipitated by stressful life events, animal 

models in which a depressive-like state is induced by exposure to stress, have the greatest 

etiological validity. These models have high construct validity as volumetric changes in specific 

brain regions (e.g. the hippocampus
39,40

) are similar to those observed in depressed patients.
41

 The 

phenomenological similarity or “face value” of these models is exemplified by a reduction in 

reward-oriented behaviors in animals and might be equivalent to the clinical sign anhedonia in 

humans, a core symptom of depression. Predictive validity in depression research raises unique 

challenges. While acute stress paradigms have been used as an expedient means to test 

antidepressant efficacy and the role of candidate genes, they lack construct validity for most 

stress-related disorders as the pathological changes on neuronal circuity are conspicuously absent. 

The inability to replicate changes seen in the human condition further limits face and predictive 

validity of these models; behavior can’t be restored to “normal” as it never deteriorates to 

pathological levels and many of the pharmacotherapies developed with these models fail to 

become clinically relevant. Chronic stress paradigms are more analogous to the human condition, 

and some of the behavioral phenotypes induced by these models respond only to chronic 

administration of antidepressants mimicking the delayed therapeutic response in patients with 

MDD. There are limits to these findings however; for example, most of the basic science findings 

were gathered from adult rodent stress and do not take into account early life stress, which has 

been shown to play a pivotal role in the development of mood disorders (see Heim and Binder, 

2012
42

 for a review). If the full psychiatric syndrome of depression cannot be recapitulated in 

rodents or nonhuman primates, then is it worthwhile to infer anything at all from animal models 

of depression? Nevertheless, overlapping studies in humans and translational rodent models have 

led to significant discoveries over the last few decades and efforts are now focused on putative 

therapeutic targets that have arisen from these intersecting lines of research. 
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Assaying depression-like behavior in animal models 

It has been long been argued that complex emotional constructs cannot be measured in 

rodents and while symptoms such as guilt, suicidality and sad mood are likely to be purely human 

features, other aspects of the depressive syndrome have been replicated in laboratory animals and, 

importantly, can be ameliorated by treatment with known antidepressants. These include 

measures of behavioral despair, anhedonia, learned helplessness, disturbed sleep, impaired 

cognition, and altered appetite behaviors; I will only discuss the most prominently used ones here. 

The forced swim test (FST) and tail suspension test (TST) are the most widely used tests 

to infer “depression-like” behavior and determine antidepressant efficacy. Considered metrics of 

behavioral despair, the FST consists of an animal placed in an inescapable cylinder of water while 

the TST suspends mice by their tails. An initial period of struggling is followed by the animal 

adapting an immobile posture, allowing quantification between the two behaviors; the amount of 

time spent immobile is reduced by acute administration of almost all available antidepressants.
43

 

However, this response to acute intervention poses a problem as antidepressants clinically only 

restore mood in depressed humans after many weeks of administration. These tests may thus be 

prone to identifying activators of the motor system, which may include compounds that increase 

serotonin levels, rather than true antidepressants. 

The sucrose preference test (SPT) and social interaction test (SIT) are assays commonly 

used to evaluate the hedonic state of an animal and identify anhedonia, a loss of interest or 

pleasure, which is a cardinal symptom of human depression. In the SPT, an animal is given a 

choice between a dilute (1–2%) solution of sucrose and water; the behavior is measured either as 

total sucrose intake or as a preference against water.
44

 In the SIT, animals are given the 

opportunity for social interaction with a novel conspecific rat; first being placed in chamber with 

an empty container and then retested with the container housing a conspecific animal. The 

interaction ratio, the preference of a test animal to interact with the conspecific over the empty 

container, is a considered a measure of sociability and naturally rewarding.
45

 Both the naturally 
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high preference of rodents for sucrose and social interaction are diminished in depression models 

and recovered with chronic, but not acute, antidepressant treatment.
46,47

 

 

The hippocampus – a key brain region affected by stress 

Because stressful life events are a key risk factor for depressive disorders (as discussed 

above), a good deal of animal research has been focused on understanding the role of stress on the 

brain. Studies of the complex initiation and regulation of the stress response suggest there is an 

inverted U-shaped relationship between the level of stress (or stress hormones) and cognitive 

function.
48

 This so-called Yerkes-Dodson’s law asserts that a small amount of stress can be good 

for you while too much can be deleterious.
48–50

 Investigation into these mechanisms using animal 

models has revealed that changes from both acute
51,52

 and chronic
53–55

 exposure to stressors or 

stress hormones can produce meaningful and lasting changes in stress-sensitive areas of the brain. 

One of these areas that has received special attention in this field is the hippocampus, a brain area 

that is associated with both mood regulation and higher cognitive functions and is very reactive to 

stress
56

 due to its high expression of stress hormone receptors.
57

 

 

Structure and function of the hippocampus 

The hippocampal formation is a unique brain region that is comprised of the 

hippocampus proper, dentate gyrus, subiculum, presubiculum, parasubiculum, and entorhinal 

cortex. The hippocampus proper has three subdivisions: CA3, CA2, and CA1 (CA – cornu 

ammonis) as identified by the neuroanatomist Rafael Lorente de Nó.
58

 The CA regions have 

clearly defined strata formed by the cells and their dendrites and afferents. Beginning at the 

ventricular surface these layers are: stratum oriens (Str. O.) – containing the basal dendrites and 

axon collaterals of the pyramidal cells; stratum pyramidale (Str. P) – containing the somata of the 

large pyramidal cells; stratum radiatum (Str. R.) – containing the apical dendrites and recurrent 

axon collaterals of the pyramidal cells as well as septal and commissural fibers; stratum 
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lacunosum-moleculare (Str. LM) – contains the distal dendrites of pyramidal cells and some of 

the incoming axons of the temporoammonic (TA) pathway. The hippocampal fissure is a cell-free 

region that separates the CA1 field from the dentate gyrus (DG). The main input to the 

hippocampus is received by the DG from the entorhinal cortex (EC), which receives variety of 

information from different cortical areas. The DG projects to CA3 via the mossy fiber pathway. 

CA3 axons form axons that exit the hippocampus via the fornix and also give rise to the Schaffer 

collaterals (SC) that project to ipsilateral area CA1. CA1 projects to both the subiculum and deep 

layers of the entorhinal cortex to complete the loop known as the tri-synaptic pathway. Evidence 

suggests these connections are thought to be involved in diverse functions such as temporal 

associations
59,60

 memory consolidation
61

 and memory retrieval.
62,63

 

 

Impact of depression and stress on the hippocampus  

The structure of the depressed brain is different from the healthy brain, likely 

representing one visible manifestation of pathophysiology. Postmortem studies of suicide 

completers have revealed a reduction in the volume in regions thought to have a role in the 

cognitive aspects of depression, including the hippocampus.
64

 In clinical populations with 

different types of depression, the hippocampus is reduced in size and activity, and alterations in 

synaptic and morphological plasticity have been reported. 
39,64–66

 Longitudinal studies tracking 

individuals before the onset of depression are lacking, so it is unclear whether these differences 

arise as a result of stressful life events or if they precede (and even predispose) patients toward 

developing depressive disorders. There is little evidence for the latter
67

 and most in the field 

tacitly agree that these changes are a consequence of the biology underlying the response to 

depression-inducing stressful stimuli. 

Animal models have allowed for a direct investigation into the influence of stressors and 

stress hormones on the brain and their role in generating depressive-like behaviors. Stress-

induced changes in hippocampal structure have been partially attributed to atrophy of distal 
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dendritic arborizations of pyramidal cells,
68–70

 reductions in the size and number of synapses or 

synaptic proteins.
65,68,69,71

 Furthermore, an impairment or suppression of ongoing neurogenesis, as 

well as an increase in apoptosis, are observed in several models of chronic stress and might 

underlie this decrease in hippocampal volume.
54,72–74

 It is worth noting that in these stress-based 

animal models, successful antidepressant treatment seems to reverses these decreases in 

hippocampal volume.
75,76

 Human studies suggest the opposite; hippocampal atrophy persisted for 

up to decades in patients even after the depressive episodes were in remission. In addition, the 

extent of atrophy did not lessen with increasing duration of remission 
77–79

 

Why are these histological changes important? The simple explanation is that there are 

about a hundred billion neurons in the human brain. Each neuron synapses with many thousands 

of other neurons, making about one hundred trillion synapses in the brain. The functional capacity 

of a neuron depends on its synaptic networks and connectivity. When dendrites and synapses are 

lost, this connectivity decreases, and the affected neurons become less effective in the circuits in 

which they lie. The hippocampus is a key structure involved in learning and memory but it does 

not exist in isolation, it has diverse projections throughout the brain, including reward associated 

targets like the nucleus accumbens and the prefrontal cortex. Thus, an impaired hippocampus 

could influence more than the local neuronal population and processes far reaching effects on 

other areas of the brain.
39

 

 

The serotonin hypothesis and the history of antidepressant pharmacotherapy 

Arguably the most well-known theory of depression and mood disorders in general, is 

that of the serotonin hypothesis of depression. The hypothesis states that because monoamine 

neurotransmitters (most notably serotonin) are known to regulate mood; symptoms of depression 

are caused by a deficit in these chemicals.
80–82

 Thus, antidepressant drugs are thought to reverse 

depressive symptoms by increasing levels of serotonin in the extracellular space (e.g. SSRIs), and 

thereby restore normal mood. 
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Serotonin 

Serotonin, or 5-hydroxytryptamine (5-HT), is a monoamine neurotransmitter produced by 

neurons in the raphe nuclei – a cluster of nuclei that flank the midline, along the rostro-caudal 

extension of the brainstem.
83,84

 Their main function is the synthesis and release of serotonin. A 

striking but evolutionarily conserved characteristic of the serotonergic system is “quality over 

quantity” – a relatively small population of neurons (~1:1,000,000 total neurons in humans
85

) 

accounts for all of the production, transport, and release of serotonin in the entire brain.
86,87

 These 

highly localized neurons exhibit profuse branching projections and have complex innervations to 

virtually all areas of the central nervous system and are capable of broadly modulating the 

activity of the neurons throughout the brain (see Hornung, 2003
88

 for a review). Serotonin is 

synthesized from its amino acid precursor L-tryptophan first by tryptophan hydroxylase (TPH) 

and then aromatic amino acid decarboxylase with the TPH-mediated reaction being the rate-

limiting step in the production of serotonin.
89,90

 Serotonin is packaged into both clear and dense 

core vesicles
91

 via vesicular monoamine transporter (VMAT). Synaptic activity can induce 

serotonin exocytosis from presynaptic cells.
92,93

 This release is quantal,
94

 calcium-dependent,
95

 

and occurs mainly from synaptic terminals. However, it is worth noting that extracellular 

serotonin has also been measured in brain regions lacking defined synaptic contacts (e.g. dorsal 

raphe, hippocampus) supporting the notion that serotonin release also occurs from extrasynaptic 

sites along the dendrites and soma.
96,97

 Serotonin is removed from the extracellular space 

ultimately via serotonin reuptake transporters (SERT) where it is repackaged into vesicles or 

metabolized by monoamine oxidase enzymes. But while it persists in the extracellular space, 

serotonin exerts its effects through both auto- and hetero-receptors where its diverse actions 

influences a wide array of functions including: cell survival, synaptogenesis, mood regulation, 

pain sensitivity, cognitive flexibility, attention, impulsivity, feeding behaviors, and circadian 

rhythmicity.
98–100
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The receptors of serotonin 

The complexity of serotonin’s influence on neuronal physiology stems from its diverse 

array of receptors (Table 2) With the exception of the 5-HT3 receptor (a ligand-gated ion 

channel), the serotonin receptor family (5-HT1-7) is a group of membrane-bound heterotrimeric G-

protein-coupled receptors (GPCRs) that activate second messenger pathways to produce lasting 

intracellular responses via their respective G-proteins.
101

 G-proteins are heterotrimeric complexes 

consisting of three subunits (Gα, Gβ and Gγ) located on the inner plasma membrane of the cell 

that associate with GPCRs. Binding of serotonin to the extracellular domain of one of its GPCRs 

induces a conformational change and causes the dissociation of the α-subunit from the βγ-

complex and their separation from the activated receptor. Alpha subunits are free to diffuse 

through the cytosol, whereas the βγ-complex remains in the plasma membrane. The 5-HT1R 

family (1A-F) and 5-HT5Rs are Gαi/o-coupled and trigger a second messenger pathway that leads to 

the inhibition of adenylyl cyclase activity, reducing the levels of intracellular cyclic adenosine 

monophosphate (cAMP).
102

 The Gαs-coupled 5-HT4-7Rs result in the recruitment of effector 

molecules that activate adenylyl cyclase and subsequent cAMP production. The 5-HT2A-CR 

family is Gαq/11-coupled, and their activation stimulates the activity of phospholipase C (PLC), 

thereby increasing the intracellular inositol trisphosphate (IP3), diacyl-glycerol (DAG), and Ca
2+

 

levels.
101

 At odds with the historical classification scheme based on α-subunit function, the βγ-

complex does not remain inert after dissociation, rather it plays a key role in the intercellular 

signaling capabilities of the GPCR.
103

 The βγ-complex has been shown to be important in 

enhancing receptor/G-protein coupling
104

 (thus G-protein activation) as well as activation of βγ-

specific second messenger cascades.
105

 These βγ-specific pathways appear to activated regardless 

of the α-subunit to which the βγ-complex is coupled.
106

 Unfortunately for the majority of 

serotonergic receptors, coupling data is only available in relation to the Gα family proteins 

without identifying the βγ-complex. A more detailed description of the pathway downstream 

from G-proteins was performed by Millan et al. (2008),
107

 however it should be taken into 
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account that the signaling downstream a receptor can be ligand-dependent; for example, some 

agonists of 5-HT2ARs can induce hallucinations but other structurally related ones do not.
108

 

Despite the centralized location for the production of serotonin, their diverse projections 

and the presence of varied populations of serotonin receptors have made the study of this 

neurotransmitter and its signaling very challenging. Of particular relevance to the present work, 

the serotonergic system has been closely examined for its role in depression.
109

 The genesis of the 

serotonin hypothesis of depression, driven primarily by the usefulness of serotoninergic 

modulators as effective treatments. 
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Table 2 Clinical Targets of Serotonin Receptors Associated with Depression 
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The discovery of iproniazid and monoamine oxidase inhibitors 

In 1952, Irving J. Selikoff and Edward Robitzek at the Sea View Hospital in New York 

were investigating the clinical effects of iproniazid as an antitubercular agent.
110

 During the study, 

iproniazid was found to induce euphoric effects in patients with tuberculosis; a result initially 

interpreted as a side effect.
111

 However, other independent investigators soon found similar 

“mood elevating” results. Patients showed increased vigor, appetite, weight gain, improved sleep, 

and sociability; behavior described as “dancing in the hall.”
109,112,113

 Later that same year, a team 

led by Ernst Albert Zeller at Northwestern University Medical School in Chicago, Illinois 

observed that iproniazid was capable of inhibiting the enzyme monoamine oxidase (MAO).
109

 

MAO is a family of enzymes located at the mitochondrial membrane that catalyzes the oxidation 

of biogenic amines (serotonin and catecholamines) for inactivation and degradation.
114

 MAO 

inhibition increases the levels of monoamines in the synaptic cleft, thus facilitating their action on 

the receptor. Later studies showed that the monoamine oxidase-inhibiting (MAOI) properties of 

iproniazid increased monoamine levels in the brain and correlating with an elevation in mood.
115

 

However, it wasn’t until years later that a psychiatrist named Max Lurie would first use the term 

“antidepressant” to refer to the effect of iproniazid in depressed patients.
109,116

 However by 1961 

several reports associating iproniazid with hepatotoxicity, hypertensive crises, intracranial 

hemorrhaging, and death started to emerge.
117

 These hepatotoxic effects eventually led to the 

majority withdrawal of MAOIs from clinics, to be replaced by the tricyclic antidepressants.
109,118

 

 

The discovery of imipramine and tricyclic antidepressants 

The discovery that a tricyclic ("three ringed") compound could produce a significant 

antidepressant effect was also made in the 1950’s. In 1955, the Swiss psychiatrist Roland Kuhn 

was tasked with investigating a Geigy antihistamine compound designated “G-22150” to serve as 

a potential hypnotic or sedative.
119

 Kuhn discarded the possibility of using the substance in “pills 

for sleeping”, due to its irregular and rather unreliable results, but observed “a rather peculiar 
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positive effect” in his patients with schizophrenia.
120,121

 Kuhn wanted to test the efficacy of G-

22150 as an antipsychotic but due to its’ intolerable side effects he was given the similar 

compound of “G-22355” instead.
109,122

 Kuhn gave G-22355 to schizophrenic patients and those 

with a diagnosis of depressive psychosis demonstrated remarkable improvement within a few 

weeks.
113,123

 Realizing that G-22355 might have a therapeutic use in depression, more patients 

with “endogenous depressions” and “psychotic depressions” were recruited and subsequently 

showed a positive response to G-22355.
120,121

 These results were so compelling that Geigy 

introduced G-22355, now called imipramine, onto the market in 1957 and branded it 

“Tofranil.”
122

 The first imipramine-placebo controlled clinical trial was performed in 1959 by 

Ball and Kiloh
124

 but it wasn’t until 1965 that the rate of improvement by imipramine (65%) was 

shown to be significantly superior to placebo (31%) in the treatment of depression.
125

 By the end 

of the 1950’s the clinical efficacy of imipramine and similar “tricyclic antidepressants” (TCAs) 

was indisputable.
125

  

At the time, most pharmacologists believed the therapeutic action of tricyclics was to 

inhibit norepinephrine reuptake thanks to work by Julius Axelrod at the NIH; helping to establish 

the catecholaminergic hypothesis of depression.
126,127

 However, the comparable effects of MAOIs 

and TCAs spoke to deficits in both norepinephrine and serotonin neurotransmission despite 

differing mechanisms of action. However in 1968, Arvid Carlsson at the University of 

Gothenburg, Sweden, described how TCAs blocked the reuptake of serotonin in the brain.
128,129

 

Furthermore, it was gradually observed that norepinephrine was associated with the motor 

stimulating effects of TCAs whilst the antidepressant effects appeared to be mediated by 

serotonin.
82,130,131

 So in 1970, Izyaslav P. Lapin and Gregory F. Oxenkrug to postulated the 

serotonergic theory of depression based on a deficit (and therapeutic action) of serotonin at these 

synapses rather than other monoamines like norepinephrine.
82
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The development of fluoxetine and selective serotonin reuptake inhibitors 

In contrast to the antidepressant substances discussed so far, selective serotonin reuptake 

inhibitors (SSRIs) constitute the first family of psychoactive drugs developed for depression with 

rational and directed design, rather than relying on chance observations. Pharmacologists 

attempted to develop compounds capable of acting on a specific locus while avoiding other 

nonessential loci. In this case they sought to increase the concentration of serotonin in the synapse 

by blocking the serotonin transporter (SERT), much like TCAs. Unlike TCAs however, these 

compounds would only block the reuptake of serotonin and produce an antidepressant effect. This 

specificity would eliminate the influence of increased levels of other, structurally similar 

neurotransmitters, not believed to be involved in the antidepressant action of TCAs, thereby 

reducing potentially undesirable side effects. 

The Swedish scientist Arvid Carlsson, won the Nobel Prize in 2000 for his work in 

understanding the neurotransmitter dopamine; a lesser known contribution is that he was the first 

to develop an SSRI.
110

 In the late 1960’s in Sweden, Carlsson did substantial work on the 

synthesis and metabolism of 5-hydroxytryptamine (serotonin; 5-HT) in the central nervous 

system.
132

 He went on to describe the mechanism by which TCAs blocked the reuptake of 

serotonin in the brain
128,129

 underscoring the antidepressant action of serotonin rather than 

norepinephrine. Bolstered by these findings, Carlsson developed the SSRI zimelidine, which 

exhibited potent antidepressant properties in a Phase I study in 1971.
110

 Zimelidine, now 

marketed as Zelmid by the Swedish firm Astra in 1982, was used to treat more than 200,000 

patients, in most cases with satisfactory or even excellent results. However, it became apparent 

that this SSRI could induce a serious, though generally not lethal, side effect of Guillain-Barré 

syndrome in a few patients (~1:50,000 individuals).
133

 This was considered unacceptable and the 

drug was withdrawn from the market in 1983. Despite its short time in the clinic, zimelidine 

preceded the much more successful fluoxetine, and as acknowledged by the Lilly scientists, the 

development of fluoxetine was based on concepts by Carlsson’s research group. 
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Fluoxetine, synthesized and developed by the US firm Eli Lilly (Indianapolis, Indiana), is 

considered to be the prototypical molecule of the SSRI family and quickly became the world’s 

most widely prescribed antidepressant; a success that continues to this day almost 50 years later. 

The development of fluoxetine started in 1971 when Eli Lilly formed its “serotonin-depression 

study team” lead by Ray W. Fuller to develop new antidepressant compounds. In 1972, mere 

months after Carlsson’s work, a member of Fuller’s team tested the ability of a N-methyl-

phenoxyphenylpropylamine derivative called “LY-110140” to inhibit reuptake of serotonin into 

synapses. LY-110140 (aka fluoxetine chlorhydrate) was the most powerful and selective inhibitor 

of the entire series; it exhibited 6 times greater inhibition of serotonin uptake and its potency was 

100 fold less for norepinephrine uptake than the progenitor compound.
134

 In 1980 Lilly decided to 

commit to the new molecule and by 1983 the first positive results began to appear: fluoxetine was 

as effective as the classical tricyclic drugs in treating depression but it showed far fewer adverse 

effects. Between 1984 and 1987 clinical trials with fluoxetine multiplied, and finally in 1987, the 

FDA definitively approved its clinical use, under the trade name Prozac. Indeed, growth of 

fluoxetine use has been the most rapid in the history of psychotropic drugs – within three years 

after its introduction it was the most widely prescribed drug by North American psychiatrists.
135

 

 

Evidence for the serotonin hypothesis of depression and the restorative effects of SSRIs 

The serotonin hypothesis of depression posits that a decrease in monoaminergic 

neurotransmission lies at the core of the neurobiology of depression.
136

 In line with this 

hypothesis, a decrease in the serotonin and its metabolite, 5-hydroxyindoleacetic acid (5-HIAA), 

was found in the postmortem brainstem of depressed patients who had committed suicide.
137

 

Furthermore, 5-HIAA was also found to be lower in the cerebrospinal fluid of currently depressed 

patients.
138

 Corroborating evidence comes from studies manipulating the levels of serotonin 

precursors (e.g. tryptophan or 5-hydroxytryptophan) in which increasing the availability of 

precursors has antidepressant effects
139

 while acute depletion induces the recurrence of depression 
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symptoms in patients in remission.
140

 Pharmacological depletion of serotonin with the VMAT 

inhibitor reserpine has also been reported to precipitate depressive symptoms, though only in a 

subset of patients and treatment also causes a depletion of dopamine and norepinephrine.
140–142

 

The link between tryptophan, serotonin, 5-HIAA, and major depression remains contentious as 

findings are often inconsistent, manipulations nonselective, and the interpretations a bit 

unfounded as tissue levels are not an unequivocal index of serotonin function.
138,139,143–145

  

Studies examining the expression and function of serotonin receptors mostly support 

disrupted serotonergic signaling in MDD (Table 2). However, the reported changes are not 

always in a direction consistent with the original hypothesis. For example, cortical 5-HT2AR 

expression levels were shown to positively correlate with depression-related personality traits and 

suicidality
146–148

 But there is conflicting evidence that elevated 5-HT2AR levels more closely 

correlate with aggression than depression
149,150

 or that 5-HT2ARs levels are actually reduced in the 

brain of patients with major depression and have no association with depression rating scales.
151

 

These results and others suggest that may be the alteration in appropriate serotonin signaling 

pathways, rather than a uniform, global reduction in serotonin levels, underpinning depressive 

illness. Although the underlying changes that occur in the depressed brain have yet to be fully 

elucidated, the biggest argument in favor of the serotonin hypothesis is that serotonin augmenting 

drugs (e.g. SSRIs) have been shown time and time again to alleviate depression and improve 

mood, although this fact does not constitute evidence of a deficit in serotonin or serotonergic 

signaling, as specified by the hypothesis. 

Our understanding of how SSRIs relieve depression comes from our understanding how 

serotonin signaling affects brain function. Mechanistically, SSRIs increase extracellular serotonin 

levels by blocking the reuptake of serotonin into nerve cells through inhibition of the serotonin 

transporter (SERT). This shift in release/reuptake equilibrium enhances the action of serotonin at 

its receptors wherever serotonin is released (and reabsorbed). Although SSRIs increase 

extracellular serotonin levels after a single dose, 3–6 weeks elapse before they exert clinically 
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meaningful antidepressant effects.
11

 Because of this time lapse, it is now believed that SSRI 

efficacy depends on some downstream effector molecules, whose identity remains unknown, 

recruited following serotonin’s activation of its receptors.
152

 But, as discussed above, serotonin 

can have pleiotropic, even contradictory, actions on cellular function. As SSRIs indiscriminately 

elevates the level of endogenous serotonin, the effect on a given cell/circuit/pathway will depend 

on where serotonin is released and which receptor subtype(s) are present. This led me to ask, 

what are the consequences of constantly elevating serotonin are that might explain the therapeutic 

efficacy of such a treatment? 

One theory that has received a good deal of attention is that chronically elevated 

serotonin leads to 5-HT1AR downregulation or desensitization. 5-HT1ARs are localized in 

somatodendritic compartments and are Gαi-coupled. Their activation produces an increase 

potassium conductance, hyperpolarizing the neuronal membrane and reducing the firing rate of 

serotonergic neurons in the raphe (autoreceptors
153,154

) and pyramidal neurons in the cortex and 

hippocampus (heteroreceptors
155,156

). This negative feedback helps prevents inappropriate 

signaling and helps sculpt information processing via serotoninergic modulation. After prolonged 

elevations in serotonin, there is a reduction in 5-HT1A autoreceptor expression in the raphe (as 

assessed by radioligand binding), a phenomenon that coincides with the therapeutic onset of 

SSRIs.
157,158

 Further evidence suggests that there is increased 5-HT1AR mRNA in the brains of 

suicide victims
159

 and neuroimaging studies have identified a correlation between decreased 

midbrain 5-HT1AR binding and time to remission.
160

 These observations have lead scientists to 

postulate that this desensitization is a critical component of the antidepressant responses to SSRI 

treatment.
161,162

 Some researchers have suggested that this desensitization of the 5-HT1A 

autoreceptor leads to disinhibition of the presynaptic serotonergic neurons in the midbrain thereby 

increasing extracellular serotonin over time.
163,164

 Genetic manipulations using animal models 

support this finding. A reduction or elimination of 5-HT1A autoreceptors selectively in neurons in 
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the raphe, but not heteroreceptors, was associated with an antidepressant phenotype and an 

increased sensitivity to SSRI treatment.
165,166

 However,  

There are conflicting results regarding 5-HT1AR expression in humans. Imaging studies 

of patients with MDD revealed a widespread reduction in 5-HT1AR binding across many brain 

regions (frontal, temporal and limbic cortex) in both unmedicated and medicated depressed 

patients compared with healthy volunteers.
167,168

 Other studies found an enhancement in 5-HT1AR 

binding capacities in patients with MDD
169

 and also during remission.
170

 This disagreement 

within the field remains to be fully resolved with regard to differences between the anatomical 

regions investigated, the pathophysiological heterogeneity of MDD, and environmental factors, 

all of which have been associated with altered 5-HT1AR binding and may account for the 

discrepant findings. 

It has also been observed that many antidepressants downregulate 5-HT2ARs after 

repeated treatment.
171

 5-HT2ARs are distributed in various regions, including the frontal cortex 

and the nucleus accumbens, but also in several brainstem nuclei like the DRN.
172173

 5-HT2ARs 

primarily couple to the Gαq signal transduction pathway that initiates PLC-dependent generation 

of DAG and IP3.
174

 The activation of 5-HT2ARs causes the attenuation of excitatory pyramidal 

cell output from the neocortex to various subcortical structures, resulting in the reduced activation 

of the neural reward circuitry.
175,176

 Postmortem studies have revealed that depressed patients had 

more 5-HT2ARs relative to normal controls
177

 and a number of open-label studies have suggested 

that 5-HT2AR antagonists can augment the clinical response to SSRIs in treatment-resistant 

patients.
178–180

 This effect does not appear to involve any presynaptic action following a 

prolonged increase in serotonin but rather the improvement in depressive symptoms arises from 

the blockade of postsynaptic 5-HT2ARs.
181

 This reduction would infer increased activity of the 

reward circuitry and providing a mechanism explaining the improvement in mood, although this 

is not assessed. Preclinical research using 5-HT2AR knockout mice provide mixed evidence for 

their involvement in antidepressant efficacy. There are reports of higher basal levels of serotonin 
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and dorsal raphe firing in the knockout animals compared to controls, but there is a distinct lack 

of response to SSRI treatment. The authors further note that the constitutive lack of 5-HT2ARs 

was associated with a hypersensitization/upregulation of the 5-HT1A autoreceptor.
182

 Overall, 

there is enough evidence suggesting that a high density of 5-HT2ARs may be involved in the 

pathogenesis of depression and that antagonists may lead to antidepressant-like effects. However, 

more work needs to be done to fully characterize the role that 5-HT2ARs receptors play in MDD 

and will yield more insights into potential therapeutic mechanisms. 

Recent research on stress and depression has implicated the 5-HT1BR as a particularly 

important serotonin receptor in antidepressant efficacy. 5-HT1BRs (highly homologous to the 

human 5-HT1B/DR
183

) are Gαi-coupled receptors that are expressed throughout the CNS with high 

concentrations in the raphe nuclei, frontal cortex, striatum, and the hippocampus.
184

 The 5-HT1BR 

exists in two separate populations with distinct effects on serotonergic signaling: as a presynaptic 

autoreceptor that inhibits serotonergic neuron activity in the raphe
185

 and as a postsynaptic 

heteroreceptor that contributes to increased neuronal excitability in higher brain regions like the 

hippocampus.
186,187

 In humans, a 5-HT1B/DR polymorphism is associated with depression and 

substance abuse, but not other psychiatric disorders, though its impact on 5-HT1B/DR function is 

unexplored.
188

 Also, postmortem tissue from depressed patients showed a decrease in expression 

of p11 (also known as S100A10), which is necessary for 5-HT1B/DR surface expression.
189

 In 

animal models, mice lacking p11 or 5-HT1BRs, as well as pharmacological blockade of the 5-

HT1BRs, prevented the response to antidepressant treatment.
47,190

 Other studies on 5-HT1BR 

knockout mice showed an increase in sensitivity to SSRIs treatment rather than a blunted 

effect.
191,192

 The 5-HT1BR agonist anpirtoline produces antidepressant-like effects in wild-type 

animals
190–192

, an effect that was elevated after neurotoxic lesioning of serotonergic neurons or 

serotonin depletion by parachlorophenylalanine methyl-ester, suggesting that its antidepressant 

effects are mediated through postsynaptic 5-HT1B heteroreceptors.
190

 These results suggest a 
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critical, but complex, role for 5-HT1BRs in antidepressant action. Parsing out the distinct impact 

of auto- and hetero-receptors may help to resolve some of the differences in findings. 

 

Problems with monoamine based pharmacotherapies 

More than sixty years after the initial observations, considerable debate about the validity 

of the serotonin hypothesis remains, with only inconsistent and inconclusive supporting evidence. 

