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Abstract 

Hippocampal Contributions to Stress:  

What the Hippocampus Tells the HPA Axis and What Could Go Wrong? 

Anthony Cole, Doctor of Philosophy, 2022 

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

 

The links between stress and psychiatric illnesses are numerous and bidirectional. Stress is 

highly correlated to psychiatric illness, increasing the risk of illness and often precipitating 

its onset. The primary class of neuroendocrine stress hormones, glucocorticoids, is often 

dysregulated in patients with major depression. Understanding the neurobiological changes 

underlying these findings is crucial for the development of improved therapeutic strategies 

and better patient outcomes. 

Prior work suggests that the hippocampus is stress-sensitive, substantially altered in major 

depression, and plays an important regulatory role in HPA axis function. Our understanding 

of the processes regulating the stress response is incomplete, particularly in regards to the 

various brain regions responsible for its central regulation. In this document I strive to clarify 

our understanding of a specific component of stress regulation, namely the hippocampal 

contribution, which could prove important to understanding the various links between stress 

and psychiatric illness. 

To do this, I targeted the ventral hippocampus with injections containing virus that expressed 

the light-sensitive ion channel channelrhodopsin (ChR-EYFP) in glutamatergic neurons. I 

determined the extent of glutamatergic hippocampal terminal expression in brain regions 

thought to regulate the paraventricular nucleus of the hypothalamus (PVN), and then 



stimulated those terminals while recording from corticotropin-releasing factor-positive 

(CRF+) neurons in the PVN in a whole-cell voltage clamp recording configuration. Using 

parasaggital brain sections, I was able to induce optically-evoked inhibitory post-synaptic 

currents in CRF+ neurons of the PVN, demonstrating the first direct functional evidence of 

hippocampal inhibition of the PVN. I used a similar injection scheme to record GAD+ 

neurons in the BNST. Finally, I utilized in vivo optical stimulation of hippocampal terminals 

within the BNST during acute restraint stress and observed a significant decrease in 

circulating levels of corticosterone.  

My data indicates that the hippocampus sends dense projections to the BNST and optical 

excitation of these hippocampal terminals produce inhibitory currents in CRF+ neurons of 

the PVN. Our data suggests a disynaptic hippocampus-BNST-PVN circuit of regulation by 

which the hippocampus inhibits the CRF+ PVN cells. The in vivo results indicate that the 

hippocampal inhibition of these neurons is capable of functionally inhibiting the HPA axis.  
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PREFACE 

The context in which this thesis has been assembled has been challenging. In the midst of a 

pandemic, humanity has been confronted with a striking level of uncertainty and anxiety on 

a truly global scale. Alongside the direct impact on health caused by the virus itself, there 

are numerous early signs of an accompanying impact on mental health through society at 

large. Early reports indicate widespread increases in levels of anxiety and depression, with 

around 1 in 3 adults in the United States reporting symptoms of anxiety or depression 

during this period.1 Although this online screening tool was deployed to obtain timely data 

and does not reflect clinical diagnosis of disorder, it is notable that the data represent a 3-4 

fold increase over a similar study conducted in 2019. 1 These findings highlight not only 

the relationship between stress and presentation of psychiatric illness, but also the fragile 

nature of mental health and the potential for illness in a large percentage of the population. 

Effective treatment of mental illness is of paramount importance to society. 
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CHAPTER 1: INTRODUCTION 

Overview 

Major depressive disorder is a widespread and debilitating disease. Treatment options are 

often ineffective, and can require multiple extended trials of different medications before 

symptoms improve. Current gold standard antidepressant drugs were discovered 

serendipitously or conceived based on underdeveloped theories of depression. Scrutinizing 

the underlying neurobiology of depression can yield novel therapeutic targets for improved 

treatment options. Complicating this search is the fact that depression is multifactorial, 

involving both genetic and environmental factors as well as a myriad of different symptoms 

and presentations. Our lab and others advocate for an approach based on understanding the 

relevant changes to behavioral symptoms seen in depression using a circuit-level approach.2,3 

In doing so, we hope to develop rational neurobiological targets for novel pharmacological 

approaches.  

The theory outlined in a manuscript published by the Thompson lab in 20154  asserts that 

changes in stress-sensitive glutamatergic synapses lead to symptoms of depression. This 

provides both a consolidation of many previous theories of depression as well as a framework 

for guiding further experiments. This hypothesis stated: 

1. Major depression is caused by a weakening of specific subsets of excitatory 

synapses in multiple brain regions that are critical in the determination of affect and 

reward. Chronic hyperactivity of the HPA axis in response to excessive stress, 

known to be an important allostatic risk factor in the gene x environmental axis 
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determining susceptibility to depression, is one potential mediator of these changes. 

High levels of GRs in cells in these regions contribute to their vulnerability.  

2. Many of the characteristic changes in behavior that define the 

symptomatology of human depression, such as anhedonia and depressed 

mood, result because impaired excitatory synaptic transmission leads to 

reduced activity in the cortico-mesolimbic reward circuitry. Other circuits 

that are important in the mediation of other behaviors that are altered in 

depression, such as sleep, sex drive, sociality, working memory, and 

attention, are similarly affected. 

 

Explicit in this theory is a crucial role for stress and the HPA axis. The corticosteroid 

receptor hypothesis of depression5 is one such earlier theory that focused on the role 

of stress hormones in the onset and symptomatology of depression. Corticosteroids 

are often dysregulated in patients afflicted with depression and can be used to model 

depressive phenotypes in rodents and other animal models.6–8 Although this 

hypothesis concentrates on a narrower and more focused aspect of our broader theory 

of depression, this aspect of depression is the primary focus of my work. I hope to 

demonstrate that the same hippocampal synaptic changes we have previously 

demonstrated in reward-relevant circuitry can also explain the associated 

dysregulation of corticosteroids. 
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1 . 1  D e p r e s s i o n  e t i o l o g y  a n d  a  p a t h  t o  i m p r o v i n g  

t r e a t m e n t  

 

 “Know your enemy” 

Depression, or Major Depressive Disorder, is a widespread psychiatric illness, with the 

prevalence of moderate to severe symptoms of depression in the United States of 

individuals over 12 years old found to be 7.6% in 2009-2012 and 8.1% in 2013-2016. 9,10 

The world health organization and data from the National Comorbidity Survey Replication 

(NCS-R) estimate a lifetime prevalence around 16%.11 The estimated economic burden of 

depression is substantial, estimated at $236.6 billion in the year 2010 and $326.2 billion in 

2020 when considering direct treatment cost, suicide-related mortality cost, and indirect 

work costs attributed to absenteeism and presenteeism due to illness. 12,13 Beyond loss of 

production, living with depression is agonizing and comes with severe detrimental effects 

on social life and self-care, leading to increased comorbidities and poor health outcomes. 

Despite the oversized disease burden, treatment methods and outcomes have not improved 

much in the last several decades. Massive investment in research and substantive progress 

made in understanding brain function have not yet led to replacements for current 

treatments, which are often based on incomplete or antiquated theories of psychiatric 

illness. Ultimately patients are often prescribed medication based on empirical findings and 

require multiple trials of medication before finding one that works for a given patient.  We 

lack precision in our treatment methods because we lack understanding of fundamental 

processes underlying depression, and the obstacles to this understanding are not trivial. 

Clinical depression is diagnosed based on the symptomatology of the patient as outlined by 
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the Diagnostics and Statistical Manual of Mental Disorders, or DSM-V (Figure 1). As 

shown in the table, at least five listed symptoms must be present for two weeks or more, 

with at least one of the core symptoms of either 1) depressed mood or 2) loss of interest or 

pleasure also present. These symptoms must cause significant impairment affecting the 

patient’s life and other medical causes must be ruled out. The symptoms and presentation 

of depression can be highly varied between individuals, and therefore it is likely that there 

is no singular cause or finding underlying what we label as clinical depression. Notably, 

several of the symptoms listed include either of two opposing effects, such as weight gain 

or loss, insomnia or hypersomnia, and psychomotor agitation or retardation. While it is 

likely that depression is not a monolithic illness caused by any single perturbation, there is 

still hope that understanding the neurobiology underlying these symptoms can lead to more 

effective treatment. Like all physicians, psychiatrists have attempted to categorize and treat 

their patients based on the symptoms they present. Unfortunately for those patients with 

psychiatric illness in particular, the brain is the least well understood of all bodily systems. 

In many ways, the theories of depression I present in the next chapter reflect our evolving 

understanding of the brain as seen through the lens of the tools available to the field of 

neuroscience. These tools, whether conceptual tools or actual tools, come from the fields of 

psychology, chemistry, genetics, anatomy, physiology. Most recently, tools aimed at 

probing the neurocircuitry underlying disease have become widely adopted in modern 

neuroscience research.14–19 NIMH director Josh Gordon and others have advocated for 

approaching mental illness as a ‘circuit psychiatrist’ and highlight how modern tools and 

technology will hopefully bring translationally relevant changes to the field.2,20 Psychiatric 

disorder classification based on research findings categorized under the Research Domain 
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Criteria (RDoC) is also being promoted by the NIMH in an effort to bridge the divides 

between neuroscience research and clinical practice.  I share Dr. Gordon’s enthusiasm and 

optimism for circuit-based approaches and believe that this is a promising avenue to 

develop improved therapeutic options. With direct modulation of neurons using modern 

tools, including optogenetics and chemogenetics, we have an unprecedented ability to 

causally investigate the circuits underlying behavior. Because of the wide and varied 

deficits seen in depression, the location of dysfunction may reside in brain regions with 

common projections across the effected symptom domains. Regions such as the medial 

prefrontal cortex and hippocampus are among likely candidates that align with these 

concepts. 
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Figure 1. DSM-5 Diagnostic Criteria for Major Depressive Disorder  

 

  

Figure 1. DSM-V criteria for the diagnosis of major depressive disorder. There are many 
disparate behavioral symptoms represented, with each one likely caused by dysfunction in 
one or more brain circuits. Identifying the neural basis of these behaviors and the 
underlying causes of disease should enable development of improved therapeutics.  
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1 . 2  T h e o r i e s  o f  d e p r e s s i o n  

“Roadmap to treatment” 

There has been great effort in understanding the etiology of depression. As our biological 

understanding of psychiatric disease has improved, new opportunities became available in 

theorizing and developing new treatment options. The history of our understanding of 

depression is paralleled with the history of neuroscience. New technological advances pave 

the way for more precise manipulation and improved specificity in experimentation led to 

more nuanced understanding. While far from a comprehensive history of depressive 

treatment, in this section I hope to provide a brief overview of recent theories of depression 

that have guided research and treatment in the last few decades in order to better describe the 

landscape of depression research and treatment as is currently practiced. This approach has 

been taken before, and an excellent example is provided here.21 My aim is to then synthesize 

many of these theories with the excitatory synapse theory of depression as espoused by the 

Thompson lab, provide a framework for answering research questions within this viewpoint, 

and finally demonstrate how my research project fits into this broader narrative. 

 

Psychological theories of depression 

Depression is a disorder of the mind, and therefore it intuitively seems like a shift in thought 

patterns could resolve the symptoms. This is how we typically recover from the various non-

pathological mood changes that occur throughout our day, and this is usually the most 

relatable experience anyone who has not experienced depression will be able to identify with. 

But depression is much more than a simple change in mood, and a hallmark of the disease is 
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the persistence of those negative feelings. Several theories proposing changes in cognitive 

processing utilize psychological terminology and concepts to explain either etiological or 

functional basis for depression. It also cannot be overstated that various types of structured 

cognitive therapy performed by trained professionals are effective and important components 

to modern antidepressant treatment. However, we must understand that these therapies work 

on the same physiological and biological substrate as all other psychiatric treatments and that 

they may even be improved with expanding our knowledge of the neurobiology underlying 

these cognitive changes. As an example, modern treatment concepts that involve pairing 

hallucinogenic or other compounds with therapy may help ‘unlock’ or ‘open’ the brain to 

more readily adapt. As with any learning mechanism, there are synaptic changes associated 

with these changes in regional brain activity, functional connectivity, and synaptic strength 

in multiple brain regions that should be understood at many levels of complexity.  