This, if nothing else, highlights the limitation of the monoamine hypothesis and its contribution to 

our understanding of depression and its treatment. It is unlikely that depression is caused by a 

simple decrease in serotonin synthesis, release, or receptor expression. It has become increasingly 

obvious that the union of ligand and receptor represents only the superficial effects of these 

neurotransmitters on their targets.
113

 

The first suggestion that the serotonin hypothesis is incomplete is that the clinical 

efficacy of rationally designed SSRIs is no greater than that of MAOIs and TACs discovered by 

serendipity. Approximately 30% of patients experience remission of depression symptoms with 

medication, switching medications can achieve remission in another 25%, but about 30% of 

patients never experience remission.
193

 The largest randomized clinical trial to-date demonstrated 

that only half of depressed patients treated with a single 3-month long course of SSRIs responded 

fully, with nearly 75% failing to achieve full remission with the persistence of numerous residual 

symptoms.
11

 There are also high rates of relapse in patients being currently treated with 

antidepressant compounds. A recent meta-analysis of 31 placebo-controlled antidepressant trials 

found that 18% of patients who had responded to an antidepressant relapsed while remaining 

compliant with their treatment.
194

 

In addition, although SSRIs increase extracellular serotonin levels after a single dose, 3–6 

weeks elapse before they exert clinically meaningful antidepressant effects when they are 

effective.
11

 Regardless of the reason for this delay, many patients simply cannot wait that long for 

alleviation of their symptoms. The National Guideline Clearinghouse, a database of evidence-
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based clinical practice guidelines maintained by the U.S. Department of Health, advises that when 

no response is achieved following six to eight weeks of treatment with an antidepressant, 

physicians should either adjust dosage (some improvement) or switch patients to an 

antidepressant in the same class (minimal/no improvement).
195

 If the patient remains depressed, a 

different class of antidepressant should be tried.
195

 A recent meta-analysis found wide variation in 

the findings of prior studies. For patients who had failed to respond to a given SSRI 

antidepressant, between 12% and 86% showed a response to a new drug, with between 5% and 

39% ending treatment due to adverse effects.
196

 The more antidepressants an individual had 

already tried, the less likely they were to benefit from a new antidepressant trial.
196

 

If SSRIs and other pharmacotherapies are so poor in managing and treating depression, 

why do they continue to be prescribed? In the United States, a 2005 independent report found that 

11% of women and 5% of men were currently taking an antidepressant
197

 and that that 67% of 

new patients diagnosed with depression were prescribed some form of antidepressant drug.
198

 The 

choice of particular antidepressant is reported to be based, in the absence of research evidence of 

differences in efficacy, on seeking to avoid certain side effects.
199

 It is also reported that, 

clinicians perceive the newer drugs (e.g. SSRIs) to be more effective than the older drugs (e.g. 

tricyclics and MAOIs) despite limited evidence for such a strategy.
200

 

 

Conclusions 

The serotonin hypothesis, despite over five decades of investigation and hundreds of 

millions of patients treated (albeit with mixed results), has met with both success and failures. 

Most statements of the serotonin hypothesis fail to offer mechanistic explanations of how these 

interventions treat depression. Nevertheless, the revolutionary shift in dogma that occurred with 

development of monoamine-altering compounds disrupted the central tenant in psychiatry that 

considered depression to be a manifestation of internal conflicts and laid the foundation for the 

future of biological psychiatry.
109

 There is clear evidence that elevated levels of monoamines can 



27 

relieve the symptoms of depression and be very beneficial in some patients.
11

 Others, however, 

are not so fortunate and require different approaches. Such problems, among others, have justified 

research in the quest for new antidepressants. These efforts have led to the investigation of new 

drugs with different pharmacodynamic properties, such as ketamine, and testing of other theories 

of depression that (ideally) incorporate or encapsulate the breadth and depth of data from the 

monoamine hypothesis. 

 

Increased neurogenesis and the neurotrophin hypothesis 

One non-monoaminergic-centric theory is the neurotrophin hypothesis of depression, 

which posits a role of growth factors such as brain-derived neurotrophic factor (BDNF), known to 

be critically involved in regulating neural structure and plasticity in the adult brain, in the 

pathophysiology of depression. Like the monoamine hypothesis before it, the neurotrophin 

hypothesis postulates that a loss of BDNF plays a major role in the pathophysiology of 

depression, and that its restoration may represent a critical mechanism underlying antidepressant 

efficacy. This theory originates from observations that acute and chronic stress in humans (and 

many animal models) both decrease endogenous BNDF levels and can lead to significant atrophy 

of the hippocampus, a hallmark of human depression.
201,202

 However, the precise relationship 

between the clinical disorder and the structural changes is unclear (does the depression cause the 

atrophy or vice versa?). Regardless of the order of events, stress and depression are associated 

with decreased neurogenesis in the brain and decreased BDNF expression and antidepressant 

treatment blocks or reverses these effects. This theory has received considerable support and led 

to major investigation into the potential of BDNF signaling as a novel target for antidepressant 

treatment. 
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Discovery of neurotrophins 

Neurotrophins are a family of secreted neuropeptides that encourage the growth and 

differentiation of new neurons, promote survival of existing neurons, and regulate neuronal 

connectivity in the developing and adult nervous system. 

The first neurotrophin to be discovered was nerve growth factor (NGF). In 1948, 

fragments of a mouse sarcoma were grafted into the body wall of developing chicks; at later 

stages nerve fibers originating from the dorsal root ganglion of the embryos were found to have 

penetrated into the sarcoma.
203,204

 Subsequent purification studies by Rita Levi-Montalcini led to 

the isolation of a fraction with nerve growth-promoting activities; 
205

 the yet identified active 

ingredient in this fractionation was dubbed “nerve growth factor;” work which Levi-Montalcini 

was honored for with a Nobel Prize in 1986. Further work established that this secreted factor is 

released by the tissue targets of sympathetic and sensory fibers. It wasn’t until 1971, with new 

sequencing techniques, that the primary structure of NGF was described from NGF-rich tissue 

preparations.
206

 In 1982, another factor demonstrating neuronal growth-promoting activities 

similar to NGF was purified from pig brains by Yves-Alain Barde ;
207

 based on its tissue of 

origin, it was named brain-derived neurotrophic factor (BNDF). Cloning of the Bndf gene 

revealed that it had very high homology to NGF.
208

 Using the homologous regions between the 

two as a template, a third protein called neurotrophin 3 (NT-3) was identified and cloned.
209,210

 

Finally, Hallböök et al (1991) identified neurotrophin-4 (NT-4) from Xenopus laevis ovaries 

while studying the evolutionary conservation of NGF family members in verterbrates.
211

 

All of the neurotrophins show different distributions through the CNS with distinct and 

overlapping specificity. Highest levels of BDNF and NGF mRNA are found in the adult 

hippocampus with ~50 times more BDNF than NGF.
212

 NT-3 is by far the most highly expressed 

in the immature CNS and its expression dramatically decreases with maturation.
213

 BDNF 

expression is low in developing regions of the CNS and increases as these regions mature,
213,214

 

whereas NGF expression varies during the development dependent on the region.
213
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Trk receptors and their function 

The identification of receptors for neurotrophins began with binding studies on chick 

sensory ganglia and dorsal root ganglion using 
125

I-labelled NGF. Analysis of binding kinetics 

revealed that NGF was binding to two separate receptors, one lower affinity and one higher.
215,216

 

Subsequent cross-linking experiments determined that the lower affinity receptor was ~75kDa 

while the higher affinity receptor was ~140kDa. The identity of the higher affinity NGF receptor 

wouldn’t be known until the late 1980s when the expression profile of a 140kDa proto-oncogene 

product called TrkA (tyrosine receptor kinase)
217

 was found to correlate with the location of those 

neurons that responded to NGF.
218

 The lower affinity 75kDa receptor (p75
NTR

), now known to be 

a common receptor for all of the neurotrophins,
219,220

 is a member of the tumor necrosis factor 

receptor (TNF receptor) superfamily and neurotrophin binding to p75
NTR

 has been shown to 

trigger apoptosis and prevent axonal outgrowth via NF-kappaB activation (see Chao, 1994
221

 for 

a review). Screening of cDNA libraries had led to the identification of the genes trkB
214

 and 

trkC.
222

 TrkB was subsequently shown to be a receptor for BDNF and NT-4 while TrkC was 

shown to be a receptor for NT-3 
222

 

Trk receptors are single transmembrane catalytic proteins with intracellular tyrosine 

kinase activity that dimerize to form a functional receptor. Binding of neurotrophins to their 

respective Trk receptors initiates signaling cascades, by means of phosphorylation of tyrosine 

residues on the cytoplasmic domains of the receptors. This phosphorylation event results in the 

recruitment of adapter proteins which couple to intracellular cascades such as: 

phosphatidylinositol 3-kinase (PI3K)/1,4,5-trisphosphate (IP3)/AKT, phospholipase C (PLC), and 

Ras/Raf/mitogen activated protein kinase kinase (MEK)/extracellular signal-regulated kinase 

(ERK) second messenger pathways.
223

 Through the differential expression and cellular 

localization of these receptors, neurotrophins can elicit diverse cellular responses in different 

types of neurons and at different cellular loci.
220,224
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The proper expression of Trk receptors plays a paramount role in the development and 

function of the vertebrate nervous system.
225,226

 TrkA receptors are found in basal forebrain 

cholinergic neurons
227

 that provide the major cholinergic input to the cerebral cortex and 

hippocampus and are severely affected in many neurodegenerative diseases.
228

 TrkB receptors are 

broadly expressed in the nervous system
214

 and are known to be upregulated in hippocampus and 

cortex in an activity-dependent manner.
229

 In mice in which TrkB is deleted in neurons expressing 

CaMKII, populations of hippocampal and cortical neurons are lost and synapse formation is 

abnormal.
230,231

 TrkC receptors are also broadly expressed in the CNS, including strong 

expression in several thalamic nuclei;
232

 disruption of appropriate TrkC signaling results in 

aberrant thalamocortical axon projections.
233

 Furthermore, different neurotrophins may act on a 

single neuronal population during different stages of development.
225,234

 Also, individual neurons 

can express more than one type of Trk receptor, suggesting that neurotrophins could have 

additive or independent functions on the same cell.
235–237

 It is clear that Trk receptor expression 

patterns are complex and dynamically regulated under many physiological and pathological 

conditions. 

 

Focus on BDNF/TrkB signaling – implications for depression 

Unlike the other neurotrophins, BDNF is regulated through the secretory pathway and 

can be induced by neuronal depolarization.
238–240

 Hartmann et al. (2001) have shown that high 

frequency activation of glutamatergic synapses induces the secretion of BDNF–GFP fusion 

proteins from synaptically localized secretory granules and extrasynaptic dendritic vesicle 

clusters.
241

 Notably, the most effective stimulus to induce BDNF secretion is the same tetanic 

stimulation protocols known to induce long-term potentiation (see below) suggesting its 

importance in learning and memory.
242–244

 To that end, disruption of BDNF expression by 

antisense oligonucleotides,
245

 in heterozygous BDNF knockout animals,
246

 or with anti-BDNF 

antibodies
247

 causes severe impairment in hippocampal-dependent learning and memory. The 
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origin of the endogenous BDNF – released as a neurotransmitter or acting as a retrograde 

messenger – remains to be determined. 

Diverse manipulations that induce depressive-like behavior in rodents have been used to 

illustrate the ability of stress to modulate BDNF expression and for manipulation of BDNF/TrkB 

signaling to restore normal behaviors. For example, both acute (8hrs/1day) or chronic 

(45min/7days) immobilization stress paradigms were found to induce significant decreases in 

levels of hippocampal BDNF mRNA.
248–250

 When BDNF is directly infused into the brain, of 

unstressed? animals, antidepressant-like effects were seen in the forced swim and learned 

helplessness paradigms of despair.
251–253

 Conversely, antidepressants have shown to increase 

BDNF protein levels,
254–258

 TrkB phosphorylation, and PLCγ and CREB activity.
201,259

 

Interestingly for the work I have performed in my thesis studies, it has been reported that 

increased TrkB phosphorylation by ADs is independent of BDNF
260

 and that behavior effects 

induced by ADs are blunted in mice with reduced level of BDNF and inhibited TrkB 

signaling.
259,261–263

  

Human studies linking depression and BDNF/TrkB expression have yielded 

corroborating results. Post-mortem analysis has detected decreased levels of BDNF and TrkB in 

the hippocampus of depressed suicide patients.
264–266

 Serum BDNF levels in living depressed 

patients are abnormally low, but can be restored following pharmacological antidepressant 

treatment.
267,268

 Furthermore, patients treated with antidepressants have a higher level of BDNF 

expression, specifically in the hippocampus,
264

 and increased increase neural progenitor and 

dividing cells in post-mortem hippocampal tissue
269

 compared to untreated controls. A gene 

polymorphism in BDNF (Val66Met) has been associated with altered hippocampal and cortical 

morphology,
270

 reduced hippocampal volume, and increased depression prevalence in humans.
271

 

Mice expressing the Val66Met gene variant also exhibit increased anxiety-related behaviors and 

decreased hippocampal volume and dendritic complexity that are not normalized by fluoxetine 
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treatment.
272

 Interestingly, desipramine has antidepressant effects in these same mice suggesting 

that this polymorphism could influence individual response to drug treatment.
273

  

Finally, the neurotrophin-dependent mitogen-activated protein kinase cascade 

(Ras/Raf/MEK/ERK pathway) plays a major role in mediating the extracellular signals to the 

nucleus. A postmortem study found decreased levels of ERK activity and expression both in 

hippocampus and cerebral cortex of depressed suicide subjects, providing additional evidence for 

neurotrophin dysregulation in different brain regions in major depression.
274

 The capacity of 

BDNF/TrkB signaling to regulate the structure, function, and behavioral output of the 

hippocampus makes BDNF an attractive candidate protein in the pathophysiology and treatment 

of depression.  

 

Neurogenesis and BDNF/TrkB signaling 

Adult neurogenesis, the birth of new neurons in the adult brain, was first discovered in 

the 1960s by Joseph Altman.
275,276

 Subsequent research has implicated it’s importance for the 

antidepressant treatment response. Neurogenesis requires the coordination and regulation of 

proliferation, migration, and death; all processes shown to be influenced by BDNF signaling (see 

Duman, 2005
277

 for a review). It has become widely accepted that the subventricular zone of the 

lateral ventricles and subgranular zone of the dentate gyrus in the hippocampus are major sites of 

cell proliferation in the adult brain.
276,278,279

 New neurons generated in the subventricular zone 

migrate to the olfactory bulb and become GABAergic interneurons whereas those produced in the 

hippocampus become dentate granule cells,
280

 a process implicated in regulation of mood.
279

 Not 

all newly formed cells survive- many die within weeks after generation.
281

 Within the adult rodent 

brain, repeated stress reduces cell proliferation and survival, resulting in a reduction in total 

neuron number in the dentate gyrus.
282

 Known antidepressant treatments, including medications 

of various classes,
283

 electroconvulsive therapy,
284

 environmental enrichment,
285

 and physical 

activity,
286

 all stimulate the proliferation of hippocampal progenitor cells, which constitutes the 
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first stage of adult hippocampal neurogenesis. Furthermore, disrupting antidepressant-induced 

adult neurogenesis using X-ray irradiation blocks neurogenic and behavioral responses of mice to 

antidepressants in some (but not all) studies.
287

 Finally, it has been suggested that the 

characteristic latency to onset of therapeutic effect might reflect the maturation period of a new 

neuron (see Hanson et al. 2011
288

 for a review). 

Although originally believed to support neurogenesis solely by promoting growth and 

proliferation, BDNF activity at the TrkB receptor also has potent neuroprotective properties.
289,290

 

For example, BDNF/TrkB/ERK pathway activation increases expression of bcl-2, a protective 

protein family involved in caspase-regulated apoptosis.
291

 Furthermore, BDNF is able to regulate 

neuronal survival via the PI3K/IP3/AKT pathway through generation of phosphatidyl inositides 

which activate the protein kinase AKT and the subsequent phosphorylation of cell survival-

related proteins (eg IkB, glycogen synthase kinase, and BAD).
292

 Downregulation of BDNF 

support and decreasing the anti-apoptotic tone has deleterious consequences for hippocampal 

function and could contribute to the development of neuronal atrophy seen in depression.
293

  

The findings of hippocampal volume loss due to stress and/or depression, combined with 

the numerous findings of a stress-induced decrease of adult neurogenesis, have inspired the idea 

that these two phenomena are causally linked.
294

 This data suggests that the BDNF/TrkB pathway 

could represent a valid target in the development of novel antidepressant agents that may deliver 

superior efficacy, reduced side effects, and a decreased therapeutic latency compared to 

monoamine-based pharmacological treatments. A greater understanding of the mechanisms 

mediating such responses in depression and related disorders may help to improve diagnosis and 

treatment outcome. Unfortunately, selective ligands have been developed only recently. 
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Limitations of the neurotrophin hypothesis 

Although there is strong evidence from basic and clinical studies in support of this 

neurotrophic hypothesis of depression, the proposed relationship between BDNF, depression, and 

antidepressant action has by no means received universal support.  

Firstly, not all studies report an upregulation of BDNF by antidepressant treatments. Dias 

et al. (2003) demonstrated that chronic fluoxetine treatment was shown to have no effect on exon-

specific BDNF mRNA levels.
295

 Another study by Miro et al. found that chronic fluoxetine 

treatment actually downregulated BDNF expression in the rat hippocampus.
296

 Furthermore, daily 

BDNF infusions into the ventral tegmental area in the brain, an area known to be associated with 

reward and mood, were found to reduce latency to immobility in the forced swim test, indicative 

of a pro-depressive effect.
297

 In the same task, viral-mediated suppression of TrkB receptors to 

attenuate BDNF signaling produced antidepressant-like effects.
297

 These results are in stark 

contrast to the original neurotrophin hypothesis regarding the role of BDNF in depression and 

suggest that its applicability may be limited to the hippocampus. 

Even powerful genetic models have provided mixed results and not all studies of mutant 

mice demonstrate a role for BDNF in models of depression. Using a cre-loxP recombination 

system in which the bdnf gene can be conditionally deleted in inbred mouse lines, the location 

and timing of this manipulation produces striking differences in behavioral changes.
298–300

 Global 

bdnf knockout mice have been reported to exhibit depression-like behavior in the tail suspension 

test but also exhibit a distinct antidepressant-like phenotype in the forced swim test.
301

 Others 

with a forebrain-specific knockout of TrkB receptors, or overexpression of the truncated non-

functional form of the receptor, showed no increase in depression-like behaviors at baseline but 

did demonstrate the requirement of functional TrkB for antidepressant effiacy.
259,300

 The results 

from these genetically altered mice are partially incongruous with the original hypothesis and 

suggest that a reduction in BDNF activity alone is not sufficient to induce clear depression-like 

symptoms, although BDNF/TrkB signaling may be necessary for antidepressant efficacy. 



35 

Conclusions 

The neurotrophin hypothesis was a promising new theory about the pathophysiology of 

depression and led to major investigation into the potential role of BDNF as a novel target for 

antidepressant treatment. However, evidence for the involvement of BDNF is currently 

inconsistent and mostly applicable in the context of hippocampal function. On the one hand, 

decreased BDNF levels are associated with both human depression and a range of rodent models. 

A number of clinically effective antidepressants increase BDNF levels, while direct BDNF 

infusions and genetic overexpression demonstrate antidepressant-like activity. On the other hand, 

a number of pharmacological studies have generated negative results, while others describe 

findings directly contradicting a simple causal relationship between total brain BDNF levels and 

mood further weakening the BDNF hypothesis of depression in its current form. 

 

Synaptic dysfunction and the glutamate hypothesis 

A synaptic dysfunction and glutamate hypothesis model of depression has recently been 

formulated, involving not just a single neurotransmitter system but rather a pathological alteration 

in synaptic strength and plasticity throughout different brain areas; notably structures involved in 

the regulation of reward, such as the frontal cortex, hippocampus, amygdala, and basal ganglia
302–

304
 According to this theory, numerous pro-depressive environmental factors, notably stress, 

disrupt the proper functioning of excitatory synapses in these areas and this underlies many of the 

symptoms of depression (see Thompson et al., 2015
302

 for a review). Pathological changes in such 

diverse brain regions correlate with the heterogeneous etiology of depressive disorders as not 

every excitatory synapse is affected by stress (even in the same region) and not every stress-

sensitive excitatory synapse responds in the same manner. In other words, depression is a disorder 

of the hardware of the brain rather than a state of chemical imbalance. That said, these areas are 

modulated by various neurotransmitter systems (e.g. monoamines, neurotrophins) and this 
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hypothesis would explain how fundamentally different pharmacotherapies could produce 

antidepressant effects despite seemingly unrelated mechanisms of action.  

 

Synaptic plasticity – changing the strength of synapses 

The ability of neurons to strengthen and weaken their synapses is fundamentally 

important for a normally functioning brain. The process by which the efficiency of synaptic 

transmission is altered is referred to as synaptic plasticity and is thought to be the molecular basis 

for learning and memory.
305–307

 In a broad view, synaptic plasticity is a change in the set point of 

synaptic strength linking two neurons or for the formation/removal of neuronal connections.
305

 

This change in transmission remains even after the initiating factor(s) have subsided and is a 

highly conserved process that has been experimentally observed in animals from worms to 

humans. 

Following the seminal idea from Donald O. Hebb that neurons that fire together, should 

wire together;
308

 numerous experimental studies have been conducted to unravel the links 

between plasticity, neuronal activity, and behavior. In this “Hebbian plasticity” model – which 

promotes strong or synchronous firing among neurons – when the connection between neurons 

strengthens, it is called long-term potentiation
306

 (LTP) and when the connection weakens, it is 

called long-term depression
309

 (LTD). The mechanisms underlying LTP and LTD (discussed 

below) have been extensively studied in the hippocampus owing to the elegance of its 

cytoarchitecture and its role in many forms of learning and memory.
310–313

 

 

Long term potentiation strengthens synaptic connections 

Synaptic plasticity (and LTP in particular) has been well characterized in the 

hippocampus; however, the minutia of this body of work is beyond the scope of this thesis. In 

brief, this increase in synaptic strength is initiated by the excitatory neurotransmitter glutamate 

which binds to postsynaptic ionotropic receptors including α-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid (AMPA) and N-methyl-D-aspartic acid (NMDA) subtypes. AMPA 

receptors are the main contributors of excitatory neurotransmission, mediating the fast, rapidly 

desensitizing excitation of many synapses, and mediate the early response to glutamate in the 

synaptic cleft. Their activation opens a pore permitting the inward flow of sodium (Na
+
) down its 

electrochemical gradient, resulting in the depolarization of the neuronal membrane.
314–318

 This 

rise in internal voltage potential alleviates the magnesium (Mg
2+

) cation blockade of the NMDA 

receptors, permitting passage of Na
+
 and calcium (Ca

2+
) through the channel pore, and initiation 

of a variety of intracellular changes.
305,319–321

  

LTP occurs in two phases: an early phase which is independent of new protein synthesis 

(lasting minutes to hours), and a late phase which requires new gene transcription and mRNA 

translation (lasting hours to days). Early phase LTP (E-LTP) involves increased sensitivity of the 

synapse through modifications of pre-existing proteins as a result of rapid Ca
2+

 influx through 

NMDA receptors and activation of Ca
2+

-sensitive kinases (e.g. calcium/calmodulin-dependent 

kinase II; CaMKII) to induce structural and functional changes in the postsynaptic cell.
305,320

 For 

example, existing AMPA receptors can become phosphorylated by CaMKII at the GluA1 subunit 

increasing individual receptor conductance
322

 and/or surface expression,
323

 resulting in an 

increase in AMPAR-mediated current and in an “awakening” of previously silent synapses.
39

 In 

contrast, late-phase LTP (L-LTP) depends on the synthesis of new proteins. While the expression 

of a number of proteins is enhanced in response to L-LTP inducing stimulation,
324

 including the 

AMPAR subunit GluA1 and CaMKII, the specific protein synthesis product(s) responsible for the 

induction and maintenance of L-LTP remain to be identified. Some new proteins are translated 

from preexisting dendritic mRNAs in response to early LTP-inducing stimuli. Recent studies 

have also addressed the cellular consolidation process of L-LTP and have highlighted the 

importance of two highly conserved signaling cascades: cAMP-dependent protein kinase (PKA) 

and extracellular signal-related protein kinase (ERK). Both these signaling transduction cascades 

can initiate gene transcription and translation of new proteins that are necessary to maintain long-
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lasting changes at synapses.
325

 Both early and late phase LTP are also correlated with an increase 

in the size of the synapse. 

Substantial experimental evidence suggests that cyclic adenosine monophosphate 

(cAMP)/cAMP-dependent protein kinase A (PKA) is a key signaling pathway for L-LTP.
326

 Ca
2+

 

influx, induced by repeated NMDA receptor activation, activates Ca
2+

-stimulated adenylyl 

cyclase (AC), leading to an increase in intracellular cAMP concentration and subsequent 

activation of PKA. Application of the adenylyl cyclase activator forskolin induces a form of long-

lasting synaptic potentiation that is also sensitive to protein synthesis inhibitors.
327

 

Overexpression of AC1 is sufficient to enhance recognition memory and LTP.
328

 

Pharmacological and genetic disruption of PKA signaling has demonstrated its critical role in the 

generation of L-LTP while E-LTP remains intact in a variety of induction protocols.
327,329–332

 

Taken together, these results suggest that AC/cAMP/PKA plays a critical role in L-LTP and long-

term memory. 

There is also strong evidence that activation of extracellular signal-related protein kinase 

(ERK) is necessary for L-LTP and long-term memory. In the dentate gyrus, application of LTP-

inducing stimulation leads to a rapid phosphorylation and nuclear translocation of ERK.
333,334

 

Furthermore, ERK is robustly activated by increases in intracellular Ca
2+

 levels
335

 and 

cAMP.
336,337

 Treatment of acute hippocampal slices with the ERK kinase inhibitor U0126 before, 

during, or after the LTP-inducing stimulus attenuates the magnitude LTP suggesting that ERK 

activity is required for the induction as well as maintenance of LTP.
325,337–339

 Additionally, ERK 

has been shown to be required for long-term memory because its inhibition impairs long-term 

(spatial and fear conditioning), but not short-term, memory. 
340–342

 Expression of a dominant-

negative form of MEK (upstream of ERK) in the postnatal forebrain selectively suppresses the 

formation of long-term memory.
343

 

Both PKA and MAPK can phosphorylate and activate CREB, a transcription factor 

implicated in long-term memory in Drosophila and Aplysia as well as mice and rats.
344

 CREB 
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phosphorylation is increased in hippocampal CA1 neurons after LTP-inducing stimuli.
345–347

 Mice 

with a targeted disruption of the α- and δ-isoforms of CREB are deficient in L-LTP as well as fear 

conditioning and water maze long-term memory tasks, but show normal short-term memory.
348,349

 

Similarly, intra-hippocampal injection of antisense mRNA against CREB results in an 

impairment in long-term spatial memory.
350

 Expression of the constitutively active CREB in 

hippocampal CA1 neurons lowers the threshold of L-LTP induction such that an E-LTP-inducing 

stimulus can now induce L-LTP.
351

 CREB activation appears to be a critical step in the signaling 

cascade that initiates protein synthesis and consequently leads to long-term morphological 

modifications underlying L-LTP and long-term memory. 

 

Long term depression weakens synaptic connections 

Initial work done on LTD made it clear that Ca
2+

 and Ca
2+

-dependent processes were 

important players attenuating synaptic transmission. However LTP is also known to depend on 

increases in intracellular Ca
2+

, so how can a synapse discriminate between inputs and change the 

strength of the synapse appropriately? Uncertainties about the mechanism underlying LTD were 

further complicated by reports of substantial differences in the types LTD that could be elicited in 

different hippocampal subfields, in different cell types, and at different developmental stages of 

the animal. It was unclear if the induction of LTD in area CA1 was heterosynaptic 
352,353

 or 

homosynaptic;
354

 NMDA receptor-dependent
355

 or mGluR-dependent.
356,357

 Much of this was 

resolved when Oliet et al. (1997) showed that it was possible to obtain differing results by 

manipulating the induction protocol and that these two form did not occlude one another; thus 

confirming the existence of multiple independent forms of LTD at the same synapse.
358

 (For a 

wide-ranging reviews of LTD covering NMDA- and mGluR-dependent forms see Kemp and 

Bashir, 2001
359

 and Bashir, 2003
360

). A brief summary for the two processes follows. NMDA 

receptor-dependent LTD is thought to involve the entry of Ca
2+

 via NMDA receptors activating 

calcineurin; calcineurin inhibits the kinase inhibitor-1; less inhibitor-1 signaling results in the 
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activation of protein phosphatase 1 through disinhibition; active protein phosphatase 1 initiates 

the internalization of AMPA receptors. mGluR-dependent LTD is thought to result from 

activation of mGlu receptors (in particular mGluR5) and the recruitment of complex second 

messenger cascades including phosphatases, kinases, and transcription factors to remove AMPA 

receptors from synapses; how these pathways interact is not fully known. 

 

The GluA1 subunit – a key element in regulating synaptic strength 

AMPA receptors are a homo- or hetero-tetrameric complex of four subunits (GluA1-4) 

which assemble into a pore-forming functional glutamate receptor.
361,362

 Differences in subunit 

expression, posttranscriptional modifications, and splice variants provide a wide range of 

functional diversity and complexity to these types of receptors. For example, the phosphorylation 

state of the AMPA receptor, as dictated by protein kinase/phosphatase balance, regulates ion 

channel function and underlies some forms of synaptic plasticity.
363–365

  

Studies of GluA1 subunit have revealed that LTP and LTD reversibly modify the 

phosphorylation status of the GluA1 subunit in acute hippocampal slices.
366

 GluA1 knockout 

mice reveal that this subunit is not required for normal basal synaptic transmission, but is 

essential for E-LTP in the adult hippocampus.
367

 Several protein kinases important in synaptic 

plasticity (e.g. CaMKII, PKC, and PKA) are known to phosphorylate GluA1 within its 

cytoplasmic tail. 
364,368–371

 Serine 831 (S831) on GluA1 is a substrate for both CaMKII and PKC 

that undergoes phosphorylation, and may be responsible for, increasing the single-channel 

conductance of AMPA receptors during LTP;
366,368,372

 although direct evidence for a change in 

channel open probability is lacking.
373

 Serine 845 (S845) is a substrate for PKA phosphorylation 

that regulates the open channel probability of AMPA receptors.
364,374–376

 but may also be 

responsible for the stabilization of AMPA receptors in the plasma membrane.
377

 LTP is markedly 

diminished in mice bearing dual phospho-null mutations in both serines.
377

 However, there is an 

incomplete block of LTP in animals bearing either one of these knock-in mutations alone.
377
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Moreover, recombinant mutant S831A GluA1 receptors are still driven into synapses after an 

LTP induction protocol
378

 while mutant S845A receptors are not, suggesting that the Ser845 site 

may be important for anchoring newly inserted receptors before their turnover to the stable 

population.
377

 It is clear that more work is needed to untangle the overlapping roles of GluA1 

phosphorylation in synaptic plasticity but it is clear that GluA1 is a key regulator of synaptic 

strength. 

 

Altered hippocampal plasticity in stress and depression 

It is thought that LTP and LTD combine to sculpt information processing in the brain and 

that these changes in synaptic weights contribute to complex behaviors. In depression, behavior 

has pathologically deviated from the norm so we must ask ourselves if synaptic transmission is 

also altered. There is some evidence for changes in glutamatergic function in patients with 

depression, much of it mixed. Plasma levels of glutamate are decreased in some studies,
379,380

 but 

not others.
381

 Postmortem studies revealed decreases in multiple glutamate receptor subunits in 

patients with depression, including the AMPA receptor subunit GluA1,
382,383

 as well as a decrease 

in AMPA receptor binding in the striatum of suicide completers.
384,385

 Additionally, 

phosphorylation of GluA1 S845 was increased following antidepressant treatment in mice 

suggesting that phosphorylation status of GluA1 might associated with the underlying 

mechanisms of these therapies.
386–388

  

Several authors have highlighted stress-induced pathophysiological changes in reward 

circuits as the biological underpinning of anhedonia and other symptoms of depression.
389–391

 

Many symptoms of depression seem to result from a dysfunction in the valuation of stimuli, with 

decreases in positive valuation (i.e., anhedonia) occurring in parallel with increases in negative 

valuation (disappointment, fear, or expectation of punishment). Changes in the strength of various 

excitatory synapses in the distinct circuits mediating both of these processes have been described. 
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While stress has repeatedly been shown to affect hippocampal structure and 

hippocampal-dependent behaviors, the physiological impact of stress on these synapses is 

somewhat conflicting. Acute, low doses of glucocorticoid receptor agonists have been positively 

correlated with facilitating LTP.
392

 Others have observed that chronic mild stress promotes LTD 

and inhibits LTP; suggesting the opposite effect of stress hormones on transmission.
393–395

 

Chronic stress (or stress hormone administration) can impair LTP at proximal CA1 synapses in 

some studies,
396

 but not all.
397

  

One factor that could reconcile these discrepancies is the dendritic location of the 

synapses. For example, chronic stress was reported to have no effect on basal synaptic strength 

Schaffer collateral (SC) inputs onto the proximal dendrites of CA1 pyramidal cells; it did 

however impair LTP at SC-CA1 synapses, decreased AMPA receptor subunit GluA1 mRNA 

levels, and enhanced synaptic currents mediated by NMDA receptors.
396,398,399

 At the distal apical 

dendrites of CA1 cells, formed by temporoammonic (TA) afferent inputs from the entorhinal 

cortex, chronic stress reduces the number of spines in at these synapses.
68,69

 At these TA-CA1 

synapses, chronic stress causes a decrease in the protein expression of AMPA receptors at and a 

reduction in their subsequent contribution to glutamatergic transmission; NMDA receptors are 

not impacted.
47,400

 

 

Limitations of the glutamate hypothesis  

While changes in of glutamate transmission appear to share common molecular endpoints 

with both monoamine- and neurotrophin-based treatment, more glutamate does not directly 

translate into better clinical outcomes. For example, reports have indicated that serum levels of 

glutamate in patients with depression were significantly higher than those of healthy 

individuals,
401

 although the relationship between plasma glutamate and synaptic pools is 

uncertain. After 5 weeks of treatment with antidepressants these levels were significantly 

reduced, correlating with an improvement of clinical symptoms.
402,403

 Furthermore, hyper-
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glutamatergic transmission has been linked to excitotoxicity – neuronal death resulting from over-

activation of glutamate receptors – and has been posited to contribute to the atrophy of sensitive 

brain regions in depression.
201,202

 Therefore rather than an absolute increase in glutamate, there 

appears to be an important regulation in the timing and balance of appropriate glutamate signaling 

with regards to synaptic transmission. 

Accumulating evidence suggests a significant involvement of AMPA receptors in the 

pathophysiology of depression but changes observed in patients with depression cannot be 

explained in simple, straightforward terms. Some studies have reported alterations in the mRNA 

expression levels of AMPA receptor subunits in post-mortem tissues of patients with depression, 

but observed changes were subunit and regionally specific manner. In patients with depression, 

reductions of GluA1 and GluA3 mRNA were found in perirhinal cortex,
383

 CA1 and dentate 

gyrus,
404

 while no changes in any AMPA receptor subunit mRNAs were detected in striatum.
385

 

In binding studies, a more than 20% increase in 
[3H]

AMPA or 
[3H]

CNQX (an AMPA receptor 

antagonist) binding has been detected in the anterior cingulate cortex of patients with 

depression.
405

 In contrast, no change in AMPA receptor binding was observed in: dorsolateral 

PFC,
405

 entorhinal or perirhinal cortex, subiculum, hippocampus,
383

 amygdala,
406

 or striatum.
385

 

Several preclinical studies found decreased expression levels of AMPA receptor subunits in 

several brain regions after chronic stress.
74,400,404

 While others described increased expression 

levels of AMPA receptor subunits following chronic
407,408

 or acute stress.
407

 Results from both 

clinical and preclinical studies, indicates a complex dysregulation of AMPA receptors in 

depression and may speak to the heterogeneity of this debilitating disorder. 

 

Conclusion 

There is compelling evidence for long-term changes in excitatory synapses in an array of 

brain areas mediating the complex cognitive-emotional behaviors underlying mood disorders 

such as depression. The majority of neurons in these areas use glutamate as their primary 
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excitatory neurotransmitter, but it would be incorrect to expect a global decrease in glutamatergic 

signaling to explain the pathophysiology and treatment of depression. Rather, the disruption of 

glutamate transmission in particular, and synaptic plasticity in general, in specific subsets of brain 

regions and synaptic pathways represents a potential final common pathway by which genetic 

susceptibility, pathological insults, and antidepressant treatments exert their effects. 

 

Convergence of monoamine, neurotrophin, and glutamatergic transmission 

The heterogeneous etiology of depressive disorders as well as dissimilar mechanisms 

underlying effective antidepressant treatments supports the convergence of these theories in 

understanding depression and its treatment. A common element linking major theories of 

depression (e.g. serotonin, neurotrophin, and glutamatergic) is their effects on excitatory synaptic 

transmission.
39

 As discussed above, there is increasing evidence that stress – a known risk factor 

for depression – exerts deleterious effects on excitatory synaptic structure and function in 

multiple brain regions associated with the complex cognitive and emotional control of reward 

behaviors. Conversely, serotonin and neurotrophins exert an opposing action, generally 

promoting or restoring excitatory synaptic transmission in the same brain regions. 

 

Serotonin signaling modulates excitatory synaptic transmission 

Serotonin is the primary neuronal substrate for current frontline antidepressant 

pharmacotherapies and while the signaling pathways involved have yet to be fully characterized 

there is considerable evidence that serotonin can directly regulate excitatory transmission in the 

hippocampus; though there is little consensus among studies. Klancnik and Phillips (1991) 

showed that serotonin exerted a facilitatory role on LTP in the dentate gryus.
409

 My predecessors 

in the Thompson lab, Xiang Cai and Angy Kallarackal, showed that elevation of endogenous 

serotonin with SSRIs potentiated synaptic transmission at TA–CA1 synapses and was shown to 

recruit the same molecular machinery as classical LTP.
47

 In contrast, slice experiments applying 
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exogenous serotonin have predominantly concluded that serotonin blocks hippocampal LTP.
410,411

 

It is worth nothing that this inhibitory effect of serotonin would negatively modulate hippocampal 

processing imparting learning and cognitive performance; these effects are not observed in human 

studies.
412–414

 These discrepancies speak to the variation in experimental manipulations 

suggesting that serotonin has diverse (and even opposing) effects on different hippocampal 

regions and different synapses within those regions. The identification of the relevant serotonin 

receptors and the downstream signaling pathways by which SSRIs and serotonin exerts their 

antidepressant effects remains frustratingly ambiguous. More studies are needed to better 

understand how serotonin, and compounds which act on serotonin, induce changes in synaptic 

transmission and how these changes eventually translate into alleviation of depressive symptoms. 

 

BNDF/TrkB signaling modulates excitatory synaptic transmission 

BDNF/TrkB signaling is another common depression/antidepressant-linked mechanism 

that has been shown to regulate excitatory synapses of the hippocampus. As mentioned 

previously, the secretion of BDNF is activity-dependent and therefore may function as a positive 

feedback mechanism by increasing presynaptic transmitter release, alternating postsynaptic 

receptors function, or both. In hippocampal cultures, neurotrophin-induced potentiation lasting 10 

to 15 minutes carries the hallmarks of a presynaptic mechanism: reduced paired-pulse facilitation, 

increased mini-EPSP frequency without an increase in amplitude, a reduction in the coefficient of 

variation, and enhancement of both AMPA- and NMDA-mediated responses.
415

 Furthermore, 

BDNF/TrkB signaling induces significant CREB phosphorylation via activation of the MAPK 

pathway and immediate early genes suggesting that BNDF, at least in part, recruits the same 

postsynaptic machinery as LTP.
339

  

While an increase in BDNF is often been touted as a requirement for antidepressant 

response, the mechanism by which it might be producing this effect remains unclear. It is worth 

noting however, that during the initial characterization of the molecular pathways recruited by 5-
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HT1BR activation (a receptor necessary for the antidepressant efficacy of SSRIs
47

) my colleagues 

observed a significant activation of the MEK/ERK pathway (a known effector pathway of 

BDNF/TrkB signaling) following 5-HT1BR stimulation (Cai and Thompson, unpublished 

observations). In cultured hippocampal neurons, transfection of a dominant negative form of Ras 

(S17N) to disrupt Ras-mediated signaling cascades prevented the anpirtoline-induced potentiation 

of TA-CA1 synapses (Cai and Thompson, unpublished observations). This activation and 

requirement of ERK by increased serotonin signaling could represent a possible point of 

convergence for the serotonin and neurotrophin hypotheses of depression. Further work is needed 

to better understand the modulatory effects of BDNF/TrkB signaling in on excitatory 

transmission and determine if these effects underlie the therapeutic actions of serotonin 

modulating antidepressants. 

 

Convergence of serotonin and BNDF/TrkB signaling in producing antidepressant responses 

While the signaling molecules differ, there is ample evidence that enhancement of 

serotonin and BDNF both produce antidepressant effects and potentiate excitatory synaptic 

transmission. If restoration of a dysfunctional synapse is indeed the final common pathway by 

which both serotonin and BDNF/TrkB signaling are exerting their antidepressant actions, do 

these two signaling processes interact at the level of the excitatory synapse and if so, how is this 

occurring? 

Several lines of experiment evidence support the idea that a stimulus such as an elevation 

in serotonin could initiate a series of events that strengthens a pathologically weakened synapse 

via a BDNF/TrkB-dependent enhancement of synaptic transmission. First, the activation of 

various serotonin receptor subtypes (i.e. 5-HT4,6,7Rs) have been coupled to increases in cAMP 

levels and CREB activation.
99,416

 The synaptic effects of BDNF are dependent on cAMP and new 

protein synthesis via CREB activation.
417,418

 Secondly, while BDNF facilitates the activity of 

glutamatergic synapses and is crucial for the maintenance of L-LTP, BDNF does not, by itself, 
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induce L-LTP.
230,419

 However, BDNF applied after the delivery of tetanus is sufficient to maintain 

L-LTP despite the presence of a protein synthesis inhibitor.
420

 Acute SSRI treatment induces the 

potentiation of glutamatergic transmission at hippocampal synapses in a 5-HT1BR-dependent 

recruitment of CaMKII.
47

 Furthermore, acute SSRI treatment increases levels of activated TrkB 

without altering BDNF expression suggesting a local, protein synthesis-independent, increase in 

release.
201,259

 Finally, the behavioral effects of SSRIs were abolished in transgenic mice with 

reduced BDNF levels or inhibited TrkB signaling in brain
259

 and this observation was 

subsequently confirmed in forebrain-specific BDNF null mice by using desipramine.
299

 

 

Unresolved questions 

Why do SSRIs induce immediate elevation of serotonin levels,
421

 increased levels of 

activated TrkB,
201

 a rapid potentiation of excitatory synapses,
47

 but exhibit a delay in therapeutic 

response? The convergence of these hypotheses – serotonergic, neurotrophic, and glutamatergic – 

would predict that an immediate strengthening of stress-weakened synapses would relieve 

depression symptoms rapidly; however this is not the case as chronic SSRI treatment is required 

for clinical improvement.
249,259,422

 

It may be that multiple bouts of serotonin-induced potentiation are necessary in order to 

render them persistent – perhaps in conjunction with slower changes in neurotrophin signaling –

and elicit clinically meaningful changes. Indeed, increases the expression of BDNF and TrkB 

mRNA and protein levels only occur after chronic SSRI treatment which correlates with the time 

course of many of the clinical benefits of antidepressant treatment.
249,259

  

Alternatively, SSRIs may elicit acute actions in other brain regions (e.g. the raphe and the 

amygdala) that may oppose the therapeutic actions on reward circuits. A prime example of this is 

the distribution of 5-HT1ARs; hyperpolarizing the neuronal membrane and reducing the firing rate 

of serotonergic neurons in the raphe (autoreceptors
153,154

) and pyramidal neurons in the cortex and 

hippocampus (heteroreceptors
155,156

). After prolonged elevations in serotonin, there is a reduction 



48 

in 5-HT1A autoreceptor expression in the raphe, a phenomenon that coincides with the therapeutic 

onset of SSRIs.
157,158

 However, this does not happen to all serotonin receptors equally or even the 

same subtype in different areas of the brain (5-HT1A autoreceptor vs heteroreceptor). Not enough 

is known about the actions of SSRIs and the effects of serotonin signaling on neuronal circuitry to 

understand how these and other compounds may exert their antidepressant effects. 

While more work is needed, these results suggest a promising link between stress, 

serotonin, and BDNF signaling converging at the level of the excitatory synapse. Stress causes a 

pathological weakening of excitatory transmission; increased serotonin and BDNF, either 

separately or in combination, function as effective antidepressants by strengthening and restoring 

normal synaptic function. Thus, taken together this body of evidence has led me to my current 

hypothesis and predictions. 

 

The temporoammonic to CA1 pathway of the hippocampus as a model stress-sensitive synapse 

and antidepressant efficacy 

As mentioned previously, the hippocampal formation is a highly plastic structure that is 

integral in the formation, consolidation, and retrieval of episodic memories.
423–425

 Sensory 

information enters the hippocampus via the entorhinal cortex (EC) where information processing 

and storage
426

 are believed to be encoded by molecular mechanisms such as LTP and LTD.
427

 The 

tri-synaptic pathway (DG/CA3/CA1) has been extensively studied and includes the Shaffer 

collaterals connecting CA3 to the basal dendrites and axon collaterals of CA1 pyramidal cells in 

the stratum radiatum (Str. R). A lesser investigated pathway is that of layer III neurons of the EC 

projecting directly to the distal dendrites of CA1 neurons in the stratum lacunosum-moleculare 

(Str. LM). This cortico-hippocampal input has been referred to as the perforant pathway but has 

also been called the temporoammonic pathway (TA); it is integral in the recognition
428

 and 

consolidation
61

 of spatial memory.  
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The TA-CA1 pathway is often overshadowed by its Schaffer collateral counterpart but 

the importance of the TA cannot be ignored as considerable evidence suggests that information 

processing in hippocampal neurons is reliant on integration of a diverse range of inputs along the 

dendritic tree.
429

 Pyramidal neurons in CA1 encounter pre-processed information at their basal 

dendrites via the Schaffer collateral pathway while un-filtered information reaches the distal 

dendrites of these same neurons directly via the TA pathway. As changes in TA connections 

induce heterosynaptic plasticity and long lasting augmentation of synaptic coupling between 

Schaffer collaterals and pyramidal cells,
430,431

 this convergence may serve as a mismatch and/or 

error detection filter.
432,433

 Of particular importance for my thesis, the CA1 connections of the TA 

pathway have been shown to be reliably sensitive as a model synapse in preclinical models of 

depression. 

As discussed previously, chronic stress can induce a depression-like behavioral 

phenotype that possesses etiological, face, construct, and predictive validity. Stress-induced 

changes in the hippocampus are particularly apparent at the distal dendrites of pyramidal cells. 

Atrophy of dendritic arborizations
68–70

 and reductions in the size/number of synapses
65,68,69,71

 

preferentially weaken TA, and not SC, synapses in area CA1. Furthermore, TA is densely 

innervated by serotoninergic fibers and TA-CA1 transmission is sensitive to modulation by 

antidepressant compounds.
47

 With regards to the behavioral phenotype, it was observed 

pathological changes induced by chronic stress were restored to normal levels following 

treatment with the SSRI fluoxetine and that this correlated with the restoration of TA-CA1 

synaptic transmission. Finally, it is worth nothing that the ability of classical antidepressants to 

restore weakened TA synapses and normal reward behavior requires chronic and not acute SSRI 

treatment; mirroring the delayed therapeutic onset of these compounds in the human condition. 

This is not meant to imply that the myriad of pathological changes in the brain and subsequent 

changes in behavior – induced by chronic stress and disrupted in human depression – are 

somehow dependent on TA-CA1 synaptic strength. Rather, that the TA-CA1 pathway is a model 
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synapse for understanding the role of serotonin, as the molecule upon which SSRIs act, in an 

attempt to answer the fundamental question of “how antidepressants work?” 
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Hypothesis and Predictions 

I hypothesize that successful monoaminergic antidepressant treatment with fluoxetine 

results from the serotonergic-induced potentiation of glutamatergic transmission by means of 

increased AMPA receptor function. The initial potentiation occurs through the 5-HT1BR-mediated 

activation of CaMKII and the subsequent phosphorylation of AMPA receptors at serine 831. The 

maintenance of this potentiation occurs through the co-activation of a Gs-coupled serotonin 

receptor and the subsequent recruitment of PKA signaling, stabilizing the increase in AMPAR-

mediated function. It is this need for a chronic increase in glutamatergic transmission that 

underlies the requirement for fluoxetine to be administered repeatedly for clinical efficacy. 

 

Hypothesis 1: Activation of Gi/o-coupled 5-HT1B receptors triggers CaMKII-dependent 

phosphorylation of the GluA1 subunit at serine 831 via PLC-dependent release of calcium from 

intracellular stores. 

Prediction 1.1: Uncoupling of 5-HT1BRs from Gi/o-proteins with pertussis toxin will 

prevent 5-HT1BR-mediated potentiation of glutamate transmission at TA-CA1 synapses. 

Prediction 1.2: Inhibition of PLC will prevent anpirtoline-induced potentiation by 

uncoupling 5-HT1BRs from calcium stores. 

Prediction 1.3: Depletion of intercellular calcium stores will prevent 5-HT1BR-mediated 

potentiation. 

 

Hypothesis 2: In addition to CaMKII, 5-HT1BR activation recruits the Ras/Raf/MEK/ERK 

second messenger cascade; the activation of both enzymes is required for the potentiation of 

glutamate transmission and the phosphorylation of GluA1 at S831. 

Prediction 2.1: Inhibition of MEK will prevent 5-HT1BR-mediated potentiation through 

inhibition of ERK activation. 
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Prediction 2.2: A chemically distinct 5-HT1BR agonist that activates ERK without 

recruitment of CaMKII is not sufficient to induce potentiation of glutamate transmission 

at TA-CA1 synapses. 

 

Hypothesis 3: Fluoxetine’s sustained potentiation of hippocampal TA-CA1 synapses is due to 

the co-activation of 5-HT1BRs and an as yet-unidentified Gs-coupled serotonin receptor, thereby 

activating PKA signaling. 

Prediction 3.1: Pharmacological antagonists of one or more Gs-coupled serotonin 

receptor(s) will result in transient fluoxetine-induced potentiation. 

Prediction 3.2: Preventing PKA signaling during the administration of fluoxetine will 

result in transient potentiation. 

Prediction 3.3: Pharmacological agonists of one or more Gs-coupled serotonin receptor(s) 

will render the normally transient potentiation induced by anpirtoline persistent. 

 

Hypothesis 4: Chronic fluoxetine treatment results in a maximal potentiation of AMPA receptor-

mediated synaptic transmission thereby occluding further 5-HT1BR-induced potentiation. 

Prediction 4.1: The relative contribution of AMPA receptor signaling to excitatory 

synaptic transmission at serotonin-sensitive synapses will be greater after chronic 

fluoxetine treatment in vivo. 

Prediction 4.2: Induction of long-term synaptic potentiation (LTP) with high frequency 

stimulation will be reduced in magnitude at TA-CA1 synapses after chronic fluoxetine 

treatment in vivo. 

Prediction 4.3: Induction of long-term synaptic depression (LTD) with low frequency 

stimulation will increased in magnitude at TA-CA1 synapses after chronic fluoxetine 

treatment in vivo. 
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Prediction 4.4: Naïve animals treated chronically with fluoxetine will exhibit a deficit in 

a hippocampal-dependent behavioral task. 

 

In the following thesis, I aim to address the fundamental question of how antidepressants, 

specifically selective serotonin reuptake inhibitors, affect the brain in ways that can explain their 

therapeutic efficacy. To do so, I investigate the molecular signaling pathways recruited by 

serotonin and attempt to understand the impact of these molecules on neuronal transmission. In 

chapter 3, I first identify which signaling pathway(s) are recruited by 5-HT1BR activation – a 

serotonin receptor known to be required for the antidepressant efficacy of SSRIs and TCAs – and 

describe the impact of these molecules on glutamatergic transmission. In chapter 4, I describe  

In chapter 5, with a greater understanding of the molecules and pathways recruited by 

serotonin, I describe the differential impact of specific activation of 5-HT1BRs by the agonist 

anpirtoline and the simultaneous co-activation of multiple serotonin receptors by the SSRI 

fluoxetine. In chapter 6, I investigate the impact of chronic fluoxetine administration, as would be 

done with human patients, on the signaling pathways identified in the previous chapters. 
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3. General Methods 

All procedures were approved by the University of Maryland School of Medicine 

Institutional Animal Care and Use Committee.  

 

Animals 

Unless otherwise stated, all animals were group housed with access to food and water ad 

libitum and kept on a normal 12 hour light/dark cycle. Regardless of manipulations and 

behavioral testing, all in vitro electrophysiology and molecular biology experiments were 

performed on animals of 6-8 weeks of age. 

 

Rats 

Male Sprague-Dawley rats from Charles River Laboratories (Gaithersburg, Maryland) 

were used in these experiments. All animals housed in triads with access to food and water ad 

libitum and kept on a normal 12 hour light/dark cycle. 

 

TrkB
F616A

 mice 

Initial breeding pairs of TrkB
F616A

 mice were obtained from the laboratory of Dr. Susan 

Dorsey at the University of Maryland, Baltimore. Originally developed by Dr. David Ginty, while 

he was at Johns Hopkins University
434

, these mice possess a single point mutation within the ATP 

binding pocket of kinase subdomain V of Ntrk2 (neurotrophic tyrosine kinase receptor type 2; 

also called TrkB). This phenylalanine to alanine substitution renders the TrkB receptors sensitive 

to inhibition by 1NMPP1 [1-naphthylmethyl 4-amino-1-tert-butyl-3-(p-methyl 

phenyl)pyrazolo[3,4-d]pyrimidine], a novel membrane-permeable, small-molecule derivatives of 

the general kinase inhibitor PP1.
435

 As appropriate neurotrophin signaling is critical for 

development and normal neuronal function, these mice are a particularly good model for studying 
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trkB function because the receptors are fully functional in the absence of the exogenous inhibitor. 

This chemical-genetic strategy thus allows for specific, rapid, and reversible inhibition of TrkB 

signaling within discreet time periods, without altering other signaling processes. 

Heterozygous mice harboring the trkB
F616A

 knock-in mutations were initially generated 

and backcrossed to a C57BL/6 background
435

. Experimental mice were for the current studies 

were generated from heterozygous intercrosses to produce homozygous mutant, heterozygous, 

and homozygous null mutant (wildtype littermate) animals. Genotypes were determined by 

polymerase chain reaction (PCR; 30s-94°C; 1min-60°C; 1min-72°C) using the following primers: 

5’-GGGCTTGAGAAGAGGGCAAAAGGGTTGCTCAG-3’ and 5’-

GTTGGTCACCAGCAGAACACTCGACTCAC-3’. The resulting bands were resolved on 1.5% 

agarose gels (see Appendix for details). Mutant = 430bp; Heterozygote = 430bp and 280bp; Wild 

type = 280bp 

 

GluA1
S845A

 mice 

GluA1
S845A

 mice were gifts from the laboratory of Dr. Richard L. Huganir at Johns 

Hopkins University. Heterozygous mice harboring the Gria
S845A

 knock-in mutations were initially 

generated and backcrossed to a C57BL/6 background
377

. Genotypes were determined by 

polymerase chain reaction (PCR; 30s-94°C; 1min-65°C; 1min-68°C) using the following primers: 

5’-CCCAGGTCCTTGGTAATGATTGC-3’ and 5’-

AATGAGATAACACGGGGCTTGGTTCCTAAC-3’. The resulting bands were resolved on 

1.5% agarose gels (see Appendix for details). Mutant = 540bp; Heterozygote = 540bp and 390bp; 

Wild type = 390bp. All genotyping was performed by members of the Huganir laboratory. 

 

Acute hippocampal slice preparation 

Acute hippocampal slice tissue was isolated from 6-8 week old animals that were deeply 

anesthetized using Somnasol (rats: 0.025mL/kg; mice: 0.005mL/kg; 390mg pentobarbital sodium, 
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50mg phenytoin sodium per mL). Following decapitation, both hippocampi were removed and 

placed into ice cold artificial cerebrospinal fluid (ACSF) containing: 120mM NaCl, 3mM KCl, 

1mM NaH2PO4, 1.5mM MgSO4*7H2O, 2.5mM CaCl2, 25mM NaHCO3, and 20mM glucose. 

ACSF was bubbled with carbogen (95%O2/5%CO2) prior to use. Hippocampi were mounted in a 

2% Agar block before 400µm transverse sections were cut using a vibratome. Hippocampal slices 

were allowed to recover for at least 1hr at the interface of physiological medium on filter paper 

with humidified oxygenated air. 

 

Acute slice electrophysiology 

After recovery, all slices were transferred to a submersion-type recording chamber that 

was perfused at room temperature with ACSF (~1mL/min) that was continuously bubbled with 

carbogen. Picrotoxin (100µM) and CGP54626 (2µM) were included to block GABAA and 

GABAB receptors, respectively. All compounds were dissolved in ASCF and bath applied via the 

perfusion system. Concentrations of these compounds are noted at their final experimental 

concentration (see Appendix for details). 

 

Field excitatory post synaptic potentials (fEPSPs) 

Capillary glass recording pipettes filled with bath ACSF (3-5MΩ) were placed in the Str. 

LM in area CA1. Concentric bipolar tungsten electrodes were placed >500µm away from the 

recording electrodes in the Str. LM to stimulate TA afferents originating from the superficial 

layers of entorhinal cortex. Stimulus intensity was set to 150% of the minimum voltage necessary 

to elicit a postsynaptic response (fEPSP 0.1-0.2mV). Stimuli (100µs duration) were delivered at 

0.05Hz. Responses were filtered at 10kHz and amplified 100x prior to digitization using pClamp 

software. 

Field excitatory postsynaptic potentials (fEPSPs) provide a measure of synaptic 

connectivity from TA afferents to the distal dendrites of the CA1. Responses were binned by 
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minute and averaged for analysis purposes. The amplitude of the fiber volley (FV) was used as an 

indicator of stimulus intensity and normalization of a response to its FV allowed for direct 

comparison from different stimuli. The initial slope of the first 2ms of the fEPSP was used an 

indicator of the strength of the AMPAR-mediated component of the evoked response. fEPSPs 

were elicited for a >30min baseline period prior to any manipulation to ensure stable responses. 

When implemented, electrical LTP was induced using a high frequency stimulation protocol 

(HFS; 4 trains of 100 pulses delivered at 100Hz; 1min inter-train interval) and electrical LTD was 

induced using a low frequency stimulation protocol (LFS; 900 pulses, 3 Hz). Stimulation was 

then resumed at 0.05Hz. For quantification of pooled data, fEPSP slope values were averaged and 

quantified over a 3min period preceding a manipulation (e.g. application of a substance, HFS, 

LFS, etc.) and a 3min period at the end of the manipulation. 

  



58 

 
Figure 3-1 Transverse hippocampal slice anatomy, electrode placement, and molecular biology 

sampling area 

(A) Anatomical layout of an example acute transverse hippocampal slice; inset shows serotonergic 

fibers innervation of area CA1 and the dentate gyrus (DG), note that the highest density of innervation 

is in the stratum lacunosum-moleculare (Str. LM) of CA1. (B) Placement of the electrodes for 

recoding extracellular field potentials (fEPSP) at the distal dendrites of area CA1 from the Str. LM 

following stimulation of the temporoammonic (TA) afferents. Dotted line represents a controlled 

severing of Schaffer collateral projections to prevent reciprocal flow of information from high 

electrical simulation (C) Dissection of the Str. LM prior to protein extraction for Western blotting. 

Dotted line represents the sampling area. 
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Molecular markers 

Western blotting 

The levels of various proteins of interest and their phosphorylation state were determined 

using the Western blot technique. Area Str. LM was dissected out of 2-4 hippocampal slices, 

pooled, and homogenized in ice-cold lysis buffer containing phosphatase and protease inhibitor 

cocktails (PPI; Sigma). Protein quantification for each sample was performed using a standard 

Bradford Assay (Coomassie reagent, Thermo Scientific, Rockford, IL). Samples (5-7 µg) were 

loaded in sample buffer (Laemmli; Sigma), boiled, and run on Bis-Tris gels (4-12% gradient; 

Invitrogen). Following electrophoresis, proteins were transferred to PVDF membranes, blocked 

and probed with the following antibodies: phosphorylated serine-831 GluA1 (1:1000; Sigma); 

phosphorylated serine-845 GluA1 (1:1000; Sigma); phosphorylated CaMKII (1:3000; Abcam); 

phosphorylated-p42/44 (1:5000; Cell Signaling); β-actin (1:5000; Cell Signaling). Membranes 

were incubated for 1hr at room temperature in HRP-conjugated IgG antibodies (1:1000; Cell 

Signaling) and developed with enhanced chemiluminescence. Membranes were then stripped, 

blocked and re-probed with the following antibodies: GluA1 (1:1000; Pierce); CaMKII (1:1000; 

Abcam); p42/44 (1:5000; Cell Signaling). 

Membranes were imaged using ChemiDoc XRS system (BIORAD). Membranes were 

then stripped using Restore Western Blot Stripping Buffer (15min; ThermoScientific), blocked, 

and reprobed using appropriate primary and secondary antibodies.  

Images were analyzed using the ImageJ densitometry analysis software (NIH; version 

1.49). To determine the phosphorylation states of proteins, protein bands were analyzed based on 

the percent of phosphorylated protein signal to total protein. 

 

Data analysis and statistics 

Experiments were performed and analyzed with the experimenter blinded to the 

experimental condition whenever possible. The blind was not broken until data analysis was 
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complete. Data are presented as mean ± SEM. Statistics were calculated using Graphpad 

(Graphpad Software, Inc.; La Jolla, CA). All data were analyzed using the appropriate statistical 

test for each experiment (noted below) and were normally distributed and homoscedastic. 
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4. Activation of 5-HT1BRs Liberates Intracellular Calcium from 

Stores and Potentiates TA-CA1 Synaptic Transmission via CaMKII 

Introduction 

Serotonin and its receptors have long been major targets in the pharmacological treatment 

of depression. 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, causes 

depression.
436

 One prediction of this hypothesis is that elevation of serotonin levels would relieve 

the symptoms of depression, and testing this prediction led to the development of selective 

serotonin reuptake inhibitors (SSRIs), which produce a rapid elevation of extracellular 

serotonin.
421

 

However, from a clinical standpoint, SSRIs have several shortcomings. First and most 

importantly, nearly half of all depressed patients do not respond to initial treatment with SSRIs, 

and 75% do not achieve full remission.
11

 Furthermore, in the cases when SSRIs are effective, 

there is a prolonged latency (weeks to months) to achieve the desired relief of symptoms, despite 

the rapid (minutes to hours) increase in monoamine concentrations they produce in the synaptic 

cleft.
437

 Months of unremitted symptoms while the clinician is trying to find an appropriate 

pharmacotherapy is very difficult for many patients. 