 

Monoamine/serotonin theory of depression 

One of the first major breakthrough therapies for the treatment of depression was the 

discovery of monoamine treatments. Monoamine neurotransmitters include serotonin (5-

HT), dopamine, and norepinephrine. Metabolites for serotonin were seen to be decreased in 

patients with major depression, which led to the simple idea that a lack of serotonin may lead 

to depression symptoms. Medications aimed at increasing serotonin and other monoamines 

in the synapse use various means to do so, either blocking their reuptake or inhibiting their 

degradation, thereby activating nonspecifically serotonin receptors throughout the brain 

including the different 5-HT receptor subtypes with various affinities. These medications 

have proven effective in treating depression and are among the most widely prescribed 
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antidepressants today.  Selective-serotonin reuptake inhibitors (SSRIs) increase the level of 

endogenous serotonin available at the synapse by blocking their removal. The emerging use 

of psychedelics as antidepressants works on a similar idea, as most psychedelics are pan-

serotonergic agonists. Although the exact circuits or synaptic mechanisms have yet to be 

worked out, our lab has shown that antidepressant treatment can restore the strength of stress-

sensitive TA-CA1 synapses in the hippocampus. 22,23 

 

Neurotrophin/neurogenic theory of depression 

There are several lines of evidence suggesting that neuronal proliferation or growth is 

disrupted in patients with major depression. Atrophy of certain brain regions or decreases in 

dendritic complexity are thought to contribute to loss of function in patients. There has 

therefore been speculation that promoting neuron growth or increasing neuroplasticity using 

growth factors such as brain-derived neurotrophic factor (BDNF) and nerve growth factor 

(NGF) may reverse these symptoms 24,25. Studies evaluating antidepressant efficacy have 

highlighted changes in the expression of these neurotrophins following antidepressant 

treatment, including in the hippocampus and with implications for HPA axis regulation.24,26–

29 increases in dendritic arborization has also been seen following antidepressant treatment 

and are thought to be associated with improvement in depressive-like behaviors.30,31 

 

Excitatory synapse hypothesis of depression 

“Circuit basis for depressive symptoms” 

As promoted by NIMH, the Thompson lab has sought to evaluate the circuits underlying 

behavioral symptoms in psychiatric illness. Because the two core symptoms of major 
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depressive disorder involve deficits in reward experience, understanding the synaptic 

changes involved in reward pathways will give insight into the core symptoms of depression. 

Based on findings in the hippocampus and related research in the medial prefrontal cortex, 

we believe that chronic stress leads to a loss of synaptic strength in excitatory synapses within 

these cortical regions. While this excitatory drive normally provides a reliable pathway for 

hedonic value processing, we believe that chronic stress and other factors can lead to 

diminished strength within these synapses, thereby reducing the hedonic value of 

information routed through these same circuits and subsequently altering reward-related 

behaviors. (Figure 2) These synapses may be weakened following chronic exposure to 

glucocorticoids32, restored by serotonin or monoamine-dependent mechanisms, require 

plasticity induced by neurotrophic factors, be strengthened during cognitive therapy, and be 

either genetically or developmentally predisposed to these changes. The following section 

will demonstrate how this hypothesis fits into a broader view of depression-related findings, 

and yet also provides a more precise framework for approaching the circuit-level 

mechanisms of depression and development of novel antidepressant therapeutics. This 

framework was tremendously demonstrated in our lab using optogenetic manipulation of 

hippocampal projection to reward circuitry33. I hope to use this same theory and apply it to 

regulation of the neuroendocrine response, demonstrating that excitatory deficits in the 

hippocampus may explain more than just reward-relevant behaviors of major depressive 

disorder. 
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Figure 2. An Excitatory Synapse Hypothesis of Depression34 

Figure 2. The excitatory synapse hypothesis of depression from Thompson et al. 2015, 
demonstrating how excitatory synapses in the hippocampus (Hippo) and medial prefrontal 
cortex (mPFC) project to D1R medium spiny neurons (MSNs) in the nucleus accumbens 
(NAc). Under normal conditions, this excitation of D1R MSNs disinhibits inhibitory 
interneurons in the ventral tegmental area(VTA), leading to an increase in dopamine release 
from dopaminergic cells in the VTA. When the excitatory synapses are weakened following 
chronic stress, D1R MSNs no longer disinhibit these VTA dopaminergic cells and dopamine 
release is inhibited, leading to deficits in reward behaviors and hedonic value.  Effective 
antidepressants are thought to lead to activity- or serotonin-dependent strengthening of 
these excitatory synapses and restore the activity of these reward pathways. Following this 
model, chronic stress likely would lead to deficits in other excitatory projections from the 
hippocampus to cause other depression-relevant phenotypes such as dysregulation of the 
neuroendocrine stress response. 
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1 . 3  T o w a r d s  a  u n i f i e d  t h e o r y  o f  d e p r e s s i o n  

 “Bridging ideas” 

To form a unified theory of depression is well beyond the scope of this thesis, but compiling 

and merging the existing ideas can give great insight into the mechanisms underlying 

depression. A combination of environmental and genetic factors seem to determine an 

individual’s risk for developing depression. The timing of exposures to major stressors 

during development also seems important, as certain critical periods are more strongly 

associated with risk 35–37. These risk factors then result in an interconnected web of changes 

within the brain at the cellular and circuit level, such that, in depression, there are altered 

levels of circulating neurotransmitters, changing synaptic stress and brain region 

connectivity, loss of neural growth and plasticity, increases in stress responsivity, and 

inflammation. Each of these is correlated with depressive-like behaviors and each other, so 

there are often difficulties in identifying causal relationships and directionality. These 

changes are then thought to alter activity in brain circuitry controlling different behavioral 

domains and generate the depressive-like behaviors or symptoms. With this broad view as 

nicely illustrated in Dean and Keshavan 201 (Figure 3)21, we can see how studying 

depression from molecular to circuit levels can give insight into more precise deficits in 

major depression and yield treatments that are more targeted and hopefully more effective 

based on the symptoms of patients. One more element of this interconnected web of findings 

I would like to highlight is that stress is both associated with the onset of major depression 

while dysregulation of negative feedback is also a symptom in a subset of patients with major 

depressive disorder. Being both a cause and a symptom has often been referred to as a 
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‘chicken and egg’ problem38, being that the correlation between stress dysregulation and 

depression does not give a clear indication of causal direction. I believe that it may be both, 

with excitatory synaptic weakening following chronic exposure to glucocorticoids that also 

in turn fails to inhibit the paraventricular nucleus of the hypothalamus and the HPA axis. 

This would lead to what we see in patients with major depression, which is a failure to 

negatively regulate the HPA axis in response to glucocorticoid treatment. My project uses 

the excitatory synapse hypothesis framework and applies it to the stress regulation dimension 

of depression symptoms. 

 

Figure 3. “A Unified Theory of Depression”21 

 

 

Figure 3. A diagram from Dean and Keshavan 2017 demonstrating the combination of 
genetic and environmental factors that can lead to depressive phenotypes. They also 
show how the pathophysiology including HPA axis dysfunction and circuit 
dysregulation are reciprocally connected and may drive further development of 
pathophysiology in many R-DOC domains. 
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1 . 4  T h e  h i p p o c a m p u s  a n d  d e p r e s s i o n  

 “Critical nodes of depressogenic networks” 

Hippocampal volume decreases significantly in patients with major depression and is 

restored with antidepressant treatment.39,40 Atrophy of the hippocampus has been seen in 

postmortem studies of humans and nonhuman primates with major depression.41 This 

atrophy is associated with prolonged stress exposure, and is thought to contribute to the 

symptoms of major depression. The hippocampus is a brain region involved in spatial 

memory as well as regulating affective state. A student’s first introduction to the 

hippocampus is often through the patient HM, whose hippocampus was almost entirely 

removed in an attempt to cure intractable epilepsy. Although grossly normal, this patient 

experienced profound anterograde amnesia and was unable to form new memories following 

the procedure. The hippocampus is also the location of ‘place cells,’ so named because of 

their remarkable specificity in representation of an animal’s location within an area. Because 

of the clear associations between the hippocampus and cognitive tasks like memory, 

hippocampal atrophy and synaptic weakening are often cited as leading to deficits in related 

behavioral tasks such as context-associated reward. Such vivid and remarkable examples of 

hippocampal function may overshadow an equally important role the hippocampus plays in 

contributing to affective state. A separate literature provides ample behavioral evidence for 

hippocampal involvement in regulation of emotion, stress response, and associations with 

affective disorders such as depression.42–46 Synaptic changes within hippocampal synapses 

have been demonstrated following chronic stress and correlate with depression-like 

behaviors such as the sucrose preference test. Furthermore, the Thompson lab has shown that 
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synaptic strength of these synapses is seen to recover in response to antidepressant treatment, 

along with the behavior.23,32,33 It has been widely accepted that within the hippocampus are 

spatially-segregated regions with distinct functional roles. Differences in anatomical 

projections, genetic expression, cell activity, and behavioral manipulations provide evidence 

for this organization. A ‘cold’ dorsal/rostral component is responsible for declarative and 

spatial memory, whereas a ‘hot’ ventral/caudal component has functional relevance for 

emotional state. There are distinct differences in gene expression in these regions linked to 

these two subtypes of behavior.47 The ventral portion of the hippocampus is considered the 

primary contributor to affective circuitry with projections to the basal amygdala, nucleus 

accumbens, lateral hypothalamus, and bed nucleus of the stria terminalis. 48 These 

projections are all thought to be important for regulation of the PVN and HPA axis.43,44 

Because of these findings, my work focused primarily on a population of cells in the ventral 

hippocampus.  
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1 . 5  H P A  a x i s  f i n d i n g s  i n  d e p r e s s i o n  

One of the most consistent biological findings in patients with major depression is the 

hyperresponsiveness of the Hypothalamic-Pituitary-Adrenal (HPA) axis. 6,49,50 The HPA axis 

is responsible for the activation and regulation of the release of the stress hormones, 

glucocorticoids. It consists of three major cell populations: corticotropin-releasing factor-

expressing cells within the median eminence of the hypothalamus, corticotrophs in the 

anterior pituitary, and glucocorticoid-producing cells in the zona fasciculata of the adrenal 

cortex. These cell populations not only drive the production of glucocorticoids, but also 

express glucocorticoid receptors that sense circulating levels of hormone and reduce further 

production in a negative-feedback loop. I will expand on the biology of this negative 

feedback in a later section, as it is critical to understanding how the neuroendocrine stress 

response functions. Glucocorticoid receptors are not only present on cells within the HPA 

axis for negative feedback, but also exist on nearly every vertebrate animal cell and control 

a wide range of responses activities including immunosuppression, glucose homeostasis, 

fluid regulation, development, and arousal and cognition. Glucocorticoids also bind to 

mineralocorticoid receptors (MR), and actions on both GR and MR are thought to mediate 

CORT effects on the brain.51–54 In humans, cortisol is the glucocorticoid important for the 

neuroendocrine response. Cortisol is essential for human life and must be maintained within 

critical parameters in order for the body to properly function. Hypocortisolism can be seen 

clinically in Addison’s disease, in which the adrenal cortex does not produce proper levels 

of circulating steroid hormones including cortisol. Although you cannot live without cortisol, 

excess levels of cortisol are also detrimental to long-term health. Sustained elevation of 



18 
 

glucocorticoids leads to Cushing’s syndrome, a constellation of symptoms resulting from 

various processes regulated by glucocorticoids.55 The excessive amount of cortisol is present 

either due to exogenous glucocorticoid administration as seen in Iatrogenic Cushing 

Syndrome or through several biological mechanisms in which hormones controlling the 

production of cortisol are overproduced. Regardless of the cause, the prolonged elevation of 

glucocorticoids can lead to hyperglycemia, weight gain, hypertension, anxiety, and 

depression. The last two symptoms mentioned are intriguing for this research topic, because 

it seems likely that glucocorticoids are at least partially responsible for the increased 

incidence of psychiatric illness following chronic stress. In a chronic stress rodent model of 

depression, CORT alone was demonstrated to be both necessary and sufficient to drive 

depression-like deficits in a sucrose preference test, novelty-suppressed feeding task, as well 

as antidepressant-responsive changes in synaptic strength within a stress-sensitive synapse.32 

These data place the glucocorticoid response as intimately comingled with the onset and 

expression of depression-like illness and can serve as a foothold for investigations into the 

biological mechanisms of depression. This alteration of glucocorticoid response is not only 

a symptom but may also contribute to further exacerbation or prolongation of depressive 

symptoms. While this correlation is often presented as a ‘chicken and egg’ problem, it may 

be more accurate to state that this dysregulation is rather a devastating positive feedback 

loop.38,49,56 
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1 . 6  H P A  a x i s  d y n a m i c s  

The temporal dynamics of the glucocorticoid response are complex and there are numerous 

factors and brain regions involved in the regulation of that response.(for review see57) 

Understanding the underlying physiology of the response is informative and instructive for 

many of the various features seen clinically. The ‘head’ of the HPA axis is a population of 

cells within the medial parvocellular portion of the PVN. These cells send projections to the 

median eminence of the hypothalamus and produce the neuropeptide corticotropin releasing 

factor (CRF). CRF travels through blood vessels known as the hypophyseal portal system 

that form a microcirculation between the hypothalamus and the anterior pituitary gland. The 

population of cells within the PVN receive direct and indirect input from many brain regions, 

and deficiencies in CRF impair stress-induced ACTH secretion.58 The principle target of 

CRF are corticotrophs in the anterior pituitary. These cells store mature polypeptide ACTH 

in vesicles and therefore are ready for rapid release. Corticotrophs are not intrinsically active, 

and exocytosis of ACTH is driven by the detection of CRF. Unlike the release of minute 

amounts of CRF into the microcirculation of the hypophyseal-portal system, ACTH is 

released into systemic circulation and detectable in blood in humans and trunk blood in 

rodents. ACTH binds to the melanocortin 2 receptor in the zona fasciculata of the adrenal 

cortex, and stimulates a series of enzyme-mediated reactions initiating the de novo synthesis 

of the lipophilic steroid hormone cortisol or corticosterone in rodents (collectively referred 

to as CORT) from cholesterol. Because of the intrinsic delay of this synthetic step, it takes 

3-5 minutes for blood levels of CORT to rise following an acute stressor whereas the release 

of CRF and ACTH occurs rapidly. An important fact to consider about this process is that 
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CORT is lipophilic, and readily diffuses through cell membranes. This is partly why CORT 

is so potent and promiscuous in its activity, but also why it cannot be stored in vesicles and 

rapidly released like the neuropeptides upstream in the HPA axis. CORT is therefore 

synthesized as needed in the adrenal cortex and passively diffuses out of the cell and through 

the bloodstream where it can then enter into effector cells. Once inside a cell, it binds to 

cytosolic glucocorticoid receptor (GR), which then dimerizes and translocates to the nucleus, 

binding to glucocorticoid response elements (GRE) within DNA to exert a range of 

transcriptional effects. CORT also binds GR receptors present at each level of HPA axis 

regulation, namely the paraventricular nucleus of the hypothalamus (PVN), pituitary, and 

adrenal glands, with the primary outcome of shutting down further CORT production via 

negative feedback.  

 

As a general principle, negative feedback systems with significant delay will result in 

oscillation, and circulating glucocorticoid levels are no exception. There are several 

oscillatory cycles of glucocorticoids that occur on different but overlapping timescales. There 

is a diurnal cycle related to sleep-wake cycles and light exposure, with CORT levels peaking 

at the time of waking and the start of the ‘active period,’ during the day in human and during 

the dark cycle in rodents. This rapid rise in CORT at the time of waking is known as the 

cortisol awakening response (CAR) and may have importance in HPA axis function as well 

as other brain functions.59  The circadian rhythm drives fluctuations in basal levels of 

circulating CORT, but does not seem to alter the peak of an acute stress response applied at 

any time of the cycle. The ultradian cycle features smaller fluctuations that occur in about 60 

minute periods, and may be more closely related to intrinsic properties of negative feedback 
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and the nature of glucocorticoid release. Finally, there are stressor-induced elevations of 

CORT that rapidly elevate and then diminish under conditions of normal negative 

feedback.60 It has been argued that these dynamics are necessary for optimal functioning of 

glucocorticoid-sensitive neural processes.61 See Figure 4 for a wonderful summary 

illustration by Spencer and Deak 2017.57 

 

Another important factor to consider is the availability of free CORT within blood. Out of 

total blood CORT, only about 5% is not bound to carrier proteins in the blood. The principle 

protein that binds CORT is corticosteroid-binding globulin (CBG), but albumin can also bind 

to and alter CORT availability.62–64 The sequestering of CORT by these molecules is likely 

an important mechanism of regulation that is still being explored in terms of physiological 

significance, although there is evidence that temperature-dependent release of bound CORT 

may allow for release of CORT during fevers.65 

 

With the complex interplay of all the various feedback and feedforward mechanisms, the 

interposed oscillatory cycles, and the other biological mechanisms gating CORT action it 

can be difficult to parse out what the CORT level at any given time may mean. Importantly, 

it seems that regardless of the circadian or other CORT rhythms, the body is still able to 

elevate CORT levels in response to an acute stressor. This response to stress is also roughly 

equivalent in peak CORT as shown in the following idealized graphics.  
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Figure 4. Dynamics of CORT secretion57 

Figure 4. A figure from Spencer and Deak 2017 that nicely illustrates the combination of 
several research findings and important concepts in HPA axis regulation. A) demonstrates 
how the ultraradian oscillations of CORT levels are superimposed upon the larger and 
slower circadian rhythm of circulating CORT levels. B) shows how an acute stressor causes 
a rapid rise and decline of CORT levels. The peak of these responses does not seem to 
change even when basal levels of CORT are elevated during the circadian oscillation, and 
therefore the highest net change occurs during the circadian nadir of CORT levels. 
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1 . 7  G l u c o c o r t i c o i d s  r e c e p t o r s  a n d  n e g a t i v e  f e e d b a c k  

It is critical to understand that the release of glucocorticoids in response to an acute stressor 

is a necessary and beneficial adaptive response. During acute stress the body is readied for 

immediate action and makes sacrifices in long-term activities in order to best respond to an 

imminent threat. Glucocorticoids act in concert with the sympathetic adrenal response to 

favor processes that prioritize short-term survival over long term health. Energy is mobilized 

into readily-accessible glucose and released from tissues rather than stored. Anti-

inflammatory pathways are favored over pro-inflammatory immune responses. Processes not 

immediately needed including digestions, reproduction, and maintenance are shut down or 

inhibited. In the brain, several regions involved in stress response including the amygdala, 

frontal lobes, and hippocampus increase activity and function 66,67. Long term potentiation 

(LTP) as well as fear memory are enhanced. 68–70 

 

In a healthy functioning stress response, the elevation of cortisol and associated changes 

occur rapidly, but also dissipate quickly. Following an acute stress, both humans and rodent 

models show rapid elevation of cortisol or the rodent equivalent hormone corticosterone. 

Under normal conditions and a functioning HPA axis, blood levels of these glucocorticoids 

peak around 15-30 minutes, and rapidly return to basal levels within around 120 minutes. 

Glucocorticoid and mineralocorticoid receptors expressed in high levels throughout the HPA 

axis detect these elevations in glucocorticoids and respond via negative feedback to decrease 

the production of glucocorticoids. This is likely sensed due to differences in the relative 

affinities of MR and GR to glucocorticoids. (Figure 5).71 The ability of this system to 
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appropriately suppress further production of glucocorticoids is key to the rapid elevation and 

decline of circulating hormone levels and can be clinically and experimentally assessed using 

a glucocorticoid challenge. In this test, endogenous glucocorticoid levels are monitored 

before and after administration of an exogenous glucocorticoid receptor agonist, frequently 

dexamethasone as in the dexamethasone suppression test (DST). In response, the HPA axis 

detects high levels of the exogenous glucocorticoid and suppress its own production of 

endogenous glucocorticoids. In patients and animal models of dysregulation of the HPA axis, 

this subsequent suppression of production is not seen and therefore leads to sustained 

elevation of circulating hormone 72,73. This is a key finding in many patients with major 

depression and has been described as ‘the most consistent biological finding in patients with 

major depression.’49 Clinically it has been used and tested with mixed enthusiasm or clinical 

utility, likely due to differences in depression subtypes such as atypical depression.  

 

In my thesis work, I have striven to focus on biological findings that coordinate with 

psychiatric outcomes with the goal of increasing understanding the neurobiology underlying 

psychiatric conditions such as major depression and developing viable therapeutic strategies. 

 



25 
 

Figure 5. CORT response during an acute stressor71 

Figure 5. This diagram from Oitzl et al. 2010 demonstrates the typical CORT 
response to a stressor, with a rapid increase followed by a decrease over the next 2 
hours. This diagram also illustrates the two receptors for CORT, mineralocorticoid 
receptors (MR) and glucocorticoid receptors (GR) with their putative roles in 
responding to elevations in CORT. MR are higher affinity and therefore bind at 
lower levels of CORT, while GR are lower affinity and become active after CORT 
elevates to stress levels. This paper also references the rapid non-genomic actions 
of CORT on membrane-bound MR and GR.  
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1 . 8  C h r o n i c  s t r e s s  

Chronic stress is a major contributor to psychiatric disease 29,74. Stressful events are 

correlated with and often precede psychiatric illness. Childhood and juvenile stressors, or 

adverse-childhood events (ACEs) are a major risk factor for the development of psychiatric 

disorders.36,75–77 Stress is used in animal models to generate depressive-like behaviors. Our 

lab has used these models extensively and have shown reliable changes in stress-sensitive 

synapses that resolve with antidepressant treatment 22,23,32. We have also highlighted the 

essential role of glucocorticoids in generating this pathology, as blocking the synthesis of 

glucocorticoids during chronic stress blocks the associated changes and exogenous treatment 

with glucocorticoids in the absence of stress can recapitulate the stress-induced changes. As 

mentioned previously, stress is an adaptive and evolutionarily favorable response to acutely 

threatening situations. Chronic stress pushing this response to and beyond its breaking point, 

where the stress response becomes maladaptive and ultimately harmful to a number of bodily 

systems and processes. A study by Mizoguchi et al in Wistar rats measured the CORT 

response to a 2 hour stressor when the rats were naïve, 1 week into daily stressors, and 4 

weeks into daily stressors. They found that compared to the naïve rats, chronically stressed 

rats has a slightly higher initial CORT response immediately following stress, followed by a 

‘rapid’ return to baseline while the naïve rats maintained elevated CORT levels beyond 5 

hours.78 They also looked at [3H]Dexamethasone binding in the hippocampus in these rats 

and found significantly reduced Bmax values with no change in Kd, indicative of a reduction 

in glucocorticoid receptor expression in the hippocampus following chronic stress. This 

study took blood samples several hours apart and did not have the resolution that other HPA 



27 
 

axis studies have, but it does give some insight into the mechanisms by which chronic stress 

may impact neuroendocrine regulation as well as how these changes may impact the 

hippocampus specifically. 
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1 . 9  S t r e s s  a n d  p s y c h i a t r i c  d i s e a s e  

As described above, sustained elevation of glucocorticoids can be viewed as both a symptom 

of and contributor to depression and depression-like symptoms. Stress is highly correlated 

with depression and other psychiatric conditions, and can often precipitate the onset of major 

depression. Chronic stress is also frequently utilized in research settings as a validated model 

of depression in animal models, reliably producing several varied types of depression-like 

behaviors that resolve with antidepressant treatment. Glucocorticoids alone have been shown 

to be both necessary and sufficient to induce these depressive symptoms.32 Humans with 

major depression frequently show inadequate suppression of their HPA axis, and patients 

with dysregulated HPA axes often develop symptoms of depression. The connections 

between depression and stress hormones are both varied and frequent, and studying these 

connections are a strong candidate for explaining many features of at least a subset of 

depression as well as avenues for future treatment.  79,80  
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1 . 1 0  C a n o n i c a l  H y p o t h a l a m i c - P i t u i t a r y - A d r e n a l  a x i s  

The canonical ‘head’ of the HPA axis is the hypothalamus. The hypothalamus is a small 

brain region responsible for the control of many homeostatic processes including the release 

of hormones from the pituitary. A densely packed subpopulation of cells enriched in 

expression of corticotropin-releasing factor (CRF) in the paraventricular nucleus of the 

hypothalamus (PVN) and trigger ACTH release from the pituitary are the key meditators of 

downstream cortisol expression. These cells express high levels of glucocorticoid receptor 

to detect circulating levels of cortisol and also receive synaptic inputs from many regions of 

the brain involved in acute and chronic stress. The relative contribution of the endocrine and 

neural regulation of these PVN neurons is still unclear and has been a topic of recent 

exploration in the stress literature 66,67,81–83. Although there are upstream populations of 

neurons that contribute to PVN regulation, it is still conceptually useful to understand the 

PVN as the brain region most directly responsible for glucocorticoid production. However, 

there are interesting aspects of PVN that call aspects of current understanding of the HPA 

axis into question. The high expression of glucocorticoid receptor in the PVN 53 and clear 

negative feedback regulation naturally leads to the parsimonious explanation that the PVN 

simply senses high levels of glucocorticoids and suppresses its own contribution to 

glucocorticoid production, CRF. This is supported in the literature with studies of activity-

dependent gene transcription such as c-fos 84,85. 
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1 . 1 1  U n r e s o l v e d  q u e s t i o n s  o f  t h e  H P A  a x i s  

Use of modern research tools with high temporal resolution, such as calcium imaging, gives 

a slightly different picture of the canonical HPA axis. Kim et al showed that an acute white 

noise stressor leads to an increase in neuronal activity in the PVN, as measured through 

fluorescence activity of GcAMP, as expected. 86 Surprisingly, there was little to no decrease 

in acute PVN activity in response to the stressor when the animals were administered the 

glucocorticoid synthesis inhibitor metyrapone. The major changes were seen in tonic PVN 

activity rather than acute responses or the habituation of acute responses. These findings 

indicate that the upstream neuronal regulation of PVN cells likely has a significant 

contribution to PVN activity that could work in opposition to endocrine signals alone. This 

is in opposition to previously expressed ideas that the primary basis of negative feedback 

during the dexamethasone suppression test occurs at the level of the pituitary gland. Further 

evidence for the importance in brain regions upstream of the HPA axis is the disparity in 

HPA dysregulation following depression or PTSD. Patients with PTSD also frequently 

demonstrate dysregulation of the HPA axis, and yet they will display hypersensitivity to 

dexamethasone suppression test compared to insensitivity shown by depression patients. 