On the molecular level, SSRI-induced elevation of serotonin causes an increase in the 

activation of serotonin receptors, of which there are 14 subtypes. The subtype and location of the 

receptor determines the effect of ligand binding
438

 which can alter the transcription, translation, 

phosphorylation state, and activation state of various downstream proteins.
438,439

 Serotonin 

signaling has been implicated in everything from appetite to aggression to sexual function to 

mood.
440

 The wide distribution of serotonergic fibers and receptors and its range of modulatory 

roles allow a single neurotransmitter to have many physiological functions. However due to its 
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pleiotropic nature, serotonin has been described as “involved in everything yet responsible for 

nothing.” 

Although serotonin is capable of regulating glutamatergic neurotransmission,
441,442

 the 

interaction of these two neurotransmitter systems remains incompletely characterized and 

whether their interaction is required for the therapeutic effect of antidepressants remains 

controversial. Recent work from the Thompson lab has shown that activation of 5-HT1B receptors 

(5-HT1BRs) potentiates some glutamatergic synapses in the hippocampus.
47

 Temporoammonic 

(TA) afferents from layer III entorhinal cortex neurons form excitatory synapses with the distal 

apical dendrites of CA1 pyramidal cells in the stratum lacunosum-moleculare (Str. LM) – a 

pathway required for some spatial recognition tasks and for long-term consolidation of spatial 

memory.
61,400

 At these TA-CA1 synapses, 5-HT1BR activation results in the potentiation of 

glutamate transmission via the Ca
2+

/Calmodulin-dependent protein kinase II (CaMKII)-mediated 

phosphorylation of the AMPA receptor subunit GluA1 at serine 831.
47

 

Canonical 5-HT1BRs are heterotrimeric Gαi/o-protein receptors that negatively coupled to 

cAMP levels via inhibition of adenylyl cyclase.
443–445

 It therefore remains unclear how 5-HT1BRs 

activate CaMKII. Cai et al. (2013) showed that 5-HT1BR-mediated potentiation of AMPA 

receptors via CaMKII was NMDA receptor-independent,
47

 suggesting that some other source of 

Ca
2+

 is required. Giles et al. (1996) showed that 5-HT1BR activation in CHO cells raises 

intracellular Ca
2+

 levels directly, providing the potential means for the activation of CaMKII.
446

 

This leads me to my first hypothesis. 

 

Hypothesis 1: Activation of Gi/o-coupled 5-HT1B receptors triggers CaMKII-dependent 

phosphorylation of the GluA1 subunit at serine 831 via PLC-dependent release of calcium from 

intracellular stores. 
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Methods 

All methods are described in “Chapter 2 – General Methods” with the exception of those 

specifically pertaining to the following experiments. 

 

Pertussis toxin injection 

Intracerebral ventricular (ICV) administration of pertussis toxin (PTxn; Tocris) was 

implemented to block Gi/o-coupled receptors. Rats were anesthetized with a mixture of ketamine 

(60-80 mg/kg) and xylazine (7.5-10mg/kg), intraperitoneally. Animals were mounted in a 

stereotaxic frame and an incision was made in the scalp where a 1-3mm hole was drilled in the 

skull at bregma. A Hamilton syringe, mounted on the stereotaxic frame, was inserted 2.4mm deep 

into the brain where 1.5μg of PTxn was delivered in a 15μL sterile solution (10mM sodium 

phosphate buffer; 50mM sodium chloride; pH 7.0) over a period of 10-15 minutes. For control 

experiments, PTxn was inactivated prior to delivery by boiling for 30 minutes. Animals were 

allowed to recover 3-5 days post-surgery before experimentation. Postsurgical care, including 

carprofen administration and monitoring, was performed for 48 hours after surgery. 
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Results 

Prediction 1.1: Uncoupling of 5-HT1BRs from Gi/o-proteins with pertussis toxin will prevent 5-

HT1BR-mediated potentiation of glutamate transmission at TA-CA1 synapses. 

Uncoupling pertussis toxin sensitive Gi/o-coupled receptors from their downstream signaling 

molecules prevents 5-HT1BR-mediated potentiation 

To test this first prediction of my hypothesis, I uncoupled heterotrimeric G-proteins of the 

αi/o-family, of which 5-HT1BR is a member, from their respective receptors using pertussis toxin 

(PTxn; 1.5μg; Tocris) before stimulating 5-HT1BRs with anpirtoline. Pertussis toxin is a secreted 

protein exotoxin and an important virulence factor produced exclusively by B. pertussis. The 

toxin is taken up into cells where it hydrolyzes cellular NAD and transfers the released ADP-

ribose to a specific cysteine residue near the C-terminus of the αi/o-subunits.
447

 The αi/o-subunits 

remain locked in their ADP-bound/inactive state preventing receptors that use these proteins from 

signaling to their downstream effector processes.
447–450

 Signaling pathways controlled by 

members of the αs-, αq-, and α12-families are characterized as “pertussis toxin-resistant’ due to the 

inability of the toxin to influence signaling through them. This is of particular note because αq 

family members are known to activate isoforms of phospholipase C (PLC) in some cell types, 

resulting in increases in intracellular calcium and activation of protein kinase C (PKC) and other 

cellular responses (see Fields and Casey, 1997 for a review
451

). 

Active PTxn or its control, heat-inactivated PTxn, were introduced into the brains of rats 

through intracerebral ventricular (ICV) injection. Animals were allowed to recover for 3-5 days 

after injection to ensure that PTxn was able to fully penetrate the tissue and irreversibly inactivate 

PTxn-sensitive Gi/o-receptors. Following this incubation phase, animals were sacrificed and acute 

hippocampal slices were obtained for physiological experiments. Baseline fEPSPs were recorded 

for 30 minutes before the application of the 5-HT1BR agonist anpirtoline (50µM; Tocris) for 60 

minutes. As a positive control for cell health, CaMKII activation, and potentiation of AMPA 

receptor signaling, a high frequency stimulation protocol (HFS 4 trains of 100 pulses delivered at 
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100Hz; 1min inter-train interval) was delivered in an attempt to induce long-term potentiation 

following the cessation of anpirtoline administration.  

In slices prepared from animals that had received an injection of the inactivated toxin, 

anpirtoline increased the fEPSP slope continuously during a 60 min application (black circles; 

Figure 4-1). Following HFS to this pathway, I observed that there was no further significant HFS-

induced potentiation, consistent with an occlusion of potentiation, as shown previously.
47

 In slices 

prepared from PTxn-treated animals anpirtoline application failed to induce an increase in fEPSP 

slope (red circles; Figure 4-1). In these slices, in contrast, delivery of HFS produced an increase 

in fEPSP slope that persisted for 60 min after the tetanus.  

I therefore conclude that the 5-HT1BR agonist anpirtoline potentiates TA-CA1 synapses 

via pertussis sensitive Gi/o-coupled heteroreceptors. I interpret this to mean that 5-HT1BR-

mediated potentiation is occurring through the activation of βγ-specific second messenger 

cascades as activation of αi/o-subunits downregulate cAMP production and negatively couple to 

synaptic strengthening processes like LTP. 
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Figure 4-1 Uncoupling of heterotrimeric Gi/o-proteins inhibits 5-HT1BR-mediated potentiation 

(A) Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM) 

on TA-CA1 fEPSPs in Str. LM of acute hippocampal slices taken from animals that had received an 

ICV injection of active (red) or inactive (black) PTxn. High frequency stimulation (HSF; arrows) was 

used to test for the induction of LTP as a positive control. Anpirtoline failed to increase the slope of 

TA-CA1 fEPSPs when slices were derived from animals pre-treated with PTxn (peak = 

100.28±7.23%; post HFS = 141.82±6.61%; n = 10) but not when animals received inactivated-PTxn 

(145.79±6.94%; post HFS = 137.04±6.33%; n = 8). After the application of anpirtoline, HFS (arrows) 

was able to potentiate fEPSPs in PTxn-treated slices, but was occluded in the slices from animals 

treated with inactivated-PTxn treated animals in which an anpirtoline response was generated. (B) 

Group fEPSP slope values over the last 3min of baseline, anpirtoline administration, and 60min post 

HFS. A two-way repeated measures ANOVA revealed a significant interaction (F(2,42) = 9.300; 

p=0.0005) between conditions following anpirtoline application, Bonferroni post hoc analysis revealed 

a significant different at the peak but not post HFS. * = p < 0.05 compared to baseline; # = p < 0.05 

compared to inactivated control; data are expressed as the mean ± SEM. 
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Prediction 1.2: Inhibition of PLC will prevent anpirtoline-induced potentiation by uncoupling 5-

HT1BRs from calcium stores 

Inhibition of PLC prevents CaMKII activation and 5-HT1BR-mediated potentiation 

Following on my previous findings, Gαi-subunits are known to activate PLC, which 

generates IP3 from its phospholipid precursor, a potent activator of Ca
2+

 release from the 

endoplasmic reticulum. To test this prediction of my hypothesis, I used the phospholipase C 

(PLC) inhibitor U73122 (Tocris) to disrupt IP3-mediated Ca
2+

 release from internal stores before 

stimulating 5-HT1BRs with anpirtoline. Hydrolysis of polyphosphoinositide (PIP2; PtdIns(4,5)P2) 

by PLC results in the production of two intracellular messengers: inositol triphosphate (IP3; 

Ins(1,4,5)P3) and diacylglycerol (DAG). The role of IP3 in the regulation of intracellular Ca
2+

 

levels is now well established and it is known to bind to a specific receptor promoting the release 

of Ca
2+

 from the endoplasmic reticulum into the cytoplasm.
452,453

 U73122 is an aminosteroid that 

potently inhibits PIP2 hydrolysis by PLC and abolishes the increase in IP3 and DAG in a cAMP-

independent manner.
454–456

  

Acute hippocampal slices from 6-8 week old rats were pretreated with either U73122 (10µM; 

Tocris) or an equivalent amount of vehicle (DMSO) for a minimum of 30 minutes. fEPSPs were 

recorded in the Str. LM of hippocampal area CA1 and 5-HT1BRs were activated with the agonist 

anpirtoline (50µM). Anpirtoline failed to produce potentiation of fEPSPs in slices pretreated with 

U73122 (red circles; Figure 4-2), whereas anpirtoline produced a significant potentiation of 

fEPSPs in slices treated with vehicle (black circles; Figure 4-2). Application of the inhibitor alone 

had no effect on basal transmission (Figure A-6). 

To determine if the prevention of anpirtoline-induced potentiation was due to a disruption 

in PLC signaling, I harvested Str. LM tissue from slices treated with each of the following 

conditions: vehicle; anpirtoline (50µM; 60mins); U73122 (10µM; 60mins); U73122 (10µM; 

60mins) + anpirtoline (50µM; 60mins). I then used sequential Western blotting with 

phosphorylation-dependent and -independent antibodies to monitor protein activation. 
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In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, anpirtoline produced a significant activation of CaMKII as well as an 

increase in phosphorylated GluA1 at S831 at the 60min time point. Both effects were reversed at 

the 60min washout time point, consistent with the transient physiological potentiation seen in 

response to anpirtoline application and washout (Figure 4-2). Application of the inhibitor had no 

effect on unstimulated phosphoprotein expression or total protein levels (Figure A-7). 

I therefore conclude that inhibition of PLC prevents the 5-HT1BR-mediated potentiation 

of TA-CA1 synapses. Furthermore, this inhibition prevents the activation of CaMKII and the 

increase in phosphorylation of GluA1 at S831. I interpret this to mean that PLC is recruited by 5-

HT1BR stimulation and that it is upstream of CaMKII activation. It also describes the recruitment 

of a Gi/o/PLC/CaMKII second messenger cascade that results in the phosphorylation of GluA1 at 

S831 following 5-HT1BR activation. 
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Figure 4-2 Inhibition of PLC prevents CaMKII activation and 5-HT1BR-mediated potentiation 

(A) Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM) 

on TA-CA1 fEPSPs in Str. LM of acute hippocampal slices in the presence of the PLC inhibitor 

U73122. In slices pretreated with U73122 (10µM), anpirtoline application had no effect on fEPSP 

slope (red; peak = 101.32±3.24%; wash = 101.93±6.32%; n = 5); however, in the vehicle treated 

slices, anpirtoline produced a robust increase (black; peak = 139.07±7.68%; wash = 102.43±7.31%; n 

= 7). (B) Group fEPSP slope values over the last 3min of baseline, last 3min of anpirtoline 

administration, and 27-30min post wash. A two-way repeated measures ANOVA revealed a significant 

interaction (F(2,30) = 5.677; p = 0.0081) between conditions following anpirtoline application, 

Bonferroni post hoc analysis revealed a significant different at the peak but not at the washout time 

point. * = p < 0.05 compared to baseline; # = p < 0.05 compared to vehicle; data are expressed as the 

mean ± SEM. 
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Figure 4-2 Inhibition of PLC prevents CaMKII activation and 5-HT1BR-mediated potentiation 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of anpirtoline (50µM) increased the levels of phosphorylated ERK, CaMKII, and S831 at 

the 60min time point. Pretreatment with U73122 (10µM) prevented the anpirtoline-induced increase in 

phosphorylated CaMKII and S831; levels of activated ERK remained unaffected. One-way ANOVA 

and Bonferroni post hoc analysis revealed these differences to be significantly different from vehicle. * 

= p < 0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Prediction 1.3: Depletion of intercellular calcium stores will prevent 5-HT1BR-mediated 

potentiation 

Prolonged inhibition of SERCA prevents CaMKII activation and 5-HT1BR-mediated potentiation 

To test this prediction of my hypothesis, I pharmacologically depleted Ca
2+

 from 

intracellular stores using α-cyclopiazonic acid (CPA; Tocris) before stimulating 5-HT1BRs with 

anpirtoline. CPA is a toxic fungal metabolite originally isolated from P. cyclopium and is 

chemically related to ergoline alkaloids.
457

 CPA acts as a cell-permeable, reversible inhibitor of 

the sarco/endoplasmic reticulum Ca
2+

-ATPase (SERCA). The function of the SERCA ATPase is 

to transfer Ca
2+

 from the cytosol of the cell to the lumen of the ER at the expense of ATP 

hydrolysis.
458

 SERCA is essential in maintaining internal Ca
2+

 homeostasis and its sustained 

inhibition by CPA results in the dissipation of Ca
2+

 stores.
459–461

 

Acute hippocampal slices were pretreated with either CPA (10µM) or an equivalent 

amount of vehicle (DMSO) for a minimum of 30 minutes before application of the 5-HT1BR 

agonist anpirtoline (50µM). fEPSPs were recorded in the Str. LM of hippocampal area CA1. 

Anpirtoline failed to produce any significant potentiation of fEPSPs in slices pretreated with CPA 

(red circles; Figure 4-3); although anpirtoline produced a significant potentiation of fEPSPs in 

slices treated with vehicle (black circles; Figure 4-3). As shown previously, the potentiation of 

glutamatergic transmission by anpirtoline is transient – persisting only as long as the ligand is 

present and gradually returns to baseline levels upon washout of anpirtoline.
47

 Application of the 

inhibitor alone had no effect on basal transmission (Figure A-6). 

To determine if the prevention of anpirtoline-induced potentiation was due to a disruption 

of intracellular Ca
2+

 stores, I harvested Str. LM tissue from slices treated with each of the 

following conditions: vehicle; anpirtoline (50µM; 60mins); CPA (10µM; 60mins); CPA (10µM; 

60mins) + anpirtoline (50µM; 60mins). I then used sequential Western blotting with 

phosphorylation-dependent and -independent antibodies to monitor protein activation.  
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In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, anpirtoline produced a significant activation of CaMKII as well as an 

increase in phosphorylated GluA1 at S831 at the 60min time point. Both effects were reversed at 

60min washout time point, consistent with the transient physiological potentiation seen in 

response to anpirtoline application. Inhibition of SERCA robustly reduced the levels of activated 

CaMKII in the presence of anpirtoline, as well as the increase in GluA1 phosphorylation at S831, 

a known substrate of CaMKII (Figure 4-3). Application of the inhibitor had no effect on 

unstimulated phosphoprotein expression or total protein levels (Figure A-7). 

I therefore conclude that inhibition of SERCA prevents the 5-HT1BR-mediated 

potentiation of TA-CA1 synapses. Furthermore, this inhibition prevents the activation of CaMKII 

and the increase in phosphorylation of GluA1 at S831. I interpret this to mean that the Ca
2+

 

necessary for the 5-HT1BR-mediated activation of CaMKII originates from intracellular stores of 

the sarco/endoplasmic reticulum. 
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Figure 4-3 Depletion of internal Ca

2+
 stores prevents CaMKII activation and 5-HT1BR-mediated 

potentiation 

(A) Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM) 

on TA-CA1 fEPSPs in Str. LM of acute hippocampal slices in the presence of the SERCA inhibitor 

CPA. In slices pretreated with CPA (10µM), anpirtoline application had no effect on the fEPSP slope 

(red; peak = 94.16±6.07%; wash = 95.98±11.70%; n = 6), whereas in the vehicle treated slices, 

anpirtoline produced a robust increase in fEPSP slope (black; peak = 139.07±7.68%; wash = 

102.43±7.31%; n = 7). (B) Group fEPSP slope values over the last 3min of baseline, 3min of 

anpirtoline administration, and 27-30min post washout. A two-way repeated measures ANOVA 

revealed a significant interaction (F(2,33) = 5.619; p = 0.0072) between conditions following 

anpirtoline application, Bonferroni post hoc analysis revealed a significant different at the peak but not 

at the washout time point. * = p < 0.05 compared to baseline; # = p < 0.05 compared to vehicle; data 

are expressed as the mean ± SEM. 
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Figure 4-3 Depletion of internal Ca
2+

 stores prevents CaMKII activation and 5-HT1BR-mediated 

potentiation 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of anpirtoline (50µM) increased the levels of phosphorylated ERK, CaMKII, and S831 at 

the 60min time point. Pretreatment with CPA (10µM) prevented the anpirtoline-induced increase for 

all proteins. One-way ANOVA and Bonferroni post hoc analysis revealed these differences to be 

significantly different from vehicle. * = p < 0.05 compared to untreated vehicle control; data are 

expressed as the mean ± SEM. 

  



75 

Discussion 

In the above experiments, I tested the hypothesis that activation of Gi/o-coupled 5-HT1BRs 

triggers CaMKII-dependent phosphorylation of the GluA1 subunit at serine 831 via PLC-

dependent release of calcium from intracellular stores. 

 

Potentiation of TA-CA1 synapses by anpirtoline requires activation of a Gi/o/PLC/CaMKII second 

messenger cascade 

Uncoupling 5-HT1BRs from heterotrimeric Gαi/o-receptors with pertussis toxin (PTxn) 

prevented the 5-HT1BR-induced potentiation of fEPSPs of TA-CA1 synapses in the Str. LM by 

the 5-HT1BR agonist anpirtoline. PTxn treatment did not simply disrupt the ability of these 

synapses to express potentiation: a high frequency stimulation protocol known to induce LTP was 

able to elicit a strengthening of these synapses in PTxn-treated slices; a process likely to be 

mediated by NMDA receptor-dependent influx of Ca
2+

 and subsequent activation of CaMKII. 

Inhibition of PLC by the antagonist U73122 prevented the potentiation of TA-CA1 

fEPSPs and the increase in phosphorylation of CaMKII and GluA1 S831 suggesting that PLC is 

upstream of CaMKII activation and subsequent phosphorylation of GluA1 at S831. This suggests 

that the 5-HT1BR-induced release of Ca
2+

 from the ER is mediated by the PLC-dependent 

generation of second messengers, presumably IP3 via its ER-bound receptor. 

In cell lines, 5-HT1BRs have been shown to inhibit cAMP production via Gi/o-proteins; 

however, other in vitro studies have demonstrated an elevation of intracellular calcium 

concentrations following 5-HT1BR activation.
446

 Previous work showed that 5-HT1BR-mediated 

potentiation was CaMKII-dependent but NMDA receptor-independent,
47

 leading me to postulate 

that the Ca
2+

 required for CaMKII activation was originating from intracellular stores of the ER. 

Depletion of intracellular Ca
2+

 stores with α-cyclopiazonic acid (CPA) prevented the potentiation 

of fEPSP slope by anpirtoline. Furthermore, CPA treatment prevented the anpirtoline-induced 

increase in activated CaMKII, as well as its substrate S831 on the AMPA receptor. I have 
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therefore identified intracellular Ca
2+

 stores as the source of the Ca
2+

 that is required for CaMKII 

activation. 

 

Conclusion 

In summary, these results reveal the complicated series of events that occur after 5-

HT1BR activation. Following ligand binding to the pertussis-sensitive Gαi/o-protein coupled 

receptor, Ca
2+

 is released from intracellular stores in a PLC-dependent manner. This increase in 

free Ca
2+

 causes the activation of CaMKII. Active CaMKII phosphorylates its various substrates 

including GluA1 S831, potentiating glutamatergic transmission. It is highly likely that this 

phosphorylation event underlies the 5-HT1BR-mediated TA-CA1 potentiation because site-

directed mutagenesis of S831 to generate a phospho-null mutation by alanine substitution 

(S831A) renders GluA1 incapable of CaMKII phosphorylation, abolishes the potentiating effect 

of 5-HT1BR activation, and prevents the behavioral effects of antidepressants like SSRIs.
47
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5. 5-HT1BR Activation Recruits a Parallel Second Messenger 

Pathway via TrkB 

Introduction 

During the initial characterization of the 5-HT1BR and its potential role in stress and 

depression, unpublished findings by my predecessors in the Thompson lab, Drs. Cai and 

Kallarackal, indicated that other signaling pathways, in addition to CaMKII and phosphorylation 

of GluA1 at S831, may contribute to serotonin-induced potentiation. They observed that 

application of the 5-HT1BR agonist anpirtoline or elevation of endogenous serotonin by the SSRI 

fluoxetine resulted in the activation of extracellular regulated kinase (ERK). Furthermore, 

disruption of the Ras-mediated signaling cascades by transfection of a dominant negative form of 

Ras (S17N) prevented the anpirtoline-induced potentiation of TA-CA1 synapses. 

Extracellular regulated kinase (ERK) is a member of the mitogen activated protein kinase 

pathway (MAPK). ERK is activated by the Ras/Raf/MEK signaling cascade, which is responsible 

for translating extracellular stimuli, such as growth factor receptor activation, into gene 

transcription.
462

 This signaling cascade plays a role in a number of biological processes including 

growth, differentiation, and synaptic plasticity.
463

 Specifically highlight the LTP requirement 

here? Additionally, there is evidence that ERK plays an important role in depression and 

antidepressant therapies. This leads me to my next hypothesis. 

 

Hypothesis 2: In addition to CaMKII, 5-HT1BR activation recruits the Ras/Raf/MEK/ERK second 

messenger cascade; the activation of both enzymes is required for the potentiation of glutamate 

transmission and the phosphorylation of GluA1 at S831. 
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Methods 

All methods are described in “Chapter 2 – General Methods” with the exception of those 

specifically pertaining to the following experiments. 

 

TrkB
F616A

 mice 

Initial breeding pairs of TrkB
F616A

 mice were obtained from the laboratory of Dr. Susan 

Dorsey at the University of Maryland, Baltimore. Originally developed by Dr. David Ginty, while 

he was at Johns Hopkins University,
434

 these mice possess a single point mutation within the ATP 

binding pocket of kinase subdomain V of Ntrk2 (neurotrophic tyrosine kinase receptor type 2; 

also called TrkB). This phenylalanine to alanine substitution renders the TrkB receptors sensitive 

to inhibition by 1NMPP1 [1-naphthylmethyl 4-amino-1-tert-butyl-3-(p-methyl phenyl) pyrazolo 

[3,4-d] pyrimidine], a novel membrane-permeable, small-molecule derivatives of the general 

kinase inhibitor PP1.
435

 As appropriate neurotrophin signaling is critical for development and 

normal neuronal function, these mice are a particularly good model for studying trkB function 

because the receptors are fully functional in the absence of the exogenous inhibitor. This 

chemical-genetic strategy thus allows for specific, rapid, and reversible inhibition of TrkB 

signaling within discreet time periods, without altering other signaling processes. 

Heterozygous mice harboring the trkB
F616A

 knock-in mutations were initially generated 

and backcrossed to a C57BL/6 background.
435

 Experimental mice were for the current studies 

were generated from heterozygous intercrosses to produce homozygous mutant, heterozygous, 

and homozygous null mutant (wildtype littermate) animals. Genotypes were determined by 

polymerase chain reaction (PCR; 30s-94°C; 1min-60°C; 1min-72°C) using the following primers: 

5’-GGGCTTGAGAAGAGGGCAAAAGGGTTGCTCAG-3’ and 5’-

GTTGGTCACCAGCAGAACACTCGACTCAC-3’. The resulting bands were resolved on 1.5% 

agarose gels (see Appendix for details). Mutant = 430bp; Heterozygote = 430bp and 280bp; Wild 

type = 280bp.  
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Results 

Prediction 2.1: Inhibition of MEK will prevent 5-HT1BR-mediated potentiation through inhibition 

of ERK activation. 

Inhibition of MEK prevents ERK activation and 5-HT1BR-mediated potentiation but not CaMKII 

activation 

To test this hypothesis, I pharmacologically inhibited mitogen-activated protein kinase 

kinase 1 and 2 (MEK1/2) using U0126 (Tocris) before stimulating 5-HT1BRs with anpirtoline. 

The mitogen-activated protein kinase kinases (MAPKKs) are a group of protein serine/threonine 

kinases that are activated in response to a range of extracellular stimuli and mediate signal 

transduction from the cell surface to the nucleus. Of these, MEK1/2 is a key protein in the 

Ras/Raf/MEK/ERK second messenger cascade that mediates cellular responses to a wide variety 

of cytokines and growth factors (see Kolch, 2000
464

 for a review). In brief, the 

Ras/Raf/MEK/ERK second messenger cascade is activated by many receptors involved in growth 

and differentiation including GPCRs, growth factor receptor tyrosine kinases, and ion channels. 

Ras-GTPase activation is linked to growth factor receptors with tyrosine kinase activity, 

including those for epidermal growth factor (EGF) and brain-derived neurotrophic factor 

(BNDF). Ras activates Raf; which activates MAPKKs, including MEK1/2; which activates ERK 

via sequential phosphorylation. Downstream, activated ERK regulates growth factor-responsive 

targets in the cytosol as well as translocating to the nucleus where it phosphorylates a number of 

transcription factors regulating gene expression.
465

  

Acute hippocampal slices were pretreated with either U0126 (10µM) or an equivalent 

amount of vehicle (DMSO) for a minimum of 30 minutes before application of the 5-HT1BR 

agonist anpirtoline (50µM). fEPSPs were recorded in the Str. LM of hippocampal area CA1. 

Anpirtoline failed to produce any significant potentiation of fEPSPs in slices pretreated with 

U0126 (red circles; Figure 5-1); although anpirtoline produced a significant potentiation of 
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fEPSPs in slices treated with vehicle (black circles; Figure 5-1). Application of the inhibitor alone 

had no effect on basal transmission (Figure A-6). 

To determine if the prevention of anpirtoline-induced potentiation was due to a disruption 

of activated ERK, I harvested Str. LM tissue from slices treated with each of the following 

conditions: vehicle; anpirtoline (50µM; 60mins); U0126 (10µM; 60mins); U0126 (10µM; 

60mins) + anpirtoline (50µM; 60mins). I then used sequential Western blotting with 

phosphorylation-dependent and -independent antibodies to monitor protein activation.  

In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, anpirtoline produced a significant activation of ERK and CaMKII as well 

the increase in phosphorylation of GluA1 at S831 at the 60min time point. All effects were 

reversed at 60min washout time point, consistent with the transient physiological potentiation 

seen in response to anpirtoline application. Inhibition of MEK robustly reduced the levels of 

activated ERK in vehicle treated slices as well as in the presence of anpirtoline (Figure 5-1). 

U0126 had no effect on anpirtoline-induced activation of CaMKII but it did prevent the increase 

in GluA1 phosphorylation at S831, a known substrate of CaMKII (Figure 5-1). Treatment with 

the inhibitor had no effect on unstimulated levels of phosphorylated CaMKII phosphorylated 

GluA1 at S831 or total protein levels (Figure A-7). 

I therefore conclude that inhibition of MEK/ERK signaling cascade prevents the 5-

HT1BR-mediated potentiation of TA-CA1 synapses. Furthermore, this inhibition does not prevent 

the activation of CaMKII, but it does prevent the activated CaMKII from phosphorylating GluA1 

at S831. I interpret this to mean that recruitment of the Gi/o/PLC/CaMKII cascade following 5-

HT1BR activation is independent of the Ras/Raf/MEK/ERK cascade. Furthermore, that activated 

ERK acts as a permissive gate for activated CaMKII in the phosphorylation of its AMPA receptor 

substrate. This mechanism could also account for the heretofore unexplained requirement of 

MEK-ERK signaling in conventional LTP.
339,466
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Figure 5-1 Active ERK is required for the CaMKII-dependent phosphorylation of GluA1 at 

S831 and 5-HT1BR-mediated potentiation  

(A) Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM) 

on TA-CA1 fEPSPs in Str. LM of acute hippocampal slices in the presence of the MEK inhibitor 

U0126. In slices pretreated with U0126 (10µM), anpirtoline application had no effect on fEPSP slope 

(red; peak = 92.32±6.77%; wash = 97.73±5.17%; n = 6); however, in the vehicle treated slices, 

anpirtoline produced a robust increase (black; peak = 139.07±7.68%; wash = 102.43±7.31%; n = 7). 

(B) Group fEPSP slope values over the last 3min of baseline, last 3min of anpirtoline administration, 

and 27-30min post wash. A two-way repeated measures ANOVA revealed a significant interaction 

(F(2,33) = 9.229; p = 0.007) between conditions following anpirtoline application, Bonferroni post hoc 

analysis revealed a significant different at the peak but not at the washout time point. * = p < 0.05 

compared to baseline; # = p < 0.05 compared to vehicle; data are expressed as the mean ± SEM. 
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Figure 5-1 Active ERK is required for the CaMKII-dependent phosphorylation of GluA1 at 

S831 and 5-HT1BR-mediated potentiation 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of anpirtoline (50µM) increased the levels of phosphorylated ERK, CaMKII, and S831 at 

the 60min time point. Pretreatment with U0126 (10µM) reduced the levels of activated ERK and 

prevented the anpirtoline-induced increase in phosphorylated ERK and S831; levels of CaMKII were 

unaffected. One-way ANOVA and Bonferroni post hoc analysis revealed these differences to be 

significantly different from vehicle. * = p < 0.05 compared to untreated vehicle control; data are 

expressed as the mean ± SEM. 
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Prediction 2.2: A chemically distinct 5-HT1BR agonist that activates ERK without recruitment of 

CaMKII is not sufficient to induce potentiation of glutamate transmission at TA-CA1 synapses 

CP-93129 activates ERK without recruiting CaMKII and fails to initiate a synaptic potentiation 

At striatal synapses, two reports suggest that 5-HT1BR activation does not potentiate 

excitatory synapses, but rather inhibits presynaptic glutamate release.
467–469

 I noticed that they 

used a potent but structurally distinct agonist, CP-93129, rather than anpirtoline. In order to 

reconcile those reports with our findings, I compared the effects of CP-93129 on TA-CA1 

synapses to those of anpirtoline. 