Differences in central pathology are likely to account for this difference. Identifying the 

critical brain regions responsible for this neuronal control of the PVN is therefore essential 

to getting the full picture of HPA axis regulation. 

 

There is also evidence that the rapid recruitment of CRF neurons is important in driving 

anxiety-related behaviors. Optical stimulation or inhibition of CRF neurons in the PVN 
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decreased and increased anxiety-related behavior, respectively. 87 CRF-expressing neurons 

in brain regions including the BNST project to the PVN, and local CRF-CRF interactions 

within the PVN are also shown to demonstrate acute changes in firing behavior, and 

stimulation or inhibition of these populations is seen to alter behavior. 88–93 
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1 . 1 2  B e d  n u c l e u s  o f  t h e  s t r i a  t e r m i n a l i s  

One brain region of interest in regards to regulation of the PVN is the bed nucleus of the stria 

terminalis (BNST). This region is an ideal candidate for providing inhibitory control to the 

PVN, as there are numerous direct GABAeric terminals from the BNST to the PVN.94,95 The 

BNST is part of the extended amygdala and has a great diversity of nuclei that integrate 

information from many brain regions. There are also excitatory CRF signaling pathways 

thought to increase CRF activity in response to stress input. Brain imaging studies in humans 

demonstrate functional connectivity of the BNST96 The coordination of both PVN-

stimulating and PVN-inhibiting cell types and subnuclei of the BNST give it the capability 

of precisely tuning PVN activity with the integrated signaling of a diversity of other activity 

and experience-dependent brain regions. Intuitively, this explains how both physical and 

psychogenic stressors are capable of eliciting cortisol responses. It also stands to reason that 

glucocorticoid-related synaptic changes at brain regions both within and beyond the PVN 

could exert lasting dysregulation of the HPA axis. The bed nucleus of the stria terminalis is 

also sexually dimorphic, and is thought to be significantly larger in males than in females 97. 

It should therefore also be considered as possibly playing a role in sex differences in the rates 

of various psychiatric illnesses, particularly those involving anxiety and depression.97,98 It is 

important to note that the BNST is made up of several subnuclei that each have unique 

afferent and efferent connections. When identifying potential subnuclei related to this 

project, I identified subnuclei known to have afferent connections to the ventral hippocampus 

and efferent projections to the PVN. Care must be taken when discussing these subregions, 

as the nomenclature has shifted over time and has varied usage between authors.  
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1 . 1 3  H i p p o c a m p a l  r e g u l a t i o n  o f  t h e  H P A  a x i s  

One likely candidate for exerting this type of influence is the hippocampus. Primarily known 

for its role in memory and spatial learning, the hippocampus is also an important contributor 

to the limbic system and influences affective behavior. The hippocampus has been widely 

scrutinized in the context of major depression. There are volumetric changes of the 

hippocampus seen in the brains of patients with major depression. The ventral hippocampus 

has high levels of expression of glucocorticoid receptor, and lesioning of the hippocampus 

results in elevation of glucocorticoid levels. Physiology experiments demonstrate depression 

of hippocampal synapses in response to chronic stress as well as chronic administration of 

glucocorticoids, and these synaptic changes are restored with antidepressant treatment. These 

synaptic changes provide a neurologic substrate for lasting physiological changes that mirror 

depressive-like behaviors. Furthermore, the hippocampus is a major target for CORT and 

displays the highest specificity for neuronal binding among brain regions.  
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1 . 1 4  E x t e n d i n g  t h e  H P A  a x i s  

Through the course of studying the activity of the hippocampus, I realized that the physiology 

of hippocampal contributions to the HPA axis is largely unresolved, and many of the 

questions I was studying were dependent on knowing processes that were not yet understood. 

There is substantial circumstantial evidence linking hippocampal activity to HPA axis 

regulation 38,99,100. Although glucocorticoids are shown to increase the excitability and 

activity of hippocampal neurons 101–103, there is significant evidence that there is a net 

inhibitory influence of the hippocampus on the HPA axis.81,104,105 The major output of the 

hippocampus is excitatory glutamatergic cells, so the inhibitory activity likely involves an 

intermediate inhibitory synapse. There are a few candidate regions of primarily inhibitory 

neurons that receive excitatory inputs from the hippocampus and project inhibitory axons to 

the PVN. These regions include the BNST, the peri-PVN, and the ventrolateral perioptic area 

(vlPOA) and are nicely illustrated in a Figure from Herman and Mueller 2006 (Figure 6).44 
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1 . 1 5  P r o p o s e d  c i r c u i t r y  o f  H i p p - B N S T - P V N  r e g u l a t i o n  

There are two prevailing models for regulation of the Hippocampal-BNST-PVN pathway, 

which both account for the understanding that the primary output of hippocampal neurons 

are excitatory glutamatergic projects while the function impact on PVN activity is thought 

to be inhibitory. The first model is a di- or multi-synaptic circuit in which hippocampal 

outputs are relayed through inhibitory intermediate brain regions to ultimately produce an 

inhibitory stimulation in response to increased hippocampal output. 43,44,106. There are a 

number of proposed regions that could account for this regulation, primarily based on their 

density of inhibitory neuron populations. The second model considers the vast number of 

inputs to regions such as the BNST in a broader context and views these regions as not simple 

relays, but rather as sites of more complex signal integration 107.  I believe the suggestion of 

the BNST as a site of stress-relevant signal integration is intriguing and helps explain many 

of the features seen in PVN regulation. This would explain from a teleological sense why the 

BNST receives such a diverse and complicated series of inputs rather than a more simple 

circuit construction. This is also a potential source of complexity that may have not been 

appropriately accounted for in early studies, and could therefore explain some of the 

disparate results seen in the literature. Importantly, understanding the basal activity of this 

circuitry will give broad insight into the mechanisms of stress integration as well as potential 

sources of disfunction seen in psychiatric disease.  
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Figure 6. Potential hippocampal pathways of PVN regulation  

Figure 6. This figure from Herman and Mueller 2006 demonstrates multiple potential brain 
regions that may serve as the inhibitory intermediate relay of signaling from the ventral 
subiculum (vSUB) to the PVN. These candidate regions were represented here because they 
receive input from the hippocampus and send inhibitory projections to the PVN. Shown 
here are the ventrolateral pre-optic area (vlPOA), the ventrolateral region of the dorsomedial 
hypothalamus (vlDMH), the periventricular nucleus of the hypothalamus (periPVN), 
subparaventricular zone (SubPVN). The candidate regions may solve the question, “How do 
excitatory projection neurons from the ventral hippocampus/subiculum cause an inhibitory 
response in the PVN?” 
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1 . 1 6  H y p o t h e s i s  

The hippocampus functionally inhibits the HPA axis because it sends excitatory projections 

to an inhibitory relay consisting of GABAergic neurons in the BNST, which then sends 

inhibitory projections to CRF+ neurons in the PVN. 

 

Predictions:  

 

1) Stimulation of hippocampal terminals in vitro will evoke inhibitory currents in 

CRF+ neurons in the PVN. 

2) Stimulation of hippocampal terminals in vitro will evoke excitatory currents in 

GAD+ neurons in the BNST.  

3) Stimulation of hippocampal terminals in the BNST in vivo will functionally inhibit 

acute stress-induced production of CORT. 
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CHAPTER 2: GENERAL METHODS 

 

2. Methods 

All procedures were approved by the University of Maryland School of Medicine 

Institutional Animal Use and Care Committee and performed in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. 



39 
 

2 . 1  A n i m a l s  a n d  h o u s i n g  

Male and female mice, 5 –– 20 weeks of age, were group-housed with ad libitum access to 

water and standard rodent chow. Reporter mice were used for identification of the cell 

populations of interest by crossing Ai14 mice (B6;129S6-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J; Jackson Laboratory), for cre-dependent expression of tdTomato, with mice 

expressing cre recombinase under the control of the CRF (B6(Cg)-Crhtm1(cre)Zjh/J; Jackson 

Laboratory) or glutamic acid decarboxylase (Gad2tm2(cre)Zjh/J; Jackson Laboratory) promoters 

77,108–110. These animals were obtained from the laboratory of Dr. Tracy Bale and bred by me 

in the Thompson lab mouse colony. By crossing only homozygous lines of mice, I was able 

to produce full litters of the appropriate reporter lines.  
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2 . 2  V i r a l  i n j e c t i o n  

Stereotaxic surgery (Kopf stereotaxic apparatus) was performed on male and female mice at 

5-6 weeks of age. 5-6 weeks of age was determined to be the point that the lambda-bregma 

length was stable, whereas surgeries before this time tended to require more corrections of 

the coordinate adjustments. Coordinates for the targeted region were measured from the 

Allen Mouse Brain Atlas, which uses an adult male mouse as a reference guide, reports a 

measured bregma:lambda distance of 4.21mm. Each animal had the bregma:lambda distance 

measured, and the coordinate adjustments were scaled to this measurement for each mouse. 

AAV2 viral vectors were used to express channelrhodopsin and enhanced yellow fluorescent 

protein (EYFP)(AAV2-CAMKIIa-hChR2(H134R)-EYFP, UNC Viral Core) in 

Ca2+/calmodulin-dependent kinase expressing neurons, likely pyramidal cells 17,111. Viral 

solutions (0.5 μl, titer 1-8×10^12vg/ml) were injected bilaterally into ventral CA1 of the 

hippocampus (mm to Bregma: 3.3 AP, ±2.8 Lat, -3.8 D/V) at a rate of 0.1μl/minute. The 

syringe (Hamilton Neuros syringe, 33 gauge) was left in place for ten minutes following final 

injection to allow for dispersal before withdrawing the syringe. The location of injection and 

distribution of viral expression of EYFP is shown in Figure 7.  
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Figure 7. ChR vHip injection scheme 

 

Figure 7. Example injection of 0.5 µl of ChR-EYFP into the ventral hippocampus with 
some expression within the ventral subiculum. This was the injection scheme used for most 
of the optogenetic experiments performed. Parasagittal slice of a GAD+-tdTomato 
C57/Bl6 mouse pictured near the midline, with the hippocampal formation outlined to the 
right. 
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2 . 3  I m a g i n g  

Mice were sacrificed and brain tissue was collected five weeks following injection, allowing 

for expression and transport of ChR to distal axon terminals. Animals were transcardially 

perfused using 30ml of phosphate-buffered saline (PBS, containing in mM: 137 NaCl, 2.7 

KCl, 10 Na2HPO4, 1.8 KH2PO4), followed by 4% paraformaldehyde (PFA) in PBS. The 

brain was then extracted and mounted on to an agar base for vibratome sectioning. Brain 

slices for imaging were sectioned in either the coronal or parasagittal plane at a thickness of 

75 µm on a Leica VT 1200S vibratome. Slices were washed in deionized water prior to slide 

mounting using Vectashield+DAPI. (Vector Laboratories, Burlington, CA) Images were 

taken on a Nikon Eclipse E600FN upright microscope (Fig S1), Nikon W1 spinning disk 

confocal microscope fitted with Hamamatsu sCMOS camera (Fig 1c,d,e), or Nikon Ti2-E 

inverted epifluorescence microscope fitted with a Spectra-X 7 channel LED light engine 

(Lumencor, Beaverton, OR) (Fig1a,b), as noted.  Brain regions were referenced from the 

Mouse Brain Atlas and outlines from the atlas were used in the creation of anatomical 

images. (Allen Sagittal Images 19/21, Coronal Images 57/132, 59/132)112–116 BNST 

subnuclei were identified using landmarks outlined in Lebow and Chen (2016) 98. 
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2 . 4  E l e c t r o p h y s i o l o g y  o f  h i p p o c a m p a l  p r o j e c t i o n s  i n  

v i v o  

Five weeks after viral delivery of ChR-YFP, mice were euthanized using isoflurane overdose 

and then perfused with critical recovery solution (CRS; in mM N-methyl D-glucamine 92, 

KCl 2.5, NaH2PO4 30, HEPES 20, glucose 25, CaCl2 0.5, MgCl2 10) prior to decapitation. 

117 The brain was removed and mounted in ice-cold CRS during slicing. Coronal and 

parasagittal sections (300 µm thickness) were obtained, rested for 12 minutes, and then 

transferred to HEPES-buffered holding solution (NaCl 92, KCl 2.5, NaH2PO4 1.25, NaHCO3 

30, HEPES 20, glucose 25, CaCl2 2, MgCl2 2) for 1 hour prior to recording. Unless otherwise 

stated, all data shown were from slices taken in the parasagittal plane. Patch clamp recording 

was performed using Clampex 10.7 software, Digidata 1440 digitizer, and an Axopatch 200B 

amplifier (Molecular Devices, San Jose, CA). Pipettes were pulled to 4-10 mOhms using a 

Sutter Instruments P-87 micropipette puller and filled with a cesium methylsulphate-based 

pipette solution (concentrations in mM, CsCH3SO4 135, MgCl6-H2O 2, HEPES 10, Mg-ATP 

4, Na2-GTP 0.3, Na2-phosphocreatine 10, K4-BAPTA 10). Slices were recorded in whole-

cell voltage-clamp configuration in artificial cerebrospinal fluid (ACSF; in mM, NaCl 124, 

KCl 3, NaH2PO4 1.25, NaHCO3 26, glucose 20, MgCl2 1.5, CaCl2 2.5) bubbled with 

carbogen (95% CO2, 5% O2).  

 

Optically evoked synaptic currents were elicited with a Prismatix BlueLED light source 

(Southfield, MI) (460nm, 1ms pulse duration 5-10mW) delivered by an optical fiber with a 

1000µm diameter core (Thor Labs, Newton, NJ). The fiber was positioned with a 

micromanipulator to areas of dense EYFP expression near the junction of the fornix and 
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BNST, as visualized with epifluorescence on the recording setup. Electrically evoked 

potentials were driven by direct stimulation of the fornix using a concentric bipolar electrode. 

Square current pulses of 1 ms duration and an intensity of 0.1-10mA (World Precision 

Instruments Isostim A320, Sarasota, FL) were delivered either as single pulses at 0.1 Hz or 

as a train of pulses at 20 Hz, with 1 minute between stimulus trains. The CsMeS-based 

internal pipette solution blocks K channels and facilitates clamping to depolarized holding 

potentials. Conductances were calculated using the amplitude of the synaptic current divided 

by the driving force for the channels of interest (AMPAR-mediated current reversal potential 

= 0mV, GABAAR-mediated current reversal potential = -60mV).  
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2 . 5  S t i m u l a t i o n  o f  h i p p o c a m p a l  p r o j e c t i o n s  i n  v i v o  

Optical fibers were constructed using a modified protocol as described by Sparta et al, 

2012118, using 0.22NA silica-core multimodal fiber (ThorLabs) epoxied into conical ceramic 

ferrules of 6.4mm length and 127-131 um bore (Precision Fiber Products, Chula Vista, CA). 

Fibers were polished using lapping sheets and tested using the LED system and an optical 

power meter to monitor output (OptoEngine PSU-III OptoEngine LLC, Midvale, UT and 

ThorLabs PM100D). Fibers with <80% power transmission or poorly defined, non-

concentric light output were discarded. Creating high numbers of these fibers proved to be 

time-consuming and inefficient, with low yields of high-quality fibers, even after polishing 

them for long periods of time. To address this, I created a new protocol to manufacture higher 

quality fibers with a higher yield of acceptable transmission. There is an additional step 

beyond what is called for in Sparta et. al118 that improves the quality of the fibers 

dramatically. I’ve included a detailed description of this protocol in the appendix, but the 

major innovation is careful preparation of the fiber prior to removing it from the spool, giving 

a clean cut end that gives a concentric pattern of maximal light output. 

 

Optical fibers were implanted into male C57Bl/6 mice vertically, with the tip of the fiber 

targeting hippocampal efferent projections upstream of the BNST, with coordinates (mm to 

Bregma: 0 AP, ±1.2 Lat, 3.8 D/V). Optical fibers were held in position using headcaps 

constructed of Den-mat dual-cure Geristore two-part dental cement (DenMat Holdings LLC, 

Ref 4506 and 03452410, Lompoc, CA). The skull was cleaned thoroughly and prepared with 

Vetbond (3M, Maplewood, Minnesota) to reduce skull moisture and promote skullcap 
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adhesion. Fiber implants left a small but noticeable disruption of brain tissue that was 

apparent following fixation of brain, and this disruption was used for verification of fiber 

placement. After the completion of the experiment, animals were euthanized, and the brains 

were prepared for imaging as described in section 2.3. Following visual analysis, animals 

without both accurately targeted and high levels of hippocampal viral expression and 

appropriate fiber placement were excluded from the results (n = 2/9, 1/9 mice respectively). 

All imaging verification was done blinded to the experimental results. 

Five weeks were allowed following surgery for mice to recover and for the virus to fully 

express and transport ChR to distal axon terminals. Animals were singly housed two days 

prior to, and for the duration of, the experiment to minimize the stress of changing cage 

environment during the experiment as a source of variability. Animals were randomly 

assigned to either receive stimulation or mock stimulation on the first trial and then received 

the inverse treatment during their second trial, with at least one week separating trials in 

individual animals. All experiments were completed between 7:00 am and 10:00 am (0-3 

Zeitgeber time) in order to reduce variability in circulating corticosterone (CORT) at baseline 

as well as minimizing baseline CORT levels 60,61,119,120. 

 

On the day of the experiment, all setup of the optical stimulation and blood collection 

materials were prepared and made ready for use prior to any animal handling. Immediately 

prior to the stimulation session, the singly housed animal cages were quickly and carefully 

moved from their housing location to the experimental room. Animals were rapidly 

withdrawn from their cage and immediately placed into the restraint device. The optical 

fibers were coupled to the light source and photo-stimulation and the timing of the restraint 
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began. 1 ms pulses of light stimulation were given at 20Hz in 2 second intervals alternating 

between stimulation and no stimulation for 15 minutes. 10mW power at the implanted fiber 

tip was targeted based on measured power output of the light source on the day of the 

experiment and the fiber power percent transmission recorded prior to implantation 121. The 

initial tail snip and blood was collected <3 minutes after initial handling of the animal’s cage 

and used for baseline CORT measurements. Further blood collection was performed at 15, 

30, 60, and 120 mins after the initial collection.  



48 
 

2 . 6  H P A  a x i s  r e s p o n s i v i t y  

Plasma corticosterone was measured following an acute 15 min restraint. Testing occurred 

0-3 h after lights on. Tail blood from adult mice (n = 6 per condition) was collected at onset 

and completion of restraint (0 and 15 min, respectively) and 15, 45, and 75 min after the end 

of restraint (30, 60, and 90 min, respectively). Tail blood collection requires <30 s to 

complete. 5ul of blood was pipetted into 10ul of 50 mM EDTA buffer immediately following 

collection. Tubes were then centrifuged at 5000 rpm and plasma was stored at -80⁰C until 

RIA analysis. Corticosterone levels were determined by ImmuChem Double Antibody 

Corticosterone 125I-corticosterone Radioimmunoassay Kit for Rats and Mice according to kit 

instructions (MP Biomedicals, Santa Ana CA). A standard curve was generated for each run 

of RIA for 0-1000ng/ml concentration, and 125I counts were converted to CORT 

concentrations based on these curves. Samples were run in triplicate, with the average being 

used. Samples in which the raw counts from the gamma counter differed by >1000 from 

replicate samples were discarded, and the average of the two remaining samples was used 

(7/270). Triplicates were each pulled from a single blood collection sample before RIA 

processing, so poor tail blood samples could lead to incorrect data. Therefore all cumulative  

CORT data from RIA was subjected to RObust regression and OUtlier removal (ROUT, 

Graphpad9) prior to analysis, and 2/60 samples were identified as outliers and excluded 122.  
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2 . 7  S t a t i s t i c s  

Mixed-effects ANOVA and paired and unpaired t-tests were used to compare mean values 

between treatment groups where appropriate. For estimating CORT levels in control and 

treatment group over time, we performed a 2-way mixed method ANOVA, as the samples 

were taken as repeated measures but incomplete following outlier removal. Area under the 

curve calculations for the RIA data were performed using trapezoidal calculation based on 

the time between each sample and the calculated CORT value. Statistics were computed in 

Prism 9 (Graphpad, San Diego, CA). All data were analyzed while blinded to experimental 

conditions. 
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CHAPTER 3: HIPPOCAMPAL REGULATION OF CRF+ NEURONS IN THE 

PVN 

 

This chapter is the core of my project, and at the heart of the fundamental question I have 

sought to answer: ‘Does the hippocampus regulate the HPA axis?’ As stated in the 

introduction, there has long been speculation that the hippocampus may inhibit the HPA axis 

by regulating PVN activity but there has never been direct evidence of this inhibition.  
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3 . 1  M e t h o d o l o g y  

I used a combination of modern techniques and experimental tools to record from CRF+ 

PVN neurons and specifically stimulate the release of neurotransmitters from projection 

neurons of the hippocampus. The ventral subiculum and CA1 regions were targeted with 

viral injections, and the virus expressed the light-sensitive ion channel, channelrhodopsin 2, 

and an EYFP tag under the regulation of a CAMKII promoter. This enabled specific targeting 

of glutamatergic neurons of the hippocampus, and the fluorescent reporter enabled precise 

localization of the projections and terminals of these cells. 
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3 . 2  A n a t o m y  

 

Figure 8. Coronal imaging of hippocampal terminals and PVN 

 

I took brain slices from injected animals in both coronal and sagittal planes and imaged the 

EYFP expressed in ventral hippocampal cells. High-quality imaging of these sections 

revealed hippocampal projections to the region of the PVN and peri-PVN. The PVN was 

readily visualized using a reporter line of mouse bred to express tdTomato in CRF+ cells. 

While I was surprised at the widespread distribution of CRF+ cells throughout the brain, the 

PVN was unmistakable, with dense tdTomato expression around the third ventricle. Because 

of the small size of the PVN, using 400 µm, and eventually 300 µm, slices, I would often 

only see dense CRF+ expression in one or two slices per animal. This eventually became an 

Figure 8. These two images are striking because although there are clearly dense hippocampal 
projections in this region as indicated by the green fluorescence, there is not dense expression 
of ChR-EYFP (green) within the vicinity of the CRF+ PVN cells (red). Slices mounted with 
media containing DAPI (blue). The hippocampal projections seem to course anterior to and 
below the PVN, as well as to some regions in the periphery of the PVN called the peri-PVN.  
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important limitation of this study, but it was unavoidable as it was simply the nature of the 

anatomy in this brain region. Sectioning in the coronal plane revealed EYFP from the 

hippocampal projection neurons within the slices containing the PVN, as shown in Figure 8, 

in a slice containing PVN and coursing towards the PVN in the fornix in a neighboring slice 

anterior to the PVN.  
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3 . 3  P h y s i o l o g y  

 

When I first began recording in the PVN, I targeted tdTomato-expressing CRF+ cells using 

whole-cell voltage clamp while targeting the photostimulation fiber to regions of high EYFP 

expression, primarily dorsal and lateral to the dense CRF+ expression of the PVN. In the 

coronal sections I was initially taking, I was unable to elicit any responses when optically 

stimulating the EYFP-positive regions of these slices. I recorded 18 cells from 6 animals 

without eliciting any optically evoked responses, despite visual evidence of EYFP labeled 

hippocampal terminals near the peri-PVN. The peri-PVN contains primarily inhibitory 

neurons and has been considered a candidate intermediate region for relaying hippocampal 

inputs to the PVN, so this was surprising. In reviewing the literature of this region and local 

regulation of PVN, I found inspiration from a paper from the laboratory of Jeffrey Tasker 

and colleagues who stimulated regions surrounding the PVN with direct local microdrops of 

glutamate while recording from PVN neurons. This methodology did not have the input-

specificity of our optogenetic manipulations, but it did serve as an important reference for 

brain regions local to the PVN that receive glutamatergic input and send inhibitory signals 

to PVN neurons. The following figures from Boudaba et al 1996 95 showed these 

manipulations in detail, with black regions being stimulated with no response while infusions 

of glutamate into the light and dark grey areas elicited inhibitory responses in the PVN 

(Figure 9).  
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Figure 9. Three plane view of PVN and surrounding regions 

  

Coronal 

Horizontal 

Parasagittal 

Figure 9. From Boudaba et al 1996, coronal, horizontal, and parasagittal plane views of PVN 
and surrounding regions of inhibition. All circles received microdrops of glutamate. Black circles 
elicited no response in PVN cells, dark grey elicited confirmed inhibitory input to PVN, light 
gray elicited input to PVN that was not confirmed to be inhibitory. Notice how each slice plane 
contains inhibitory neurons that may not have been seen in the other planes. 

Figure 10. Also from Boudaba et al 1996, 
this is a three-dimensional reconstruction 
of their findings regarding local 
inhibitory inputs to PVN. The ‘ring’ 
surrounding the PVN contains inhibitory 
input to PVN, and cell populations 
within this ring are likely targets for 
relaying hippocampal input to PVN. 