Acute hippocampal slices were pretreated with either isamoltane (10µM) or an equivalent 

amount of vehicle (DMSO) for a minimum of 30 minutes before application of CP-93129 (2µM) 

or anpirtoline (50µM). In vehicle pretreated slices, application of CP-93129 failed to produce a 

significant potentiation of fEPSPs, instead causing a small, but significant, depression of 

transmission that persisted even upon removal of the agonist (red circles; Figure 5-2); this effect 

was blocked by pretreatment with the 5-HT1BR antagonist isamoltane. Application of anpirtoline 

produced a significant potentiation of fEPSPs (black circles; Figure 5-2) in vehicle treated slices 

and this effect was blocked by the presence of isamoltane. In addition, application of a 10-fold 

higher concentration of CP-93129 (20µM) or a 10-fold lower concentration of anpirtoline (5µM) 

was unable to recapitulate the physiological response of the other agonist (Figure A-8). These 

results corroborates previous reports that CP-93129 induces a small depression of synaptic 

transmission
467–469

 and that anpirtoline induces a significant, yet transient, potentiation of 

transmission.
47

 However, only the anpirtoline-induced responses are mediated by activation of 

isamoltane-sensitive 5-HT1BRs. The presence of isamoltane had negligible effects the cellular 

response to CP-93129. 

To determine if the lack of potentiation by CP-93129 was due to a failure to recruit the 

necessary effector molecules, I harvested Str. LM tissue from slices treated with each of the 

following conditions: vehicle; anpirtoline (50µM; 60mins); CP93129 (2µM; 60mins). I then used 
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sequential Western blotting with phosphorylation-dependent and -independent antibodies to 

monitor protein activation. 

In anpirtoline treated slices, as evidenced by an increase in the ratio of phosphorylated to 

non-phosphorylated protein, application produced a significant activation of ERK and CaMKII as 

well as an increase in phosphorylated GluA1 at S831 at the 60min time point (Figure 5-2). 

Application of CP-93129 significantly increased ERK activation but failed to elicit an increase in 

activated CaMKII or phosphorylated GluA1 at S831 (Figure 5-2). Treatment with either agonist 

had no effect on expression of total protein (Figure A-9). 

I therefore conclude that CP-93129 is not recruiting the same molecular pathways as 

anpirtoline, although they both bind to 5-HT1BRs. Anpirtoline recruits both the Gi/o/PLC/CaMKII 

and Ras/Rac/MEK/ERK second messenger cascades, resulting in increased phosphorylation of 

GluA1 at S831. CP-93129, in contrast, increases the levels of activated ERK but fails to induce a 

synaptic potentiation as the agonist fails to recruit CaMKII and the subsequent phosphorylation of 

GluA1 at S831. I interpret this to mean that the agonists CP-93129 and anpirtoline are activing 

different receptor populations. Anpirtoline induces a synaptic potentiation via 5-HT1BRs as 

corroborated by its sensitivity to the 5-HT1BR antagonist isamoltane. CP-93129 does not induce a 

synaptic potentiation and the cellular response to CP-93129 is insensitive to the presence of 

isamoltane. The above results suggest that CP-93129 is exerting its effects through a mechanism 

that is independent of 5-HT1BR activation. 
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Figure 5-2 The 5-HT1BR agonist CP-93129 activates ERK but not CaMKII and fails to initiate a 

potentiation at TA-CA1 synapses 

Group data showing the effect of 5-HT1BR activation on TA-CA1 fEPSPs in Str. LM of acute 

hippocampal slices following administration of anpirtoline (50µM; A-B) or CP-31229 (2µM; C-D). 

(A) Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM) 

on TA-CA1 fEPSPs in Str. LM of acute hippocampal slices. In slices pretreated with isamoltane 

(10µM), anpirtoline application had no effect on fEPSP slope (red; peak = 98.02±4.81; wash = 

100.61±6.36%; n = 9); however, in the vehicle treated slices, anpirtoline produced a robust increase 

(black; peak = 140.03±9.86%; wash = 102.63±6.65%; n = 5). (B) Group fEPSP slope values over the 

last 3min of baseline, last 3min of anpirtoline administration, and 57-60min post wash. A two-way 

repeated measures ANOVA revealed a significant interaction (F(2,36) = 4.589; p = 0.0168) between 

conditions following anpirtoline application, Bonferroni post hoc analysis revealed a significant 

different at the peak but not at the washout time point. (C) Group data showing the effect of 5-HT1BR 

activation by the selective agonist CP-93129 (2µM) on TA-CA1 fEPSPs in Str. LM of acute 

hippocampal slices. CP-93129 application had no effect on fEPSP slope in slices pretreated with 

isamoltane (gold; peak = 82.05±4.87; wash = 77.85±4.05%; n = 8) or vehicle treated slices (white; 

peak = 85.56±6.26%; wash = 79.26±5.74%; n = 9). (B) Group fEPSP slope values over the last 3min 

of baseline, last 3min of CP-93129 administration, and 57-60min post wash. There was no significant 

difference between the conditions observed as determined by a two-way repeated measures ANOVA 

(F(2,45) = 0.0817; p > 0.05). * = p < 0.05 compared to baseline; # = p < 0.05 compared to vehicle; 

data are expressed as the mean ± SEM. 
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Figure 5-2 The 5-HT1BR agonist CP-93129 activates ERK but not CaMKII and fails to initiate a 

potentiation at TA-CA1 synapses 

(E) Example Western blots for various proteins across the different treatment conditions. (F) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of anpirtoline (50µM) increased the levels of phosphorylated ERK, CaMKII, and S831 at 

the 60min time point. Application of CP-93129 (2µM) increased the levels of phosphorylated ERK; 

levels of phosphorylated CaMKII and S831 were unaffected. One-way ANOVA and Bonferroni post 

hoc analysis revealed these differences to be significantly different from vehicle. * = p < 0.05 

compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Signal transduction via TrkB receptors – a potent activator of ERK signaling 

TrkB activates the Ras/Raf/MEK/ERK second messenger cascade required for 5-HT1BR-

dependent potentiation 

How does the Ras/Raf/MEK/ERK second messenger cascade become activated? The 

TrkB receptor is part of the large family of receptor tyrosine kinases and transduces extracellular 

signals in the form of neurotrophic factors into salient information for the neuron including 

differentiation, survival, and synaptic plasticity. In neurons, BDNF/TrkB signaling is a well 

characterized mechanism by which the Ras/Raf/MEK/ERK second messenger cascade becomes 

activated. As BDNF/TrkB signaling has been repeatedly implicated in the enhancement and/or 

stabilization of synaptic transmission, this makes it an attractive target for the recruitment of ERK 

in the 5-HT1BR-mediated potentiation of glutamatergic transmission. 

To address whether TrkB activation is required for anpirtoline-induced potentiation of 

TA-CA1 synapses, I utilized a transgenic mouse line containing a knock-in mutation of the TrkB 

receptor. Developed by Dr. David Ginty (Johns Hopkins University), 
434

 these mice possess a 

single point mutation within the ATP binding pocket of the TrkB receptor. This phenylalanine to 

alanine substitution (TrkB
F616A

) renders the TrkB receptors sensitive to inhibition by the synthetic 

molecule 1NMPP1 even in the presence of the endogenous ligand BDNF, and fully functional in 

the absence of 1NMPP1.
435

 This chemical-genetic strategy thus allows for specific, rapid, and 

reversible inhibition of TrkB signaling within discreet time periods, without altering other 

signaling processes. 

Acute hippocampal slices were prepared from male TrkB
F616A

 homozygous mutant 

animals or wild-type littermate controls and pretreated with either 1NMPP1 (3µM; NIMH 

Chemical Synthesis and Drug Supply Program) or an equivalent amount of vehicle (DMSO) for a 

minimum of 30 minutes before application of the 5-HT1BR agonist anpirtoline (50µM). fEPSPs 

were recorded in the Str. LM of hippocampal area CA1. As a positive control for cell health, 

CaMKII activation, and potentiation of AMPA receptor signaling, a high frequency stimulation 
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protocol (HFS; 4 trains of 100 pulses delivered at 100Hz; 1min inter-train interval) was delivered 

in an attempt to induce long-term potentiation following the cessation of anpirtoline 

administration. 

In slices prepared from TrkB
F616A

 homozygous mutant animals, anpirtoline failed to 

induce a significant increase fEPSP in slices pretreated with 1NMPP1; however, HFS did 

significantly increase fEPSP slope in this condition (red circles; Figure 5-3). In vehicle treated 

slices, anpirtoline produced a significant potentiation of fEPSPs that did not increase further 

following HFS (black circles; Figure 5-3). In slices prepared from littermate controls, anpirtoline 

induced a significant increase fEPSP in slices with and without pretreatment with 1NMPP1 and 

HFS did not significantly further increase fEPSP slope (Figure 5-3). 1NMPP1 application alone 

had no effect on synaptic transmission or response to HFS in slices prepared from either genotype 

(Figure A-10). Furthermore, the presence of 1NMPP1 prevented the fluoxetine-induced change in 

synaptic transmission (Figure A-10). 

To determine if the prevention of anpirtoline-induced potentiation was due to a disruption 

of ERK activation, I harvested Str. LM tissue from slices treated with each of the following 

conditions: vehicle; anpirtoline (50µM; 60mins); 1NMPP1 (3µM; 60mins); 1NMPP1 (3µM; 

60mins) + anpirtoline (50µM; 60mins). I then used sequential Western blotting with 

phosphorylation-dependent and -independent antibodies to monitor protein activation.  

In slices prepared from control mice, as evidenced by an increase in the ratio of 

phosphorylated to non-phosphorylated protein, anpirtoline produced a significant activation of 

ERK and CaMKII as well as an increase in phosphorylated GluA1 at S831 at the 60min time 

point (Figure 5-3). All effects were reversed at 60min washout time point, consistent with the 

transient physiological potentiation seen in response to anpirtoline application. In slices prepared 

from TrkB
F616A

 homozygous mutant mice, inhibition of TrkB-dependent signaling with 1NMPP1 

prevented the anpirtoline-mediated increase in activated ERK at the 60min time point (Figure 

5-3). The presence of 1NMPP1 had no effect on the anpirtoline-mediated activation of CaMKII 
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or the increase in phosphorylated GluA1 at S831 at the 60min time point; these effects were 

reversed at 60min washout time point (Figure 5-3). Application of the inhibitor had no effect on 

unstimulated levels of phosphoprotein or total protein levels (Figure A-11). 

I therefore conclude that functional TrkB receptors are necessary for anpirtoline-induced 

potentiation of TA-CA1 synapses. Furthermore, TrkB activation is mediating the increase in 

phosphorylated ERK induced by anpirtoline.  
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Figure 5-3 Functional TrkB receptors are required for the activation of ERK and the 

potentiation of TA-CA1 synapses 

Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM) on 

TA-CA1 fEPSPs in Str. LM of acute hippocampal slices prepared from male TrkB
F161A

 homozygous 

mice (A-B) or male wildtype littermate controls (C-D) in the presence of 1NMPP1 (3µM). High 

frequency stimulation (HSF; arrows) was used to test for the induction of LTP as a positive control. 

(A) In slices prepared from male TrkB
F161A

 mice, anpirtoline application failed to increase fEPSP slope 

in the presence of 1NMPP1 (red; peak = 97.91±7.21%; post HFS = 146.01±9.48%; n = 6); in the 

presence of vehicle, anpirtoline application produced a robust increase in fEPSP slope (black; peak = 

142.26±8.04%; post HFS = 143.28±7.77%; n = 5). (B) Group fEPSP slope values over the last 3min of 

baseline, last 3min of anpirtoline administration, and 57-60min post wash. A two-way repeated 

measures ANOVA revealed a significant interaction (F(2,27) = 7.255; p = 0.0030) between conditions 

following anpirtoline application, Bonferroni post hoc analysis revealed a significant different at the 

peak but not post HFS. (C) In slices prepared from littermate control mice, anpirtoline application 

produced a robust increase in fEPSP slope in slices pretreated with 1NMPP1 (gold; peak = 

142.76±9.22; post HFS = 148.77±6.61%; n = 5) and vehicle treated slices (white; peak = 

145.43±6.48%; post HFS = 152.48±6.68%; n = 6). (D) Group fEPSP slope values over the last 3min of 

baseline, last 3min of anpirtoline administration, and 57-60min post HFS. There was no significant 

difference between the conditions observed as determined by a two-way repeated measures ANOVA 

(F(2,27) = 0.04287; p > 0.05). * = p < 0.05 compared to baseline; # = p < 0.05 compared to vehicle; 

data are expressed as the mean ± SEM. 
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Figure 5-3 Functional TrkB receptors are required for the activation of ERK and the 

potentiation of TA-CA1 synapses 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. All 

slices were pretreated with 1NMPP1 (3µM) prior to experimental condition. In slices prepared from 

littermate controls, application of anpirtoline (50µM) increased the levels of phosphorylated ERK, 

CaMKII, and S831 at the 60min time point. In slices prepared from TrkB
F616A

 homozygous mutants, 

application of anpirtoline increased the levels of phosphorylated CaMKII at the 60min time point; 

levels of phosphorylated ERK and S831 were unaffected. One-way ANOVA and Bonferroni post hoc 

analysis revealed these differences to be significantly different from vehicle. * = p < 0.05 compared to 

untreated vehicle control; data are expressed as the mean ± SEM. 
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Discussion 

In the above experiments, I tested the hypothesis that activation of 5-HT1BRs recruits the 

Ras/Raf/MEK/ERK second messenger cascade, a prerequisite for the CaMKII-dependent 

phosphorylation of the GluA1 subunit at serine 831. 

 

Potentiation of TA-CA1 synapses by anpirtoline requires activation of a Ras/Raf/MEK/ERK 

second messenger cascade that permits the phosphorylation of GluA1 at S831 by active CaMKII 

It was observed previously that stimulation of 5-HT1BRs resulted in the activation of ERK 

and disruption of Ras-mediated signaling could prevent anpirtoline-induced potentiation of TA-

CA1 synapses (Cai and Thompson, unpublished observations). ERK is a key effector molecule 

that is activated via the Ras/Raf/MEK signaling cascade, inhibition of MEK – the upstream 

activator of ERK – by U0126 prevented the anpirtoline-induced potentiation of synapses, 

disrupted ERK signaling, and prevented the increase in phosphorylation of GluA1 at S831. 

However, the activation of CaMKII by anpirtoline was unaffected by disrupted ERK. Conversely, 

the activation of ERK by anpirtoline was unaffected by inhibition of PLC, known to prevent the 

increased activation of CaMKII (Figure 4-2). Thus, activation of the 5-HT1BR-coupled 

Gi/o/PLC/CaMKII second messenger cascade underlying the phosphorylation of GluA1 at S831 is 

independent of the Ras/Raf/MEK/ERK signaling cascade; yet 5-HT1BR-activated CaMKII 

requires this cascade to phosphorylate its GluA1 target and subsequently increase glutamatergic 

transmission at TA-CA1 synapses. 

 

Activation of 5-HT1BRs with CP-93129 causes a synaptic depression via activation of ERK but 

not CaMKII 

In an attempt to confirm the previous finding that TA-CA1 synapses were potentiated in a 

5-HT1BR-dependent manner, I used the chemically distinct 5-HT1BR agonist CP-93129 to activate 

5-HT1BRs. However, rather than inducing a synaptic potentiation as predicted, application of CP-
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93129 elicited a small, but lasting synaptic depression in line with previous observations of 

presynaptic 5-HT1BR activation.
467–469

 Western blotting revealed that CP-93129 was recruiting a 

significantly different pattern of effector molecules and second messenger cascades compared to 

a potentiating agonist such like anpirtoline. In the case of CP-93129, ERK signaling alone was 

recruited yet without CaMKII activation there was no increase in phosphorylated GluA1 at S831 

and no potentiation of transmission. 

The post parsimonious explanation of these finding with differing agonists of the 5-

HT1BRs is that anpirtoline and CP-93129 are not activating the same receptor. I believe the 

anpirtoline-induced potentiation is occurring through 5-HT1BRs as the synaptic and cellular 

responses to its application are blocked in the presence of the 5-HT1BR antagonist isamoltane. 

The synaptic and cellular responses to CP-3129 application are not blocked by the presence of the 

isamoltane suggesting that the effector molecules recruited are not occurring in a 5-HT1BR-

dependnet manner. This is incongruous with reports that CP-93129 is a 5-HT1BR agonist; 

however those studies claim specificity of this agonist using the 5-HT1BR antagonist NAS-

181,
467,469–471

 which I have yet to investigate. Regardless of the mechanism of action underlying 

the effects of CP-93129 application, anpirtoline elicits similar synaptic and cellular responses as 

the clinically viable antidepressant fluoxetine; CP-93129 does not. More experiments are needed 

to reconcile these differences and better understand how CP-93129 is acting. 

 

Activation of TrkB receptors mediates the increase in activated ERK in response to the 5-HT1BR 

agonist anpirtoline 

After identifying a fundamental role for ERK signaling in the potentiation of TA-CA1 

synapses, I asked if TrkB receptors were responsible for the anpirtoline-mediated recruitment of 

ERK. Using a genetic mouse line containing a mutated TrkB receptor (TrkB
F616A

) I was able to 

prevent the activation of TrkB in the presence of anpirtoline application. The phenylalanine to 

alanine substitution at residue 616 has no impact on TrkB activation or expression. However, this 
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mutation renders the receptor vulnerable to inhibition by small-molecule derivatives of the 

general kinase inhibitor PP1 (e.g. 1NMPP1).
435

 Prevention of TrkB-dependent signaling by 

1NMPP1 prevented ERK activation and the subsequent induction of synaptic potentiation via 

anpirtoline. The ability of anpirtoline to activate CaMKII remained unaffected corroborates the 

earlier finding that the CaMKII-dependent phosphorylation of GluA1 at S831 requires ERK 

activation. I have therefore identified a role for the neurotrophin TrkB receptor in activating the 

Ras/Raf/MEK/ERK signaling cascade in response to the 5-HT1BR agonist anpirtoline, whether 

this response requires BDNF remains to be determined.  

There are two possible explanations for how ligands of serotonin receptors activate TrkB 

receptors. One explanation for these findings is that of ligand-induced heteroreceptor 

dimerization. That is, the 5-HT1B and TrkB receptors are in a complex or close intramolecular 

proximity such that activation of 5-HT1BR with anpirtoline causes the transphosphorylation and 

activation of TrkB-dependent signaling. Recent work demonstrated heteroreceptor complexes 

between fibroblast growth factor receptor 1 (FGFR1) and 5-HT1ARs, for example. Shown to be 

present and functional in the hippocampus and the midbrain raphe regions, the authors suggests 

that these two signaling pathways can be integrated at the molecular level under certain 

circumstances.
472,473

 Furthermore, some G-protein-coupled receptors have been shown to 

transactivate TrkB receptors independently of BDNF.
474–476

 Whether these molecular mechanisms 

are involved in antidepressant-induced TrkB activation, remains to be investigated. 

Another explanation for these findings is that anpirtoline via activation of 5-HT1BRs 

induces release of BDNF and subsequent activation of TrkB receptors and ERK. Anpirtoline 

activates 5-HT1BRs inducing the recruitment of the Gi/o/PLC/CaMKII second messenger cascade 

in the presence of tonic low levels of activated ERK. ERK fulfills its yet-uncharacterized role 

acting as a permissive gate and allowing CaMKII to phosphorylate its substrate GluA1 at S831. 

This phosphorylation event increases the excitability of the postsynaptic neuron and activity-

dependent release of BDNF causes an increase in Ras/Raf/MEK/ERK signaling in a TrkB-
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dependent manner allowing for more activated CaMKII to phosphorylate remaining AMPA 

receptors. It is clear that more work is necessary to determine the mechanisms underlying the 

activation of ERK by the 5-HT1BR agonist anpirtoline in a TrkB-dependent manner. 

 

Conclusion 

In summary, these results suggest a convergence of parallel second messenger pathways 

in strengthening glutamatergic synaptic transmission in a serotonin- and neurotrophin-dependent 

manner. If the strengthening of pathologically weakened synapses underlies antidepressant 

efficacy, this provides important insight into the treatment of depression. Patient improvement 

following antidepressant therapy is the result of these systems – previously held to be 

independent – working in concert to restore normal functioning. These findings suggest a point of 

convergence between serotonergic and neurotrophic signaling such that disruption of one of these 

systems blunts the effectiveness of the other. If a patient is to respond to conventional 

monoaminergic antidepressants like SSRIs there is prerequisite for functional neurotrophin 

signaling. This represents one potential mechanism by which SSRI treatment could be partially or 

completely ineffective in treating depressive symptoms; a likely possibility considering the 

stunningly poor efficacy of frontline antidepressants. Furthermore, the importance of the 

neurotrophin system in mediating the effects of SSRIs may define a population for which 

alternative treatments may be more beneficial. For example, the BDNF Val(66)Met 

polymorphisms are associated with increased risk of depression
477

 and hippocampal 

dysfunction.
478

 Conversely, I suggest that it may be feasible to improve SSRI efficacy or reduce 

clinical latency by developing the means to simultaneously activate the MEK/ERK pathway. 
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6. Co-activation of Multiple Serotonin Receptors Underlies 

Sustained Potentiation of Synaptic Transmission by Fluoxetine in the 

Hippocampus 

Introduction 

In the previous chapter, I investigated the series of events that occurs following the 

activation of 5-HT1BRs in area CA1 in the hippocampus. Exposed to a 5HT1BR-selective agonist, 

anpirtoline, the temporoammonic afferents that innervate the distal dendrites of the Str. LM 

become strengthened. The potentiation lasts only as long as the anpirtoline is present. 

Anpirtoline-induced potentiation is initiated by the transient phosphorylation of the AMPA 

receptor subunit GluA1 at S831 by activated CaMKII in the presence of activated ERK.  

Active CaMKII is recruited by 5-HT1BR activation in a Gαi/o- and PLC-dependent manner 

and activation of ERK is coupled to TrkB receptor signaling. Active ERK appears to be required 

for CaMKII to phosphorylate its GluA1 substrate. Whatever the underlying series of events, the 

importance of this receptor and its second messenger pathways cannot be denied as 5-HT1BR 

signaling is necessary for the therapeutic actions of monoaminergic altering pharmacotherapies.
47

 

SSRIs like fluoxetine result in the elevation of endogenous serotonin by preventing its 

removal from the extracellular space, thereby promoting its ability to activate any and all 

serotonin receptors present. Although serotonin is capable of regulating glutamatergic 

neurotransmission at TA-CA1 synapses, there is a fundamental qualitative difference in 5-HT1BR-

mediated potentiation between direct activation by the agonist anpirtoline and indirect activation 

by increasing serotonin levels via fluoxetine and imipramine.
47

 Application of anpirtoline 

produces a transient potentiation that persists for the duration of the agonist treatment and returns 

to baseline levels upon removal of agonist, a transient activation of CaMKII and phosphorylation 

of S831 in the AMPAR GluA1 subunit. Previous work from the Thompson lab has shown that 

elevation of endogenous serotonin acutely in hippocampal brain slices produces a sustained 
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potentiation that persists >60 minutes after the drug has been removed from the bath. This 

glutamatergic potentiation induced by elevated endogenous serotonin levels requires 5-HT1BRs, 

as demonstrated by ability of the 5-HT1BR antagonist isamoltane to block fluoxetine-induced 

synaptic potentiation.
47

 From this, I postulated that the initial potentiation of AMPA-mediated 

transmission occurs via 5-HT1BR activation, as characterized in the preceding chapter, but that 

maintenance of this effect is due to the concomitant activation of some other serotonin receptor(s) 

and the activation of their downstream signaling cascade(s). 

Modifications of AMPA receptors at the synapse cause changes in synaptic strength, and 

are a key regulator of various forms of synaptic plasticity. A considerable body of work has 

identified these modifications and revealed their functions. For example, the phosphorylation 

status of the AMPA receptor subunit GluA1 has been shown to regulate AMPA-mediated 

transmission in many ways including trafficking from the ER, insertion into the plasma 

membrane, conductance of ions through the pore, endocytosis, synaptic localization, and binding 

to other proteins (see Malinow and Malenka, 2002
323

 for review). The multiple phosphorylation 

sites of GluA1 (including four for PKC, one for PKA, and one for CAMKII) allows for the 

complex regulation and modification of glutamatergic transmission through various stimuli and 

second messenger cascades.  

With regards to potentiation of glutamatergic synapses, AMPA receptors can be 

phosphorylated by CaMKII at serine 831 and PKA at serine 845; increasing individual receptor 

conductance
322

 and insertion,
364,372

 respectively. As serotonin receptors have been coupled to both 

CaMKII and PKA signaling cascades, I postulated that serotonin could modulate AMPA-

mediated transmission via changing GluA1 phosphorylation. 5-HT1BR activation causes CaMKII-

dependent phosphorylation of S831 (as described above) and the initiation of synaptic 

potentiation of TA-CA1 synapses. Several serotonin receptors of Gαs-family are expressed by 

CA1 pyramidal cells, including 5-HT4R, 5-HT6R, and 5-HT7R. Activation of these receptors 

increases cAMP levels and activates PKA-dependent signaling, thereby potentially 



98 

phosphorylating the GluA1 subunit at the S845 PKA substrate site and increasing AMPA-

dependent transmission persistently. This leads me to my next hypothesis. 

 

Hypothesis 3: Fluoxetine’s sustained potentiation of hippocampal TA-CA1 synapses is due to the 

co-activation of 5-HT1BRs and an as yet-unidentified Gs-coupled serotonin receptor, thereby 

activating PKA signaling. 
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Methods 

All methods are described in “Chapter 2 – General Methods” with the exception of those 

specifically pertaining to the following experiments. 

 

GluA1
S845A

 mice 

GluA1
S845A

 mice were gifts from the laboratory of Dr. Richard L. Huganir at Johns 

Hopkins University. Heterozygous mice harboring the Gria
S845A

 knock-in mutations were initially 

generated and backcrossed to a C57BL/6 background.
377

 Genotypes were determined by 

polymerase chain reaction (PCR; 30s-94°C; 1min-65°C; 1min-68°C) using the following primers: 

5’-CCCAGGTCCTTGGTAATGATTGC-3’ and 5’-

AATGAGATAACACGGGGCTTGGTTCCTAAC-3’. The resulting bands were resolved on 

1.5% agarose gels (see Appendix for details). Mutant = 540bp; Heterozygote = 540bp and 390bp; 

Wild type = 390bp. All genotyping was performed by members of the Huganir laboratory. 

 

Chronic multimodal stress 

To induce anhedonia, a core symptom of depression, a modified multimodal stress 

paradigm was implemented as described previously.
69

 Briefly, rats were subjected to multiple 

concurrent psychological and physical stresses including: restraint, crowding, strobe light, and 

loud white noise. This occurred for 4 hours every day for 10 consecutive days during the 

light/inactive phase of the animal’s diurnal cycle. Animals were then individually housed to 

prevent any amelioration of the stress paradigm that group housing/social interaction might have. 
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Results 

Prediction 3.1: Pharmacological antagonists of one or more Gs-coupled serotonin receptor(s) will 

result in transient fluoxetine-induced potentiation. 

5-HT1BR signaling is necessary and sufficient to produce an increase in transmission at TA-CA1 

synapses 

To test this prediction of my hypothesis, I first needed to determine if anpirtoline and 

fluoxetine were initiating an increase in synaptic transmission at TA-CA1 synapses via the same 

receptor and molecular pathways. By pretreating slices with 5-HT1BR antagonist isamoltane 

(Tocris) before anpirtoline or fluoxetine application, I could observe the effects of 5-HT1BR 

activation alone or in the presence of other serotonin receptors, respectively. Isamoltane acts as an 

antagonist at both the 5-HT1AR and 5-HT1BR but it possesses about five times the potency for the 

5-HT1BRs (EC50=21nM) over the 5-HT1ARs (EC50=112nM).
479

  

Acute hippocampal slices were pretreated with isamoltane (10µM) or an equivalent 

amount of vehicle (DMSO) for a minimum of 30 minutes before application of anpirtoline 

(50µM) or fluoxetine (20µM; NIMH Chemical Synthesis and Drug Supply Program). fEPSPs 

were recorded in the Str. LM of hippocampal area CA1. Both anpirtoline and fluoxetine failed to 

produce significant potentiation of fEPSPs in slices pretreated with isamoltane (red circles), 

although both produced a significant potentiation of fEPSPs in slices treated with vehicle (black 

circles; Figure 6-1).As shown previously, the potentiation of glutamatergic transmission by 

anpirtoline is transient – persisting only as long as the ligand is present and gradually returns to 

baseline levels upon washout of anpirtoline.
47

 In contrast, potentiation of transmission by 

fluoxetine persists for the duration of the recording up to 2hrs after removal of the fluoxetine 

from the bath. 

To determine if the fluoxetine-induced potentiation was recruiting the same molecular 

pathways as the 5-HT1BR agonist anpirtoline, I harvested Str. LM tissue from slices treated with 

each of the following conditions: vehicle; anpirtoline (50µM; 60mins); 120min anpirtoline wash; 
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isamoltane (10µM; 180mins); isamoltane (10µM; 180mins) + anpirtoline (50µM; 60mins); 

isamoltane (10µM; 180mins) + 120min anpirtoline wash; vehicle; fluoxetine (20µM; 60mins); 

120min fluoxetine wash; isamoltane (10µM; 180mins); isamoltane (10µM; 180mins) + fluoxetine 

(20µM; 60mins); isamoltane (10µM; 180mins) + 120min fluoxetine wash. I then used sequential 

Western blotting with phosphorylation-dependent and -independent antibodies to monitor protein 

activation. 

In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, anpirtoline produced a significant activation of CaMKII and ERK at the 

60min time point. Phosphorylation of GluA1 at S831 was also significantly increased at 60min 

time point; this was not true for the phosphorylation of GluA1 at S845. These increases were 

reversed by 120min after washout of the anpirtoline, consistent with the transient physiological 

potentiation seen in response to anpirtoline application and washout (Figure 6-1). Fluoxetine also 

induced an activation of CaMKII, ERK, and phosphorylation of GluA1 at S831 at the 60min time 

point. In addition, unlike anpirtoline, fluoxetine also increased phosphorylation of GluA1 at S845 

at the 60min time point. Furthermore, these increases remained detectable 120min after washout 

of the fluoxetine, consistent with the persistent physiological potentiation seen in response to 

fluoxetine application (Figure 6-1). Inhibition of 5-HT1BR activation by isamoltane significantly 

reduced the levels of activated CaMKII and ERK in the presence of anpirtoline; it also prevented 

the increase GluA1 phosphorylation at S831 and had no effect on phosphorylation status of S845 

(Figure 6-1). In the presence of fluoxetine, isamoltane also significantly reduced the levels of 

activated CaMKII and ERK as well as preventing the increase GluA1 phosphorylation at S831 

(Figure 6-1). It is worth noting that S845 was elevated at both the 60min 120min washout time 

points following fluoxetine removal while in the presence of isamoltane (Figure 6-1). While 

application of isamoltane alone had no significant effect on unstimulated levels of 

phosphoprotein, it is worth nothing that activated ERK is elevated under isamoltane treated 

conditions (Figure A-12). 
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I therefore conclude that 5-HT1BR signaling is necessary and sufficient to produce an 

increase in transmission at TA-CA1 synapses. In addition, inhibition of 5-HT1BR-mediated 

signaling prevents the activation of CaMKII, ERK, and the increase in phosphorylation of GluA1 

at S831 produced by both the selective agonist anpirtoline and the SSRI fluoxetine. Consistent 

with the physiological potentiation, the activation of CaMKII, ERK and the phosphorylation of 

GluA1 S831 were transient in response to anpirtoline, but persistent in response to fluoxetine. 

Furthermore, treatment with fluoxetine, not anpirtoline, resulted in an increase in phosphorylation 

of GluA1 at S845 which correlated with the persistent physiological potentiation. I interpret this 

to mean that the induction of TA-CA1 synaptic potentiation is due to the activation of 5-HT1BRs, 

the recruitment of CaMKII and ERK, and the subsequent increase in phosphorylated GluA1 at 

S831. This can be achieved via specific 5-HT1BR agonists (i.e. anpirtoline) or the elevation of 

endogenous serotonin via reuptake inhibitors (i.e. fluoxetine). However, when endogenous 

serotonin is elevated, there is also a simultaneous co-activation of some other serotonin 

receptor(s). This activates additional serotonin receptors that recruit additional signaling 

molecules which increase phosphorylation of GluA1 at S845. 
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Figure 6-1 Activation of 5-HT1BR by anpirtoline produces a transient synaptic potentiation while 

elevation of endogenous serotonin by fluoxetine produces a sustained potentiation 

Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM; A-B) 

or elevation of endogenous serotonin by the SSRI fluoxetine (20µM; C-D) on TA-CA1 fEPSPs in Str. 

LM of acute hippocampal slices in the presence of the 5-HT1BR antagonist isamoltane. (A) In slices 

pretreated with isamoltane (10µM), anpirtoline application had no effect on fEPSP slope at either time 

point (red; peak = 98.02±4.81%; wash = 101.61±6.36%; n = 9); however, in the vehicle treated slices, 

anpirtoline produced a robust yet transient increase (black; peak = 140.03±9.86%; wash = 

102.64±6.66%; n = 5). (B) Group fEPSP slope values over the last 3min of baseline, last 3min of 

anpirtoline administration, and 117-120min post wash. A two-way repeated measures ANOVA 

revealed a significant interaction (F(2,36) = 4.589; p = 0.0168) between conditions following 

anpirtoline application, Bonferroni post hoc analysis revealed a significant different at the peak but not 

at the washout time point. (C) In slices pretreated with isamoltane (10µM), fluoxetine application had 

no effect on fEPSP slope at either time point (gold; peak = 99.56±5.42%; wash = 97.16±5.16%; n = 6); 

however, in the vehicle treated slices, fluoxetine produced a robust and persistent increase (white; peak 

= 143.76±5.83%; wash = 149.07±8.80; n = 7). (B) Group fEPSP slope values over the last 3min of 

baseline, last 3min of fluoxetine administration, and 117-120min post wash. A two-way repeated 

measures ANOVA revealed a significant interaction (F(2,33) = 12.00; p = 0.001) between conditions 

following fluoxetine application, Bonferroni post hoc analysis revealed a significant difference at both 

peak and washout time points. * = p < 0.05 compared to baseline; # = p < 0.05 compared to vehicle; 

data are expressed as the mean ± SEM 
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Figure 6-1 Activation of 5-HT1BR by anpirtoline produces a transient synaptic potentiation while 

elevation of endogenous serotonin by fluoxetine produces a sustained potentiation 

(E) Example Western blots for various proteins across the different treatment conditions. (F) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of anpirtoline (50µM) increased the levels of phosphorylated ERK, CaMKII, and S831 at 

the 60min time point. These effects were reversed at the 120min washout time point. Levels of 

phosphorylated S845 were unaffected at both time points. Pretreatment with isamoltane (10µM) 

prevented the anpirtoline-induced increase in phosphorylated proteins. One-way ANOVA and 

Bonferroni post hoc analysis revealed these differences to be significantly different from vehicle. * = p 

< 0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Figure 6-1 Activation of 5-HT1BR by anpirtoline produces a transient synaptic potentiation while 

elevation of endogenous serotonin by fluoxetine produces a sustained potentiation 

(G) Example Western blots for various proteins across the different treatment conditions. (H) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of fluoxetine (20µM) increased the levels of phosphorylated ERK, CaMKII, S831, and 

S845 at the 60min time point; these effects persisted at the 120min washout time point. Pretreatment 

with isamoltane (10µM) prevented the fluoxetine-induced increase in phosphorylated ERK, CaMKII 

and S831; levels of S845 were significantly elevated at the 120min washout time point. One-way 

ANOVA and Bonferroni post hoc analysis revealed these differences to be significantly different from 

vehicle. * = p < 0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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5-HT6 but not 5-HT4 or 5-HT7Rs are required for the sustained potentiation after fluoxetine 

application 

I next tested the prediction of my hypothesis that disruption of serotonin receptors 

belonging to the Gαs-family would prevent the persistent increase in glutamatergic transmission 

after elevation of endogenous serotonin with fluoxetine. There are three Gs-coupled 5-HT 

receptors expressed in the hippocampus, 5-HT4, 5-HT6, and 5-HT7. I therefore pretreated acute 

hippocampal slices with selective antagonists (Tocris) or a cocktail containing an equivalent 

amount of all three compounds (3Ant).  

Acute hippocampal slices were pretreated with: GR113808 (1µM, 5-HT4R), SB399885 

(1µM, 5-HT6R), SB258719 (1µM, 5-HT7R), 3Ant (1µM each), or an equivalent amount of 

vehicle (DMSO) for a minimum of 30 minutes before elevating endogenous serotonin with the 

SSRI fluoxetine (20µM). fEPSPs were recorded in the Str. LM of hippocampal area CA1. 

Fluoxetine induced a potentiation of glutamatergic transmission at 60 minutes under all 

conditions investigated. However, application of 3Ant (red circles) as well as SB399885 (blue 

circles) prevented the persistent elevation of fEPSPs following the removal of fluoxetine (Figure 

6-2). Application of vehicle (black circles), GR113808 (white circles), or SB258719 (gold 

circles) failed to prevent the persistent elevation of fEPSPs following the removal of fluoxetine 

(Figure 6-2). 

To determine if the reversal of fluoxetine-induced potentiation was due to a prevention of 

phosphorylation GluA1 at S845, I harvested Str. LM tissue from slices treated with each of the 

following conditions: vehicle; fluoxetine (20µM; 60mins); 120min fluoxetine wash; SB399885 

(1µM; 180mins); SB399885 (1µM; 180min) + fluoxetine (20µM; 60mins); SB399885 (1µM; 

180min) + 120min fluoxetine wash. I then used sequential Western blotting with 

phosphorylation-dependent and -independent antibodies to monitor protein activation. 

In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, fluoxetine produced a significant activation of CaMKII and ERK at the 
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60min and 120min washout time points. Furthermore, fluoxetine produced significant increases 

in phosphorylation of GluA1 at S831 and S845 at both the 60min and 120min washout time 

points (Figure 6-2). These results are consistent with the persistent physiological potentiation 

observed in response to fluoxetine application and washout. Inhibition of 5-HT6R activation by 

SB399885 had no impact on the increased activation of CaMKII, ERK, or the phosphorylation of 

GluA1 at either S831 or S845 during the application of fluoxetine. However, 5-HT6R inhibition 

did result in the reduction of activated ERK and phosphorylated GluA1 at S831 and S845 after 

120min washout of fluoxetine (Figure 6-2). These results are consistent with the return of 

physiological transmission to basal levels following fluoxetine application and washout when 5-

HT6R-dependent signaling is blocked. Application of SB399885 had no effect on unstimulated 

levels of phosphoprotein or total protein levels (Figure A-13). 

I therefore conclude that 5-HT6Rs, but not 5-HT4 or 5-HT7Rs, are required for the 

sustained potentiation after fluoxetine application. Consistent with the physiological results, 

blocking 5-HT6Rs did not change the initial activation of CaMKII or increase in phosphorylation 

of GluA1 at S831, but these levels returned to baseline following fluoxetine washout. In the 

presence of 5-HT4 or 5-HT7R antagonists, in contrast, the activation of CaMKII and 

phosphorylation of S831 persisted for 120 min after washout of fluoxetine. Taken together, these 

data suggests that elevated extracellular serotonin by fluoxetine co-activates the 5-HT1BRs and 

the Gs-coupled 5-HT6Rs to initiate and maintain a synaptic potentiation of TA-CA1 synapses via 

S831 and S845 phosphorylation, respectively. 
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Figure 6-2 Inhibition of Gs-coupled serotonin receptors renders fluoxetine-induced potentiation 

transient 

Group data showing the effect of elevation of endogenous serotonin by the SSRI fluoxetine (20µM) on 

TA-CA1 fEPSPs in Str. LM of acute hippocampal slices in the presence of antagonists of Gs-coupled 

serotonin receptors. (A) In slices pretreated with 3Ant (1µM each), fluoxetine application produced a 

robust increase in fEPSP slope at the 60min but not the 120min washout time point (red; peak = 

144.44±8.97%; wash = 106.61±4.74%; n = 8). In vehicle treated slices, fluoxetine application 

increased fEPSP slope at both time points (black; peak = 143.77±5.84%; wash = 149.07±8.80%; n = 

7). (B) Group fEPSP slope values over the last 3min of baseline, last 3min of fluoxetine 

administration, and 117-120min post wash. A two-way repeated measures ANOVA revealed a 

significant interaction (F(2,39) = 7.175; p = 0.0022) between conditions following fluoxetine 

application, Bonferroni post hoc analysis revealed a significant difference at the washout time point. 

(C) In slices pretreated with GR113808 (1µM), fluoxetine application increased fEPSP slope at both 

time points (white; peak = 140.34±7.77%; wash = 148.47±7.21%; n = 5). In slices pretreated with 

SB399885 (1µM) fluoxetine application produced a robust increase in fEPSP slope at the 60min but 

not the 120min washout time point (gold; peak = 145.03±6.45%; wash = 102.10±6.70%; n = 5). In 

slices pretreated with SB258719 (1µM), fluoxetine application increased fEPSP slope at both time 

points (blue; peak = 134.22±6.16%; wash = 151.11±11.91%; n = 5). (D) Group fEPSP slope values 

over the last 3min of baseline, last 3min of fluoxetine administration, and 117-120min post wash. A 

two-way repeated measures ANOVA revealed a significant interaction (F(6,54) = 4.521; p = 0.0009) 

between conditions following fluoxetine application, Bonferroni post hoc analysis revealed a 

significant difference at the washout time point. * = p < 0.05 compared to baseline; # = p < 0.05 

compared to vehicle; data are expressed as the mean ± SEM  
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Figure 6-2 Inhibition of Gs-coupled serotonin receptors renders fluoxetine-induced potentiation 

transient 

(E) Example Western blots for various proteins across the different treatment conditions. (F) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of fluoxetine (20µM) increased the levels of phosphorylated ERK, CaMKII, S831, and 

S845 at the 60min time point; these effects persisted at the 120min washout time point. Pretreatment 

with SB399885 (1µM) prevented the fluoxetine-induced increase in phosphorylated S845 at both time 

points but had no effect on the levels of phosphorylated ERK, CaMKII or S831 at the 60min time 

point; however, it did prevent the sustained increase in these proteins at the 120min washout time 

point. One-way ANOVA and Bonferroni post hoc analysis revealed these differences to be 

significantly different from vehicle. * = p < 0.05 compared to untreated vehicle control; data are 

expressed as the mean ± SEM. 
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Prediction 3.2: Preventing PKA signaling during the administration of fluoxetine will result in 

transient potentiation.  

PKA signaling is necessary for maintenance but not the induction of synaptic potentiation 

I next tested the prediction of the hypothesis that disrupting PKA-dependent signaling 

would prevent the persistent potentiation of glutamatergic transmission. To accomplish this, I 

pharmacologically disrupted PKA activity using (R)-Adenosine, cyclic 3',5'-hydrogen-

phosphorothioate-triethyl-ammonium (Rp-cAMPS; Tocris) and then applied fluoxetine to elevate 

endogenous serotonin levels within the slice. Rp-cAMPS is a cell-permeable cAMP analog that 

acts as a competitive antagonist of cAMP-induced activation of PKA (IC50 = 13μM) by 

interacting with cAMP binding sites on the regulatory subunits of PKA.
480

 PKA is known to 

phosphorylate AMPA receptors at serine 845 (S845) which is thought to regulate their open 

channel probability
364,374–376

 and stabilization in the membrane.
377

 

Acute hippocampal slices were pretreated with Rp-cAMPS (10µM) or an equivalent 

amount of vehicle (DMSO) for a minimum of 30 minutes before application of fluoxetine 

(20µM). fEPSPs were recorded in the Str. LM of hippocampal area CA1. Fluoxetine induced a 

significant potentiation of fEPSPs in all slices, but the potentiation was reversed upon washout of 

fluoxetine in slices treated with Rp-cAMPs (red circles; Figure 6-3). In vehicle treated slices, 

fluoxetine produced a sustained potentiation of fEPSPs persisting for the duration of the 

experiment (black circles; Figure 6-3). This is consistent with previous work demonstrating that 

pharmacological disruption of PKA signaling does not impact the induction of 5-HT1BR-mediated 

potentiation.
47

  

To determine if the lack of fluoxetine-induced maintenance of potentiation after Rp-

cAMPS administration is due to a disruption of PKA signaling, I harvested Str. LM tissue from 

slices treated with one of the following conditions: vehicle; fluoxetine (20µM; 60mins); 120min 

fluoxetine wash; Rp-cAMPS (10µM; 180mins); Rp-cAMPS (10µM; 180mins) + fluoxetine 

(20µM; 60mins); Rp-cAMPS (10µM; 180mins) + 120min fluoxetine wash. I then used sequential 
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Western blotting with phosphorylation-dependent and -independent antibodies to monitor protein 

activation. 

In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, fluoxetine produced a significant activation of CaMKII and ERK at the 

60min and 120min washout time points. Furthermore, fluoxetine produced significant increases 

in phosphorylation of GluA1 at S831 and S845 at both the 60min and 120min washout time 

points (Figure 6-3). These results are consistent with the persistent physiological potentiation 

observed in response to fluoxetine application and washout. Inhibition of PKA had no impact on 

the increased activation of CaMKII, ERK, or the phosphorylation of GluA1 at either S831 or 

S845 during the application of fluoxetine. However, PKA inhibition did result in the reduction of 

activated ERK and phosphorylated GluA1 at S831 and S845 after 120min washout of fluoxetine; 

the latter being a known substrate of PKA (Figure 6-3). These results are consistent with the 

return of physiological transmission to basal levels following fluoxetine application and washout 

when PKA-signaling is blocked. Application of the inhibitor had no effect on unstimulated levels 

of phosphoprotein or total protein levels (Figure A-14). 

I conclude that PKA activity is required for the maintenance, but not induction, of 

fluoxetine-induced potentiation of TA-CA1 synapses. Furthermore, inhibition of PKA-dependent 

signaling prevented the sustained elevations in activated ERK and phosphorylated GluA1 at both 

serine 831 and serine 845. However, Rp-cAMPS application did not prevent the sustained 

activation CaMKII following removal of fluoxetine. I interpret this to indicate that CaMKII is 

unable to phosphorylate its GluA1 substrate at S831 despite its continued activation if activated 

ERK is not maintained; thus synaptic transmission returns to baseline levels following fluoxetine 

washout. This supports my finding in the previous chapter that activated ERK is required for 

activated CaMKII to phosphorylate its GluA1 substrate residue S831 and potentiate glutamate 

transmission. In addition, the increase in phosphorylation of GluA1 at S845, a known substrate of 
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PKA, could represent a mechanism by which co-activation of multiple serotonin receptors 

converge to restore pathologically weakened synapses. 
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Figure 6-3 Inhibition of PKA signaling renders a persistent fluoxetine-induced potentiation 

transient 

Group data showing the effect of elevation of endogenous serotonin by the SSRI fluoxetine (20µM) on 

TA-CA1 fEPSPs in Str. LM of acute hippocampal slices in the presence of a PKA antagonist Rp-

cAMPs. (A) In slices pretreated with Rp-cAMPs (10µM), fluoxetine application produced a robust 

increase in fEPSP slope at the 60min but not the 120min washout time point (red; peak = 

140.44±6.88%; wash = 103.01±7.68%; n = 9). In vehicle treated slices, fluoxetine application 

increased fEPSP slope at both time points (black; peak = 142.66±7.34%; wash = 150.77±6.45%; n = 

7). (B) Group fEPSP slope values over the last 3min of baseline, last 3min of fluoxetine 

administration, and 117-120min post wash. A two-way repeated measures ANOVA revealed a 

significant interaction (F(2,39) = 7.175; p = 0.0022) between conditions following fluoxetine 

application, post hoc analysis revealed a significant difference at the washout time point. A two-way 

repeated measures ANOVA revealed a significant interaction (F(2,42) = 8.976; p = 0.0006) between 

conditions following fluoxetine application, Bonferroni post hoc analysis revealed a significant 

difference at the washout time point. * = p < 0.05 compared to baseline; # = p < 0.05 compared to 

vehicle; data are expressed as the mean ± SEM. 
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Figure 6-3 Inhibition of PKA signaling renders a persistent fluoxetine-induced potentiation 

transient 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of fluoxetine (20µM) increased the levels of phosphorylated ERK, CaMKII, S831, and 

S845 at the 60min time point; these effects persisted at the 120min washout time point. Pretreatment 

with Rp-cAMPs (10µM) prevented the fluoxetine-induced increase in phosphorylated S845 at both 

time points but had no effect on the levels of phosphorylated ERK, CaMKII or S831 at the 60min time 

point; however, it did prevent the sustained increase in these proteins at the 120min washout time 

point. One-way ANOVA and Bonferroni post hoc analysis revealed these differences to be 

significantly different from vehicle. * = p < 0.05 compared to untreated vehicle control; data are 

expressed as the mean ± SEM. 
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Phosphorylation of GluA1 at serine 845 is necessary for the maintenance but not induction of 

fluoxetine-induced potentiation 

The above data provide evidence that the phosphorylation status of GluA1 is important 

for both the induction and the maintenance of fluoxetine-induced potentiation. Increased 

phosphorylation of serine 831 correlates with the 5-HT1BR-mediated induction of potentiation of 

TA-CA1 synapses and this occurs in a CaMKII-dependent manner. Phosphorylation of serine 845 

is not increased by anpirtoline, but levels are significantly elevated following potentiation by 

fluoxetine in a 5-HT6R- and PKA-dependent manner. Serine 845 (S845) is a substrate for PKA 

phosphorylation that regulates the open channel probability of AMPA receptors.
364,374–376

 and may 

also be responsible for the stabilization of AMPA receptors in the plasma membrane.
377

 To 

address whether phosphorylation of GluA1 at S845 is required for the maintenance of fluoxetine-

induced potentiation, I utilized a genetic mouse line containing a phospho-null mutation of the 

GluA1 subunit at S845 provided by Dr. Richard Huganir (Johns Hopkins University). This serine 

to alanine substitution (GluA1
S845A

) renders GluA1 incapable of being phosphorylated at this 

residue by PKA. It is worth noting that this knock-in mutation does not alter basal synaptic 

transmission or the induction or maintenance of electrically evoked LTP.
377

  

Acute hippocampal slices were prepared from GluA1
S845A

 homozygous mutant animals or 

wild-type littermate controls; fEPSPs were recorded in the Str. LM of hippocampal area CA1 and 

were obtained for a minimum of 30 minutes before application of fluoxetine (20µM). Fluoxetine 

produced a significant potentiation of fEPSPs in slices prepared from all animals. Upon its 

removal from the bath, however, the maintenance of the fluoxetine-induced potentiation was 

significantly reduced in slices from GluA1
S845A

 mice (red circles; Figure 6-4). In slices prepared 

from littermate controls, fluoxetine produced a sustained potentiation of fEPSPs that was 

maintained for the duration of the recording, up to 2hrs after removal of fluoxetine from the bath 

(black circles; Figure 6-4).  
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To confirm that the knock-in mutation was specific to GluA1 and did not affect the 

second messenger pathways recruited by fluoxetine treatment, I harvested Str. LM tissue from 

slices prepared from GluA1
S845A

 homozygous mutant animals or wild-type littermate controls 

treated with each of the following conditions: vehicle; fluoxetine (20µM; 60mins); 120min 

fluoxetine wash. I then used sequential Western blotting with phosphorylation-dependent and -

independent antibodies to monitor protein activation. 

In littermate control slices, as evidenced by an increase in the ratio of phosphorylated to 

non-phosphorylated protein, fluoxetine produced a significant activation of CaMKII and ERK at 

the 60min and 120min washout time points. Furthermore, fluoxetine produced significant 

increases in phosphorylation of GluA1 at S831 and S845 at both the 60min and 120min washout 

time points (Figure 6-4). In slices prepared from GluA1
S845A

 homozygous mutant animals, 

fluoxetine produced a significant activation of CaMKII and ERK and increased the 

phosphorylation of GluA1 at S831 at the 60min time point. At the 120min washout time point, 

activation of CaMKII and ERK persisted while phosphorylated GluA1 at S831 returned to basal 

levels (Figure 6-4). These results are consistent with the return of physiological transmission to 

basal levels following fluoxetine application and washout in slices from littermate control and 

homozygous mutant animals. However, it is worth noting that the unstimulated ratio of 

phosphorylated GluA1 at S831 to total GluA1 protein, while not significant, was elevated 

compared to wildtype littermate controls; this appears to reflect the reduction of total GluA1 

expression in these animals (Figure A-15). 

I therefore conclude that phosphorylation of GluA1 at S845 is necessary for the 

maintenance but not induction of fluoxetine-induced potentiation. In addition, the serine to 

alanine substitution mutation has no impact on the ability of fluoxetine to activate CaMKII, ERK, 

and the increase in phosphorylation of GluA1 at S831. Without the increase in GluA1 845 

phosphorylation, washout of fluoxetine did not maintain the increased phosphorylation of GluA1 

at S831 or the physiological potentiation at TA-CA1 synapses despite the persistent activation of 
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CaMKII and ERK. I interpret this to mean that the induction of TA-CA1 synaptic potentiation is 

due to the activation of 5-HT1BRs, the recruitment of CaMKII and ERK, and the subsequent 

increase in phosphorylated GluA1 at S831. The maintenance of this potentiation occurs due to the 

phosphorylation of S845 by PKA. After the induction of 5-HT1BR-mediated potentiation, 

increased GluA1 S845 phosphorylation produces a sustained potentiation of TA-CA1 synaptic 

transmission. 
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Figure 6-4 Phospho-null mutation of the AMPA receptor subunit GluA1 at S845 renders a 

persistent fluoxetine-induced potentiation transient 

Group data showing the effect of elevation of endogenous serotonin by the SSRI fluoxetine (20µM) on 

TA-CA1 fEPSPs in Str. LM of acute hippocampal slices prepared from GluA1
S845A

 homozygous mice 

or wildtype littermate controls. (A) In slices prepared from GluA1
S845A

 homozygous mice fluoxetine 

application produced a robust increase in fEPSP slope at the 60min but not the 120min washout time 

point (red; peak = 150.54±7.06%; wash 99.28±4.85%; n = 8). In slices prepared from littermate 

controls, fluoxetine application increased fEPSP slope at both time points (black; peak = 

160.39±9.45%; wash = 165.92±7.37%; n = 6). (B) Group fEPSP slope values over the last 3min of 

baseline, last 3min of fluoxetine administration, and 117-120min post wash. A two-way repeated 

measures ANOVA revealed a significant interaction (F(2,39) = 7.175; p = 0.0022) between conditions 

following fluoxetine application, post hoc analysis revealed a significant difference at the washout 

time point. * = p < 0.05 compared to baseline; # = p < 0.05 compared to littermate controls; data are 

expressed as the mean ± SEM 
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Figure 6-4 Phospho-null mutation of the AMPA receptor subunit GluA1 at S845 renders a 

persistent fluoxetine-induced potentiation transient 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. In slices 

prepared from littermate controls, application of fluoxetine (20µM) increased the levels of 

phosphorylated ERK, CaMKII, S831, and S845 at the 60min time point; these effects persisted at the 

120min washout time point. In slices prepared from GluA1
S845A

 homozygous mutants, levels of 

phosphorylated S845 were undetectable. Application of fluoxetine increased the levels of 

phosphorylated ERK, CaMKII, and S831 at the 60min time point. Increased levels of phosphorylated 

ERK and CaMKII persisted at the 120min washout time point but S831 did not. One-way ANOVA 

and Bonferroni post hoc analysis revealed these differences to be significantly different from vehicle. * 

= p < 0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Prediction 3.3: Pharmacological agonists of one or more Gs-coupled serotonin receptor(s) will 

render the normally transient potentiation induced by anpirtoline persistent. 

5-HT6R activation is sufficient to maintain the 5-HT1BR-mediated potentiation 

To test this prediction of my hypothesis, I pharmacologically stimulated serotonin 

receptors belonging to the Gαs-family while co-applying the 5-HT1BR agonist by anpirtoline. In 

work discussed above, I described how 5-HT6R signaling is required for the maintenance phase 

of the synaptic potentiation induced by fluoxetine. I therefore co-applied to acute hippocampal 

slices the 5-HT6R agonist ST-1936 (Tocris) and the 5-HT1BR agonist anpirtoline to determine if 

5-HT6R signaling is sufficient to maintain a transient anpirtoline-induced potentiation. 

Acute hippocampal slices were pretreated with either ST-1936 (1µM) or an equivalent 

amount of vehicle (DMSO) for a minimum of 30 minutes before application of the 5-HT1BR 

agonist anpirtoline (50µM). fEPSPs were recorded in the Str. LM of hippocampal area CA1. 

Anpirtoline produced a significant potentiation of fEPSPs in all conditions. In the presence of ST-

1936, the anpirtoline-induced potentiation was sustained for the duration of the recording, up to 

2hrs after removal of the anpirtoline from the bath (red circles; Figure 6-5). In slices treated with 

vehicle, the anpirtoline-induced potentiation was transient, as shown previously
47

 (black circles; 

Figure 6-5).  

To determine if the sustained anpirtoline-induced potentiation was due to an increase in 

phosphorylation of GluA1 S845, I harvested Str. LM tissue from slices treated with each of the 

following conditions: vehicle; anpirtoline (50µM; 60mins); 120min anpirtoline wash; ST-1936 

(1µM; 60mins); ST-1936 (1µM; 120mins) + anpirtoline (50µM; 60mins); ST-1936 (1µM; 

180mins) + 120min anpirtoline wash. I then used sequential Western blotting with 

phosphorylation-dependent and -independent antibodies to monitor protein activation.  

In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, anpirtoline produced a significant activation of CaMKII and ERK as well 

as an increase in GluA1 phosphorylation at S831 at the 60min time point; levels of 
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phosphorylated GluA1 S845 were unaffected (Figure 6-5). All effects were reversed at the 

120min washout time point, consistent with the transient physiological potentiation seen in 

response to anpirtoline application and washout. Stimulation of 5-HT6Rs with ST-1936 had no 

impact on the activation of CaMKII and ERK or phosphorylation of GluA1 at S831 induced by 

anpirtoline at the 60min and 120min washout time points. However, levels of phosphorylated 

GluA1 S845 were elevated at both time points (Figure 6-5). Co-application of agonists to 

stimulate 5-HT1B and 5-HT6Rs produced a significant activation of CaMKII and ERK as well as 

an increase in GluA1 phosphorylation at S831 and S845 at the 60min time point. At the 120min 

washout time point, levels of activated CaMKII and ERK as well as increased in GluA1 

phosphorylation at S831 and S845 were sustained (Figure 6-5). This is consistent with the 

sustained physiological potentiation seen in response to anpirtoline application and washout in the 

presence of ST-1936. Application of the agonist had no effect on unstimulated phosphoprotein 

expression or total protein levels (Figure A-16). 

I therefore conclude that 5-HT6R activation is sufficient to maintain the 5-HT1BR-

mediated potentiation of TA-CA1 synaptic transmission. Furthermore, this activation results the 

increase in phosphorylated GluA1 at S845, presumably through recruitment of PKA. I interpret 

this to mean that I have confirmed the identity of the Gs-coupled serotonin receptor that is both 

necessary and sufficient for persistent fluoxetine-mediated potentiation and that this maintenance 

is due to the increase in phosphorylation of GluA1 at S845. 
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Figure 6-5 Co-activation of 5-HT1BR and 5-HT6Rs produces a persistent potentiation of TA-CA1 

synapses 

Group data showing the effect of 5-HT1BR activation by the selective agonist anpirtoline (50µM) on 

TA-CA1 fEPSPs in Str. LM of acute hippocampal slices in the presence of the 5-HT6R agonist ST-

1936. (A) In slices pretreated with ST-1936 (1µM), anpirtoline produced a robust increase in fEPSP 

slope at both time points (red; peak = 150.54±8.74%; wash  = 146.29±8.79%; n = 8); in vehicle treated 

slices, anpirtoline produced a fEPSP slope increase that only lasted while the agonist was present 

(black; peak = 146.15±9.17%; wash = 100.35±6.65%; n = 6). (B) Group fEPSP slope values over the 

last 3min of baseline, last 3min of anpirtoline administration, and 117-120min post wash. A two-way 

repeated measures ANOVA revealed a significant interaction (F(2,36) = 4.589; p = 0.0168) between 

conditions following anpirtoline application, Bonferroni post hoc analysis revealed a significant 

difference at the washout time point. * = p < 0.05 compared to baseline; # = p < 0.05 compared to 

littermate controls; data are expressed as the mean ± SEM. 

  



123 

 
Figure 6-5 Co-activation of 5-HT1BR and 5-HT6Rs produces a persistent potentiation of TA-CA1 

synapses 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. 

Application of anpirtoline (50µM) increased the levels of phosphorylated ERK, CaMKII, and S831 at 

the 60min time point. These effects were reversed at the 120min washout time point. Levels of 

phosphorylated S845 were unaffected at both time points. Pretreatment with ST-1936 (1µM) had no 

effect on the anpirtoline-induced increase in phosphorylated proteins at the 60min time point; however, 

it did sustain the increased phosphorylation of these proteins at the 120min washout time point. Levels 

of phosphorylated S845 were significantly elevated at the 60min and 120min washout time points. 

One-way ANOVA and Bonferroni post hoc analysis revealed these differences to be significantly 

different from vehicle. * = p < 0.05 compared to untreated vehicle control; data are expressed as the 

mean ± SEM. 
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GluA1 Serine 845 and the Etiology of Depression 

Chronic multimodal stress renders a transient 5-HT1BR-mediated potentiation persistent through 

increased phosphorylation of GluA1 S845 

While not a direct prediction or corollary from the hypothesis, I was very interested to 

understand the potential role that GluA1 phosphorylation at serine 845 might play in the etiology 

of depression. As described above, elevation of endogenous serotonin by fluoxetine causes the 

activation of 5-HT1BRs and PLC/CaMKII/S831 to induce a potentiation of TA-CA1 synapses and 

activation of 5-HT6Rs and PKA/S845 to sustain this potentiation.  

Chronic stress paradigms are known to induce a depression-like phenotype in rodents and 

has been characterized by atrophy of dendritic arborizations,
68–70

 reductions in the size/number of 

synapses,
65,68,69

 as well as decline in performance in hippocampal-dependent behavioral tasks.
400

 

At TA-CA1 synapses, chronic stress has also been shown to cause a reduction in AMPA-

mediated glutamatergic transmission correlating with a reduction in GluA1 protein levels.
400

 In 

addition, the transient potentiation normally induced by the 5-HT1BR agonist anpirtoline in 

unstressed animals becomes persistent in slices taken from chronically stressed animals.
47

 This 

led me to hypothesize that the persistence of anpirtoline-induced potentiation at TA-CA1 

following chronic stress is caused by a reduction in GluA1 and a relative increase in basal S845 

phosphorylation levels. 