Figure 10. Three-dimensional reconstruction of 
inhibitory regions surrounding PVN 
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Together these data suggested a three dimensional ring of inhibition that surrounded the PVN 

as shown in this cartoon from the same paper (Figure 10). The methodology of slicing in 

three different planes inspired me to try similar brain sectioning methods that might allow 

me to interrogate multiple potential regions regulating the PVN, considering not all the 

potential intermediate inhibitory brain regions were present in the coronal plane. While the 

anatomy is often harder to comprehend for most neuroscientists trained in the coronal plane, 

I really came to enjoy viewing hippocampal projections in the parasagittal plane. These 

sections were nearly on the midline of the brain, and again only 1-3 sections from a single 

animal would yield dense expression of CRF+ neurons in the PVN. Because of this limitation 

I resorted to flipping the brain sections over to check both sides of a 300 µm brain slice, as 

often the PVN was only visible from one side on the recording setup. The dense fibers of the 

anterior commissure served as a reliable landmark for these sections, and again the tdTomato 

expression in CRF+ neurons helped me find the PVN. As you can see from these images 

taken from my recording rig, the hippocampal terminals reach above and posterior to the 

anterior commissure and anterior to the PVN proper. Seeing the EYFP expression in these 

views, it is clear why my coronal sectioning of the PVN may not have fully captured the 

nature of hippocampal projections to the areas around the PVN. One interesting region that 

did contain dense expression of hippocampal terminals was the bed nucleus of the stria 

terminalis (BNST), another brain region often proposed to relay hippocampal signals to the 

PVN.   
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Figure 11. Parasagittal imaging of hippocampal terminals and PVN 

 

Using the parasagittal slicing plane, I then repeated my whole cell voltage-clamp recordings 

of CRF+ neurons of the PVN and now stimulated in the new region of EYFP expression. 

This new methodology allowed me to elicit inhibitory postsynaptic currents with optical 

stimulation, as well as an occasional excitatory postsynaptic current. These results were 

significant and exciting, and to our knowledge these recordings were the most direct evidence 

collected to-date showing hippocampal regulation of the PVN. Our difficulties in recording 

in the coronal plane led us to believe that there were likely few direct projections from the 

Figure 11. Two widefield images taken on the recording setup with CRF+ 

neurons (red) in CRF-tdTomato reporter mice and hippocampal fibers 

expressing ChR-EYFP (green) entering the BNST and PVN in parasagittal 

sections. Hippocampal fibers are dense within the BNST and sparse in the PVN. 

fx – fornix, ac – anterior commissure, BNST – bed nucleus of the stria terminalis, 

PVN – paraventricular nucleus of the hypothalamus. Note that the harp used to 

hold the slice down in the recording chamber causes non-specific fluorescence 

in the top right portion of b. 
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hippocampus to the PVN and suggested that the intermediate inhibitory brain region 

involved was not captured in the same coronal plane as the PVN.  

 

The recording scheme is shown in Figure 12a, in which I measured optically evoked 

responses in CRF+ neurons in the PVN. Cells were recorded using whole-cell voltage-clamp 

at holding potentials of 0 mV, the reversal potential for glutamatergic currents, and -60mV, 

the reversal potential for GABAA receptor mediated currents, to isolate optically evoked 

inhibitory postsynaptic currents (oIPSCs) and excitatory postsynaptic currents (oEPSCs), 

respectively. Optical stimulation was targeted at regions of dense EYFP expression near the 

fornix (Figure 11a,b). The failure to detect synaptic currents in coronal sections may have 

been because the axons were severed. We therefore repeated the experiments in brain 

sections prepared in the parasagittal plane, as shown in Boudaba et al 1996 95. In these 

parasagittal slices, oEPSCs and oIPSCs were recorded in CRF+ neurons in response to 

photostimuli delivered to EYFP-positive terminals in the region of the fornix (Figure 12a), 

suggesting that these axonal projection systems lie in a predominately anterior-to-posterior 

orientation that remains intact during parasagittal sectioning. As inhibition from the peri-

PVN should remain intact in coronal sections whereas inhibitory projections from the BNST 

are more likely to be preserved in parasagittal sections, we suggest that hippocampal 

regulation of the PVN was more likely to be mediated by interposed neurons in the BNST 

and it was therefore the focus of our further experiments. 
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Within the PVN, stimulation of hippocampal fibers in the fornix elicited synaptic currents in 

CRF+ neurons that were dominated by inhibition (Figure 12a-d). The fraction of recordings 

in which an oIPSC was elicited (7 of 8 cells) was greater than the fraction in which an oEPSC 

was elicited (4 of 8 cells) (Figure 12d). In experiments in which photostimulation elicited 

both oEPSCs and oIPSCs (3 of 8 cells), the mean amplitude and conductance of oIPSCs were 

not significantly different than for oEPSCs (Figure 12c), although statistical comparisons are 

limited by the low number of cells with both. The IPSCs occurred with a significantly longer 

latency than EPSCs after photostimulation (Figure 12b,c), and displayed considerable jitter 

and fractionation, suggesting that the excitation is monosynaptic whereas the inhibition is 

disynaptic.  
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Figure 12. Optically-evoked currents in CRF+ neurons in the PVN 

 

 

3.3. High frequency electrical stimulation 

Activity in hippocampal inputs to the BNST and PVN in vivo is likely to occur at fairly high 

frequencies, and excitatory and inhibitory synaptic transmission display well-known 

Figure 12. a) ChR and EYFP were expressed in CA1 pyramidal cells of the ventral 
hippocampus/subiculum in CRF-tdTomato reporter mice (male and female). b) Whole-
cell voltage-clamp recordings from a CRF+ neurons in the PVN. Photostimulation in 
the fornix elicited oEPSCs and oIPSCs at holding potentials of -60mV and 0mV, 
respectively. Sample traces obtained with 10 stimuli delivered 1 minute apart. Optical 
stimulation delivered at time indicated by blue bar and the latency to oIPSC (0mV) and 
oEPSC (-60mV) onset shown with orange bar. c) Pairwise comparison of oEPSCs and 
oIPSCs in single cells demonstrate an increased stimulus-response latency for oIPSCs 
compared to oEPSCs (n=3 pairs, p=.0162), but not significant differences in oEPSC 
and oIPSC amplitude or conductance. d) Number of cells in which oEPSCs, oIPSCs, 
or both were elicited. 
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activity-dependent dynamics 123,124. We therefore asked whether the net balance between 

excitation and inhibition was changed in a frequency-dependent manner in the PVN. Unlike 

optical stimulation, electrical stimulation of hippocampal afferents in the fornix produced 

both EPSCs and IPSCs in the majority of cells recorded from (11 of 12) and was thus better 

suited to compare activity-dependent dynamics. We placed an electrode in the fornix of 

parasagittal brain slices and recorded electrically evoked responses in CRF+ cells in the PVN 

using 20 Hz stimulation for 1 second bouts, repeated 10 times. eEPSCs and eIPSCs persisted 

with 20Hz stimulation, but both gradually became decreased in amplitude and conductance 

by about 50% over the course of the stimulus train in a roughly parallel fashion (Figure 

13a,b). In addition, the percentage of stimuli that failed to elicit responses increased during 

the train (Figure 13c). There was no significant change in the balance of excitation and 

inhibition, measured as either conductance or failure rate, during the course of the 20Hz 

frequency trains, despite the decrease in amplitude.   
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. 

 

Figure 13. a) Electrically evoked EPSCs (-60mV) and IPSCs (0mV) recorded in CRF+ 

neuron in the PVN in response to stimulation of the fornix at 20Hz for 1 sec, repeated 10 

times. b) There was a comparable ~50% decrease in both EPSC and IPSC conductance 

over the duration of the stimulus train. c) Similarly, there was a comparable ~50% decrease 

in the probability that a given stimulus elicited an EPSC or IPSC over the duration of the 

20Hz stimulus trains.  

Figure 13. High frequency electrical stimulation of fornix elicits currents 

in CRF+ neurons in the PVN 
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 3 . 4  S u m m a r y  

In this chapter I was able to demonstrate that hippocampal projection neurons were found in 

specific regions near the PVN. Based on prior literature, I attempted to stimulate 

hippocampal terminals in the peri-PVN and record responses in CRF+ neurons in the PVN. 

Using coronal sections, I was unable to elicit any responses. When I changed to sectioning 

in the parasagittal plane, I saw dense expression of hippocampal fibers moving anterior to 

posterior, with many fibers passing through the BNST. When I stimulated the hippocampal 

fibers in the BNST, I was able to elicit primarily inhibitory responses in the CRF+ neurons 

of the PVN, while I did see some excitatory responses as well. The inhibitory responses had 

a significantly larger stimulus-response latency as well as evident jitter, suggestive of a di- 

or poly-synaptic circuit. In contrast, the few excitatory responses obtained had a lower 

stimulus-response latency and less evident jitter, suggestive of a potential monosynaptic 

response. When I moved to use electrical stimulation directly to the fornix, I saw a drastic 

shift in the responses measured in the CRF+ neurons of the PVN, with nearly all of the 

electrically-evoked responses generating both excitatory and inhibitory post-synaptic 

currents. This suggests that the electrical stimulation was less precise than the optical 

stimulation, and may have recruited some inputs into the PVN that were not from the 

hippocampal population that my optical stimulation was targeting. Stimulating at 20 Hz did 

not shift the responses to favor either excitation or inhibition, although both responses saw a 

decrease in amplitude and number of cells responding over a 20 stimulation train.  
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CHAPTER 4: HIPPOCAMPAL REGULATION OF GAD+ NEURONS IN THE 

BNST 

After having demonstrated that hippocampal projections are able to elicit monosynaptic 

excitatory and disynaptic inhibitory synaptic responses in the PVN, we next wanted to 

identify where the inhibitory cells mediated oIPSCs were located. To identify potential brain 

regions that could function as an inhibitory relay for hippocampal regulation of responses, 

we first identified brain regions that 1) have high densities of GABAergic cells, 2) received 

excitatory inputs from the vHip, and 3) have known projections to PVN. Anatomical 

visualizations of ventral hippocampal projections was performed by expressing ChR and 

EYFP in the ventral hippocampus in mice expressing the red fluorescent protein tdTomato 

in GAD-cre expressing interneurons (Figure 1a, parasagittal section). Axonal projections 

from the ventral hippocampus were observed in the fornix, and dense terminal labeling was 

seen surrounding the anterior commissure within the bed nucleus of the stria terminalis 

(BNST) (Figure 14b,c,d parasagittal Figure 14. sections). Similar projections were observed 

in the neuropil surrounding the PVN in the peri-PVN using the same ChR and EYFP 

injection scheme in a second line of mice expressing tdTomato in CRF-cre expressing 

neurons. There was little evidence of projections directly to the PVN itself (Figure 14e, 

coronal section). Expression was primarily seen in the medial portions of the BNST, with 

some expression anterior to the anterior commissure, and more pronounced expression 

inferior and posterior to the anterior commissure.  
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Figure 14. EYFP (green) in glutamatergic pyramidal cells in the ventral hippocampus and 

subiculum using an AAV2 virus with CAMKII-promoter driven expression in a GAD-

tdTomato (red) mouse brain with DAPI counterstain. Section sliced in the parasagittal 

plane and annotated with outlines from Allen Brain Atlas (sagittal view 2/21). b) Strong 

expression of EYFP (green) was seen in axons coursing through the fornix (fx), both 

anterior and posterior of the anterior commissure (ac), in a GAD-tdTomato (red) mouse. 

c) Diagram of nuclei in parasagittal sections of this region (Allen Mouse Brain Atlas and 

Allen Reference Atlas - Mouse Brain, sagittal view 19/21 image credit: Allen Institute for 

Brain Science. https://atlas.brain-map.org/atlas?atlas=2#atlas=2&plate=100883858). d) 

Numerous hippocampal terminals (green) in the medial regions of the BNST in close 

proximity to GAD+ neurons (red). e) Sparse hippocampal terminals expressing ChR2-

EYFP (green) near CRF+ neurons in the PVN in a coronal section from a CRF-tdTomato 

(red) mouse.  

 

Figure 14.  
Detailed anatomy of 
hippocampal 
projections to BNST 
and PVN 
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These anatomical findings led us to further interrogate the BNST and peri-PVN as potential 

relays between hippocampus and PVN. The peri-PVN and BNST were selected as the most 

likely candidate region based on prior literature and the anatomy seen in our imaging. We 

observed dense expression of hippocampal terminals surrounding the GAD+ GABAergic 

neurons in the BNST (Figure 15).  

Figure 15. High resolution image of hippocampal  

terminals near GAD+ neurons in the BNST 

 

 

 

To more accurately gauge whether the hippocampal inputs synapsed onto inhibitory cells 

of the BNST, we used a GAD2-reporter mouse line to isolate and record responses in 

GABAergic cells in the BNST while using the same injection and stimulation procedure as 

Figure 15. EYFP (green) in glutamatergic pyramidal cells in the ventral hippocampus and 
subiculum using an AAV2 virus with CAMKII-promoter driven expression in a GAD-
tdTomato (red) mouse brain with DAPI counterstain. Hippocampal terminals closely 
intermingle with GAD+ neurons of the BSNT.  
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performed in the CRF+ cells in the PVN. Whole-cell voltage-clamp targeting the GAD+ 

neurons in the BNST was used to record currents evoked following optical stimulation of 

ChR2-expressing hippocampal terminals. Photostimulation of these terminals elicited both 

oEPSCs and oIPSCs in GAD+ cells (Figure 16e-h). In contrast to the PVN, both oIPSCs 

and oEPSCs were elicited within the same cell in all 6 experiments (Figure 16f,h). 