To test this hypothesis, I used a chronic multimodal stress (CMMS) paradigm to induce a 

behavioral phenotype of anhedonia (a core symptom of depression) prior to preparation of acute 

slices for physiological and molecular experiments. The stress-based paradigm of CMMS 

involves the paring of 4 hours of restraint stress with loud white noise and a strobe light for 10 

consecutive days (Figure 6-6). CMMS has been shown to decrease the rewarding aspects of 

sucrose consumption and sociability – both metrics of anhedonia – as determined by the sucrose 

preference test (SPT) and the social interaction test (SIT), respectively.
481

 Following the chronic 

stress paradigm, CMMS animals exhibited significant reductions in sucrose preference and social 
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interaction compared to unstressed littermate controls (Figure 6-6). To determine if the 

persistence of the anpirtoline-induced potentiation was due to an increase in basal 

phosphorylation of GluA1 at S845, I harvested Str. LM tissue from acute hippocampal slices 

prepared from CMMS animals or littermate controls and treated the slices with each of the 

following conditions: vehicle; anpirtoline (50µM; 60mins); 120min anpirtoline wash. I then used 

sequential Western blotting with phosphorylation-dependent and -independent antibodies to 

monitor protein activation. 

In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, anpirtoline produced a significant activation of CaMKII and ERK as well 

as an increase in GluA1 phosphorylation at S831 at the 60min time point; levels of 

phosphorylated GluA1 S845 were unaffected (Figure 6-6). All effects were reversed at the 

120min washout time point, consistent with the transient physiological potentiation seen in 

response to anpirtoline application and washout. In slices prepared from CMMS treated animals, 

anpirtoline produced a significant activation of CaMKII and ERK as well as an increase in GluA1 

phosphorylation at S831 at the 60min time point; levels of phosphorylated GluA1 S845 were 

unaffected (Figure 6-6). At the 120min washout time point, CaMKII and ERK returned to 

unstimulated levels while the increase in phosphorylated GluA1 at S831 persisted; levels of 

phosphorylated GluA1 at S845 were unaffected (Figure 6-6). These results are consistent with the 

persistence of physiological transmission following anpirtoline application and washout in slices 

from littermate control and homozygous mutant animals (Cai and Thompson unpublished 

observations). It is also worth noting that, CMMS significantly reduced the expression of total 

GluA1 (Figure A-17). 

I therefore conclude that CMMS treatment renders the anpirtoline-induced potentiation 

persistent following the removal of the agonist. This is coupled with a reduction in the expression 

of total GluA1 at the TA-CA1 synapse. Finally anpirtoline application after CMMS elicited a 

sustained activation of ERK and CaMKII as well as a persistent elevation of phosphorylated 
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GluA1 at S831 and S845. I interpret this to mean that CMMS causes a downregulation of 

glutamate receptors at TA-CA1 synapses and – despite a reduction in absolute quantity – a larger 

proportion of GluA1 receptor subunit population exist in a phosphorylated state. 5-HT1BR 

activation results in a persistent potentiation of these synapses by inducing the phosphorylation of 

GluA1 at S831. In combination with previously phosphorylated GluA1 subunits at S845, this 

event renders the phosphorylation of S831 persistent in the absence of continuously active 

CaMKII.  
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Figure 6-6 Chronic multimodal stress results in the loss of sucrose preference and social reward 

behaviors as well as altering the response to anpirtoline application 

(A) Timeline diagramming chronic multimodal stress paradigm, behavioral tests, and acute slice 

experiments. (B-C) Quantification of results from the sucrose preference test (SPT; left) and social 

interaction test (SIT, center) at two time points: pre-CMMS baseline and after 10 days of treatment. 

Mean sucrose preference was significantly reduced in stressed animals following CMMS compared 

with all other groups (2x2 repeated-measures ANOVA group–time interaction (F(1,6) = 17.97; p = 

0.0054). Mean social interaction ratio was significantly reduced in stressed animals following CMMS 

compared with all other groups (2x2 repeated-measures ANOVA group–time interaction (F(1,6)= 

25.28, p =0.0024). The dashed line in both graphs indicates the value at which there is no preference 

for the sucrose solution or social interaction. Bonferroni post hoc analysis; n= 2 CMMS rats, n = 3 

littermate controls. (D) Correlation of sucrose preference and social interaction ratios across stressed 

(red circles) and unstressed populations (blue circles). There was a strong correlation between both 

behavioral outcomes (linear fit in black; R
2
 = 0.6746; F(1,8) = 16.58, p = 0.0036; n = 10). * = p < 0.05 

compared to day 0; # = p < 0.05 compared to unstressed controls; data are expressed as the mean ± 

SEM. 
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Figure 6-6 Chronic multimodal stress results in the loss of sucrose preference and social reward 

behaviors as well as altering the response to anpirtoline application 

(E) Example Western blots for various proteins across the different treatment conditions. (F) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. In slices 

prepared from littermate controls, application of anpirtoline (50µM) increased the levels of 

phosphorylated ERK, CaMKII, and S831 at the 60min time point. These effects were reversed at the 

120min washout time point. Levels of phosphorylated S845 were unaffected at both time points. In 

slices prepared from CMMS treated animals, anpirtoline treatment increased the levels of 

phosphorylated ERK, CaMKII, S831 and S845 at the 60min time point. Increased levels of all 

phosphorylated proteins persisted at the 120min washout time point. One-way ANOVA and 

Bonferroni post hoc analysis revealed these differences to be significantly different from vehicle. * = p 

< 0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Discussion 

In the above experiments, I tested the hypothesis that fluoxetine’s sustained potentiation 

of hippocampal TA-CA1 synapses is due to the co-activation of 5-HT1BRs and an as yet-

unidentified Gs-coupled serotonin receptor, thereby activating PKA signaling. 

 

5-HT6Rs are necessary for the sustained effects of fluoxetine 

To initially test this hypothesis, I examined the role of fluoxetine in producing a sustained 

potentiation of glutamatergic transmission at TA-CA1 hippocampal synapses. Using 

pharmacological agents, I disrupted various putative second messengers and Gs-coupled serotonin 

receptors in the presence of intact 5-HT1BR signaling in an attempt to determine which (if any) of 

these potential signaling molecules were required for the maintenance of synaptic potentiation by 

fluoxetine. I measured changes in synaptic transmission and molecular markers using field 

recordings of excitatory postsynaptic potentials and Western blotting, respectively. 

First, inhibiting 5-HT1BRs with the antagonist isamoltane prevented the glutamatergic 

potentiation of TA-CA1 synapses in the Str. LM by the SSRI fluoxetine and the 5-HT1BR agonist 

anpirtoline. I confirmed that the induction of the persistent potentiation by fluoxetine was 

occurring via the same mechanisms as the transient potentiation by anpirtoline by confirming that 

fluoxetine activates CaMKII and leads to the subsequent phosphorylation of GluA1 at position 

S831. In addition, however, phosphorylation of S845 was elevated by fluoxetine treatment and 

this effect was independent of intact 5-HT1BR signaling. This suggests the potential activation of 

an additional serotonin receptor subtype by the fluoxetine-induced elevation of serotonin. 

To address the possibility of co-activation of multiple serotonin receptors, I applied 

antagonists of the Gs-coupled serotonin receptors known to be expressed in the hippocampus (5-

HT4, 5-HT6, and 5-HT7Rs) and examined fluoxetine-induced potentiation. Application of a 

cocktail of antagonists of all three receptors prevented the maintenance but not the induction of 5-

HT1BR-mediated synaptic potentiation of TA-CA1 fEPSPs. Furthermore, individual application 
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of the antagonists revealed that 5-HT6Rs, but not 5-HT4 or 5-HT7Rs, were required for sustained 

fluoxetine-induced potentiation. I have therefore identified the Gs-coupled serotonin receptor 

necessary for the maintenance of fluoxetine-induced potentiation. Additionally, I have provided 

evidence that increased phosphorylation of GluA1 at S845 positively correlates with the 

timecourse of this maintenance. However, it is worth noting that the depotentiation of synapses to 

baseline levels by blocking 5-HT6R signaling during fluoxetine application is qualitatively 

different from removing 5-HT1BR agonist anpirtoline from the bath with the former requiring 

more time to return to baseline than the latter. 

 

Phosphorylation of S845 by PKA underlies the sustained potentiation by fluoxetine 

Previous work has characterized 5-HT1BR-mediated potentiation of TA-CA1 synapses as 

being independent of PKA signaling.
47

 However, the role of PKA was only addressed in the 

initiation and not the persistence of this effect. Theorizing that the sustained potentiation of these 

synapses occurs in a PKA-dependent manner, I went on to inhibit PKA signaling using the cell-

permeable cAMP analog Rp-cAMPS while elevating endogenous serotonin levels with 

fluoxetine. Rp-cAMPS caused the reversal of fluoxetine-induced potentiation of fEPSPs and 

prevented the increase in phosphorylated S845 similar to that observed when 5-HT6R signaling 

was disrupted. This suggests that PKA activation is required for the maintenance of 5-HT1BR-

mediated potentiation, potentially through an increase in GluA1 S845 phosphorylation, a known 

substrate of PKA. 

To examine the role of GluA1 S845 phosphorylation on the maintenance of fluoxetine-

induced potentiation, I used a mouse in which site-directed mutagenesis and alanine substitution 

(GluA1
S845A

) rendered GluA1 incapable of being phosphorylated by PKA. In slices prepared from 

mice homozygous for this S854A mutation, the persistent effects of fluoxetine on fEPSPs and 

GluA1 S845 phosphorylation were absent. Wild-type littermate controls exhibited normal 

induction and persistence of fluoxetine-induced potentiation of fEPSPs, as well as increased S845 
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phosphorylation. This suggests that the phosphorylation of GluA1 at position S845 is required for 

the maintenance of synaptic potentiation by fluoxetine. 

 

5-HT6R activation is sufficient for maintaining the potentiating effects of anpirtoline 

After identifying a fundamental role of the 5-HT6R/PKA/S845 signaling cascade in the 

maintenance of fluoxetine-induced potentiation I determined if 5-HT6R activation was sufficient 

to render a transient 5-HT1BR-mediated potentiation persistent. 5-HT1BR activation by anpirtoline 

induced a transient synaptic potentiation of TA-CA1 synapses. In the presence of the 5-HT6R 

receptor agonist ST-1936, the anpirtoline-induced potentiation persisted throughout the washout 

period lasting for the duration of the experiment. Pharmacological activation of 5-HT6Rs alone 

had no discernable effect on synaptic transmission. This suggests that activation of 5-HT6Rs is 

sufficient to maintain a transient synaptic potentiation induced by 5-HT1BR-activation.  

 

Chronic multimodal stress reduces GluA1 levels and renders a transient 5-HT1BR-mediated 

potentiation persistent 

Depression is innately a human condition but preclinical models that induce a 

“depression-like” phenotype modeling specific symptoms of the disorder are useful tools that can 

provide powerful insight in the etiology, diagnosis, and treatment of depression. Stress is a known 

risk-factor for depression and animal models in which a depressive-like state is induced by 

exposure to stress are generally considered to have the greatest etiological validity.  

Pervious work has demonstrated the persistence of a 5-HT1BR-mediated potentiation in 

slices prepared from chronically stressed animals.
47

 To better understand the molecular changes 

underlying this effect, I induced a depression-like phenotype in rats using chronic multimodal 

stress (CMMS). CMMS reliably causes a reduction in reward-oriented behaviors such as 

preference for sucrose and sociability; these changes are thought to model anhedonia, a core 

symptom of depression. In slices prepared from CMMS treated animals, anpirtoline caused the 
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transient activation of CaMKII and the persistent phosphorylation of GluA1 at S831. Levels of 

phosphorylated GluA1 at S845 were not impacted by anpirtoline application. However, CMMS 

treatment caused a significant reduction in the amount of GluA1 present at these distal dendrites. 

Taken together, these results suggest that – despite a reduction in absolute quantity – a larger 

proportion of GluA1 receptor subunit population exist in a phosphorylated state following 

CMMS. Thus, 5-HT1BR activation results in a persistent phosphorylation of GluA1 at S831 

despite the transient activation of the phosphorylating kinase because of the relative number of 

receptors already phosphorylated at GluA1 at S845. These serial phosphorylation events on 

GluA1 exhibit synergistic or protective properties, stabilizing the increase in transmission, which 

persists in the absence of further stimulation; akin to co-activation of 5-HT1BR and 5-HT6Rs to 

recruit CaMKII and PKA and induce phosphorylation of GluA1 at two distinct sites. 

 

Conclusion 

In summary, the above results help elucidate some of the complex interactions between 

serotonin receptors and provide a better understanding for how SSRIs such as fluoxetine may 

exert their antidepressant action. Fluoxetine inhibits the removal of serotonin from the 

extracellular space causing an elevation of endogenous serotonin resulting in the simultaneous 

activation of multiple serotonin receptors; the net effect of elevated serotonin signaling is 

dependent on the location and subtype of the receptor(s) present. In the hippocampus, activation 

of postsynaptic 5-HT1BRs at the distal dendrites of CA1 pyramidal cells results in the potentiation 

of synaptic transmission via CaMKII-dependent phosphorylation of the AMPA receptor subunit 

GluA1 at serine 831. Simultaneous co-activation of 5-HT6Rs at these synapses results in the 

activation of PKA and the phosphorylation of its substrate serine 845 on the GluA1 subunit, 

which maintains the increase in transmission initially initiated by 5-HT1BR activation. 

It may be expected that co-activation of multiple serotonin receptors occurs when SSRIs 

are administered because fluoxetine’s inhibition of reuptake mechanism will promote activation 
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of any receptors present. In this instance, 5-HT1B and 5-HT6R signaling converge on the GluA1 

subunit at different phosphorylation sites to induce and maintain an increase in glutamate 

transmission at TA-CA1 synapses, respectively. In animal models known to induce a depression-

like behavioral phenotype, the TA-CA1 pathway becomes pathologically weakened. Thus, a 

sustained potentiation at these synapses would be highly beneficial as it would be more likely to 

fully restore the strength of the weakened connections. Indeed, restoration of normal behavior 

after chronic treatment of stressed animals with SSRIs, results in a simultaneous restoration of 

synaptic strength.
400

 

While the TA-CA1 synapse is a useful synapse to study depression and antidepressant 

treatment, serotonin has diffuse projections all throughout the brain. Furthermore, there are 14 

different serotonin receptor subtypes, each coupled to different signaling molecules and different 

expression patterns at both the tissue and subcellular level. As fluoxetine elevates extracellular 

serotonin levels indiscriminately, any combination of serotonin-mediated effects – synergistic, 

negligible, or contradictory – could and do occur following fluoxetine administration. While a 

better understanding of serotonin signaling furthers more than just depression-related research, 

these findings reveal another layer of complexity by which conventional monoaminergic 

antidepressant treatment may be effective in only a portion of depressed individuals. 
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7. Chronic Fluoxetine Treatment Maximally Potentiates 

Temporoammonic-CA1 Synapses in the Hippocampus 

Introduction 

Throughout this thesis, I have investigated the series of events that occurs following the 

activation (and co-activation) of serotonin receptors in area CA1 in the hippocampus to better 

understand how antidepressants that elevate serotonin might work. So far this work has been 

limited to the identification and characterization of the principle receptors and molecular 

pathways recruited following an acute exposure to compounds that modulate serotonin signaling. 

While this is a necessary first step, antidepressant compounds that elevate serotonin (e.g. SSRIs) 

require chronic administration over many weeks to be therapeutically efficacious, despite 

elevating serotonin concentrations in the brain within minutes.
9,11

 

Serotonin is capable of regulating neuronal excitability and synaptic plasticity through 

interactions with the glutamatergic system. Evidence is accumulating that these changes in 

glutamatergic transmission are required for the therapeutic effect of these and other 

antidepressant drugs.
302

 SSRIs like fluoxetine result in the elevation of endogenous serotonin by 

preventing its removal from the extracellular space,
134

 thereby promoting the activation of any 

and all serotonin receptors present. In the hippocampus, acute administration of fluoxetine results 

in the sustained potentiation of stress-sensitive temporoammonic afferents to the distal dendrites 

of area CA1. The initiation of this potentiation occurs in via activation of 5-HT1BR/PLC/CaMKII 

and TrkB/MEK/ERK signaling cascades resulting in increased phosphorylation of GluA1 at 

S831. The maintenance of this potentiation occurs via the concomitant activation of 5-HT6R/PKA 

resulting in increased phosphorylation of GluA1 at S845; activation of this signaling cascade 

alone is insufficient to produce a potentiation. 

The long-term effects of elevated serotonin signaling on these pathways and how these 

changes might affect glutamatergic signaling and contribute to antidepressant efficacy remain 
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poorly understood. In naïve animals, acute activation of the 5-HT1BR results in a glutamatergic 

potentiation of TA-CA1 synapses that recruits the same molecular machinery as LTP; indeed, 5-

HT1BR-mediated potentiation and LTP occlude each other as they converge a common effector 

pathway.
47

 When animals are treated with SSRIs for three weeks to chronically elevate levels of 

serotonin, acute activation of 5-HT1BRs has no effect on synaptic strength.
47

 This effect might 

result from chronic activation of 5-HT1BR and 5-HT6Rs, as would be expected to occur after 

chronic SSRI-induced elevation of serotonin, may result in the persistent potentiation of TA-CA1 

synapses such that no further strengthening is possible. This leads me to my next hypothesis. 

 

Hypothesis 4: Chronic fluoxetine treatment results in a maximal potentiation of AMPA receptor-

mediated synaptic transmission thereby occluding further 5-HT1BR-induced potentiation.  
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Methods 

All methods are described in “Chapter 2 – General Methods” with the exception of those 

specifically pertaining to the following experiments. 

 

AMPA:NMDA ratio 

In order to determine the relative contribution of AMPAR-mediated current and NMDA 

receptor-mediated current for the TA-CA1 synapse MgCl2 was omitted from the ACSF during 

fEPSP recording. Stimulus intensity was varied to elicit fEPSPs with fiber volleys from 0.05-

0.5mV. At each intensity, 6-10 responses were recorded to be averaged post-hoc prior to analysis. 

The AMPA receptor antagonist DNQX (50µM; Tocris) was then bath applied and fEPSPs 

recorded at 0.5Hz until the response stabilized (>10mins). Once the response stabilized, the same 

intensity of stimuli was again delivered to elicit fEPSPs. After completion of the experiment, the 

competitive NMDA receptor antagonist 2-Amino-5-phosphonopentanoic acid (APV; 80µM; 

Tocris) was washed in to verify NMDA receptor responses. 

The AMPA receptor-mediated component of the fEPSP was determined as described 

above, the first 2ms of the initial slope. The NMDA receptor-mediated component was 

determined as the subsequent 2-5ms of the fEPSP slope in the presence of DNQX, due to the 

slower kinetics of the NMDA receptor. 

 

Morris water maze 

Experiments involving the Morris Water Maze were performed in the laboratory of Dr. 

Aileen Bailey at Saint Mary’s College of Maryland, following my experimental design. The 

water maze (139.7cm in diameter) was filled with black-colored water created using non-toxic 

black paint. During training, a clear Plexiglas platform (10.16cm in diameter) was submerged 

0.5cm below the water surface. Three black and white geometric spatial cues were placed around 

the maze and remained in a fixed location throughout training and testing. 
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Rats were handled for approximately 5min/day for the 4 days before testing, acclimating 

them to the handling procedure. Each rat was randomly assigned a quadrant (NW, NE, SE, SW) 

in which the platform would always be located. As described previously,
47,61,400

 rats were then 

given ten training blocks in the water maze across 6 days. Days 1 and 6 contained one training 

block and days 2–5 contained two training blocks separated by a minimum of 2hrs. Each training 

block consisted of four training trials in which the animal was placed in a random starting 

location in the pool and given 120s to swim to the platform. The animal was allowed to remain on 

the platform for 30s. If the rat did not reach the platform in 120s, it was guided to the platform 

and left to sit on the platform for 30s. Animals were given a 2min intertrial interval. Two probes 

tests were conducted in which the platform was removed, animals were placed in a random 

starting location and were then allowed to swim in the maze for 60s. One probe test was given 

24hrs after the completion of the final training block. The second probe was given 28days after 

the original probe trial. Latency to the target, distance to target, time spent in the target quadrant 

and swim speed were recorded by HVS Image software (version and company location). 

Fluoxetine (80mg/L; NIMH Chemical Synthesis and Drug Supply Program) was administered to 

the animals via their drinking water in order to minimize the effects of stress. All testing was 

occurred during the light phase. 

 

Chronic fluoxetine treatment 

Animals were housed in triads and administered fluoxetine (80mg/L; NIMH Chemical 

Synthesis and Drug Supply Program) via their drinking water in order to minimize the effects of 

stress. Drinking water was changed every three days with control animals receiving fresh water 

only. Animals were administered fluoxetine or tap water continually for four weeks prior to 

experimentation. 
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Results 

Prediction 4.1: The relative contribution of AMPA receptor signaling to excitatory synaptic 

transmission at serotonin-sensitive synapses will be greater after chronic fluoxetine treatment in 

vivo. 

Chronic fluoxetine treatment increases AMPA receptor-mediated transmission at the TA-CA1 

synapses 

To test this prediction of my hypothesis, I chronically administered fluoxetine (NIMH 

Chemical Synthesis and Drug Supply Program) to rats for 28 days in their drinking water before 

quantifying the relative contributions of AMPA- and NMDA-ionotropic receptors on glutamate 

transmission at TA-CA1 synapses. 

Acute hippocampal slices were prepared from rats subjected to 28 days of fluoxetine or 

controls administered tap water. fEPSPs were recorded in the Str. LM of hippocampal area CA1 

in saline lacking Mg
2+

 and were obtained for a minimum of 30 minutes before stimulation 

variation. AMPA receptor- and NMDA receptor-mediated components of the fEPSP were 

determined by recording responses over a range of stimulation intensities before and after the 

addition of DNQX (50µM; Tocris) to block AMPA receptors. In slices prepared from chronic 

fluoxetine treated animals (red), there was a significant increase in the AMPA receptor-mediated 

transmission without a significant change in NMDA-mediated transmission, resulting in a 

significantly larger AMPA:NMDA ratio compared to slices prepared from controls (black; Figure 

7-1). 

I therefore conclude that chronic fluoxetine treatment alters the AMPA:NMDA 

stoichiometry at TA-CA1 synapses and that this is due to an increase in AMPA receptor-mediated 

transmission while sparing NMDA-mediated transmission. I interpret this to mean that there is 

more functional AMPA receptors at distal CA1 dendrites after fluoxetine treatment, potentially 

due to an increased number of AMPA receptors inserted in the membrane; a reported effect of 

increased phosphorylation of S845 by PKA.
364,372

 To determine whether the observed increase in 
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AMPAR-mediated excitation was accompanied by a change in synaptic plasticity, I attempted to 

electrically induce LTP and LTD in acute hippocampal slices after chronic fluoxetine treatment. 
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Figure 7-1 Chronic fluoxetine treatment increases AMPA-mediated transmission at the TA-CA1 

synapses 

(A) Representative traces showing the AMPA receptor- and NMDA receptor-mediated components of 

the fEPSP, recorded extracellularly in SLM of area CA1 in response to simulation of TA afferents in 

saline lacking Mg
2+

. Traces were recorded from slices taken from untreated controls (left) and rats 

subjected to 28 days of chronic fluoxetine in their drinking water (80mg/L; right). Traces are shown 

before (black) and after (gray) the addition of DNQX (50μM) to block AMPA receptors. (B) Mean 

AMPA:NMDA ratios were computed from the initial slopes of the responses in each slice before and 

after application of DNQX (dotted lines). Student’s t-test revealed that AMPA:NMDA ratios were 

significantly increased in slices prepared from chronic fluoxetine-treated rats compared with slices 

from controls (t(12) = 3.688; p = 0.0031; n = 6 littermate control, n = 8 chronic fluoxetine). * p < 0.05 

compared with untreated controls Scale bars represent 0.02mV and 10ms. * = p < 0.05 compared to 

vehicle control; data are expressed as the mean ± SEM. 
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Prediction 4.2: Induction of long-term synaptic potentiation (LTP) with high frequency 

stimulation will be reduced in magnitude at TA-CA1 synapses after chronic fluoxetine treatment 

in vivo. 

Impaired LTP induction after chronic fluoxetine treatment 

I predicted that LTP would be reduced after chronic fluoxetine administration due to 

occlusion mediated by chronic fluoxetine-induced potentiation. To test this prediction of my 

hypothesis, I chronically administered fluoxetine (NIMH Chemical Synthesis and Drug Supply 

Program) to rats for 28 days in their drinking water before strengthening TA-CA1 synapses with 

electrically induced long-term potentiation (LTP). At these synapses, the mechanisms underlying 

serotonin-mediated potentiation and classical electrically-evoked LTP are the same so they 

occlude each other and converge via a common effector pathway.
47

 

Acute hippocampal slices were prepared from rats subjected to 28 days of fluoxetine 

administration or controls administered tap water. fEPSPs were recorded in the Str. LM of 

hippocampal area CA1 for a minimum of 30 minutes before induction protocols. Slices were then 

subjected to a high frequency stimulation protocol (HFS; 4 trains of 100 pulses delivered at 

100Hz; 1min inter-train interval) to induce LTP. As a control for the plasticity of the TA-CA1 

synapse, slices were then subjected to a low frequency stimulation protocol (LFS; 900 pulses, 3 

Hz) to induce de-potentiation. The HFS protocol failed to increase the slope of fEPSPs in slices 

prepared from chronic fluoxetine treated rats (red circles), whereas control slices exhibited a 

robust potentiation of the response (black circles; Figure 7-2). Furthermore, LFS depotentiated 

fEPSPs in control slices (black) but had no effect in the slices from rats administered fluoxetine 

(black; Figure 7-2). 

I conclude that chronic fluoxetine treatment results in the impairment of LTP at TA-CA1 

synapses. I interpret this to mean that chronic fluoxetine treatment increases AMPA receptor 

number or function such that the TA-CA1 synapses are maximally potentiated and unable to be 

strengthened further. Furthermore, chronic fluoxetine treatment reduces the overall plasticity of 
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these synapses as neither of the sequential induction protocols (potentiation/de-potentiation) was 

able to elicit a change from basal synaptic transmission. 
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Figure 7-2 Impaired LTP induction after chronic fluoxetine treatment 

Group data showing the effect of high frequency stimulation (HFS; arrows) on TA-CA1 fEPSPs in Str. 

LM of acute hippocampal slices prepared from rats treated for 28d with fluoxetine (80mg/L) or vehicle 

control. (A) In slices prepared from chronic fluoxetine treated rats, HFS failed to induce an increase in 

fEPSP slope (red; post HFS = 101.03±6.20%; n = 8); in slices prepared from control rats, HFS had no 

effect on fEPSP slope in (black; post HFS = 97.91±7.21%; n = 6). (B) Group fEPSP slope values over 

the last 3min of baseline and 57-60min post HFS. A two-way repeated measures ANOVA revealed a 

significant interaction (F(2,27) = 7.255; p = 0.0030) between conditions following anpirtoline 

application, Bonferroni post hoc analysis revealed a significant difference post HFS. * = p < 0.05 

compared to baseline; # = p < 0.05 compared to vehicle control; data are expressed as the mean ± SEM 
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Prediction 4.3: Induction of long-term synaptic depression (LTD) with low frequency stimulation 

will increased in magnitude at TA-CA1 synapses after chronic fluoxetine treatment in vivo. 

Enhancement of LTD following chronic fluoxetine treatment 

The above results suggest that chronic fluoxetine treatment enhances synaptic 

connectivity through upregulation of AMPA-mediated transmission in a manner than resists 

further synaptic strengthening by LTP. The mechanisms underlying LTP fundamentally differ 

from those of long term depression (LTD). Classical LTD involves the removal of AMPA 

receptors from the synapse and a reduction in AMPA-mediated transmission.
359,360

 Thus, chronic 

elevation of serotonin signaling would enhance the sensitivity of these connections to stimuli that 

elicit synaptic depression such as LTD. To test this prediction of my hypothesis, I chronically 

administered fluoxetine (NIMH Chemical Synthesis and Drug Supply Program) to rats for 28 

days in their drinking water before attempting to induce LTD. 

Acute hippocampal slices were prepared from rats subjected to 28 days of fluoxetine 

(80mg/L) or controls. fEPSPs were recorded in the Str. LM of hippocampal area CA1 for a 

minimum of 30 minutes before being subjected to a low frequency stimulation protocol (LFS; 

900 pulses, 3 Hz) to induce LTD. In order to determine whether LTD revealed LTP in fluoxetine-

treated tissue, slices were then subjected to a high frequency stimulation protocol (HFS; 4 trains 

of 100 pulses delivered at 100Hz; 1min inter-train interval). The LFS protocol significantly 

reduced the slope of fEPSPs in slices prepared from chronic fluoxetine treated rats but fEPSP 

slope was unchanged in control slices. Subsequent HFS induced a potentiation in both control and 

fluoxetine-treated slices, although the magnitude was much greater in controls (Figure 7-3). 

I therefore conclude that chronic fluoxetine treatment results in an enhancement of LTD 

at TA-CA1 synapses. This result is consistent with my previous conclusion that chronic 

fluoxetine treatment increases maximal potentiation of the synapses. 
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Figure 7-3 Enhancement of LTD following chronic fluoxetine treatment 

Group data showing the effect of sequential low frequency stimulation (LFS; bar) and high frequency 

stimulation (HFS; arrows) on TA-CA1 fEPSPs in Str. LM of acute hippocampal slices prepared from 

rats treated for 28d with fluoxetine (80mg/L) or vehicle control. (A) In slices prepared from chronic 

fluoxetine treated rats, LFS produced a significant decrease in fEPSP slope while HFS produced a 

significant increase in slope (red; post LFS = 76.05±4.08%; post HFS = 96.25±9.33; n = 9). In slices 

prepared from control rats, LFS had no effect on fEPSP slope while HFS produced a significant 

increase (black; post LFS = 102.15±5.05%; post HFS = 134.45±6.93; n = 10). (B) Group fEPSP slope 

values over the last 3min of baseline, last 57-60min post LFS, and 57-60min post HFS. A two-way 

repeated measures ANOVA revealed a significant interaction (F(2,51) = 5.569; p = 0.0065) between 

conditions following anpirtoline application. * = p < 0.05 compared to baseline; # = p < 0.05 compared 

to vehicle control; data are expressed as the mean ± SEM. 
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Prediction 4.4: Naïve animals treated chronically with fluoxetine will exhibit a deficit in a 

hippocampal-dependent behavioral task. 

Chronic fluoxetine treatment impairs consolidation of a hippocampal-dependent task 

The above results suggest that chronic fluoxetine treatment may maximally strengthen 

TA-CA1 hippocampal synapses through the continuous elevation of serotonin and recruitment of 

molecular pathways common to LTP; presumably through activation of 5-HT1BRs. The ability of 

neurons to strengthen (LTP) and weaken (LTD) their synapses is fundamentally important for 

normal learning and memory.
305–307

 However, chronic fluoxetine treatment maximally strengthens 

TA-CA1 synapses, resulting in a disruption in LTP and an enhancement of LTD. I therefore 

asked whether chronic fluoxetine treatment would also disrupt learning and memory of a 

hippocampal-dependent task. To address this question, our collaborators in the laboratory of Dr. 

Aileen Bailey (St. Mary's College of Maryland) chronically treated rats with fluoxetine and tested 

for memory consolidation in a spatially cued version of the Morris water maze (MWM); a task 

dependent on TA-CA1 synapses.
47,61

 

Rats were trained and tested in the MWM as described previously.
47,61

 Briefly, animals 

received 10 blocks of training (four trials/block) over 6 days with the platform remaining in a 

fixed location throughout. Twenty-four hours following the 10th block of training, the platform 

was removed and the animals completed a probe trial (Day 1). Chronic fluoxetine rats were 

subjected to 28 days of fluoxetine in their drinking water (80mg/L) while controls received only 

tap water. Long-term consolidation was tested with probe trial 28 days after completing the 10th 

block of training coinciding with the cessation of fluoxetine treatment (Day 28). Latency to the 

target, distance to target, time spent in the target quadrant and swim speed were recorded and 

analyzed a metrics of performance. 

There was no initial difference in performance at the end of training or at the Day 1 trial, 

replicating previous work.
482–484

 However, after allowing consolidation to occur, a retest 

demonstrated a marked difference in the performance between the two groups. Control rats 
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performed as well at Day 28 as they had after the initial Day 1 probe trial finding the platform 

quickly and spending the majority of their time in the quadrant that housed the platform (Figure 

7-4). Chronic fluoxetine treated rats, in contrast, showed a significant increase in latency to target 

and reduction in time spent in the target quadrant during the consolidation trial at Day 28 

compared to the Day 1 trial (Figure 7-4). 

I therefore conclude that chronic fluoxetine treatment results in the disruption of long-

term consolidation of a hippocampal-dependent task. I interpret this to mean that the sustained 

elevation of serotonin by chronic fluoxetine treatment produces interference in information 

storage in the hippocampus; presumably through activation of serotonin receptors and recruitment 

of molecular pathways that impair LTP and enhance LTD. 
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Figure 7-4 Chronic fluoxetine treatment impairs consolidation of a hippocampal-dependent task 

(A) Example diagrams of consolidation trial, with start (open circle), finish (closed circle) and path 

(connecting line) for rats from each group. (B) Latency to platform location for each group. A 4x2 

ANOVA revealed that chronic fluoxetine treated rats performed significantly worse after the 28 day 

consolidation period, with significantly greater latency to target (F(3,33) = 57.83; p < 0.0001). Control, 

rats performed as well after 28 days as after the initial probe trial on Day 1 (p > 0.05). These 

experiments were performed by my collaborators under the guidance of Dr. Aileen Bailey. * = p < 

0.05 compared to vehicle control; data are expressed as the mean ± SEM. 
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Effects of chronic fluoxetine on 5-HT1BR-mediated potentiation 

Chronic fluoxetine prevents the increased phosphorylation of GluA1 at S831 by 5-HT1BR 

activation 

As demonstrated previously, chronic SSRI treatment impairs the ability of a 5-HT1BR 

agonist from inducing a potentiation at TA-CA1 synapses in acute hippocampal slices.
47

 This is 

not overly surprising, chronically elevated serotonin would continuously activate the receptors 

and signaling molecules that mediate this processes. What is less clear, is the level at which a 

deficit in the signaling cascade that initiates this potentiation is occurring. 

The above results provide clear evidence that chronic fluoxetine treatment causes an 

enhancement of glutamatergic transmission at the distal connections of hippocampal area CA1. 

Furthermore, this heightened transmission is due to a selective increase in AMPA- and not 

NMDA-mediated signaling. Coupled with the findings that LTP is impaired and LTD is 

enhanced, this suggests that the TA-CA1 synapse is maximally potentiated or strengthened after 

chronic fluoxetine treatment. I hypothesized that anpirtoline, a 5-HT1BR agonist, is unable to 

potentiate TA-CA1 synapses in slices prepared from chronic fluoxetine treated animals because 

GluA1 at S831 is already maximally phosphorylated. To test this prediction of my hypothesis, I 

chronically administered fluoxetine (NIMH Chemical Synthesis and Drug Supply Program) to 

rats for 28 days in their drinking water before stimulating 5-HT1BRs with anpirtoline. 

Acute hippocampal slices were prepared from rats subjected to 28 days of fluoxetine in 

their drinking water (80mg/L) or controls administered tap water; fEPSPs were recorded in the 

Str. LM of hippocampal area CA1 for a minimum of 30 minutes before application of the 5-

HT1BR agonist anpirtoline (50µM). Anpirtoline failed to produce potentiation of fEPSPs in slices 

prepared from chronic fluoxetine treated rats (red circles; Figure 7-5), control slices exhibited a 

significant potentiation of fEPSPs in response to anpirtoline (black circles Figure 7-5), 

confirming previous findings.
47
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To determine if the prevention of anpirtoline-induced potentiation was due to maximally 

phosphorylated levels of GluA1 at S831, I harvested Str. LM tissue from slices treated with each 

of the following conditions: vehicle; anpirtoline (50µM; 60mins). I then used sequential Western 

blotting with phosphorylation-dependent and -independent antibodies to monitor protein 

activation. 

In control slices, as evidenced by an increase in the ratio of phosphorylated to non-

phosphorylated protein, anpirtoline produced a significant activation of CaMKII and ERK as well 

as a significant increase in phosphorylation of GluA1 at S831 at the 60min time point (Figure 

7-5). These results are consistent with the physiological potentiation observed in response to 

anpirtoline application. In slices prepared from chronic fluoxetine treated rats, in contrast, 

anpirtoline failed to produce a significant activation of CaMKII and ERK or increase levels of 

phosphorylated GluA1 at S831 (Figure 7-5). This is consistent with the lack of physiological 

potentiation seen in response to anpirtoline application in slices prepared from chronic fluoxetine 

treated rats. However, it is worth nothing that chronic fluoxetine treatment significantly elevated 

the levels of activated ERK and CaMKII as well as phosphorylated GluA1 at S831 and S845 in 

the unstimulated condition (Figure A-18). Furthermore, chronic fluoxetine treatment significantly 

elevated the expression of total protein levels for all molecular hallmarks investigated (Figure 

A-18). Thus, despite the “failure” of anpirtoline to elicit a relative increase in activation and 

phosphorylation at these sites, the molecular hallmarks of 5-HT1BR activation are already 

apparent. Thus, unstimulated slices prepared from chronic fluoxetine treated rats resemble control 

slices after simulation with anpirtoline (Figure 7-5). 

I therefore conclude that chronic fluoxetine treatment results in the impairment 5-HT1BR-

mediated potentiation at TA-CA1 synapses while elevating basal levels of activated CaMKII, 

ERK and phosphorylated GluA1 at S831. I interpret this to mean that, chronic fluoxetine 

treatment elevates endogenous serotonin levels which continually activate 5-HT1BRs (and other 
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serotonin receptors); the result is a maximally potentiated synapse that is unable to be 

strengthened by further 5-HT1BR activation. 
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Figure 7-5 Chronic fluoxetine prevents 5-HT1BR-mediated potentiation and phosphorylation of 

GluA1 at S831 by anpirtoline 

Group data showing the effect of anpirtoline (50µM) on TA-CA1 fEPSPs in Str. LM of acute 

hippocampal slices prepared from rats treated for 28d with fluoxetine (80mg/L) or vehicle control. (A) 

In slices prepared from chronic fluoxetine treated rats, anpirtoline application had no effect on fEPSP 

slope (red; peak = 102.01±9.78%; wash = 95.21±7.06%; n = 9); however, in the vehicle treated slices, 

anpirtoline produced a robust increase (black; peak = 145.45±9.93%; wash = 104.07±6.46%; n = 6). 

(B) Group fEPSP slope values over the last 3min of baseline, last 3min of anpirtoline administration, 

and 27-30min post wash. A two-way repeated measures ANOVA revealed a significant interaction 

(F(2,39) = 3.515; p = 0.0395)between conditions following anpirtoline application, Bonferroni post 

hoc analysis revealed a significant different at the peak but not at the washout time point. * = p < 0.05 

compared to baseline; # = p < 0.05 compared to vehicle control; data are expressed as the mean ± 

SEM. 
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Figure 7-5 Chronic fluoxetine prevents 5-HT1BR-mediated potentiation and phosphorylation of 

GluA1 at S831 by anpirtoline 

(C) Example Western blots for various proteins across the different treatment conditions. (D) Group 

data of the Western blots with each bar representing the average of a minimum of 3 replicates. In slices 

prepared from untreated control rats, application of anpirtoline (50µM) increased the levels of 

phosphorylated ERK, CaMKII, and S831 at the 60min time point. Levels of phosphorylated S845 were 

unaffected at both time points. In slices prepared from chronic fluoxetine treated rats, application of 

anpirtoline had no effect on the levels of phosphorylated proteins investigated. One-way ANOVA and 

Bonferroni post hoc analysis revealed these differences to be significantly different from vehicle. * = p 

< 0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Discussion 

In the above experiments, I tested the hypothesis that chronic fluoxetine treatment results 

in a maximal potentiation of AMPA receptor-mediated synaptic transmission thereby occluding 

further 5-HT1BR-induced potentiation and that this disrupts normal function of TA-CA1 synapses 

in memory consolidation. 

 

Chronic fluoxetine treatment maximally potentiates TA-CA1 synapses via upregulation of AMPA-

mediated signaling 

Decreased AMPA receptor expression and AMPA-mediated transmission at TA-CA1 

synapses correlates with decreased sucrose preference scores after chronic stress, a model of 

anhedonia. The restoration of behavior as well as synaptic transmission occurs with the 

application of chronic, but not acute, SSRIs, mimicking the human condition. A better 

understanding of the changes induced by the sustained elevation of endogenous serotonin is 

needed to understand how SSRIs may exert their antidepressant effects. 

To produce a “chronic” fluoxetine treatment condition, rats were subjected to 28 days of 

fluoxetine in their drinking water (80mg/L) before preforming various experiments on acute 

hippocampal slices while control rats received tap water. This treatment paradigm significantly 

altered the synaptic properties of TA-CA1 synapses; presumably through a sustained elevation in 

extracellular serotonin and subsequent increase in serotonin-mediated signaling. Chronic 

fluoxetine was found to significantly increase glutamatergic transmission through AMPA 

receptors while the contribution of NMDA receptors remained unchanged. Furthermore, these 

synapses are maximally potentiated such that manipulations that normally increase synaptic 

strength (i.e. 5-HT1BR activation or HFS) are rendered ineffective while those that decrease 

synaptic strength (i.e. LFS) are enhanced. Expression of AMPA receptor subunit GluA1 was 

significantly elevated providing more modifiable substrate by serotonin-coupled effector 

molecules which are recruited by continuous activation of serotonin receptors in vivo. Taken 
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together these data suggest that chronic treatment with fluoxetine strengthens synaptic 

connections by increasing AMPA receptor expression and signaling. 

The current work also provides a better understanding of previous findings concerning 

the inability of 5-HT1BR agonists to induce a synaptic potentiation of TA-CA1 synapses after 

chronic SSRI treatment.
400

 This failure of 5-HT1BR activation to drive potentiation of the TA-

CA1 pathway appears to be due to the previous recruitment of signaling pathways underlying 5-

HT1BR-mediated potentiation; presumably through chronic elevation in serotonin levels in vivo. 

 

Disrupted synaptic plasticity from chronic fluoxetine treatment impairs memory consolidation 

The ability of neurons to strengthen and weaken their connections is fundamentally 

important for a normally functioning brain and is thought to be the molecular basis for learning 

and memory.
305–307

 When synapses are driven out of this narrow range, synaptic plasticity is no 

longer able to bi-directionally regulate synaptic strength and deficits in information processing 

and encoding can occur, impairing learning and memory.
485–487

  

In depression models, there is a weakening of synaptic connections that can be reversed 

by the chronic but not acute administration of serotonin elevating compounds such as SSRIs.
38,47

 

Chronic elevating of serotonin and serotonin signaling also reverses and/or prevents the 

behavioral effects of these models.
488

 Thus, the therapeutic effect of SSRIs occurs through 

repeated activation of 5-HT1BRs, due to the sustained elevation in serotonin levels, producing 

long lasting potentiation and increasing the strength of synaptic connections. However, this effect 

is only useful when synapses are pathologically weak (e.g. depression); in healthy animals, this 

increase in synaptic connectivity leads to a maximally potentiated synapse. Without the ability to 

scale synapses both up and down to effectively encode information, behavioral deficits occur. My 

findings replicate previous work showing that chronic low dose fluoxetine had no effect on 

acquisition or a short-term probe trial (24 hours) but performance 17 days post training 

(consolidation) was significantly impaired.
489

 This inappropriate strengthening of synaptic 
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connections in healthy animals disrupts the ability to discern important information and 

effectively renders it harder to understand what is meaningful. 

 

Conclusions 

In summary, the above results partially reveal how serotonin-elevating compounds like 

fluoxetine may produce their antidepressant effects. Within this data, there is also a cautionary 

tale illustrating how inappropriate use of these compounds can produce deleterious effects beyond 

their antidepressant actions. 

Current frontline antidepressant pharmacotherapies like SSRIs cause an increase in 

serotonin concentrations throughout the brain. However, these compounds exhibit a delay to 

therapeutic onset (weeks to months) despite producing a rapidly detectable elevation in serotonin 

(minutes to hours). In an attempt to answer the fundamental question of, “How do SSRIs work?” 

I treated rats for 28 days with fluoxetine in their drinking water (80mg/L) and assayed the 

changes in synaptic transmission induced by previously identified key receptors and signaling 

pathways. 

In naïve animals, acute elevation of serotonin in vitro elicits a glutamatergic potentiation 

of hippocampal TA-CA1 synapses that recruits the same molecular machinery as LTP.
47

 Chronic 

elevation of serotonin in vivo produces lasting increases in glutamatergic transmission and 

synaptic plasticity via upregulation of the AMPA receptor. These changes induced by chronic 

fluoxetine treatment would be beneficial in restoring the pathologically weakened synapses 

observed in stress-based models of depression
47,400,481

 and alleviating the clinical symptoms of 

depression. In the context of unstressed/healthy animals however, this sustained elevation of 

serotonin signaling inappropriately strengthens synaptic connections overriding the endogenous 

mechanisms that regulate such changes; the result is an impairment of cognitive function. 

These findings are particularly important when considering the heterogeneity of the 

clinical disorder
13

 and speaks to the poor response rate to SSRIs and incomplete alleviation of 
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depressive symptoms.
9–11

 Patients afflicted by subtypes of depression that do not manifest with 

pathological weakening of synapses are highly unlikely to respond to treatments with serotonin 

modulating compounds. Until reliable biological hallmarks for depression and predictors of 

treatment response are discovered, physicians must continue to rely on the presentation of 

symptoms for diagnosis. 
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Discussion 

“That's the thing about depression: A human being can survive almost anything,  

as long as he or she sees the end in sight. But depression is so insidious,  

and it compounds daily, that it's impossible to ever see that end.” 

― Elizabeth Wurtzel, Prozac Nation 

Throughout this thesis I have investigated the actions of serotonin signaling on neuronal 

function in an attempt to understand the fundamental question, “How do antidepressants work?” 

This might be a bit of an oversimplification as the real question being asked throughout this thesis 

is, “What is serotonin doing to change synaptic connections and how does this restore the deficits 

observed in depression?” I chose to focus on the actions of serotonin in the hippocampus, an area 

of the brain that has distinct and robust changes in depression; specifically, the TA-CA1 

synapses. Preclinical models have demonstrated a weakening of TA-CA1 synaptic connections 

after the induction of a depression-like behavioral phenotype and that this dysfunction is 

recovered following restoration of the behavior by chronic antidepressant treatment.
47

 

While this makes for a good model synapse to study the effects of serotonin, depression 

affects many brain areas – likely underlying the diverse array of cognitive and affective 

symptoms – but not every synapse is altered in depression.
19

 Thus, the results discussed above are 

not meant to argue that the TA-CA1 synapse is the seat of depression in the brain. Rather, that if 

we can better understand how known antidepressant compounds modulate serotonin and exert 

their effects at a model synapse; we gain a deeper understanding of depression as a whole as well 

as a better understanding of what comprises an effective treatment. 

 

Summary of hypothesis and results 

I hypothesized that successful antidepressant treatment with fluoxetine results from the 

serotonin-induced potentiation of glutamatergic transmission which occurs through an increase in 



159 

AMPA receptor function. The initiation of this potentiation is mediated through the activation of 

5-HT1BRs and the recruitment of CaMKII. Active CaMKII phosphorylates the AMPA receptor 

subunit GluA1 at serine 831 which underlies the increase in glutamate transmission. This 

potentiation of transmission is maintained through the co-activation of a Gs-coupled serotonin 

receptor and the recruitment of PKA. PKA exerts a stabilizing effect on the increase in AMPA 

receptor function and it is this need for a persistent increase in glutamatergic transmission that 

underlies the requirement of chronic fluoxetine administration to achieve clinical improvement. 

I first sought to identify which signaling pathway(s) were recruited by 5-HT1BR 

activation – a serotonin receptor known to be required for the antidepressant efficacy of SSRIs – 

and describe the impact of these molecules on glutamatergic transmission in the Str. LM of the 

hippocampus. I concluded that a Gi/o/PLC/CaMKII second messenger cascade underlies 5-

HT1BR-activation and the subsequent TA-CA1 synaptic potentiation.  

I next describe a parallel Ras/Raf/MEK/ERK second messenger pathway, also recruited 

by the 5-HT1BR agonist anpirtoline, during the production of 5-HT1BR-mediated potentiation of 

transmission. I concluded that anpirtoline-mediated potentiation recruits multiple independent 

second messenger cascades that converge to produce a synaptic potentiation. 5-HT1BRs recruit an 

effector cascade consisting of Gi/o/PLC/CaMKII and TrkB receptors recruit a permissive cascade 

consisting of Ras/Raf/MEK/ERK. Activated CaMKII is unable to phosphorylate its GluA1 

substrate and induce a synaptic potentiation without the presence of activated ERK. 

With a greater understanding of the molecules and pathways recruited by serotonin, I 

describe the differential impact of specific activation of 5-HT1BRs by the agonist anpirtoline and 

the simultaneous co-activation of multiple serotonin receptors by the SSRI fluoxetine. I 

concluded that elevated serotonin by fluoxetine induced a sustained synaptic potentiation via co-

activation of 5-HT1B and 5-HT6Rs. Activation of 5-HT1BRs underlies the induction of potentiation 

via CaMKII-dependent phosphorylation of GluA1 at S831 while activation of 5-HT6Rs underlies 

the maintenance of potentiation via PKA-dependent phosphorylation of GluA1 at S845.  
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Finally, I investigated the impact of chronic fluoxetine administration, as would be done 

with human patients, on the signaling pathways identified in the previous chapters. I concluded 

that chronic fluoxetine treatment enhances transmission at TA-CA1 synapses by maximally 

potentiating AMPA receptor-mediated synaptic transmission. This occludes further 5-HT1BR-

induced potentiation and disrupts normal function of TA-CA1 synapses in memory consolidation. 

 

Limitations and drawbacks 

The biggest limitation of this work is in its applicability. The majority of these 

experiments were performed using naïve animals and antidepressants are not prescribed to 

healthy individuals. The principle receptors and molecular pathways described above were 

identified and characterized in the context of a non-stressed, non-pathological, healthy brain. 

While this is often a necessary first step, more work needs to be conducted to understand these 

molecules in the context of models of depression. Do conditions that leave individuals susceptible 

to depression, such as chronic stress, change the way these signaling pathways respond to 

serotonin? 

One major limitation of the current work is the lack of direct quantification of various 

intracellular signaling molecules (e.g. intracellular Ca
2+

 and IP3) in these experiments. Second 

messenger cascades are notoriously promiscuous and reciprocal, so quantification of certain 

molecules in the intracellular space in response to 5-HT1BR activation would provide more 

concrete evidence of their involvement in the serotonin-mediated potentiation of TA-CA1 

synapses. 

In addition to important intracellular signaling molecules, the concentration of 

extracellular serotonin in vivo is never determined. Fluoxetine inhibits the reuptake of serotonin 

from the extracellular space and it is this elevation in serotonin and subsequent increase in 

serotonin signaling that is thought to underlie its antidepressant actions.
82

 Without quantifying the 

effect of fluoxetine on serotonin in vivo, particularly over the diurnal cycle and over the 
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therapeutic time course as receptors desensitize and perhaps become downregulated in specific 

domains such as presynaptic autoreceptors, it’s difficult to fully interpret and translate these 

findings to the human condition. 

Finally, it’s worth mentioning that the above results were focused on the acute actions 

(tens of minutes) of compounds that typically require chronic administration (weeks to months) 

before they become effective. Furthermore, these compounds were administered at concentrations 

in the micromolar range. Investigations in humans revealed that fluoxetine reaches low 

micromolar concentrations in the brain only after multiple weeks of oral administration; 

correlating with the temporal window at which the pharmacotherapy starts to be clinically 

effective.
490

 Thus, it is conceivable that the onset of clinical improvement reflects the effects of 

acute drug administration, at a sufficient concentration, on synaptic physiology 

 

Unresolved questions 

As typical of science, the results of the current experiments raise almost as many 

questions as they answer. Specific molecular-based questions: How does the 5-HT1BR agonist 

anpirtoline and elevated serotonin by the SSRI fluoxetine activate TrkB? Is this activation of 

TrkB dependent on BDNF; if so, where is BDNF originating? How is ERK acting as a permissive 

gate for CaMKII in phosphorylating its GluA1 substrate? Is ERK regulating all functions of 

CaMKII or just the GluA1 phosphorylation event? Questions that are broader in scope and not as 

easily answered: Is this interplay between serotonin and neurotrophin signaling typical of other 

synapses in the brain? Does elevated serotonin from SSRI treatment restore the pathological 

deficits of other synapses and brain regions affected in depression in similar ways? Finally, some 

“big picture” questions: Does the restoration of pathologically weakened synapses represent a 

more effective/novel endpoint with which to search for novel antidepressant compounds and 

determine their viability? How applicable are these findings to the different subtypes of 

depression? Is it possible to design a “better” antidepressant with a higher therapeutic efficacy, a 
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more rapid therapeutic onset, and/or a reduction in side-effects? Unfortunately, many of these 

questions would make for a great thesis project and thus are beyond the scope of mine. Although, 

I have speculated on some potential answers to the some of these questions in the respective 

discussion sections above. 

 

Future directions 

A necessary future direction is to take the findings from this thesis, the principle 

serotonin receptors and molecular pathways involved in strengthening excitatory synapses, and 

examine them in the context of depression models. A better understanding of how these key 

players are altered in depression could identify previously unknown risk factors in the etiology of 

depression. Furthermore, a greater understanding of what is disrupted in mood disorders would 

serve as a basis for the development of new therapies and interventions. For example, we know 

that anpirtoline responses become irreversible in chronically stressed animals. Does this reflect an 

on-going, perhaps glucocorticoid receptor-mediated, increase in GluA1 S845 phosphorylation? 

Another promising future direction would be to understand the neural mechanisms 

underlying the switch from acute to chronic fluoxetine treatment. Determine if 5-HT1BR 

activation is mediating the enhancing effects of chronic fluoxetine on synaptic transmission or if 

5-HT1BRs respond initially and some other mechanism maintains this effect. For example, acute 

application of a 5-HT1BR agonist or elevation of endogenous serotonin by fluoxetine produces a 

potentiation of glutamatergic signaling at TA-CA1 synapses. However, after chronic fluoxetine 

treatment, a 5-HT1BR agonist application no longer has any effect as the synapse is maximally 

potentiated by signaling cascades coupled to 5-HT1BR activation. Are 5-HT1BRs responsible for 

the recruitment of these cascades or is the sustained elevation of serotonin occurring through 

activation of other serotonin receptors? 

Finally, armed with the knowledge gleaned from these experiments, is it possible to 

design a “better” antidepressant with a higher therapeutic efficacy, a more rapid therapeutic onset, 
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and/or a reduction in side-effects? Starting with the concept of receptor specificity, SSRIs like 

fluoxetine elevate serotonin throughout the brain which then acts upon all serotonin receptor(s) 

are present. Selective application of agonists specific for a particular serotonin receptor family 

(i.e. 5-HT1BR) or targeting elevated serotonin to specific critical brain regions could reduce 

undesirable side-effects that result from the off-target actions of generally elevated serotonin. 

Furthermore, co-application of certain serotonin receptor agonists (i.e. 5-HT1B and 5-HT6Rs) or 

antagonists as a combination therapy could reduce the latency required for current SSRI 

pharmacotherapies or diminish side effects. Finally, generalizing my findings to the argument that 

SSRIs are effective antidepressants because they increase transmission at synapses which are 

pathologically weakened, I could imagine that an intervention that selectively strengthens 

weakened synapses would have a higher therapeutic efficacy, a more rapid therapeutic onset, and 

a reduction in side-effects. Interventions such as electroconvulsive therapy and deep brain 

stimulation transiently enhance synaptic transmission and result in rapid alleviation of depressive 

symptoms. Unfortunately, electroconvulsive therapy and deep brain stimulation are not often the 

first, second or even third choice in treating depression due to their more invasive nature, 

different side-effects, and a short-lived efficacy of treatment resulting in a high remission rate. 

 

Concluding remarks 

In conclusion, although there many important questions remain, there is considerable 

evidence that dysfunction of excitatory synapses contributes to the pathology of depression and 

that SSRIs are effective antidepressants that increase synaptic strength. It is my hope that through 

this work, I have meaningfully contributed to a body of literature that will advance the field and 

improve the diagnosis and ultimately the treatment of depression. 

“The worst part about having mental health issues is  

that you are seemingly required to have a breakdown in order  

for people to understand how hard you were trying to hold yourself together.” 

― Anonymous 
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Appendix 

 
Figure A-6 Pharmacological inhibition of the Gi/o/PLC/CaMKII and MEK/ERK signaling 

cascades has no effect on basal transmission 

Group data showing the effects of pharmacological inhibition of second messengers on TA-CA1 

fEPSPs in Str. LM of acute hippocampal slices. (A) Slices pretreated with U73122 (10µM; black 

circles) to inhibit PLC; CPA (10µM; red circles) to inhibit SERCA; or U0126 (10µM; gold circles) to 

inhibit MEK. (B) Group fEPSP slope values over time points corresponding to the last 3min of 

baseline, last 3min of agonist administration, and 27-30min post wash. One-way repeated measures 

ANOVAs revealed no significant differences for any condition (p > 0.05). * = p < 0.05 compared to 

baseline; # = p < 0.05 compared to vehicle; data are expressed as the mean ± SEM.  
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Figure A-7 Western blot analysis after pharmacological inhibition Gi/o/PLC/CaMKII and 

MEK/ERK signaling cascades 

(A-B) Inhibition of PLC with U0126 (10µM); (C-D) Inhibition of SERCA with CPA (10µM); (E-F) 

Inhibition of MEK with U0126 (10µM) before stimulation of 5-HT1BRs with anpirtoline (50µM) for 

60 minutes. Top – phosphoprotein levels; Bottom – total protein levels.  * = p < 0.05 compared to 

untreated vehicle control; data are expressed as the mean ± SEM. 
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Figure A-8 Varying the concentration of 5-HT1BR agonists 

(A) Group data showing the effects of a 10-fold decrease in anpirtoline (5µM) or 10-fold increase in 

CP-93129 (20µM) on TA-CA1 fEPSPs in Str. LM of acute hippocampal slices. (B) Group fEPSP 

slope values over time points corresponding to the last 3min of baseline, last 3min of agonist 

administration, and 27-30min post wash. One-way repeated measures ANOVAs revealed no 

significant differences for any condition (p > 0.05). * = p < 0.05 compared to baseline; # = p < 0.05 

compared to vehicle; data are expressed as the mean ± SEM. 
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Figure A-9 Western blot analysis after 5-HT1BR stimulation 

Application of 5-HT1BR agonists anpirtoline (50µM) or CP-93129 (2µM) for 60mins. Top – 

phosphoprotein levels; Bottom – total protein levels. * = p < 0.05 compared to untreated vehicle 

control; data are expressed as the mean ± SEM. 
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Figure A-10 Effects of 1NMPP1 on wildtype and TrkB

F616A
 homozygous mutant mice 

(A) Group data showing the effects of a 1NMPP1 (3µM) on TA-CA1 fEPSPs in Str. LM of acute 

hippocampal slices in the presence or absence of fluoxetine (20µM). High frequency stimulation 

(HSF; arrows) was used to test for the induction of LTP as a positive control. (B) Group fEPSP slope 

values over time points corresponding to the last 3min of baseline, last 3min of agonist administration, 

and 57-60min post HFS. * = p < 0.05 compared to baseline; # = p < 0.05 compared to vehicle; data are 

expressed as the mean ± SEM. 
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Figure A-11 Western blot analysis for TrkB

F616A
 mutant mice 

Application of the SSRI fluoxetine (20µM) for 60mins in slices prepared from TrkB
F616A

 homozygous 

mutant mice or littermate controls. Top – phosphoprotein levels; Bottom – total protein levels. * = p < 

0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Figure A-12 Western blot analysis following pretreatment with the 5-HT1BR antagonist 

isamoltane 

Application of the 5-HT1BR agonist anpirtoline (50µM; A-B) or the SSRI fluoxetine (20µM; C-D) for 

60mins. Top – phosphoprotein levels; Bottom – total protein levels. * = p < 0.05 compared to 

untreated vehicle control; data are expressed as the mean ± SEM. 
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Figure A-13 Western blot analysis following pretreatment with the 5-HT6R antagonist SB399885 

Application of SSRI fluoxetine (20µM) for 60mins in the presence of a 5-HT6R antagonist SB399885 

(1µM). Top – phosphoprotein levels; Bottom – total protein levels. * = p < 0.05 compared to untreated 

vehicle control; data are expressed as the mean ± SEM. 
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Figure A-14 Western blot analysis following pretreatment with the PKA inhibitor Rp-cAMPs 

Application of SSRI fluoxetine (20µM) for 60mins in the presence of PKA inhibitor Rp-cAMPs 

(10µM). Top – phosphoprotein levels; Bottom – total protein levels. * = p < 0.05 compared to 

untreated vehicle control; data are expressed as the mean ± SEM. 
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Figure A-15 Western blot analysis for GluA1

S845A
 homozygous mutant mice 

Application of SSRI fluoxetine (20µM) for 60mins in slices prepared from GluA1
S845A

 homozygous 

mutant mice or littermate controls. Top – phosphoprotein levels; Bottom – total protein levels. * = p < 

0.05 compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Figure A-16 Western blot analysis following pretreatment with the 5-HT6R agonist ST-1936 

Application of the 5-HT1BR agonist anpirtoline (50µM) for 60mins in the presence of a 5-HT6R 

agonist ST-1936 (1µM). Top – phosphoprotein levels; Bottom – total protein levels. * = p < 0.05 

compared to untreated vehicle control; data are expressed as the mean ± SEM. 
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Figure A-17 Western blot analysis following chronic multimodal stress 

Application of the 5-HT1BR agonist anpirtoline (50µM) for 60mins in slices prepared from rats 

subjected to chronic multimodal stress or untreated controls. Top – phosphoprotein levels; Bottom – 

total protein levels. * = p < 0.05 compared to untreated vehicle control; data are expressed as the mean 

± SEM. 
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Figure A-18 Western blot analysis following chronic fluoxetine treatment 

Application of the 5-HT1BR agonist anpirtoline (50µM) for 60mins in slices prepared from rats treated 

for 28d with fluoxetine (80mg/L) in their drinking water or untreated controls. Top – phosphoprotein 

levels; Bottom – total protein levels. * = p < 0.05 compared to untreated vehicle control; data are 

expressed as the mean ± SEM. 
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