Furthermore, the mean amplitude and conductance of evoked EPSCs and IPSCs were 

comparable in the BNST (Figure 16g). oIPSCs also had a longer latency than oEPSCs in 

the BNST, suggestive of monosynaptic excitatory stimulation and di- or polysynaptic 

inhibition, presumably by local inhibitory circuits within the BNST 98.  

 

These monosynaptic oEPSCs in GABAergic BNST neurons were elicited using the same 

viral injection and optical stimulation preparation as our PVN recordings. These responses 

thus provide evidence supporting our hypothesis that the BNST is an important inhibitory 

relay converting hippocampal excitatory output to inhibition within the PVN. The presence 

of both excitatory and feedforward or feedback IPSCs in every cell following hippocampal 

stimulation raises further questions about the nature of hippocampal signaling to the HPA 

axis and what other factors may play a role in this regulation, including input from other 

brain regions, the stimulation parameters like frequency, and plasticity effects like long-

term potentiation or depression. Presumably, non-hippocampal inputs to the BNST may 

allow for modulation of the ability of the BNST to inhibit CRF+ cells within the PVN by 

changing the efficacy with which they can be excited by hippocampal inputs. I speculate 

the hippocampus serves to tune the stress response according to environmental cues, and 

the BNST works as a central hub for other inputs to regulate excitation of the PVN that 



68 
 

allows it to coordinate a variety of signals into a net PVN response. Our experiment 

establishes that the ventral hippocampus does project to the BNST and is able to elicit 

responses following optical stimulation. The stimulus-response latency is again suggestive 

of a monosynaptic input from the hippocampus and potential di- or polysynaptic circuitry 

for inhibition, likely locally among interneurons of the BNST but potentially from other 

brain regions.  

 

Figure 16. Optically-evoked currents in GAD+ neurons in the BNST 

 

Figure 16. e) ChR and EYFP were expressed in CA1 pyramidal cells in GAD-

tdTomato mice. f) Whole-cell voltage-clamp recordings from a GAD+ inhibitory 

neuron in the BNST. Photostimulation in the fornix elicited oEPSCs and oIPSCs 

at holding potentials of -60mV and 0mV, respectively. Optical stimulation 

delivered at time indicated by blue bar and the latency to oIPSC (0mV) and 

oEPSC (-60mV) onset shown with orange bar. g) There was an increased 

stimulus-response latency for oIPSCs compared to oEPSCs (n=6, p=.0074), but 

no significant differences in oEPSC and oIPSC amplitude or conductance. h) All 

six BNST cells recorded demonstrated both oEPSCs and oIPSCs. *, p<0.05; **, 

p<0.01.  
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CHAPTER 5: HIPPOCAMPAL SUPPRESSION OF HPA AXIS RESPONSIVITY 

Having shown that hippocampal terminal stimulation is able to elicit some excitatory 

responses within the PVN and inhibitory responses via the BNST, we then asked whether 

activation of this circuit would be of sufficient strength to functionally alter the HPA axis. 

There are many reasons to consider why this may not be the case. The PVN receives input 

from a wide variety of brain regions and anticipating any result on circulating CORT levels 

following summation of these inputs is incredibly complex. Isolating a single input like the 

hippocampus and further limiting that input to those projections targeting the BNST means 

that we have specified only one potential input to the PVN. While this granted us great 

specificity in the anatomy we were targeting, it also meant that we may struggle to elicit 

significant change in a whole animal model.  

Previous studies have shown that lesions of GABAergic cells in the BNST lead to an 

enhancement of HPA axis responses to acute restraint stress125, but it has never been shown 

that hippocampal activation acutely regulates the stress-response. Because our anatomical 

and electrophysiological data suggested that the hippocampus inhibited CRF+ PVN neurons 

via activation of the BNST, we predicted that stimulating hippocampal afferents to the BNST 

and PVN would attenuate the plasma glucocorticoid response to an acute stressor. We 

expressed ChR-EYFP bilaterally the ventral hippocampus of wildtype C57/Bl6 mice, as 

above, and implanted two optical fibers with the fiber tips targeting the fornix region 

upstream of the BNST and PVN. Mice were placed in a restraint tube and connected to dual 

optical fibers. After 15 minutes, they were returned to their home cages and the fiber was 
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detached. Blood was collected via tail snip at 0, 15, 30, 60, and 120 minutes after initial 

placement in the restraint tube. As a control for variations in ChR expression and fiber 

placement, a cross-over experimental design was used, in which mice received optical 

stimulation at 20Hz frequency 10 mW intensity in an alternating 2s on/off stimulation 

protocol for the duration of the 15-minute acute restraint stress, or a mock-stimulation trial 

(Figure 17a). The mock stimulation included all the handling and light associated with the 

real stimulation, but the optical pathway at the ferrule sleeve was blocked with lens tissue, 

reducing the measured output intensity by more than 100-fold to <0.1 mW. The restraint and 

stimulation procedure were performed in two separate trials one week apart for each animal 

to generate within-animal paired datasets (Figure 17a). Acute restraint stress produced a 

transient elevation of plasma CORT level that peaked 30-60 min after the onset of stress and 

declined over the following two hours (Figure 17b-d). Mice receiving photostimulation at 10 

mW had a significant decrease in the peak stress-induced CORT levels (Figure 17b-d), 

compared to the same animals receiving mock stimulation (Figure 17e-g). The effects of 

stimulation at 10mW persisted beyond the period of stimulation, as apparent in different total 

areas under the curve (Figure 17c). 

 

To control for stimulation order, the CORT values for these mice were regrouped into 

whether the samples taken during the first or second trial of each mouse (Fig 17a). No 

significant effect of stimulation order were observed when the data was reanalyzed in this 

manner (Figure 17e-g), suggesting that the strong photostimulation itself was cause for the 

decrease in CORT. We conclude that hippocampal output is sufficient to partially suppress 

acute HPA axis responses to stress. 



71 
 

Figure 17. Optical stimulation of hippocampal efferents in the BNST suppresses the 

stress-induced CORT response. 
 

 



72 
 

CHAPTER 6: DISCUSSION 

The synaptic mechanisms underlying hippocampal regulation of the HPA axis were 

investigated in mice. Because the hippocampus is known to be both stress-sensitive and 

associated with psychiatric illness, understanding its contributions to neuroendocrine 

regulation is important for many disease processes. The canonical hypothesis is that the 

hippocampus decreases stress-induced glucocorticoid production via inhibition of the CRF-

releasing cells in the PVN. The major projection neurons of the hippocampus are excitatory, 

therefore, for this hypothesis to be true there must be one or more inhibitory brain regions 

interposed between the hippocampus and the PVN. The ventral hippocampus is considered 

to be the region of the hippocampus most responsible for processing affective information, 

Figure 17. a) ChR and EYFP were expressed in the CA1 region of male C57/Bl6 

mice bilaterally and optical fibers targeted hippocampal terminals in the fornix anterior 

to the BNST. Each animal was randomly assigned to 20Hz stimulation at 10mW or 

mock stimulation at 0.1 mW and the opposite treatment 1 week later. Animals were 

restrained for 15 minutes and received 20Hz optical stimulation 2 seconds on, 2 

seconds off for the duration of the restraint. Blood was sampled via tail snip at 0, 15, 

30, 60, and 120 minute timepoints for CORT assay. b) Comparison of the timecourse 

of CORT responses in the full power and mock 20Hz stimulation trials. Mixed-effects 

ANOVA was performed on the resulting curve, with time effect (n=6, p<0.0001) and 

treatment effects (p=0.0460). c,d) Comparison of the area under the curve and peak 

CORT responses in the paired trials from b showing significant effects of hippocampal 

stimulation. Paired t-tests for mock vs stim AUC (p=0.0184) and peak value 

(p=0.0105) were significant. *, p<0.05; **, p<0.01. e,f,g) The same data after resorting 

by recording order demonstrating no significant effects. When segregated by order of 

recording, mixed effects ANOVA maintains time effect (p<.0001) but loses treatment 

effect (p=0.5333). Similarly, recording order AUC (p=0.2936) and peak CORT 

(p=0.5404) were not significantly different.  
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particularly in regards to stress and anxiety and therefore was the focus of this study 

45,47,126,127.  

 

Prior studies have suggested that the hippocampus inhibits production of glucocorticoids, 

and the high expression of glucocorticoid receptors in the hippocampus make it likely to be 

involved in negative feedback of the HPA axis. Although this idea is largely accepted, the 

mechanisms and neural circuits underlying this response are unclear and to our knowledge 

there is no direct evidence of the effects of hippocampal projections on CRF-releasing cells 

in the PVN. It was also uncertain if hippocampal activity is even capable of inhibiting the 

HPA axis during acute stressors, or if it takes more a sustained and chronic perturbation in 

hippocampal activity to meaningfully alter the HPA axis. 

 

Consistent with prior anatomical studies, observation of hippocampal nerve terminals labeled 

with virally expressed EYFP demonstrated abundant innervation of the BNST and peri-PVN 

region, which were previously identified as likely targets for this regulation 125,128. There 

were few hippocampal projections directly innervating the regions of the PVN where CRF+ 

cell somata are located, also consistent with previous work 125. It is noteworthy that a similar 

paucity of direct excitatory projections to the PVN, but strong projections to the BNST, has 

also been reported for efferents from the infralimbic (IL) cortex 129, suggesting that they 

produce similar effects on HPA axis function. 

 

We used optogenetic stimulation of hippocampal efferents in transgenic reporter mice to test 

for synaptic responses in CRF+ neurons in the PVN. Although we could clearly see both 
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terminals and CRF+ cells in the PVN within a single slice cut in the coronal plane, we were 

unable to optically evoke responses. In parasagittal sections, in contrast, synaptic responses 

were consistently evoked with the identical stimulation and recording configuration. We 

suggest that this may explain why these responses have not been previously described in the 

literature. Boudaba et al 1996 95 did evoke inhibitory responses in PVN cells in response to 

focal application of glutamate in the peri-PVN in coronal slices, suggesting that the 

GABAergic cells and their projections to the PVN remain intact in such slices. Optical 

stimulation of hippocampal terminals in the peri-PVN failed to produce an equivalent 

response, however, suggesting that hippocampus does not inhibit the PVN via activation of 

these peri-PVN inhibitory neurons.   

With optical stimulation in parasagittal sections, we were twice as likely to elicit inhibitory 

responses in CRF+ cells as excitatory responses. Although there is little discussion of direct 

excitatory input from hippocampus to the PVN in prior literature, we did record optically 

evoked EPSCs in 4 of 8 recordings. In 3 of 8 cells, both excitatory and inhibitory responses 

were optically evoked. The latency for IPSCs was twice as long as for EPSCs, indicative of 

a direct excitatory input and indirect disynaptic or polysynaptic circuit for the inhibitory 

inputs.  

 

In contrast to the responses elicited with selective optical stimulation of hippocampal 

afferents, electrical stimulation within the fornix elicited both EPSCs and IPSCs in 11 of 12 

cells. We suggest that this difference results because electrical stimulation recruits some 

other, stronger direct excitatory input to the CRF+ cells in the PVN, such as from the 

amygdala, rather than just ventral hippocampal inputs.130 There was no evidence of a 
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frequency-dependent shift in the balance between excitation and inhibition with electrical 

stimulation, suggesting that this does not explain the net inhibitory effect of hippocampal 

output. Instead, the larger proportion of CRF+ cells displaying inhibitory responses to 

stimulation of hippocampal efferents is consistent with a potent, divergent inhibitory input 

from the BNST and perhaps other nearby regions. This strong disynaptic input may be 

sufficient to explain a net inhibitory effect of hippocampal inputs to the PVN. Another 

possibility is that the hippocampus has multiple output streams that can alternatively activate 

an excitatory or inhibitory pathway to the PVN depending on the context of the stressor. 

There is some evidence of differential effects of subicular lesions depending on the stressor 

type, suggesting it may differentially play an excitatory or inhibitory role 131. 

 

The BNST has long been implicated as a key sign-reversing node in which excitatory output 

from the hippocampus and IL cortex is converted to inhibition of the PVN 44,83,104,125,132. As 

predicted, we observed strong excitatory and feedback inhibitory synaptic responses in 

GAD+ inhibitory neurons within the BNST in response to optical stimulation of hippocampal 

efferents. Unlike responses in the PVN, optically evoked EPSCs and IPSCs were reliably 

observed in BNST neurons (7 of 7 cells) and had relatively equivalent conductances. Latency 

from the optical stimulus was longer for IPSCs than EPSCs, consistent with disynaptic 

inhibition, either feedforward or feedback. The posterior BNST is reported to inhibit PVN 

activity 133 and our data demonstrates that these cells, as well as some medial regions of the 

BNST, receive potent excitation from the ventral hippocampus. Description of BNST 

subregions in the sagittal plane is challenging because most descriptions are in the coronal 

plane. However, areas immediately posterior or inferior to the anterior commissure, in very 
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medial parasagittal to midline sections, were the most reliable areas for recording evoked 

responses. 

 

The disynaptic, sign-reversing circuit characterized above provides the potential means for 

the hippocampus to inhibit the HPA axis, as long postulated, although this has not been 

previously demonstrated. We observed that both EPSC and IPSC amplitude declined during 

maintained 20 Hz stimulation but were not eliminated.  Furthermore, the balance of 

excitatory-to-inhibitory conductance remained relatively unaffected by 20 Hz stimulation. 

These data suggest that sustained hippocampal output would remain largely inhibitory in 

PVN CRF+ cells.  

 

Using 15 min of restraint as an acute stressor, we observed that simultaneous delivery of 20 

Hz optical stimulation of hippocampal afferents to the BNST region produced a significant 

reduction in the peak and overall elevation of circulating CORT in male mice. This effect 

was apparent at the cessation of the stimulation and persisted during the full 2 hours of 

recovery. The consistent low CORT levels at timepoint 0 (<50ng/ml) in both treatment 

conditions indicates that the mice remained unstressed prior to being placed in the restraint 

tubes. To our knowledge, this is the first demonstration that stimulation of hippocampal 

inputs to PVN leads to inhibition of stress-induced HPA axis activation.  

 

Taken together with the complimentary findings that lesions of GABAergic cells within the 

BNST lead to increased stress-induced HPA activation 125, we suggest that the inhibitory 

projection from the BNST to the PVN accounts for this inhibition. Because the BNST is 
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considered an integrator of input from many brain regions, it was not clear if hippocampus 

alone would be able to alter systemic levels of CORT. The effect of 20 Hz stimulation was 

not large, representing a <ca. 25% reduction in the full area under the curve. This suggests 

that there are other powerful excitatory influences on the CRF cells that the hippocampal-

BNST mediated inhibition cannot fully counteract. The effect of optogenetic stimulation of 

IL cortical efferents produced a comparably sized effect on stress-induced CORT levels 134.  

 

These findings suggest that the role of hippocampal projections to the PVN is perhaps not to 

produce rapid corticosterone-dependent feedback inhibition in response to elevations in 

CORT levels, as has long been assumed. Indeed, GRs and MRs in the hippocampus are 

poorly suited to mediate rapid responses and changes in hippocampal output, given the slow 

nature of the expected responses they produce. Instead, ongoing activity in hippocampal and 

IL cortical inputs may set an allostatic steady-state tone in the average level of excitability of 

PVN CRF-releasing cells. These inputs could also trigger tonic changes in PVN tone in 

response to environmental conditions and features perceived through cortical processing, 

such as those that might demand a heightened or dampened HPA axis response.  More 

information about the dynamics of hippocampal output to the hypothalamus in response to 

stress would be valuable in testing these hypotheses.  

 

Optogenetic stimulation of IL efferents to the hypothalamus is inhibitory only in male rats, 

and not in females 135. We note that our experiments were only performed in male mice 

because we were unable to find a description of the anatomy of the BNST in female mice to 

guide placement of the optical fiber. Literature suggests that the female BNST is several fold 
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smaller in volume than the male BNST 96,136, but we found no reliable source demonstrating 

where these volumetric changes are concentrated. There is also a potential sex-difference in 

the hippocampal input to PVN as well as the multitude of other brain regions that signal to 

the BNST 97.  

 

The hippocampus has numerous links to both major depression and neuroendocrine 

regulation in clinical and preclinical literature 4,38,66. Using rodent models, as we and others 

have shown there are lasting anatomical and physiological changes in hippocampal synapses 

following chronic stress that correlate with depression-relevant behaviors 23,137. These 

synaptic changes are reversible following administration of antidepressant compounds and 

resolve with the behavioral measures 22,23. Furthermore, treatment with the glucocorticoid 

corticosterone (CORT) was shown to mimic the behavioral and synaptic changes seen 

following chronic stress 32.  Blocking endogenous production of CORT during chronic stress 

was able to block the stress-induced synaptic and behavioral changes. We and others have 

also previously shown functional significance of hippocampal projections in mediating 

reward-related behavior 33,138,139. Our present findings suggest that dysregulation of the HPA 

axis, a symptom of depression, may also involve similar hippocampal mechanisms. 

Volumetric changes in the hippocampus are seen in patients with major depression, and 

lesion studies demonstrate that loss of hippocampus or the major output of hippocampus can 

lead to dysregulation of the neuroendocrine system 39,40,140. The ventral hippocampus is of 

particular interest, as studies show increased connectivity to affective brain regions (for 

review, 127). It will be of interest to investigate the possible role of changes in hippocampal 
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inputs to the PVN and BNST under conditions of stress-response dysregulation such, as is 

seen following chronic stress.  
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CHAPTER 7: CONCLUSIONS 

I am beyond happy to share this work and proud of what I have accomplished with this project. I 

would like to conclude this thesis by pulling together what I think are the most significant findings 

we have made and how they fit into the broader narrative of the HPA axis field. While the data 

gathered from our experiments is novel and significant, the experiments are imperfect and subject 

to the many technical constraints that I have outlined in the previous chapters and discussion. I 

therefore want to plainly state what I can definitively conclude from my data, what we can infer 

from my findings and the broader HPA axis literature, and what experiments I would like to see 

done to bring those inferences to a stronger footing.  

My first major achievement was recording optically evoked responses in CRF+ neurons of 

the PVN using direct and specific excitation of hippocampal terminals in the BNST. The 

design of this experiment and the precision enabled by optogenetics ensured that any 

optically evoked responses recorded in CRF+ PVN neurons would be an important finding 

and contribution to the field, providing for the first time direct evidence of hippocampal 

regulation of the PVN. My recordings showed that stimulating hippocampal terminals drove 

primarily inhibitory inputs to the CRF+ neurons of the PVN with occasional excitatory 

inputs. I attempted to clarify the balance of excitation and inhibition using a higher-

throughput method of electrical stimulation but found that the decrease in input specificity 

substantially altered the responses recorded when compared to optical stimulation and were 

therefore not comparable. I also did not see changes in this balance when using either high- 

or low-frequency stimulation, although we were only able to record from a substantial 
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number of cells using electrical stimulation and not high-frequency optical stimulation. The 

stimulus-response latency suggested that the inhibitory response is di- or poly-synaptic while 

the excitatory input is more likely to be monosynaptic. The question of whether this 

modulation consists of one or more synapses is inferred through our experiments based on 

stimulus-response latency, but there are more accurate ways of testing this using 

pharmacologic manipulation and patch-clamp recording. The gold standard experiment for 

testing this question would be to use our whole-cell voltage-clamp recording configuration 

to identify a CRF+ PVN cell that is responding to optical stimulation, and then treating this 

slice with an AMPAR antagonist. AMPAR antagonist treatment would block excitation of 

interposed interneurons in the BNST by glutamatergic afferents from the hippocampus, 

thereby eliminating release of GABA onto CRF+ cells. If the inhibition was monosynaptic, 

and caused by direct release of GABA from hippocampal projections, then the inhibition 

would persist in the presence of AMPAR antagonists. Due to the difficulty and time 

consuming expense in obtaining slices that contain the PVN and hippocampal terminals 

expressing ChR2, I favored recording as many cells as we could from each slice untreated, 

whereas this treatment would severely limit the total number of cells recorded. This 

experiment would only really be meaningful if cells were recorded from pre- and post-

treatment given the relatively low number of PVN cells responding to optical stimulation. I 

decided to leave this question unanswered for now in favor of recording as many cells as I 

could, as my primary objective was to first demonstrate these optically evoked responses.  

Our second major achievement was recording the optically evoked responses within the 

BNST. These responses supported my hypothesis that the BNST was responsible for 
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reversing the excitatory hippocampal signal into inhibitory signal to the PVN. These 

recordings also revealed the complexity of hippocampal signal to the BNST GAD+ neurons, 

as I observed both excitatory and inhibitory responses in equal numbers during optical 

stimulation. While there was an increased stimulus-response latency in the inhibitory 

currents compared to the excitatory, the amount of jitter and latency for the excitatory 

currents was increased compared to the PVN. 

My third and final achievement was successfully demonstrating an in vivo effect by 

modulating hippocampal inputs to the BNST during an acute stressor. I demonstrated that 

driving hippocampal inputs to BNST is sufficient for inhibiting the HPA axis response to an 

acute stressor. To be clear, this was not an easy experiment to plan or execute for a number 

of reasons. As stated in Chapter 1.6, the dynamics of the HPA axis are incredibly complex 

and undergoing continuous fluctuations over several overlapping oscillatory cycles. 

Furthermore, stress-induced elevations are incredibly susceptible to perturbation from even 

the slightest handling of an animal or its cage. Using blood CORT levels as a primary 

endpoint are therefore inherently challenging, so my experiment was carefully designed to 

maximize our odds of success. Recordings were performed in the morning, at the end of the 

mouse wake period when circadian CORT levels come to their natural nadir. In this way, 

stress-induced elevations in CORT will have a maximal effect as seen in Figure 17 and we 

would have the best chance of observing inhibition in the context of this large CORT signal. 

Optical stimulation was chosen at a high frequency of 20Hz in 2 second intervals to drive 

large amounts of firing without exhausting the excitation. The viral injection scheme was 

based on successes in the slice recording configuration, and the optical fibers were placed 
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such that they were targeting regions of the BNST where I was able to evoke responses in 

the PVN in slice. Male mice were used due to difficulty in obtaining female mouse BNST 

coordinates. One of the innovations in my study design was the use of an internal ‘mock 

stimulation’ control and a counterbalanced treatment schedule, such that every mouse was 

injected with channelrhodopsin and was then subjected to either a true or mock stimulation 

on Trial 1 and the opposite treatment for Trial 2. This approach gave me a number of 

advantages. First, I was able to reduce the number of animals needed for surgery and 

recordings when compared to the traditional GFP- or EYFP-injected control used in many 

optogenetic experiments. These animals are used to control for potential ChR-independent 

effects of laser stimulation including thermal damage. Reducing the number of animals used 

is always a goal for animal research, but it was especially important for this study due to the 

large effort associated with the surgeries and CORT analysis associated with each animal. 

Because the imaging verification did not happen until after blinded collection of all the data, 

animals that did not express virus or had improperly implanted fibers would represent a large 

loss, and a full cohort of control-injected animals would greatly increase those costs. By 

opting for the mock stimulation control, I was able to do pairwise comparisons for 

stimulation and non-stimulation within each animal, which helps reduce a large amount of 

variability that may occur. I was also able to utilize any animals with poor viral expression 

or missed injection sites as a fortuitous control-injection cohort, as it was assumed that there 

would not be perfect injection and expression in all animals. While not a truly powered 

control group, I was able to see that there was no major effect from stimulation alone (not 

shown). With all of those considerations, I interpret this data as meaningful and exactly what 

I hypothesized: specific stimulation of hippocampal terminals in BNST is sufficient to inhibit 
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the HPA response under conditions designed to best demonstrate that effect. Further studies 

are needed to clarify several points that this work did not address. First, obtaining accurate 

information regarding BNST in female mice is imperative so that we may replicate this study 

in females with accurate placement of the optical fibers. Because it is suggested that the 

BNST is smaller in females, this has potential to be an important region of sexual 

dimorphism. This experiment would also be interesting to replicate using optical inhibition 

of these same synapses using halorhodopsin. It is unclear if this response would be truly 

bidirectional and cause elevation of CORT, as there may be a ceiling of the peak CORT 

generated during a stressor that may not be affected by removing inhibition from the 

hippocampus. Further, this study was designed to optimize resolution of CORT inhibition 

rather than elevation, so it may be best to inhibit hippocampal input to BNST during a milder 

stressor in order to observe any elevation in CORT that manipulation may produce.  

I would also really like to see this experiment repeated in chronically stressed animals to see 

if there are any stress-induced changes evident in my manipulations. Our prior work and the 

excitatory synapse hypothesis of depression would suggest that chronic stress may weaken 

this hippocampal synapse to the BNST following chronic stress, which may lead to an 

exaggerated CORT response following acute restraint. Optical manipulation in these animals 

could rescue that deficit and lead to yet another line of evidence suggesting that hippocampal 

synaptic strengthening is a viable therapeutic goal for a spectrum of depressive-like 

behaviors. 
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